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1. Introduction

Carbon Capture and Storage (CCS) represents a critical technology for mitigating climate change by capturing carbon dioxide
(CO) emissions from industrial and energy-related sources and storing them underground to prevent their release into the
atmosphere. As global temperatures rise and climate-related challenges intensify, CCS has emerged as a key tool in the broader
portfolio of strategies aimed at achieving net-zero emissions. In the United States, where energy production and heavy industries
contribute significantly to greenhouse gas emissions, the adoption of CCS is crucial to meeting climate goals, including those
outlined in the Paris Agreement and domestic net-zero targets by mid-century (Adebayo, Paul & Eyo-Udo, 2024, Okeke, et al,
2024, Oriekhoe, et al, 2024). By enabling emissions reductions from hard-to-abate sectors such as cement, steel, and chemicals,
CCS complements the transition to renewable energy and enhances the feasibility of decarbonizing the U.S. economy.
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Despite its promise, the deployment of CCS faces significant
market challenges that hinder its widespread adoption. These
include high capital costs, inadequate infrastructure for CO:
transport and storage, regulatory uncertainties, and limited
public acceptance. The absence of strong financial incentives
and clear policy frameworks further complicates efforts to
scale up CCS projects. Addressing these barriers is essential
to unlocking the potential of CCS as a scalable climate
solution and integrating it into the broader U.S. energy
landscape (Adewusi, Chiekezie & Eyo-Udo, 2022, Pereira &
Frazzon, 2021).

This study aims to identify the key market challenges
impeding CCS adoption in the United States and to propose
actionable policy recommendations to overcome these
barriers. By examining the economic, technical, and
regulatory aspects of CCS deployment, the study seeks to
provide a comprehensive understanding of the obstacles
facing this technology. Additionally, it explores the role of
federal and state-level policies, public-private partnerships,
and innovation in facilitating the development of a robust
CCS industry (Eyieyien, et al, 2024, Okeke, et al, 2024,
Oyewole, et al, 2024). The findings aim to inform
stakeholders, including policymakers, industry leaders, and
researchers, and to support the creation of a conducive
environment for the growth of CCS as a viable and impactful
climate mitigation strategy.

2. Overview of carbon capture and storage (CCS)

Carbon Capture and Storage (CCS) is a critical climate
mitigation technology designed to capture carbon dioxide (CO-)
emissions from industrial and energy sources, transport the
captured CO: to storage sites, and securely store it underground
to prevent its release into the atmosphere. The CCS process
comprises three main stages: capture, transportation, and
storage. The capture stage involves separating CO: from other
gases produced during industrial processes or power generation
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(Adewale, et al, 2024, Okoye, et al, 2024, Oyewole, et al, 2024).
This can be achieved using pre-combustion, post-combustion, or
oxy-fuel combustion techniques, depending on the source and
the desired application. Once captured, the CO: is compressed
and transported, typically via pipelines, to designated storage
locations. The final stage involves injecting the CO: into
geological formations such as depleted oil and gas reservoirs,
deep saline aquifers, or unmineable coal seams for long-term
storage.

CCSiis particularly valuable for its ability to reduce emissions
from hard-to-abate sectors like cement, steel, and chemical
production, which are critical for economic development but
pose significant decarbonization challenges. In power
generation, CCS can complement renewable energy sources
by mitigating emissions from natural gas and coal-fired
power plants, enabling a smoother transition to a low-carbon
energy system. The technology also supports emerging
applications, such as producing low-carbon hydrogen
through natural gas reforming coupled with CCS, which is
essential for decarbonizing sectors like transportation and
heating (Okafor, et al, 2023, Okogwu, et al, 2023, Onukwulu,
Agho & Eyo-Udo, 2023).

In the United States, the deployment of CCS has gained
momentum in recent years, driven by increasing climate
ambition and technological advancements. Existing CCS
projects and initiatives reflect a mix of industrial applications
and power generation efforts. Prominent projects include the
Petra Nova facility in Texas, which applied post-combustion
capture technology to a coal-fired power plant, and the
Archer Daniels Midland (ADM) project in Illinois, which
captures CO2 from bioethanol production and stores it in deep
saline formations. Additional projects like the Boundary Dam
in North Dakota and the Summit Carbon Solutions pipeline
demonstrate growing interest in integrating CCS into energy
and industrial systems. Folger, 2017, presented the process of
carbon capture as shown in figure 1.

CO; Srored In Saling Formations

Fig 1: The CCS Process (Folger, 2017).
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Despite these advancements, the current state of CCS
deployment in the United States remains limited relative to
its potential. A key factor in this slow pace of adoption is the
high capital cost associated with developing and operating
CCS infrastructure. Capturing CO: is energy-intensive and
requires significant upfront investment in capture equipment,
retrofitting  existing  facilities, and building new
infrastructure. Transporting CO: to storage sites often
necessitates constructing extensive pipeline networks, which
face regulatory, land-use, and public acceptance challenges
(Akter, et al, 2021, Okpeh & Ochefu, 2010, Shoetan, et al,
2024). Furthermore, ensuring safe and permanent CO:
storage involves extensive geological assessments and
monitoring systems, adding to the overall costs.

The regulatory and financial support landscape for CCS in
the United States has been evolving, with federal and state
governments introducing policies to incentivize its
deployment. The federal 45Q tax credit is a landmark
initiative, offering financial incentives for capturing and
storing CO2. Under this program, facilities can receive tax
credits of up to $85 per ton of CO: stored in secure geological
formations and up to $60 per ton for CO: used in enhanced
oil recovery (EOR) or other beneficial applications (Ajala, et
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al, 2024, Okoye, et al, 2024, Oyewole, et al, 2024). The
Infrastructure Investment and Jobs Act of 2021 and the
Inflation Reduction Act of 2022 have also allocated
significant funding for CCS research, development, and
demonstration projects, signaling strong federal support for
advancing the technology.

However, the current level of financial incentives and
regulatory clarity is insufficient to overcome the economic
and logistical barriers faced by CCS projects. The
deployment of CCS infrastructure requires substantial
investment, long-term planning, and collaboration between
multiple stakeholders, including governments, industry
players, and local communities. The absence of a robust CO-
transport and storage network further limits the scalability of
CCS, as projects are often constrained by their proximity to
suitable storage sites (Anjorin, et al, 2024, Olufemi-Phillips,
et al, 2024, Oyewole, et al, 2024). Additionally, public
perception of CCS remains mixed, with concerns about
safety, environmental risks, and its role in perpetuating fossil
fuel use contributing to resistance in some regions. Key
incentives and project characteristics of realized-large-scale
CCS projects globally presented by Beck, 2020, is shown in
figure 2.
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Fig 2: Key incentives and project characteristics of realized-large-scale CCS projects globally (Beck, 2020).

To address these challenges, a coordinated policy framework
is essential to support the widespread adoption of CCS in the
United States. Expanding the 45Q tax credit to offer higher
financial incentives and making it accessible to smaller-scale
projects could encourage broader participation. Policies that
streamline permitting processes for CO: transport and storage
infrastructure would also reduce delays and uncertainties
associated with project development. Additionally, fostering
public-private partnerships and leveraging federal funding to
de-risk investments can stimulate innovation and reduce costs
over time (Henke & Jacques Bughin, 2016, Onukwulu, et al,
2021).

An integrated approach that aligns CCS deployment with
broader decarbonization goals is critical for maximizing its
effectiveness. This includes coupling CCS with renewable
energy expansion, energy efficiency measures, and strategies
to phase out unabated fossil fuel use. Developing regional
CCS hubs, where multiple emitters share infrastructure for
CO: capture, transport, and storage, can enhance cost
efficiency and enable economies of scale. Such hubs could be
strategically located in regions with high concentrations of
industrial emissions and suitable geological storage sites,
such as the Gulf Coast and Midwest.

The potential for CCS to contribute to achieving U.S. net-
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zero emissions targets is significant, but its success depends
on overcoming technical, economic, and social barriers. By
investing in research and development, creating favorable
market conditions, and addressing public concerns through
transparent communication and community engagement, the
United States can position CCS as a cornerstone of its climate
strategy (Adeoye, et al, 2024, Olufemi-Phillips, et al, 2024,
Sam-Bulya, et al, 2024). Ultimately, the effective
implementation of CCS will require a collaborative effort that
balances economic development, environmental
sustainability, and energy security, ensuring that this
technology plays a meaningful role in the transition to a low-
carbon future.

2.1 Methodology

The methodology for this study involves a comprehensive
and structured approach to analyzing the state of Carbon
Capture and Storage (CCS) in the United States, focusing on
market challenges and policy recommendations. This
includes a qualitative review of relevant literature,
comparative analysis of case studies, and the use of an
analytical framework to identify challenges and assess policy
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gaps. The research design prioritizes a multidisciplinary
perspective, integrating insights from environmental science,
policy studies, and industrial practices.

The research design begins with a qualitative review of
academic literature, policy documents, and industry reports
to develop an in-depth understanding of CCS technologies
and their adoption in the United States. Scholarly articles
from peer-reviewed journals provide insights into the
technical, economic, and environmental dimensions of CCS.
Policy documents from federal and state agencies, such as the
Department of Energy (DOE) and Environmental Protection
Agency (EPA), are analyzed to evaluate the regulatory and
financial frameworks supporting CCS deployment (Eyo-
Udo, Odimarha & Ejairu, 2024, Orieno, et al, 2024, Oyewole,
et al, 2024). Industry reports, including white papers from
organizations like the Global CCS Institute and the
International Energy Agency (IEA), offer practical
perspectives on challenges and opportunities for CCS
implementation. Folger, 2017, presented CO2 Utilization
Focus Area in the United State Department of energy as
shown in figure 3.
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Fig 3: U.S. DOE, National Energy Technology Laboratory, CO2 Utilization Focus Area (Folger, 2017).

A comparative analysis of CCS case studies is conducted to
explore the factors influencing the success and limitations of
existing projects. U.S.-based CCS initiatives, such as the
Petra Nova project in Texas and the ADM project in Illinois,
are examined alongside international examples like the
Sleipner CO: storage project in Norway. This comparison
helps identify best practices, innovative approaches, and
contextual differences that affect project outcomes. By
understanding these variables, the study can draw actionable
insights relevant to the U.S. market.

Data for the analysis are sourced from government
publications, peer-reviewed journals, and industry white
papers. Federal reports from the DOE and EPA provide
authoritative information on the technical specifications,
regulatory frameworks, and funding mechanisms for CCS.

Peer-reviewed journals offer scientifically validated findings
on the efficacy of CCS technologies and their environmental
impacts (Adegoke, et al, 2024, Olufemi-Phillips, et al, 2024,
Oyewole, et al, 2024). Reports from organizations like the
IEA and Global CCS Institute are instrumental in
benchmarking U.S. efforts against global trends and best
practices, ensuring a holistic perspective.

The study employs a robust analytical framework to examine
the identified market challenges and evaluate policy gaps.
Thematic analysis is used to categorize challenges into key
areas such as economic barriers, regulatory complexities, and
public acceptance issues. This involves coding qualitative
data from the reviewed literature and case studies to identify
recurring themes and patterns. For instance, high capital costs
and limited CO: transport infrastructure are consistently
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highlighted as critical economic challenges (Abuza, 2017,
Ojebode & Onekutu, 2021). The findings from this thematic
analysis inform the development of targeted policy
recommendations. An overview of an approach to the design

of solvents and processes for CO2 capture, highlighting the
role of different modelling and experimental activities
presented by Bui, et al, 2018, is shown in figure 4.
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Fig 4: An overview of an approach to the design of solvents and processes for CO2 capture, highlighting the role of different modelling and
experimental activities (Bui, et al, 2018).

Policy gap assessment is conducted using a benchmarking
approach, comparing U.S. policies with global best practices.
This involves evaluating the comprehensiveness, clarity, and
effectiveness of existing U.S. CCS policies against those of
countries with advanced CCS frameworks, such as Norway,
Canada, and Australia. For example, Norway's carbon tax
and financial incentives for CCS are analyzed to determine
how similar measures could be adapted for the U.S. context.
The assessment identifies areas where U.S. policies fall short,
such as the need for streamlined permitting processes and
enhanced financial support for CCS projects (Gidiagba, et al,
2023, Ihemereze, et al, 2023, Onukwulu, Agho & Eyo-Udo,
2023).

The methodology also incorporates stakeholder perspectives
to ensure practical relevance and inclusivity. This includes
reviewing input from industry leaders, policymakers, and
community representatives through public consultation
documents and industry surveys. By considering the
viewpoints of diverse stakeholders, the study aims to address
both technical and social dimensions of CCS adoption. For
instance, understanding community concerns about safety
and environmental risks helps shape recommendations for
public engagement and risk communication strategies (Eyo-
Udo, et al, 2024, Olutimehin, et al, 2024, Oyewole, et al,
2024). The integration of qualitative review, comparative
analysis, and thematic and benchmarking frameworks
ensures that the methodology is comprehensive and
multidisciplinary. By systematically examining the interplay
between market challenges, policy frameworks, and
stakeholder perspectives, the study provides a well-rounded
understanding of the factors shaping CCS adoption in the
United States (Adegoke, Ofodile & Ochuba, 2024, Kaggwa,
et al, 2024, Omowole, et al, 2024).

The findings from this methodology are intended to inform
actionable policy recommendations that address the
identified challenges and leverage opportunities for CCS
development. This includes strategies for enhancing financial
incentives, streamlining regulatory processes, and fostering
public-private  partnerships.  Additionally, the study
emphasizes the importance of aligning CCS policies with
broader climate and energy goals to maximize their impact
and feasibility. By adopting this structured approach, the
research contributes to advancing the understanding and
implementation of CCS as a critical tool for achieving the
United States' climate objectives (Eyieyien, et al, 2024,
Olutimehin, et al, 2024, Oyewole, et al, 2024).

2.2 Market challenges in CCS deployment

The deployment of Carbon Capture and Storage (CCS) in the
United States faces a range of market challenges that impede
its widespread adoption and integration into the energy and
industrial sectors. These challenges are multifaceted and
include economic and financial barriers, infrastructure
limitations, regulatory and legal issues, and social and public
perception challenges. Together, these barriers hinder the
ability to scale CCS technologies and limit their contribution
to meeting the U.S. net-zero emissions goals.

One of the primary challenges facing CCS deployment is the
high capital and operational costs associated with its
implementation. The capture process itself requires
substantial investment in technology, infrastructure, and
operational expenses. The need to retrofit existing facilities
with CCS equipment is particularly costly, as it often
involves significant modifications to power plants or
industrial facilities (Adewusi, Chiekezie & Eyo-Udo, 2023,
Ogbu, et al, 2023, Uwaoma, et al, 2023). The financial
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burden of establishing CCS infrastructure is compounded by
the ongoing operational costs related to energy use,
maintenance, and monitoring. While the technical aspects of
CCS are advancing, the cost per ton of captured CO: remains
high, making it economically unfeasible for many potential
projects without substantial financial support. This financial
strain is exacerbated by limited market incentives. Although
there are some incentives, such as the 45Q tax credit, they are
often insufficient to offset the high upfront costs of CCS
projects. Furthermore, the long payback periods associated
with CCS investments make it difficult to attract private
sector capital. Investors remain hesitant due to the uncertainty
surrounding the viability of CCS as a mainstream climate
solution, especially when competing with other technologies
like renewable energy, which may offer quicker returns on
investment (Adewusi, Chiekezie & Eyo-Udo, 2022,
Onukwulu, Agho & Eyo-Udo, 2022). The lack of consistent,
long-term incentives for CCS projects contributes to the
market's hesitation to adopt the technology at scale.

Another significant barrier is the lack of adequate CO:
transport and storage infrastructure. While CCS technology
for capturing CO: has advanced, transporting and storing the
captured CO: is a complex and costly process. The U.S.
currently lacks a nationwide or even regional network of
pipelines capable of transporting large quantities of CO- from
industrial and energy sources to designated storage sites
(Addy, et al, 2024, Olutimehin, et al, 2024, Paul & lyelolu,
2024). This lack of infrastructure limits the feasibility of
large-scale CCS deployment and often necessitates
expensive, project-specific pipeline construction, further
increasing costs. In addition, the availability of suitable
geological storage sites is geographically limited. Identifying
and securing appropriate locations for long-term CO- storage
is a critical aspect of CCS deployment, but the current
infrastructure is not developed to the scale needed for
widespread adoption (Akinrinola, et al, 2024, Igwe, et al,
2024, Omowole, et al, 2024). While some regions, such as
the Gulf Coast and the Midwest, have favorable geology for
CO: storage, most of the country lacks the necessary
infrastructure and geological conditions to support CCS
deployment. Moreover, scaling regional CCS hubs to share
infrastructure among multiple industries and sources of CO:
remains a challenge due to logistical, financial, and
regulatory constraints. The creation of large, integrated CCS
hubs that combine capture, transport, and storage could offer
economies of scale, but regulatory hurdles, such as permitting
processes and public opposition, present significant
obstacles.

Regulatory and legal issues also pose substantial challenges
to the widespread deployment of CCS. One of the most
significant regulatory barriers is the complexity and
inconsistency of permitting processes. CCS projects often
require permits for multiple stages of the process, including
capture, transportation, and storage. These permits vary by
state and locality, creating a patchwork regulatory
environment that complicates project planning and increases
delays (Calfa, et al, 2015, Olufemi-Phillips, et al, 2020).
Additionally, the federal government and individual states
may have different standards for environmental protection
and CO: monitoring, further complicating regulatory
compliance. The permitting process is time-consuming and
can be unpredictable, adding to the uncertainty faced by
project developers and investors. Beyond permitting, there
are also legal concerns related to the long-term liability
associated with CO. storage. Once CO: is injected into
geological formations, it is critical to ensure that it remains
safely stored and does not leak into the atmosphere. However,
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the legal liability for potential leaks and environmental
damage is not clearly defined (Adebayo, Paul & Eyo-Udo,
2024, ljomah, et al, 2024, Omowole, et al, 2024). Operators
may be held accountable for monitoring and managing
storage sites for decades or even centuries, raising concerns
about the long-term viability and insurance requirements for
CCS projects. These uncertainties increase the perceived risk
of investing in CCS and may deter both public and private
sector involvement.

In addition to economic, infrastructural, and regulatory
challenges, social and public perception issues play a crucial
role in hindering CCS deployment. Community opposition to
CCS projects is a significant challenge, particularly when it
comes to the siting of CO: storage facilities. Many
communities’ express concerns about the safety and
environmental risks associated with storing large volumes of
CO: underground. Fears of potential leaks or seismic activity
caused by the injection process contribute to public
skepticism (Daraojimba, et al, 2023, Ihemereze, et al, 2023,
Tula, et al, 2023). Additionally, CCS projects are often
associated with continued reliance on fossil fuels, which can
lead to opposition from environmental groups and
communities advocating for a rapid transition to renewable
energy sources. This public resistance is compounded by the
lack of clear communication and transparency surrounding
CCS projects. Misunderstandings about the safety, efficacy,
and role of CCS in addressing climate change can exacerbate
public fears. Therefore, transparent communication and
effective stakeholder engagement are essential for gaining
public acceptance. Governments and project developers must
engage with local communities early in the planning process,
providing clear and accessible information about the safety
measures, benefits, and long-term goals of CCS projects
(Adeoye, et al, 2024, Igwe, et al, 2024, Omowole, et al,
2024). Establishing trust with local communities through
open dialogue can help address concerns and build broader
support for CCS as a climate mitigation tool.

The market challenges facing CCS deployment in the United
States are significant and multifaceted. Economic and
financial barriers, such as high costs and limited incentives,
need to be addressed to make CCS more attractive to
investors. Developing a nationwide CO: transport and storage
infrastructure is essential to scaling CCS projects and
enabling cost-effective solutions. Regulatory and legal
challenges, including permitting complexities and liability
concerns, must be streamlined to facilitate project approval
and long-term operational stability (Adesina, lyelolu & Paul,
2024, Olutimehin, et al, 2024, Paul, et al, 2024). Finally,
overcoming social and public perception challenges requires
effective communication, community engagement, and
transparency about the benefits and risks of CCS. Addressing
these barriers will require a coordinated effort from
governments, industry stakeholders, and local communities.
By creating a more favorable market environment, the U.S.
can unlock the potential of CCS to significantly reduce
emissions and contribute to achieving net-zero emissions
targets.

2.3 Policy Recommendations

Policy recommendations for advancing Carbon Capture and
Storage (CCS) in the United States are essential to
overcoming the market challenges that hinder its widespread
adoption. Given the importance of CCS in reducing
greenhouse gas emissions and meeting U.S. climate goals,
effective policy interventions are crucial. The key
recommendations focus on enhancing financial incentives,
streamlining regulatory processes, investing in infrastructure

1520|Page



International Journal of Multidisciplinary Research and Growth Evaluation

development, promoting public-private partnerships, and
addressing public concerns (Ajala, et al, 2024, Olutimehin, et
al, 2024, Sam-Bulya, et al, 2024). By addressing these areas,
the U.S. can create a favorable environment for the expansion
of CCS and accelerate the transition to a low-carbon
economy.

One of the most significant policy recommendations is to
enhance financial incentives for CCS adoption. The 45Q tax
credit, which provides a financial incentive for CO: capture,
has been an important driver for CCS projects in the U.S.
However, to accelerate the development of CCS technology,
it is necessary to strengthen and expand this tax credit. This
could include increasing the value of the credit, extending its
duration, and offering additional incentives for projects that
store CO: permanently rather than for short-term storage
(Eyieyien, et al, 2024, Olurin, et al, 2024, Sam-Bulya, et al,
2024). Strengthening 45Q would provide a more robust
financial framework for businesses to invest in CCS, making
the technology more attractive and competitive in the market.
Additionally, promoting direct subsidies and carbon pricing
mechanisms would help reduce the upfront costs of CCS
projects. Direct subsidies could provide initial funding to
offset the high capital costs associated with CCS technology,
enabling companies to begin projects with less financial risk.
Carbon pricing mechanisms, such as a national carbon tax or
cap-and-trade system, could provide a long-term price signal
for the cost of carbon emissions, making CCS more
economically viable by incentivizing industries to adopt the
technology (Eyo-Udo, et al, 2024, Hosen, et al, 2024,
Olutimehin, et al, 2024).

Streamlining regulatory processes is another critical policy
recommendation. The current regulatory environment for
CCS is complex and varies significantly across states.
Permitting processes are often time-consuming, with
multiple regulatory bodies involved in approving projects.
Simplifying permitting procedures could reduce the
administrative burden on project developers and help
accelerate the timeline for CCS deployment. A more efficient
permitting process would allow projects to move forward
faster and more predictably, which is essential for meeting
ambitious emissions reduction targets (Ogunjobi, et al, 2023,
Onukwulu, Agho & Eyo-Udo, 2023, Uwaoma, et al, 2023).
Moreover, harmonizing federal and state-level policies
would help create a consistent regulatory framework for
CCS. By aligning policies and ensuring that federal
regulations provide clear guidelines for CCS deployment, the
U.S. government can reduce uncertainties for businesses and
promote a more cohesive approach to CCS development.
Investing in infrastructure development is essential for the
success of CCS. The lack of adequate CO: transport and
storage infrastructure remains a significant barrier to
widespread CCS deployment. Expanding CO: transport
networks, such as pipelines, would enable industries to more
easily capture and transport CO: to suitable storage sites.
Federal and state governments should incentivize the
construction of these networks through grants, loans, and tax
incentives (Adeoye, et al, 2024, Olutimehin, et al, 2024, Raji,
et al, 2024). Additionally, the establishment of regional CCS
hubs could provide cost-sharing opportunities for industries
and reduce the overall infrastructure investment burden.
Regional hubs would allow multiple industries to utilize
shared transport and storage facilities, increasing the overall
efficiency and cost-effectiveness of CCS deployment. By
investing in infrastructure, the U.S. government can help
create the necessary foundation for large-scale CCS
deployment and support the integration of CCS into the
broader energy and industrial systems.
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Promoting public-private partnerships (PPPs) is another
important strategy to accelerate the adoption of CCS. The
development of CCS technology involves significant costs
and risks, which can be difficult for individual companies to
shoulder alone. By leveraging collaborations between the
public and private sectors, the financial and technical risks
associated with CCS projects can be shared. Public-private
partnerships can take various forms, such as co-investment in
infrastructure, joint research and development efforts, or
collaborative regulatory advocacy (Grandhi, Patwa &
Saleem, 2021, Onukwulu, Agho & Eyo-Udo, 2022). These
partnerships can help create economies of scale, reduce
project costs, and drive innovation in CCS technology.
Moreover, PPPs can provide stability and assurance for
investors, who may be more likely to fund CCS projects when
they know that government support is available.
Governments can play a pivotal role by providing the
regulatory framework, incentives, and funding necessary to
attract private sector participation and investment in CCS.
Addressing public concerns is another critical component of
advancing CCS in the U.S. Public opposition to CCS
projects, especially those involving CO: storage, has been a
significant obstacle. To address this challenge, the
implementation of transparent monitoring, reporting, and
verification (MRV) systems is essential. These systems can
provide independent verification of CO- storage activities,
ensuring that CO: is stored safely and effectively and that
potential risks are mitigated (Eyo-Udo, Odimarha & Kolade,
2024, Ofodile, et al, 2024, Raji, et al, 2024). Transparent
MRV systems would help build trust with local communities
and the public, demonstrating that CCS projects are being
managed responsibly and that their environmental impact is
being closely monitored. Additionally, community
engagement and equitable deployment strategies should be
implemented to involve local communities in the planning
and decision-making processes. Engaging communities early
in the development of CCS projects and addressing their
concerns about safety, environmental impact, and economic
benefits can help gain public support and reduce opposition
to CCS projects. Equitable deployment strategies should
ensure that the benefits of CCS, such as job creation and
economic development, are distributed fairly among local
communities, especially those that may be disproportionately
affected by climate change or industrial pollution.

Finally, it is crucial to align CCS policy recommendations
with broader climate and energy goals. CCS is not a
standalone solution but should be integrated into a
comprehensive climate strategy that includes renewable
energy development, energy efficiency measures, and other
carbon mitigation technologies. Policymakers should ensure
that CCS is seen as a complementary tool to decarbonize
hard-to-abate sectors such as heavy industry, cement
production, and power generation, rather than as a substitute
for direct emissions reductions (Adebayo, Paul & Eyo-Udo,
2024, Ofodile, et al, 2024, Raji, et al, 2024). By framing CCS
within a broader climate context and aligning it with other
decarbonization efforts, the U.S. can maximize the potential
of CCS while also addressing the root causes of climate
change.

In conclusion, implementing these policy recommendations
can significantly enhance the deployment of CCS in the U.S.
Strengthening financial incentives, streamlining regulatory
processes, investing in infrastructure, promoting public-
private partnerships, and addressing public concerns are
critical steps in overcoming the market challenges facing
CCS (Adewusi, Chiekezie & Eyo-Udo, 2022, Oyeniyi, et al,
2021). By creating a more supportive policy environment, the
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U.S. can unlock the potential of CCS to contribute to
emissions reduction goals and play a key role in achieving a
sustainable, low-carbon future. Effective implementation of
these policies will not only drive the adoption of CCS but also
foster innovation, economic growth, and environmental
protection.

2.4 Case studies of CCS deployment

Carbon Capture and Storage (CCS) has become an integral
part of the global strategy to combat climate change, with the
U.S. actively pursuing CCS deployment in various sectors,
including power generation and heavy industry. Several
projects in the U.S. provide valuable insights into the
feasibility, challenges, and successes of CCS technology.
Analyzing these case studies not only highlights the lessons
learned from specific CCS projects but also offers a broader
understanding of how market conditions, regulatory
frameworks, and technological advancements shape the
future of CCS in the U.S (Okafor, et al, 2023, Onukwulu,
Agho & Eyo-Udo, 2023, Uwaoma, et al, 2023). These case
studies also allow for an international comparison, as some
global initiatives have achieved significant milestones in
CCS deployment, offering lessons for the U.S. to consider.
One of the most prominent and successful CCS projects in
the U.S. is the Petra Nova project in Texas. This project
involved retrofitting a coal-fired power plant to capture CO-
emissions before they enter the atmosphere. The captured
CO: is transported and injected into nearby oil fields to
enhance oil recovery. Petra Nova represents one of the most
significant efforts to implement large-scale CCS in the power
sector, demonstrating that retrofitting existing plants with
CCS technology is technically feasible (Adegoke, et al, 2024,
Odeyemi, et al, 2024, Raji, et al, 2024). The project has
achieved considerable success, capturing around 1 million
tons of CO: annually, which is equivalent to removing more
than 200,000 cars off the road. Key lessons from Petra Nova
include the importance of public-private partnerships and
financial incentives. The project benefited from a
combination of government funding, including support from
the U.S. Department of Energy, and private sector
investment. Additionally, the integration of CCS with
enhanced oil recovery (EOR) provided a financial incentive
to capture and store CO:, reducing the overall cost of the
project. However, the project also faced challenges related to
the high capital costs and operational complexities of
retrofitting existing infrastructure, which is a common
obstacle for many CCS initiatives.

Another successful U.S. CCS project is the Illinois Industrial
CCS project, which captures CO: from an ethanol production
facility. The captured CO: is transported via pipeline and
stored deep underground in geological formations. This
project is notable for its focus on capturing CO: from an
industrial source rather than a power plant, demonstrating the
potential for CCS in hard-to-abate sectors (Addy, et al, 2024,
ljomah, et al, 2024, Paul, Ogugua & Eyo-Udo, 2024). The
Illinois Industrial CCS project has successfully stored
millions of tons of COs: since its inception, and the project’s
approach has been considered a model for industrial CCS
applications. One of the critical lessons from this project is
the importance of early-stage planning and stakeholder
engagement. The success of the Illinois project can be
attributed to careful site selection, where the geological
formations proved to be ideal for long-term CO: storage.
Furthermore, collaboration with regulatory bodies and local
communities was essential to ensuring that the project
adhered to safety and environmental standards. Despite its
success, the Illinois project also faced challenges related to
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the high costs of CO: transport and storage infrastructure,
which underscores the need for broader infrastructure
investments in the U.S. to support CCS at scale.

The U.S. experience with CCS can also be compared with
international projects, such as the Sleipner project in Norway,
which has been operational since 1996. The Sleipner project
is often regarded as one of the world’s first commercial CCS
initiatives. It involves the capture of CO: from natural gas
production and its injection into an offshore geological
formation beneath the North Sea (Adewale, et al, 2024,
lyelolu & Paul, 2024, Raji, et al, 2024). Unlike many U.S.-
based projects, which focus primarily on capturing CO: from
industrial and power sector emissions, Sleipner’s success lies
in its early adoption of CCS for natural gas extraction. This
long-term project has stored over 20 million tons of COs,
providing valuable data on the stability and effectiveness of
geological storage. One of the key lessons from Sleipner is
the importance of establishing a robust regulatory framework
that ensures the safety and monitoring of CO: storage sites
over time. The project has benefited from Norway’s
supportive regulatory environment, which has provided clear
guidelines for CO: injection and long-term monitoring, a
feature that is still lacking in some U.S. states. The Sleipner
project also highlights the benefits of offshore storage, which,
compared to onshore storage, offers more stability and fewer
land-use concerns, making it an attractive option for some
regions in the U.S.

Another significant international initiative is the Boundary
Dam project in Canada, which has become a leading example
of CCS in the power sector. Located in Saskatchewan, the
Boundary Dam project involves the retrofit of an existing
coal-fired power plant with CCS technology. The captured
CO: is stored in deep geological formations and used for
enhanced oil recovery. Like Petra Nova, Boundary Dam
demonstrates the feasibility of retrofitting coal plants with
CCS technology (Curuksu, 2018, Onukwulu, Agho & Eyo-
Udo, 2021, Tseng, et al, 2021). However, the project has
faced challenges similar to those of Petra Nova, including
high capital and operational costs. Despite these challenges,
Boundary Dam has been a valuable demonstration project,
providing insights into the economic and technical aspects of
large-scale CCS deployment. A key takeaway from the
Boundary Dam project is the importance of integrating CCS
with other revenue-generating activities, such as enhanced oil
recovery, to make the technology more economically viable.
The integration of CCS with oil recovery has proven to be a
crucial element in offsetting some of the costs associated with
the technology, making it more attractive for project
developers and investors.

Looking globally, the lessons learned from these
international projects can inform U.S. policy and market
development. The success of Sleipner and Boundary Dam
highlights the importance of government support, clear
regulations, and long-term monitoring to ensure the safe and
effective implementation of CCS. Furthermore, these
projects show that integrating CCS with other industries, such
as oil recovery, can help offset some of the significant costs
associated with the technology (Sule, et al, 2024,
Ugochukwu, et al, 2024, Usman, et al, 2024). In contrast, the
challenges faced by Petra Nova and Illinois Industrial CCS
underscore the need for continued investment in
infrastructure, including CO: transport and storage networks,
to support large-scale deployment of CCS in the U.S.

In conclusion, the case studies of CCS deployment in the U.S.
and internationally provide valuable insights into the market
challenges and policy considerations that will shape the
future of CCS technology. Successful U.S. projects like Petra
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Nova and Illinois Industrial CCS highlight the importance of
public-private partnerships, financial incentives, and careful
planning in overcoming the technological and economic
barriers to CCS deployment. Similarly, international
initiatives such as Sleipner and Boundary Dam demonstrate
the value of clear regulatory frameworks, long-term
monitoring, and the integration of CCS with other industries
to enhance its economic viability (Eyieyien, et al, 2024,
Odeyemi, et al, 2024, Paul, Ogugua & Eyo-Udo, 2024). By
analyzing these case studies, policymakers and industry
leaders can better understand the complexities of CCS
deployment and develop strategies to overcome the
challenges associated with scaling up this critical climate
mitigation technology.

2.5 Discussion

The discussion surrounding Carbon Capture and Storage
(CCS) in the U.S. reveals the critical role the technology
plays in the nation's decarbonization efforts. As the U.S.
moves towards a future with net-zero emissions, CCS is
poised to be a vital tool in addressing emissions from hard-
to-abate sectors, such as power generation, heavy industry,
and even agriculture. While the U.S. has made significant
strides in CCS development, its integration into a broader
decarbonization strategy presents several challenges that
require targeted policies, technological advancements, and
market support (Adewusi, Chiekezie & Eyo-Udo, 2023,
Onukwulu, Agho & Eyo-Udo, 2023) t.

CCS’s potential lies in its ability to capture CO- emissions
from various sources, compress and transport them, and store
them safely underground. This process can significantly
reduce the carbon footprint of industries where emissions
reduction is more complex, such as cement production, steel
manufacturing, and fossil fuel power plants. In the U.S., these
industries are responsible for a substantial portion of the
nation’s greenhouse gas emissions, making them crucial
targets for CCS deployment (Ajala, et al, 2024, Nnaji, et al,
2024, Onesi-Ozigagun, et al, 2024). However, integrating
CCS into the broader decarbonization strategy requires a
holistic approach that includes not just CCS but also
renewable energy and energy efficiency measures. As the
U.S. transitions to a low-carbon economy, renewable energy
sources like wind, solar, and hydropower will play a central
role in reducing emissions. Simultaneously, energy
efficiency measures will help minimize overall demand for
energy. CCS, therefore, needs to complement these efforts by
capturing emissions that cannot be avoided through
renewable energy or energy efficiency alone. For example,
while solar and wind energy will increasingly provide the
clean electricity needed for power generation, CCS will be
vital for industries that cannot easily switch to renewable
energy, such as heavy industries reliant on fossil fuels.

The success of integrating CCS into the broader
decarbonization strategy hinges on addressing a number of
market and policy challenges. One of the most significant
hurdles is the high cost of CCS technology. The capital
expenditure required to build CCS infrastructure, such as
carbon capture units, transportation pipelines, and storage
sites, is substantial. While advances in technology may drive
costs down over time, financial incentives, such as tax
credits, government subsidies, and carbon pricing
mechanisms, will be necessary to make CCS economically
viable (Arinze, et al, 2024, Nnaji, et al, 2024, Onesi-
Ozigagun, et al, 2024). The current state of the U.S. CCS
market reveals that these financial mechanisms are
insufficient to incentivize large-scale deployment. As such,
increased public funding and stronger policy support are
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necessary to stimulate private sector investment.
Additionally, addressing the regulatory and permitting
challenges is essential. The U.S. lacks a uniform regulatory
framework for CCS, which creates uncertainty for investors
and project developers. Clear and consistent regulations at the
federal and state levels will be critical in providing the legal
certainty needed for large-scale CCS projects to move
forward.

The long-term impacts of CCS adoption on the U.S.
economy, environment, and society will be profound.
Economically, CCS has the potential to create thousands of
high-quality jobs in construction, operations, and
maintenance. As the demand for CCS infrastructure grows,
industries related to the capture, transport, and storage of CO-
will flourish. This includes the development of specialized
carbon capture technologies, such as direct air capture, and
the construction of CO. pipelines and storage facilities
(Adeoye, et al, 2024, Nnaji, et al, 2024, Onesi-Ozigagun, et
al, 2024). These activities will create employment
opportunities in sectors such as engineering, manufacturing,
and logistics, contributing to economic growth and job
creation in both urban and rural areas. Additionally, CCS has
the potential to provide a new revenue stream for oil and gas
companies through enhanced oil recovery (EOR). By
injecting captured CO: into depleted oil reservoirs,
companies can increase production while simultaneously
reducing CO: emissions. This mutually beneficial
relationship between CCS and oil recovery can help to offset
the high costs of CCS and make the technology more
financially attractive to investors.

From an environmental perspective, the widespread
deployment of CCS technology could significantly contribute
to meeting the U.S. net-zero emissions target by capturing
millions of tons of CO: annually. This could provide a critical
buffer for industries where emissions reductions are
particularly difficult to achieve through renewable energy
alone. CCS could be especially important for sectors like
cement, steel, and chemical manufacturing, where emissions
are generated as part of the production process rather than
from energy use (Adeniran, et al, 2024, Nnaji, et al, 2024,
Onesi-Ozigagun, et al, 2024). By capturing and storing COx,
these industries could continue to operate while reducing
their carbon footprints, ensuring that the U.S. continues to
produce essential materials without contributing to global
warming. Furthermore, the potential for negative
emissions—where CCS is used to capture more CO: than is
emitted—could play a key role in offsetting emissions from
other sources, further advancing global climate goals.
Socially, CCS adoption presents both opportunities and
challenges. On the one hand, successful implementation of
CCS could enhance the U.S.’s reputation as a leader in
climate innovation, demonstrating that it is possible to reduce
emissions  while  maintaining  economic  activity.
Additionally, the adoption of CCS could lead to the
revitalization of certain regions, particularly those with
access to suitable geological formations for CO: storage.
These areas could see job creation and economic
development as CCS projects are built and operated (Egieya,
et al, 2024, Nnaji, et al, 2024, Onesi-Ozigagun, et al, 2024).
However, there are significant public perception challenges
associated with CCS. Many communities are concerned
about the safety of CO. storage and the potential for leaks,
which could undermine public trust in the technology. To
address these concerns, transparent monitoring, reporting,
and verification systems must be put in place to ensure the
safe and permanent storage of CO.. Moreover, community
engagement and education will be critical in overcoming
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opposition to CCS projects. A failure to address public
concerns could result in resistance to new projects, delaying
the deployment of CCS technology.

The long-term societal impact of CCS also includes potential
equity concerns. In regions where large-scale CCS projects
are deployed, there could be disparities in the distribution of
benefits and risks. For instance, communities that host CCS
storage sites could experience economic growth, but they
may also face environmental and health risks associated with
the injection and long-term storage of CO.. Policymakers
must ensure that the deployment of CCS technology is done
in an equitable and inclusive manner, considering the needs
and concerns of local communities and ensuring that the
benefits are shared broadly (Adesina, lyelolu & Paul, 2024,
Mokogwu, et al, 2024, Paul, Ogugua & Eyo-Udo, 2024).
Ultimately, the future of CCS in the U.S. depends on how
effectively the technology can be integrated into the broader
decarbonization strategy. It is clear that CCS will not be a
silver bullet solution but must be part of a multifaceted
approach that includes renewable energy, energy efficiency,
and other technologies like hydrogen and nuclear energy. To
fully realize the potential of CCS, robust policy frameworks,
financial incentives, and public engagement will be necessary
(Eyo-Udo, 2024, Ijomah, et al, 2024, Omowole, et al, 2024).
If these challenges can be overcome, CCS has the potential
to make a significant contribution to the U.S. achieving its
climate goals, offering a pathway to decarbonize some of the
most challenging sectors of the economy while creating
economic opportunities and mitigating the effects of climate
change.

3. Conclusion

In conclusion, Carbon Capture and Storage (CCS) presents a
critical opportunity for the U.S. to achieve its climate goals,
particularly in addressing emissions from hard-to-abate
sectors like heavy industry and power generation. This
review has highlighted both the significant market challenges
and policy opportunities that accompany the development
and deployment of CCS technology in the U.S. Among the
primary challenges are the high capital and operational costs,
the limited market incentives, and the lack of infrastructure
to support large-scale deployment. Additionally, the
regulatory and permitting landscape remains complex, with
inconsistencies at the federal and state levels creating
uncertainty for investors and project developers. Public
perception of CCS, driven by concerns about the safety and
environmental impact of CO: storage, also presents a barrier
to its widespread acceptance.

Despite these challenges, there are several policy
opportunities that can enable the U.S. to realize the full
potential of CCS. Strengthening financial incentives, such as
expanding the 45Q tax credit and implementing carbon
pricing mechanisms, could alleviate the economic barriers to
adoption. Streamlining the regulatory processes and
harmonizing policies at different government levels would
create a more predictable and efficient environment for CCS
projects. Moreover, investing in the development of the
necessary infrastructure, such as CO: transport pipelines and
regional storage hubs, would help overcome the current
limitations in capacity. Promoting public-private partnerships
could also share the costs and risks of CCS deployment,
facilitating its expansion. Addressing public concerns
through transparent communication and robust monitoring
systems will be key to gaining community support for CCS
projects.

Future research should focus on addressing data gaps related
to the performance, safety, and economic viability of CCS
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technologies. Exploring innovative CCS technologies, such
as direct air capture and new storage methods, will be
essential in enhancing the efficiency and scalability of CCS
solutions. Additionally, further investigation into the social
and environmental impacts of large-scale CCS deployment is
needed to ensure that the technology can be implemented in
a way that benefits both the economy and society while
minimizing risks. As the U.S. works towards achieving net-
zero emissions, CCS will play an indispensable role in the
broader decarbonization strategy, contributing to the
reduction of greenhouse gas emissions and helping to
mitigate the impacts of climate change.
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