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ABSTRACT 
As countries accelerate efforts to meet carbon neutrality targets, carbon cap-
ture and storage (CCS) is gaining renewed attention as a critical mitigation 
strategy. This review provides a structured synthesis of global CCS policy 
evolution, highlighting how incentive mechanisms have shifted from generic 
subsidies toward hybrid approaches integrating carbon pricing, green finance, 
and legal risk-sharing. Building on this, the paper introduces a policy clas-
sification framework that categorizes instruments into market-based tools, 
command-and-control regulations, and institutional support, offering analyti-
cal coherence for future cross-country comparisons. Beyond the industrial and 
power sectors, the review foregrounds an often-overlooked CCS application: 
addressing residual emissions in hard-to-abate sectors such as transportation. 
We emphasize the strategic role of CO 2 transport infrastructure-including 
pipelines, shipping routes, and port retrofitting-and introduce a dedicated sec-
tion analyzing its cost-leveraging effects, infrastructure integration models, and 
life-cycle trade-offs. By embedding a life-cycle assessment (LCA) perspective, 
we demonstrate how different transport modes shape both economic and car-
bon efficiency. Drawing on case studies from the U.S., EU, and China, we distill 
key governance lessons and identify the enabling conditions for scaling up CCS 
deployment. The paper also highlights governance gaps related to cross-border 
infrastructure coordination, carbon market integration, and just siting. Overall, 
this review contributes to literature on CCS governance and infrastructure 
transitions by offering a replicable analytical structure, expanding the scope 
beyond capture technology, and linking fragmented insights into an integrated 
policy roadmap for large-scale CCS commercialization. 
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1 Introduction 

Achieving carbon neutrality by mid-century has 
become a defining objective of national and inter-
national climate policy, with an expanding suite of 
legislative frameworks-ranging from the EU's "Fit for 
55" package and the U.S. Inflation Reduction Act to Chi-
na's "Dual Carbon" goals-aimed at accelerating deep 
decarbonization. Across key emission sectors-includ-
ing industry, transportation, buildings, and energy 
supply systems-anthropogenic CO2 emissions are 
generated through both process-related activities and 
energy consumption (as shown in Fig. l(a)). Among a 
range of mitigation technologies, carbon capture and 
storage (CCS) has emerged as a critical enabler for 
reducing emissions from hard-to-abate industries. Yet 
despite its rising strategic prominence, real-world CCS 
deployment remains limited, uneven, and often stalled 
by non-technological constraints [l]. In particular, 
the integration of CO 2 transport infrastructure-link-
ing emitters to shared pipelines, hubs, or maritime 
shipping systems-has received far less attention than 
capture and storage technologies, even though it plays 
a decisive role in determining cost-efficiency, scalabil-
ity, and system-wide feasibility. 

Given these challenges, CCS is increasingly discussed 
not only as a mitigation tool for traditional stationary 
sources but also as a strategic option for addressing 
hard-to-abate sectors. Although direct capture from 
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mobile sources remains technologically difficult, CCS 
can indirectly contribute to transport-sector decar-
bonization through upstream interventions in fuel 
production processes, life-cycle emissions reductions 
in associated supply chains, and compensating for 
residual transport emissions via negative emissions 
technologies such as bioenergy with CCS (BECCS) 
and direct air capture with storage (DACCS). Against 
this broader backdrop, understanding the role and 
potential of CCS in national decarbonization strategies-
specifically its ability to complement sector-specific 
mitigation actions in transportation-becomes essential. 

Many authoritative scenario analyses, such as those 
by International Energy Agency (IEA) and Intergov-
ernmental Panel on Climate Change (IPCC), indicate 
that CCS is expected to contribute a significant pro-
portion of emission reductions: for example, the IEA's 
Sustainable Development Scenario (SOS) predicts that 
CCS will provide approximately 15% of cumulative 
emission reductions, requiring the storage of about 
5.6 Gt of CO2 annually by 2050 [2]. CCS can not only 
significantly reduce CO2 emissions from electricity and 
industrial sectors but also achieve negative emissions 
through combination with bioenergy CCS (BECCS) or 
direct air capture (DAC) to offset residual emissions 
that are difficult to eliminate [3]. From a technical per-
spective, CCS typically consists of three main stages: 
CO2 capture, CO2 transport-which increasingly relies 
on pipeline networks, maritime shipping routes, and 
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Figure 1 Overview of CO2 emission sources and carbon capture and storage (CCS) system. (a) Major CO2 emission sources across key 
sectors, including building & construction, electricity & heat supply, iron & steel, cement & concrete, manufacturing, and transportation. 
These sectors contribute both energy-related and process-related CO2 emissions. (b) General framework of the CCS system, comprising three 
main stages: CO capture, CO2 transport, and CO2 storage. (c) Common CO2 capture technologies, including chemical absorption, physical 
absorption, membrane separation, and chemical looping. 
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associated port facilities-and CO2 storage. As such, CO2 

transport infrastructure is becoming an integral part of 
broader transportation and logistics systems, linking 
industrial emission sources to geological storage sites. 
As illustrated in Fig. l(a) and Fig. l(b), the system's 
basic framework involves capturing CO2 using meth-
ods such as chemical absorption, physical adsorption, 
membrane separation, and chemical looping, followed 
by transport and permanent geological storage. 

However, despite the continuously emphasized 
importance of CCS, its deployment progress lags far 
behind the requirements of climate targets-the global 
expansion rate of CCS projects is approximately two 
orders of magnitude slower than the speed needed 
to achieve the Paris Agreement goals [4]. As of 2021, 
there were only 26 large-scale CCS facilities operating 
globally, while achieving the IEA net-zero scenario 
would require an increase to over 2,000 facilities by 
2040 (a hundredfold increase) [2]. At the current pace, 
CO2 storage capacity by 2050 may only reach 700 million 
tons per year, approximately one-tenth of the required 
scale-it is evident that without more aggressive pol-
icy interventions and coordinated actions globally, 
relying on CCS to achieve national carbon neutrality 
commitments will be extremely difficult [5]. The past 
decade has been termed as the "lost decade" for CCS 
development [2]: despite substantial R&D investments 
by various countries, CCS has not achieved large-scale 
commercialization, with the fundamental reason being 
the lack of effective policy incentives and economic 
viability support. 

Yet, existing scholarly debates on CCS governance 
remain disproportionately focused on capture technol-
ogies and carbon pricing instruments, with insufficient 
attention to the role of transport infrastructure as a 
critical enabler or constraint. Fragmented treatment 
of pipelines, shipping terminals, and port retrofitting 
in policy analyses has led to a governance blind spot: 
CO2 transport is often treated as a technical implemen-
tation detail rather than a policy domain requiring its 
own institutional frameworks and investment strate-
gies. This review addresses this gap by advancing an 
integrated analytical framework that classifies CCS-
relevant policy instruments into three functional types-
market-based tools, command-and-control regulations, 
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and institutional support measures-with a particular 
emphasis on infrastructure integration. In doing so, 
it contributes to emerging literature on infrastructure 
transitions and CCS policy coordination, challenging 
the conventional assumption that economic viability 
hinges solely on capture cost reduction and carbon 
price signals. 

This review is organized as follows: Section 2 intro-
duces the analytical framework for classifying CCS 
policy instruments; Section 3 assesses the economic 
viability of CCS deployment; Section 4 analyzes CO2 

transport infrastructure integration; Section 5 presents 
case studies of typical countries and regions; Section 
6 discusses institutional coordination challenges; Sec-
tion 7 concludes. 

2 Evolution of CCS policy tools 

Given the high capital intensity and initially weak 
market signals surrounding CCS projects, policymak-
ers have developed a wide array of instruments to 
stimulate investment and reduce perceived risks. This 
review adopts an analytical framework that classifies 
CCS-related policy instruments into three primary 
categories: market-based tools (carbon taxes and tax 
credits); command-and-control instruments ( emissions 
performance standards and permitting requirements); 
and institutional support mechanisms (responsibility 
sharing and legal guarantees) [6, 7]. This categorization 
enables comparative analysis of national strategies and 
clarifies the distinct yet complementary roles these tools 
play in overcoming different barriers to CCS deploy-
ment. The following sections apply this framework to 
review key instruments across jurisdictions. 

2.1 Market-based tools 

2.1.1 Carbon pricing mechanisms 

Carbon pricing mechanisms, including carbon taxes and 
carbon trading systems, work by setting a price on CO2 

emissions, thereby internalizing environmental exter-
nalities and enhancing the economic case for deploying 
CCS. In some countries, high carbon taxes have directly 
led to the emergence of CCS projects. A typical case 
is Norway, which as early as 1991 imposed a carbon 
tax on the North Sea oil industry (approximately $50 
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ton-1 CO2). The tax level was so high that oil compa-
nies chose to implement CCS to avoid paying the tax, 
leading to the Sleipner gas field launching the world's 
first large-scale CCS project in 1996 [8]. Overall, if car-
bon tax or carbon market prices are sufficiently high, 
the emission fees saved by enterprises capturing and 
storing one ton of CO2 will exceed CCS costs, creating 
inherent economic incentives. However, carbon prices 
in most regions have remained low for extended peri-
ods, failing to adequately incentivize CCS investment. 
The European Union's Emissions Trading System (EU 
ETS) experienced low carbon prices in the 2010s, which 
is considered one of the reasons for poor progress in 
EU CCS demonstration projects [9]. Recently, with ris-
ing carbon prices (EU ETS carbon prices have risen to 
tens of euros per ton or higher) and the introduction of 
policies such as the Carbon Border Adjustment Mecha-
nism, the driving effect of carbon pricing mechanisms 
on CCS is expected to improve. 

2.1.2 Direct subsidies and tax incentives 

Governments provide financial assistance, low-interest 
loans, or tax incentives for CCS projects to reduce pro-
ject costs and improve investment returns. The United 
States leads in this area-the Federal 45Q Tax Credit 
passed in 2018 significantly increased tax incentive 
levels for CCS, providing $50 in tax credits for each ton 
of CO2 captured and stored (previously capped at $20 
ton-1), with CO2 used for enhanced oil recovery (EOR) 
and other purposes receiving $35 ton-1 in tax credits [2]. 
This fiscal incentive was further enhanced in the 2022 
Inflation Reduction Act (geological storage increased 
to $85 ton-1, EOR and other utilization increased to 
$60 ton-1), significantly improving the revenue expec-
tations of CCS projects. The tax credit mechanism, 
through performance-based payments, has stimulated 
the initiation of numerous new CCS projects in the 
United States, becoming a benchmark case for CCS 
policy tools [2]. Besides tax credits, countries have also 
adopted direct subsidies and joint financing models to 
support CCS demonstrations. The EU once allocated 
funds through the "European Economic Recovery 
Program (EEPR)" and NER300 fund to support CCS 
demonstration projects (planning to fund up to 12 
projects by 2015), but ultimately failed to bring any 
CCS project to completion due to multiple reasons [9]. 
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The lessons show that financial support alone is 
insufficient; supporting market demand and policy 
environment are equally crucial. In recent years, the 
EU has launched the Innovation Fund to provide sub-
stantial funding to low-carbon technologies including 
CCS, and some member states have adopted "con-
tracts for difference" (CID) methods to lock in future 
carbon prices for CCS projects, thereby securing their 
revenue [10, 11]. These fiscal incentive measures have 
played important roles in reducing initial economic 
pressure and attracting enterprise participation. The 
United States has also invested enormous funds 
through the Department of Energy to support CCS 
R&D and demonstration ( over $5 billion invested since 
1997), helping projects share risks, expand scale, and 
reduce costs in the early stages [2]. 

2.2 Command-and-control instruments 

Command-and-control instruments refer to regulatory 
mechanisms in which governments impose legally 
binding obligations on firms, such as emissions limits, 
technology standards, or conditional permitting require-
ments. In the context of CCS, these instruments include 
mandates for CCS installation, performance-based 
emissions benchmarks for high-emission sectors, and 
integration of CCS-readiness into the approval pro-
cesses for new facilities [12]. Unlike market-based tools 
that operate through price signals, command-and-con-
trol policies rely on legal enforcement and punitive 
measures to induce compliance. In some jurisdictions, 
these instruments are embedded within Best Available 
Technology (BAT) frameworks, which require firms 
to adopt emission abatement technologies-such as 
CCS-if they are technically feasible and economically 
reasonable. 

Although mandatory CCS regulations remain lim-
ited in scope, several policies have explicitly identified 
CCS as a viable compliance pathway. For example, the 
United Kingdom's Industrial Decarbonisation Strategy 
includes CCS among the permitted options for meeting 
future emissions constraints in the steel and cement 
industries. Similarly, the EU's Carbon Border Adjust-
ment Mechanism (CBAM) and forthcoming product 
carbon footprint standards introduce embedded carbon 
intensity thresholds that may effectively incentivize 
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CCS adoption in export-oriented manufacturing. In 
some high-emission industries, there have been propos-
als to make CCS a condition for operational licensing. 
These instruments offer regulatory clarity and stand-
ardization but may impose uneven compliance burdens 
in the absence of parallel infrastructure or financial 
support. As such, command-and-control policies are 
best understood as a structural component within a 
broader policy mix-reinforcing incentive schemes and 
institutional support mechanisms through enforceable 
compliance architecture. 

2.3 Institutional support 

2.3.1 Green finance and credit support 

Incorporating CCS into green finance systems to attract 
more social capital investment. Governments and 
financial institutions provide preferential loan rates, 
bond financing, and investment facilitation for CCS 
projects through green credit guidelines, green bonds, 
green funds, and other channels. For example, China 
has recently included CCUS1 in its green industry 
catalog and established CCUS development funds to 
support pilot project financing [13]. The EU's sustaina-
ble finance taxonomy also considers CCS as a qualified 
technology that can be used across industries for emis-
sion reduction, making CCS-related projects eligible for 
green investment funds [14]. The introduction of green 
finance tools helps reduce CCS project financing costs 
and improve investor confidence. Additionally, some 
countries are exploring public sector loan guarantees 
or insurance to reduce default and technical risks of 
CCS projects, improving the support system from the 
financial side. 

2.3.2 Responsibility sharing and legal guarantees 

Since CCS involves long-term CO2 monitoring and 
storage safety, clarifying responsibilities among parties 
and appropriate government assumption of partial 
long-term risks helps alleviate enterprise concerns. 
Some countries and regions have established special-
ized CCS regulations defining legal responsibilities 
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at various project stages. For example, EU Directive 
2009/31/EC stipulates that after storage site closure and 
at least 20 years of monitoring proving permanent safe 
storage of CO2, long-term responsibility for storage 
sites can be transferred from operating enterprises to 
government authorities [15]. This means that once strict 
permanent storage standards are met (no detectable 
leakage, storage reservoir evolving toward long-term 
stable state), the government can take over subsequent 
monitoring and maintenance obligations for the reser-
voir. This mechanism balances enterprise and public 
interests: enterprises do not need to bear potential leak-
age responsibilities indefinitely, while the government 
serves as the "ultimate guardian" ensuring environ-
mental safety. Of course, before responsibility transfer, 
regulations require enterprises to provide adequate 
financial guarantees for storage period monitoring and 
compensation in case of leakage. Besides long-term 
responsibility allocation, many countries have also 
established licensing and regulatory systems for CCS 
projects, standardizing site selection, operation, and 
closure phases to ensure safe and environmentally 
sound CCS implementation [16]. Overall, sharing CCS 
risks and responsibilities between  government and 
enterprises through legal and institutional arrange-
ments is an important component of policy tools. This 
includes both explicit legislation (such as injection 
permits, environmental liability, financial guarantee 
requirements) and implicit risk sharing (such as 
government commitments to cover cost overruns in 
demonstration projects). Comprehensive legal guaran-
tees can increase enterprise willingness to participate in 
CCS and enhance public trust in CCS safety. 

In summary, countries have constructed multi-lay-
ered policy tool combinations around CCS, employing 
market-based tools, command-and-control instruments 
and institutional support tools. Historical experience 
shows that single policies are often insufficient to 
drive large-scale CCS deployment, measures need to 
work synergistically. In the context of carbon neutral-
ity, policy design continues to innovate, such as the 

1 In this review, we use the term carbon capture and storage (CCS) to refer specifically to technologies that capture CO2 and store 
it permanently in geological formations. While some literature adopts the broader term carbon capture, utilization, and storage 
(CCUS) to include CO2 reuse pathways, we focus exclusively on storage-related aspects. Therefore, "CCS" is used consistently 
throughout the paper for conceptual precision. 
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UK exploring support for power sector CCS through 
capacity markets and contracts for difference, and the 
EU considering establishing carbon contract difference 
mechanisms to lock in industrial CCS revenues. These 
new policy practices aim to overcome institutional 
barriers in past CCS promotion and pave the way for 
large-scale commercialization. 

3 Economic viability analysis of CCS 

Economic feasibility remains one of the most critical 
barriers to the large-scale deployment of CCS, driven 
by high upfront costs, uneven cost distribution across 
the full chain, and limited commercial returns under 
current market conditions. The CCS full chain involves 
three segments: capture, transport, and storage, with 
high overall costs and uneven cost distribution across 
components. The CO2 capture segment is the most cap-
ital-intensive, generally accounting for approximately 
70%-80% of total costs [17]. This is because separating 
high-purity CO2 from flue gas or industrial processes 
is technically complex and highly energy-intensive. 
For example, implementing post-combustion capture 
at coal-fired power plants often costs tens of dollars 
per ton of CO21 with costs increasing as gas becomes 
more dilute, while capture costs at high-concentra-
tion sources like chemical industry pure CO2 can be 
reduced to below $30 ton-1 [17]. Transport and stor-
age segments have relatively lower costs, typically 
accounting for 20%-30% of total costs [18]. Large-scale 
CO2 transport through pipelines costs several to over 
ten dollars per ton, and geological storage operational 
costs are also in the range of several dollars per ton, 
but upfront exploration and facility investments must 
be considered. Overall, current complete costs for most 
CCS projects are estimated to range from tens to over a 
hundred dollars per ton of CO2, depending on specific 
industries and technologies [19]: for example, in nat-
ural gas processing and other high-purity CO2 fields, 
overall costs may be only $30-40 ton-1, while retrofit-
ting coal-fired power plants with CCS often exceeds 
$60-100 ton-1 CO2. Such high emission reduction costs 
do not compare favorably with alternative solutions 
like renewable energy, thus requiring special economic 
measures to achieve commercial viability. 

Investment returns and business models are also key 

Nan Liu et al. 

factors determining whether CCS can be promoted 
on a large scale. Under pure market conditions, due 
to limited additional revenue and insufficient carbon 
pricing, many CCS projects struggle to achieve positive 
investment returns, and the private sector lacks invest-
ment incentives. Therefore, in reality, the vast majority 
of implemented CCS projects rely on additional rev-
enue sources or policy support. For example, using 
captured CO2 for enhanced oil recovery (COrEOR) is 
a classic model for improving project revenues. Indus-
trial facilities can sell captured CO2 to oil fields for oil 
displacement, with revenues partially offsetting CCS 
costs [20]. Many operating projects in the United States 
operate precisely because EOR brings profitability, as 
U.S. crude oil production areas have long conducted 
CO2 flooding, not only storing carbon but also pro-
ducing oil. However, it should be noted that using oil 
recovery revenues to subsidize CCS is controversial in 
terms of climate benefits (since additional oil eventually 
burns and still emits), so from a policy perspective, its 
transitional role needs to be weighed. Another exam-
ple is obtaining carbon credits as a potential business 
model, selling stored emission reductions as carbon 
allowances or carbon offset credits. Under the Kyoto 
Protocol framework, the United Nations Clean Devel-
opment Mechanism (CDM) included CCS in qualified 
project categories in 2011 to allow developing country 
CCS projects to obtain carbon reduction credits and 
sell them to developed countries [21]. However, cases 
of large-scale funding support for CCS through carbon 
markets remain very limited to date. In the future, if 
the international carbon market mechanism under 
Article 6 of the Paris Agreement improves, or regional 
carbon clubs emerge, new investment return chan-
nels for transnational CCS cooperation may become 
possible [22]. 

Risks and uncertainties are also major factors 
affecting CCS economics, including technical relia-
bility, construction and operation cost overruns, and 
long-term storage responsibilities. The higher the 
uncertainty, the higher the return rate demanded by 
investors, thereby increasing financing difficulties. 
Traditionally, "first mover" full-scale CCS demonstra-
tions often struggle to find purely commercial funding 
and must rely on government risk-sharing costs [2]. 
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Governments can reduce risk premiums for early pro-
jects through co-investment or providing guarantees. 
For example, Canada's Saskatchewan Boundary Dam 
power station CCS and the U.S. Petra Nova coal CCS 
projects both received government funding support, 
reducing investment risk exposure. Similarly, the U.S. 
Department of Energy has helped a series of CCS pilots 
"get through the high-risk, low-return initial phase" 
through funding allocations over many years [2]. Some 
scholars view this government support as a necessary 
measure to address the "demonstration valley", oth-
erwise large-scale low-carbon demonstrations may 
fall into the "valley of death" [9]. Regarding long-term 
risks, the legal liability transfer mechanism mentioned 
earlier is also a measure to reduce long-term enterprise 
burdens and improve project economics. Addition-
ally, standardization and modularization help reduce 
project cost uncertainties, for example, factory pre-fab-
rication of capture equipment can reduce construction 
cost overrun risks. 

Innovative models to enhance economic viability are 
currently emerging to reduce average CCS costs and 
improve asset utilization rates. One model is estab-
lishing "hub-cluster" CO2 networks, where multiple 
factories in industrial areas with concentrated emission 
sources share a set of  CO2 transport pipelines and 
storage facilities [23]. Through economies of scale, the 
infrastructure costs shared by each enterprise decrease, 
thereby improving overall economics. Research shows 
that deploying CCS in industrial clusters can signifi-
cantly reduce unit capture and storage costs compared 
to individual factory construction schemes [23]. 
European North Sea coastal areas are promoting such 
cluster projects, such as the Netherlands' "Porthos" pro-
ject, which will centrally transport CO2 from multiple 
enterprises in Rotterdam Port to offshore gas fields for 
storage; the UK is also planning to build shared capture 
and pipeline networks in industrial clusters like Teesside 
in the northeast. Such regional cooperation models are 
not only more economically efficient but also facilitate 
participation of small and medium emission sources in 
emission reduction. Additionally, some new techno-
logical breakthroughs may improve CCS economics, 
such as more efficient solvents reducing energy con-
sumption, new materials reducing equipment costs, 
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and improving CO2 capture rates ( even exceeding 90%) 
to maximize emission reduction benefits [24]. 

Finally, from a policy perspective, stable and adequate 
carbon pricing or subsidies are fundamental guarantees 
for economic viability: only when the value of carbon 
emission reduction (whether reflected through carbon 
markets or government subsidies) exceeds CCS costs 
will enterprises have sustained economic motivation to 
operate CCS. Therefore, looking ahead, promoting CCS 
scale-up must simultaneously exert force from both 
cost reduction and revenue enhancement-on one hand, 
relying on technological progress and scale effects to 
lower cost curves, and on the other hand, through pol-
icy pricing of carbon emissions or providing incentives 
to raise revenue curves. The intersection of these two is 
the turning point for large-scale CCS deployment. 

4 Infrastructure integration for CO2 

transport 

CO2 transport infrastructure integration plays a piv-
otal role in determining per-ton abatement costs and 
shaping overall project feasibility [25]. Infrastructure 
integration for CO2 transport refers to the strategic 
coordination, design, and co-utilization of pipelines, 
shipping terminals, compression facilities, and inter-
mediate hubs to ensure cost-efficient, scalable, and 
interoperable movement of captured carbon dioxide 
from emission sources to storage sites. While CCS often 
dominate cost discussions, the availability-or absence-
of shared transport infrastructure can dramatically 
affect investment decisions, particularly for smaller 
emitters. In regions with well-developed CO2 pipeline 
networks and centralized storage hubs, such as the 
U.S. Gulf Coast or the Port of Rotterdam, economies 
of scale and asset co-utilization allow multiple facili-
ties to connect to shared pipelines and injection sites. 
This "hub-and-cluster" model significantly reduces 
capital duplication and operational costs compared 
to isolated point-to-point transport. For example, the 
Porthos project in the Netherlands enables industrial 
emitters at Rotterdam to share a pipeline leading to 
an offshore storage site, lowering unit transport costs 
and mitigating risk through infrastructure pooling [26]. 
Similarly, the U.S. has seen organic growth of pipeline 
corridors linked to COz-EOR operations, creating 
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natural incentives for new projects to piggyback on 
existing assets. 

In contrast, fragmented or project-specific pipeline 
planning, such as in many Asian regions including 
China, leads to higher unit costs, limited flexibility, 
and suboptimal asset utilization. Without national 
corridor strategies or coordinated investment, smaller 
projects face disproportionately high transport costs, 
making them economically non-viable even when 
capture costs are moderate. Furthermore, the lack 
of port retrofitting for maritime CO2 shipment adds 
another layer of friction. Offshore storage-especially in 
Europe and Southeast Asia-requires liquefied CO2 to 
be transported via ships. Only a few regions (e.g., Nor-
way's Northern Lights) have invested in dual-purpose 
terminals capable of handling this need. Without such 
port infrastructure, projects must either overinvest in 
pipeline construction or forgo offshore storage options 
altogether, raising marginal costs. From a policy stand-
point, failure to integrate transport infrastructure into 
CCS strategies leads to geographic lock-ins, poor scala-
bility, and underutilization of public investments [27]. 
Thus, alongside capture cost reduction and price incen-
tives, infrastructure co-planning and funding should 
be treated as a third pillar of CCS cost-efficiency. Coun-
tries that proactively develop corridor-based pipeline 
networks, shared shipping hubs, and coordinated port 
retrofitting will be better positioned to achieve scale at 
lower cost and attract private capital. 

Furthermore, integrating a life-cycle assessment 
(LCA) perspective into transport-related CCS plan-
ning provides a more holistic understanding of both 
economic and environmental trade-offs. While pipe-
line-based transport is often considered the least-cost 
option for large, concentrated emitters over land, its 
installation and operation also involve substantial 
embodied emissions-such as those from steel pro-
duction, land clearing, and compression energy. In 
contrast, maritime shipping of liquefied CO2, though 
geographically flexible and scalable for offshore stor-
age, generates significant upstream emissions from the 
liquefaction process and ship fuel combustion, particu-
larly if conventional marine fuels are used. 

A comparative LCA study by Arasto et al. (2014) 
suggest that, per ton of CO2 transported, pipelines 
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generally yield lower life-cycle emissions for distances 
under 1,000 km, while shipping may become more effi-
cient for longer routes or when integrated with existing 
port infrastructure [28]. These findings underscore that 
transport mode selection should not be based solely on 
capital and O&M costs, but on total life-cycle carbon 
intensity and energy use [29]. For policy design, this 
implies that infrastructure subsidies or incentives must 
be structured to reflect not only upfront investment 
but also long-term climate externalities embedded 
in the full system. Accordingly, incorporating LCA 
frameworks into CCS transport planning enables 
policymakers to identify infrastructure pathways that 
deliver both economic feasibility and maximum net 
CO2 abatement [30]. This perspective is particularly 
critical in contexts where carbon accounting rigor-such 
as in the EU Taxonomy or voluntary offset markets-
depends on transparent disclosure of cradle-to-grave 
emission profiles [31]. 

5 Case studies of typical countries 
and regions 

Different countries and regions have their own 
characteristics in CCS policy practices and project 
advancement. The following selects the United States, 
European Union, and Asia (mainly China) as typical 
cases to analyze how CCS has been incorporated into 
their respective carbon reduction pathways under 
different institutional environments, as well as the 
progress and lessons achieved. 

5.1 United States: CCS expansion driven by 
45Q tax credit mechanism 

The United States currently leads in the number and 
scale of CCS projects, with its successful experience 
mainly stemming from strong fiscal incentives and 
diverse market applications. Early CCS demonstrations 
in the United States were mostly directly funded by the 
federal government and Department of Energy, such 
as the Future-Gen project in the 2,000s (though not 
successfully completed) [32] and the Petra Nova power 
station project (which received hundreds of millions of 
dollars in DOE funding) [33]. However, the policy with 
more sustained impact lies in the tax credit mechanism. 
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The "45Q" tax credit was first introduced in 2008 and 
was significantly expanded through the bipartisan 
Budget Act in 2018, increasing credit amounts and 
extending duration [34]. Under the new regulations, 
CO2 captured and stored in qualified facilities receives 
$50 in federal tax credits per ton; if CO2 is used for 
EOR and other purposes, it receives $35 per ton in 
credits [2]. This incentive level is far higher than before 
(more than doubling), greatly improving the economic 
prospects of CCS projects. Taking the coal chemical field 
as an example, capture costs might be $40-$50 ton-1 

CO2, but with 45Q credits, this is equivalent to having 
$50 in revenue to offset costs, significantly enhancing 
project profitability. Driven by this, private sector 
investment interest in CCS in the United States has 
risen significantly: in just a few years since 45Q expan-
sion, the number of planned CCS facilities announced 
nationwide has surged, covering multiple industries 
including power, natural gas processing, ethanol, and 
biomass power generation. According to statistics, by 
2022, the United States had approximately dozens of 
large CCS projects in planning or development stages, 
with planned capture capacity exceeding billion-ton 
levels annually. 

During this process, the carbon utilization market 
also played a promoting role-particularly COrEOR, 
which has had decades of commercial practice in the 
United States. Some regions have stable demand for 
CO2, providing natural buyers and revenue sources 
for CCS [20]. The 45Q policy also covers situations 
where CO2 is supplied to oil fields ($35 credit per ton), 
allowing capture facilities to not only receive payments 
from oil companies but also additional federal incen-
tives, achieving "dual benefits". Besides 45Q there are 
supplementary measures at the U.S. state level, such 
as California's Low Carbon Fuel Standard (LCFS) 
providing carbon credits for qualifying CCS emission 
reductions, and California and Illinois exploring state 
government assumption of long-term monitoring 
responsibilities to reduce enterprise burdens. Regard-
ing policy effects, although some critics worry that 
45Q will be used by the fossil fuel industry to extend 
oil production (due to CO2 flooding relationships) [35], 
it is undeniable that this policy has greatly boosted 
investment confidence and actual project growth in 
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the CCS field. In the 2022 Inflation Reduction Act, 45Q 
credit amounts were further increased (permanent stor-
age increased to $85 ton-1, utilization increased to $60 
ton-1), application thresholds were relaxed, and more 
projects are expected to be catalyzed [2]. The U.S. case 
shows that substantial economic incentives (particu-
larly sustained incentives based on emission reduction 
performance) can significantly improve CCS business 
models and leverage private sector investment. Mean-
while, U.S. experience also reflects that CO2 utilization 
(such as EOR) has provided important transitional 
support for CCS at the current stage. Looking ahead, 
the U.S. challenge lies in ensuring these projects truly 
achieve expected emission reductions and gradually 
expanding to pure storage projects that can operate 
without relying on oil recovery revenues. 

5.2 European Union: CCS strategy of policy 
fluctuations and cross-border cooperation 

The European Union has experienced a tortuous 
course of "high start, low performance, and revival" 
in CCS development. As early as around 2007, the EU 
listed CCS as a key energy and climate policy priority, 
issued the CCS Directive in 2009 to pave the legal path 
for technology, and planned to fund a batch of large 
demonstration projects. However, in the first phase 
(2009-2015), the EU's CCS strategy failed to deliver on 
its ambitions: multiple demonstration projects submit-
ted by member states were successively shelved due to 
funding gaps, public opposition, or lack of economic 
viability. The NER300 fund at the EU level originally 
allocated approximately €7.1 billion specifically for 
CCS, but in the first round of funding in 2012, no CCS 
projects were selected [9]. Analysis suggests that the 
EU's early CCS sluggishness had four strikes: renewa-
ble energy competition (expensive renewable subsidies 
made CCS pale in comparison), project complexity 
(involving cross-border pipelines and new facilities, 
difficult to advance), low carbon prices (EU ETS car-
bon prices remained around €5 per ton for extended 
periods, unable to provide sufficient revenue for CCS), 
and fiscal austerity and climate policy fatigue after 
the financial crisis [16]. Three of these were related to 
insufficient expected market demand rather than fund-
ing willingness issues. This experience rang alarm bells 
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for the EU: one-time subsidies are far from sufficient; 
lasting market incentives and improved external con-
ditions must be created. 

Entering the 2020s, with the introduction of the 
"European Green Deal" and 2050 net-zero commit-
ments, the EU's attitude toward CCS has clearly shifted, 
beginning to view it as one of the key solutions for 
hard-to-decarbonize industry sectors. The EU's latest 
"Industrial Carbon Management Strategy" (released 
February 2023) details CCS's role in reducing over 90% 
of emissions from cement, steel, chemical, and other 
industries, proposing a goal of storing at least 50 mil-
lion tons of CO2 within EU territory by 2030 [36]. To 
promote achieving these goals, the EU and member 
states have pursued multiple approaches in policy 
and funding: First, the EU level has established the 
unprecedented Innovation Fund (funded by carbon 
market revenues),  allocating approximately €2.1 bil-
lion to several CCS-related projects in the first round 
of funding and increasing to €7.1 billion in the third 
round [37]. These funded projects include the Neth-
erlands' Porthos cluster, Sweden's biomass CCS, and 
Belgium and France's industrial CCS, marking the EU's 
commitment of real money to CCS. Second, the EU has 
strengthened infrastructure coordination, incorporat-
ing CO2 transport networks and storage facilities into 
Trans-European Energy Network (TEN-E) planning, 
supporting member states in sharing transport and stor-
age capacity. For example, Norway's "Northern Lights" 
project is building large-scale CO2 storage facilities in 
Norwegian offshore areas, which will receive and store 
industrial CO2 transported from EU countries in the 
future, serving as a demonstration of cross-border CCS 
cooperation [38]. For this purpose, the London Protocol 
was amended in 2019 to allow cross-border transport 
of  CO2 for geological storage (previously restricted 
as cross-border dumping), and EU members are also 
advancing bilateral agreements to resolve responsi-
bility-sharing issues. Third, some EU countries have 
introduced domestic support policies: Norway has 
invested heavily in implementing the "Longship" CCS 
flagship project, planning to build a complete chain 
from cement plants/waste incineration plants to North 
Sea storage facilities with the government bearing most 
costs; the UK (although post-Brexit, its experience is 
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still referential) has adopted cluster competition mech-
anisms, promising to provide long-term operational 
subsidies to winning industrial cluster CCS projects 
through CID and other means. Policy innovation is 
also reflected in the market side: the EU is discussing 
introducing carbon removal certification mechanisms 
in carbon market reforms, ensuring that certified stored 
CO2 can be traded, thereby providing market returns 
for CCS [39]. Additionally, the EU is also strengthening 
carbon constraints through legislation, such as the Car-
bon Border Adjustment Mechanism (CBAM), which 
will force imported steel, cement, and other products 
to bear carbon costs, pressuring enterprises to con-
sider emission reduction solutions like CCS [40]. The 
EU case reflects the profound impact of institutional 
environment on CCS promotion: under a strong, stable 
policy framework (high carbon prices + special funds + 

infrastructure coordination), CCS is expected to regain 
development momentum and be incorporated into 
mainstream emission reduction pathways; conversely, 
policy absence or instability once led to numerous pro-
ject failures. As the EU strengthens climate goals and 
improves policy combinations (including the recently 
proposed Net-Zero Industry Act to simplify approv-
als and accelerate key technology investment [16]), 
CCS in Europe is welcoming new development 
opportunities. However, the EU also faces challenges: 
ensuring coordinated advancement of pipeline and 
storage facility construction among member states, 
balancing public acceptance, and forming beneficial 
complementarity rather than crowding-out effects with 
renewable energy investment. Through continuously 
learning from previous lessons, the EU's CCS strategy 
is moving from early setbacks toward a new phase of 
pragmatic and comprehensive deployment. 

5.3 Asia: Pilot exploration with China as the 
main focus 

Asian emerging economies are also beginning to 
emphasize CCS's role in achieving carbon reduction 
goals, with China as the representative. China has 
committed to carbon peaking before 2030 and carbon 
neutrality before 2060 [41]. Under this goal guidance, 
CCS (domestically often called CCUS, including uti-
lization) has been incorporated into national strategic 
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science and technology directions and emission reduc-
tion technology lists. As early as the "Eleventh Five-Year 
Plan" period, China initiated CO2 capture experimental 
facility construction, and in recent decades has gradu-
ally conducted a series of CCUS test demonstrations. 
As of 2022, China has completed nearly 20 CCUS pilot 
projects, with the largest single-unit scale reaching 
million-ton levels. A typical case is the Qilu Petrochem-
ical-Shengli Oilfield CCUS project put into operation 
by Sinopec in 2022, which is China's first million-ton 
full-process CCUS demonstration, capturing approxi-
mately 1 million tons of CO2 annually from chemical 
plants and transporting it through pipelines to oil fields 
nearly 200 kilometers away for flooding and storage 
[42]. This project integrates refining and chemical 
industries with oil and gas field enterprises, viewed 
as an important attempt to establish carbon reduction 
industrial chains. Another example is Shenhua Group's 
coal-to-oil plant CCS demonstration in Ordos, which 
stores hundreds of thousands of tons of CO2 annually 
in saline aquifers, accumulating data for geological 
storage in China. 

Regarding policy, the Chinese government has 
released multiple policy documents supporting CCUS 
in recent years. Research compilation found that as of 
July 2022, China had issued 59 CCUS-related policy 
documents at the central level, involving more than 
ten ministries [43]. These documents cover scientific 
research and development, demonstration pilots, 
standard specifications, and industrial planning. For 
example, the Ministry of Science and Technology has 
listed CCUS in national key R&D program projects; the 
Ministry of Ecology and Environment has issued draft 
CCUS environmental management guidelines for pub-
lic comment; the National Development and Reform 
Commission and other departments have explicitly 
promoted a batch of CCUS demonstration projects in 
"Fourteenth Five-Year Plan" planning [43]. Overall, 
China is forming a preliminary CCUS policy support 
framework, but currently still mainly focuses on sup-
ply-side (technology R&D and demonstration) policies, 
with relatively insufficient demand-side incentives and 
constraints [43]. For example, China has not yet estab-
lished explicit carbon pricing mechanisms to drive 
enterprise proactive CCS deployment (national carbon 
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market coverage is limited and carbon prices are low, 
insufficient to support CCS investment). Additionally, 
regulations and standards for mandatory emission 
reductions in industrial fields (such as emission per-
formance standards) have not yet clearly required CCS 
adoption. Policy analysis points out that approximately 
70% of China's current CCUS policies focus on R&D 
pilots, while market-driven policies (demand-side) 
are almost absent, making it difficult to support CCS 
transition from demonstration to large-scale applica-
tion [43]. Therefore, experts suggest China needs to 
formulate more powerful incentive measures, such as 
giving certain carbon trading quotas to stored CO2, 

reducing environmental taxes and fees for enterprises 
using CCS, or introducing mandatory CCS proportions 
in high-emission industries [43]. Additionally, at the 
legal level, China has not yet issued specialized CCS 
legislation, and issues such as project approvals and 
long-term responsibilities need clarification, which also 
affects social capital involvement. 

Nevertheless, China has also achieved some bright 
experiences in CCS pilots: for example, developing 
low-energy amine-based capture processes suitable 
for coal-fired power plants, exploring "CCUS+" models 
such as CO2 enhanced shale gas recovery, and gradu-
ally cultivating domestic technology and engineering 
teams. Other Asian countries are also attempting CCS: 
Japan completed the Hokkaido Tomakomai CCS 
demonstration project in 2016, successfully storing 
approximately 300,000 tons of CO2 in offshore under-
ground formations, becoming Asia's first large-scale 
demonstration and providing valuable data [44]. South 
Korea has formulated a comprehensive CCS roadmap, 
planning to launch demonstrations around 2030 [45]; 
Singapore, Indonesia, Malaysia, and other Southeast 
Asian countries are cooperating with international oil 
companies to assess offshore storage potential and plan 
regional CCS centers [46]. These countries commonly 
face challenges of insufficient funding and technology, 
thus mostly seeking international cooperation support. 

Overall, CCS in Asian countries is still in the pilot 
demonstration and policy formulation stages. Taking 
China as an example, to achieve the 2060 carbon neu-
trality vision, CCS is expected to play unique roles in 
power, steel, cement, chemical, and other fields, with 
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some studies estimating its emission reduction contri-
bution could reach over 10% of national total emission 
reductions [43]. Whether Asian CCS can be deployed on 
a large scale in the future will depend on whether policy 
support can develop from current scattered exploration 
into systematic and powerful incentive-constraint 
combinations, and whether countries can strengthen 
regional coordination to share resources (such as jointly 
building CO2 transport and storage networks). In this 
process, international community technology transfer 
and financial assistance are also considered key factors 
in promoting Asian CCS. 

6 Multilateral cooperation and global 
governance challenges 

Large-scale CCS deployment is not only a matter 
of domestic policies in various countries but also 
involves complex international cooperation and global 
governance issues. First, cross-border collaboration 
is increasingly prominent in the CCS field because 
CO2 storage resources are geographically unevenly dis-
tributed, with certain industrial center regions lacking 
suitable geological storage facilities and having to rely 
on cross-border transport to other countries for storage. 
According to estimates, to achieve mid-century climate 
goals, global annual CO2 storage needs could reach 6 
Gt by 2040 and exceed 8 Gt by 2050 [16]. Such enor-
mous storage demands cannot be completed within 
one country's borders, especially in regions like Europe 
and Southeast Asia, where ideal storage locations 
are often offshore or in neighboring countries. This 
requires countries to reach cooperation mechanisms 
allowing and regulating cross-border CO2 transport 
and storage. For this purpose, international maritime 
law and environmental treaties have made some 
adjustments: the London Protocol passed amendments 
in 2009 exempting cross-border transport of CO 2 for 
seabed storage from restrictions (removing it from 
the "ocean dumping" category) [47], paving the legal 
path for international CCS cooperation. However, this 
amendment has not yet received sufficient country rat-
ifications to take effect, and countries currently mostly 
resolve legal issues through temporary bilateral agree-
ments. For example, the EU and Norway have signed 
agreements clarifying regulatory and responsibility 
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divisions for EU-sourced CO2 storage in Norway. Such 
transnational legal arrangements are crucial for large 
regional CCS networks [48]. 

Second, global carbon markets and climate govern-
ance frameworks need to incorporate CCS to provide 
transnational incentives. On one hand, Nationally 
Determined Contributions (NDCs) under the Paris 
Agreement currently lack clear accounting rules for 
imported or exported CO2 emission reductions: if one 
country captures CO2 and another country stores it, 
which side counts the emission reduction and whether 
there is double counting all need international rule 
agreements. The Paris Agreement Article 6 imple-
mentation rules passed at the 2021 climate conference 
established general principles for international carbon 
trading, but specific guidance for CCS negative emis-
sions and transferred emission reduction situations is 
still needed. In the future, if international carbon mar-
kets can recognize verified CCS emission reductions 
as tradable commodities, developed countries paying 
funds to developing countries to obtain CCS emission 
reductions (similar to early CDM models) will become 
possible, which can promote CCS project construction 
in developing countries and achieve globally cost-effec-
tive emission reductions. However, global governance 
in this area still lags, with some multilateral funds (such 
as the Green Climate Fund) not yet clearly supporting 
CCS projects, mainly focusing on renewable energy and 
other fields. This reflects cognitive differences in the 
international community regarding CCS: some coun-
tries and environmental groups question CCS's role in 
extending fossil fuel use and are unwilling to make it 
a climate finance priority [49, 50]. Therefore, interna-
tional discourse and governance around CCS are full 
of interest games and conceptual conflicts. Developed 
countries (such as Norway and the United States) tend 
to promote CCS technology diffusion, while some 
developing countries are concerned about technology 
and funding thresholds, worrying that high CCS costs 
will affect funding for other mitigation measures. 

Third, standards and regulatory coordination is an 
important aspect of global CCS governance. Currently, 
there is no unified set of international CCS technical 
standards or monitoring guidelines, with countries 
adopting their own specifications. This creates obstacles 
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for cross-border projects and technology transfer. For 
this purpose, organizations like ISO have established 
relevant technical committees to develop international 
standards for CO2 capture, transport, and storage 
safety, but implementing these standards in various 
countries still requires time. Additionally, liability and 
compensation mechanisms are not yet clear at the inter-
national level: if cross-border CCS projects experience 
CO2 leakage, who bears responsibility and how is com-
pensation provided? Existing environmental treaties 
(such as Environmental Liability Conventions) do not 
yet include this new issue. Perhaps new bilateral or 
multilateral agreements are needed to fill this gap, such 
as establishing joint regulatory bodies or compensation 
funds for transnational CCS projects to ensure timely 
handling without buck-passing when problems occur. 

Finally, global knowledge sharing and capacity 
building are also governance challenges. CCS involves 
relatively specialized geological, engineering, and 
regulatory knowledge, with many countries lacking 
experience. International cooperation mechanisms 
such as the Carbon Sequestration Leadership Forum 
(CSLF), Clean Energy Ministerial CCUS Initiative, and 
Global CCS Institute have played certain roles in infor-
mation exchange and capacity building, but developing 
country participation and voice remain limited. Future 
efforts need to further strengthen South-South coop-
eration and technical training in the CCS field under 
UN frameworks or regional cooperation organizations, 
enabling more countries to have CCS implementation 
capabilities. 

In summary, global CCS governance is still in its 
infancy, currently showing fragmented characteristics: 
legally lacking comprehensive frameworks covering 
the full process, with multiple key issues unresolved; 
policy-wise, countries have varying intensity levels 
with weak international coordination mechanisms. 
Facing the common challenge of climate change, 
countries need to strengthen cooperation and govern-
ance innovation in CCS. Recommendations include: 
promptly promoting relevant international legal 
amendments to take effect, clarifying cross-border 
project rules; giving CCS its due position in climate 
finance and carbon markets, particularly supporting 
developing countries in conducting CCS; establishing 
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regional CO2 transport-storage network agreements to 
achieve resource complementarity; and constructing 
global CCS best practice sharing platforms to promote 
standard unification and public acceptance. Only by 
incorporating CCS into the global governance system 
can transnational emission reduction and responsibility 
allocation issues be effectively resolved, creating a fair 
and favorable international environment for large-scale 
CCS application. 

7 Conclusion: Policy strategic prospects 
for CCS 

In the journey toward carbon neutrality, CCS as an 
important technological option for addressing climate 
change is full of both opportunities and challenges. 
On one hand, numerous studies and scenario analyses 
indicate that without large-scale CCS deployment, 
many countries will find it difficult to achieve deep 
decarbonization goals. CCS can reduce unavoidable 
residual emissions from power and industrial sectors 
and provide negative emission capabilities, playing 
the role of "safety valve" and "balancer" in the global 
net-zero transition over the coming decades. However, 
on the other hand, experiences from the past few 
decades also warn us that without effective policy 
and economic drivers, CCS will struggle to escape the 
demonstration trap. Current CCS deployment speed is 
far below required levels, and for the world to increase 
CCS capacity a hundredfold in the next twenty years 
requires a leap in policy and action. 

Looking ahead, to unlock CCS potential, countries 
need to formulate comprehensive policy strategies: 

Strengthen incentive-compatible policy systems: 
Establish long-term clear carbon price signals or incen-
tive mechanisms to make emission reduction benefits 
reliable and predictable. This can be achieved through 
setting gradually increasing carbon tax/carbon price 
floors, continuing and optimizing tax credits, contracts 
for difference, and other methods. Policies should 
ensure that enterprises can obtain reasonable returns 
after investing in CCS to mobilize private sector enthu-
siasm. 

Increase public investment and risk sharing: Govern-
ments should continue to play funding and risk-bearing 
roles in the early stages of CCS, including funding 
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more full-scale demonstration projects, supporting 
infrastructure (pipeline and storage facility) construc-
tion, and providing loan guarantees and insurance 
arrangements. This can help new projects cross the 
"valley of death" and drive cost reduction and techno-
logical progress through scaled practice. 

Improve regulations and regulatory innovation: 
Timely update environmental and energy regula-
tions to pave the way for CCS. For example, simplify 
project licensing processes, establish long-term moni-
toring handover systems for storage sites, and clarify 
legal responsibilities for cross-border projects. Some 
countries' introduced Net-Zero Industry Acts are 
explorations in this area, aimed at eliminating unnec-
essary administrative barriers and accelerating the 
implementation of net-zero technologies like CCS. 

Promote regional and international cooperation: 
Encourage joint construction of CO2 transport and 
storage networks at the regional level to achieve 
optimal resource utilization and cost sharing; at the 
international level, incorporate CCS into climate coop-
eration agendas through technical assistance, capacity 
building, and financing support to help developing 
countries conduct CCS. Developed countries should 
share experiences and provide funding channels, while 
international institutions should develop unified stand-
ards and accounting methods to ensure CCS emission 
reduction contributions are recognized and rewarded 
globally. 

Strengthen public participation and awareness 
guidance: Although this review focuses on policy eco-
nomic analysis, it must be recognized that CCS project 
advancement also depends on public acceptance and 
social license. Future strategies should include transpar-
ent information disclosure, stakeholder consultation, 
and exploring models that combine CCS with local 
development (such as employment and investment) to 
enhance social support for CCS. 

In summary, CCS's future depends on the combined 
effect of policy, economic, and social multi-dimensional 
factors. Based on technical feasibility, cleverly designed 
policy incentives and sound governance frameworks 
will be key to unleashing CCS potential. By construct-
ing a stable, coordinated, and forward-looking policy 
environment, we can expect to accelerate CCS from 
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scattered demonstrations to large-scale commercial 
applications, enabling it to play its due role in national 
carbon neutrality roadmaps. As researchers have said, 
achieving climate goals requires "all tools working 
together"-beyond renewable energy and energy effi-
ciency measures, CCS success will provide humanity 
with an important "trump card" for addressing climate 
change. Looking ahead, we should embrace innovation 
and cooperation to continuously improve CCS policy 
strategies and provide solid guarantees for integrating 
this key technology into global carbon reduction path-
ways. 

Beyond the scope of this review, several emerging 
themes merit closer investigation. These include the 
role of digital technologies and AI in real-time CCS 
monitoring and compliance, the integration of CCS 
projects into voluntary carbon markets, and the distri-
butional justice implications of siting storage facilities 
in vulnerable or marginalized communities. These 
dimensions will be essential in evolving CCS govern-
ance toward a more adaptive, transparent, and socially 
responsible framework in the future. 
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