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Abstract: Introduction: Carbon capture is a crucial component of CCUS, significantly con-
tributes to emission reduction in high carbon-emitting industries, and serves as a vital technical
pathway to attain carbon neutrality.

Method: This study systematically analyzes the development of carbon capture technology
through an extensive literature review and patent analysis. High-quality academic papers and pa-
tent data from major databases were collected and examined to assess technological trends, status,
challenges, and policy influences.

Results: Frontier Trends: Carbon capture technology is advancing from conventional amine meth-
ods to innovative approaches like composite solvents, direct air capture (DAC), and electrochem-
istry. China is at the forefront in patent acquisition and is actively engaged in research and devel-
opment. Status and Challenges: Despite advancements in second-generation technologies, China
faces deficiencies in third-generation technologies, demonstrative applications, and market proce-
dures, with promotion hindered by technological constraints and financial obstacles.

Discussion: In response to the prominent challenges faced by China's carbon capture technology,
the following measures can be taken: Enhance strategic planning, achieve advancements in funda-
mental technologies, establish demonstration clusters, refine investment and financing mech-
anisms, improve standardization systems, and foster international collaboration and patent strate-
gies.

Conclusion: China possesses a solid basis; nevertheless, it must synchronize policy, technology,
and industrial resources to expedite the large-scale implementation of carbon capture and achieve
the “double carbon” objective. Development trend: The technology will advance towards “integra-
tion + intelligence,” including new materials and artificial intelligence, supported by policies and
international collaboration, to facilitate cost-effective commercialization.

Keywords: Carbon neutrality, carbon capture, CCUS, trend prediction.

1. INTRODUCTION

In 2024, the 29th Conference of the Parties (COP29) to
the United Nations Framework Convention on Climate
Change (UNFCCC) adopted the authorization mechanism of
the Paris Agreement on carbon removal emission reduc-
tions, which clarified the key role of carbon capture, utiliza-
tion, and storage (CCUS) technology in achieving the global
net-zero emission target [1, 2]. For China, CCUS technology
is an important technical support for realizing the carbon
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neutrality goal. Based on the goal of carbon neutrality in Chi-
na and the international development trend, this paper in-
vestigates the development needs, frontier trends, and key
challenges of carbon capture technology, and proposes fu-
ture research [3].

2. METHOD

This study aims to systematically analyze the current sta-
tus, technological developments, and challenges of carbon
capture technology by using a combination of literature re-
view and patent analysis, consequently proposing future de-
velopment directions and response tactics. Initially, high-
-quality academic literature and industrial papers about car-
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bon capture from 2015 to 2024 were retrieved from reliable
databases, including Web of Science, Scopus, and Google
Scholar. The keywords include 'carbon capture', 'CCUS', 'Di-
rect Air Capture', 'Electrochemical Capture', and 'Carbon
Capture'. 'Electrochemical Capture', among others. Subse-
quent to the initial screening, the literature was further curat-
ed according to its relevance, impact factor, and citation
count to guarantee comprehensive coverage and dependable
quality. Secondly, the gathered technical data were classi-
fied and analyzed comparatively depending on the Techno-
logical Readiness Level (TRL) and technology generations.
We analyze the disparities in consumption of energy, cost,
capture efficiency, and application scope among various gen-
erations of carbon capture devices, elucidating the technolog-
ical progress and identifying critical obstacles. In addition,
an analysis of the patent landscape for carbon capture tech-
nologies has been done utilizing the patent databases of
WIPO and the State Intellectual Property Office (SIPO), fo-
cusing on the trends in patent applications and technological
focuses of China, the U.S., and Europe in critical technology
sectors, thereby illustrating the dynamics of global techno-
logical innovations and competitive situations. This study
systematically identifies the primary challenges of carbon
capture technology—engineering demonstration, core tech-
nological breakthroughs, industry chain synergy, and market
mechanisms—based on a comprehensive analysis of litera-
ture and patents, and offers a theoretical foundation for
suggesting practical development strategies. This study ex-
amines the policy support system and financing mechanisms
for carbon capture technology, in conjunction with govern-
ment policy documents and industry development plans. It
assesses the technology's facilitative impact on its promo-
tion and marketing, and forecasts future development trends
based on this analysis.

3. RESULTS

3.1. Frontier Trends of Global Carbon Capture Technol-
ogy Development

Driven by the dual goals of global carbon neutrality and
high-quality economic development, the demand for CCUS
technology has become urgent [4]. To achieve carbon neu-
trality in China, the world needs to reduce between 500 and
1,500 million tons of CO, per year using the CCUS technolo-
gy [5]. However, the high cost of current carbon capture
technologies, which are the chief technique for CO2 reduc-
tion, puts significant pressure on the industry's low-carbon
transformation. Carbon capture technologies are evolving to-
ward greater stability, efficiency, lower energy consump-
tion, and cost reductions, with distinct generational advance-
ments [6].

The first-generation technologies primarily rely on basic
amine solvents for chemical absorption, offering mature but
energy-intensive and costly solutions. The second genera-
tion has significantly improved energy efficiency by optimiz-
ing compound amine solvents, with the United States and
the United Kingdom reducing energy consumption to 2.6
GlJ/ton CO, and 2.4 GJ/ton CO,, respectively, while lower-
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ing capture costs to $70/ton and $60/ton [7, 8]. The third--
generation technologies, leveraging new materials and pro-
cess innovations such as phase-change solvent technologies
in Europe, have further reduced energy consumption to 2.2
GJ/ton CO, and lowered capture costs to $39/ton, offering
more competitive emission reduction solutions for high-car-
bon-emitting industries [9].

Novel carbon capture technologies, including electro-
chemical capture, solid-state adsorption, catalytic desorp-
tion, interfacial capture, and CO, immobilization using mi-
croorganisms or algae, are emerging rapidly [2, 10-12]. Di-
rect Air Capture (DAC) technology has also begun to be de-
ployed on a large scale in the US, Norway, Iceland, and
other countries [10, 13]. Global R&D in carbon capture tech-
nology has garnered attention, with a large and rapidly grow-
ing number of patent applications [14]. Since 2005, the aver-
age annual growth rate of global carbon capture technology
patents has reached 18.7%, and the number of CCUS patents
from China, the United States, and the World Intellectual
Property Organization (WIPO) ranks among the top three in
the world with China surpassing the United States in 2013,
and the total number of applications steadily ranked first in
the world [14].

From the perspective of patent layout, the current patents
are mainly focused on areas with low technology maturity
(low TRL), and the number of patents in key technology di-
rections such as solid adsorbents, membrane separation and
capture, and catalytic conversion is still limited [15-17]. For
example, although China has made significant progress in
amine capture technology, in recent years, U.S. patents have
focused more on modular direct air capture (DAC) systems
and integrated electrochemical capture devices [18, 19]. In
addition, European patents, on the other hand, emphasize
CO2 capture processes through electrolytic regeneration [20,
21].

3.2. China's Carbon Capture Technology Development
Status and Challenges

China has developed carbon capture technologies appli-
cable to various emission sources of different concentrations
and sizes. By the conclusion of November 2024, over 120
CCUS demonstration projects are operational, in develop-
ment, or under construction, boasting an annual capture ca-
pacity of 6 million tons. The overall cost of China's carbon
capture technology is low to medium international level and
has certain development advantages. For example, the cap-
ture cost of integrated oil recovery demonstration projects in
the coal chemical and petrochemical sectors is 105-250 RM-
B/ton CO,, and the overall cost of the power and cement in-
dustries is still lower than the international level, although
the cost is higher [19, 22, 23].

China's carbon capture technology is at the stage of “run-
ning parallel” and “leading” [2]. The chemical absorption
method has made important breakthroughs in energy con-
sumption and cost control, and is on par with the internation-
al advanced level. For example, the second generation of
composite solvent technology has been adopted in the Natio-
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nal Energy Taizhou Power Plant project, reducing energy
consumption to 2.2-2.4 GJ/ton CO,, and the cost of capture
is lower than 250 RMB/ton, which has reached the global
leading level [5]. However, in terms of third-generation tech-
nology, China is still in the stage of industrialization and ex-
ploration, and a breakthrough is still needed before commer-
cial application [24].

Despite the positive progress, China's carbon capture
technology still faces systemic challenges in engineering de-
monstration, core technology, industry chain synergy, and
market mechanism. On the one hand, there is a lack of large-
scale integrated demonstration projects covering the whole
process of capture, transportation, utilization, and storage,
across industries and regions, which makes it difficult to ef-
fectively realize technology validation and commercializa-
tion path exploration. Most of the projects are still limited to
a single link or small-scale test, and lack of engineering
closed loop [25, 26].

In terms of core technology, problems such as high ab-
sorber energy consumption, low equipment integration, and
lack of operational stability are still prominent. For example,
the regeneration heat consumption of the mainstream chemi-
cal absorption method is 2.3-3.5 GJ/ton CO,, the absorbent
loss of some devices is high, and the adaptability to different
gas sources is also limited [27, 28]. Emerging technologies
such as mineralization utilization and dry reforming hydro-
gen production have made initial breakthroughs, but still
lack sufficient data support for industrial applications, and it
is difficult to convert laboratory results [29].

In terms of industrial chain synergy, the uneven distribu-
tion of carbon sources and sinks, lagging in the construction
of transport pipeline networks, the regional coordination
mechanism is not yet sound, and the efficiency of matching
sources and sinks is low, which affects the optimization of
the overall layout. Especially in high carbon emission indus-
tries (iron and steel, cement, electric power), due to the lack
of uniform standards and mandatory constraints, the initia-

tive of enterprises to implement carbon capture is not strong
[30, 31].

In terms of policies and market mechanisms, the degree
of patent internationalization is not high, the layout of inter-
national patents is insufficient, the carbon pricing mech-
anism is immature, and there is a lack of stable return paths
for emission reduction benefits. Financial incentives are not
sustainable enough, financial and fiscal support is limited,
and CCUS projects are difficult to finance and have a long
return cycle. Most of the demonstration projects rely on spe-
cial government funds, and the market-driven force still
needs to be strengthened [32, 33].

In addition, the standards related to carbon capture are
not unified, and there is a lack of a quantitative assessment
system for capture efficiency; the mechanism of connecting
technology and the carbon market is not clear, and it is diffi-
cult for carbon revenue to drive the development of technolo-
gy. To break the above bottlenecks, it is suggested to
strengthen the core technology research and equipment local
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substitution, promote the regional integrated demonstration
construction, establish multiple incentives and a stable car-
bon pricing system, and realize the scale and industrial devel-
opment of CCUS [34, 35].

4. DISCUSSION

Aiming at the outstanding challenges faced by China's
carbon capture technology in terms of demonstration pro-
jects, core technology, industrial synergy, and policy mech-
anism, the following optimization suggestions are put for-
ward:

[1] Formulate a national CCUS development strategy
and technology roadmap: Strengthen top-level de-
sign, formulate a national CCUS development strate-
gy and technology roadmap covering the whole pro-
cess of “capture-transportation-utilization/sequestra-
tion”, clarify the development stages and key direc-
tions, set up a stable financial support mechanism,
and promote the establishment of a systematic inno-
vation ecosystem covering R&D, demonstration, and
commercialization. Establish a stable financial sup-
port mechanism, and promote the establishment of a
systematic innovation ecology covering R&D, de-
monstration, and commercialization [7, 13, 21, 36].

[2] Breakthrough key core technology bottlenecks: Fo-
cus on high-efficiency and low-energy absorbers,
new catalytic conversion materials, modularized pro-
cess equipment, adjustable integrated systems adapt-
ed to different gas sources, and improve the efficien-
cy and economy of carbon capture. Promote the
rapid transformation of the results from laboratory to
engineering applications, and shorten the cycle from
proof of concept to industrialization [10, 37].

[3] Accelerating the construction of regional integrated
demonstration projects and industrial clusters: Rely-
ing on high-carbon industries such as iron and steel,
cement, and electric power, selecting regions with a
high degree of matching of sources and sinks to car-
ry out a synergistic and integrated demonstration of
multi-technologies and multi-paths to create a
closed-loop system of ““capture-transportation-utiliza-
tion/sequestration”. To promote the integration and
development of CCUS with renewable energy, hydro-
gen energy, and other low-carbon industries [38].

[4] Establish multiple incentives and investment and fi-
nancing mechanisms: improve the carbon market
price mechanism, build a financial subsidy and car-
bon credit mechanism based on emission reduction
performance, encourage green finance, industrial
funds, PPP, and other ways to participate in the in-
vestment and financing of CCUS projects, and en-
hance the project's market-oriented operation capabil-
ity and return expectations [39, 40].

[5] Improve the standardization and monitoring system:
formulate unified standards for carbon capture pro-
ject design, operational safety, energy efficiency, and
emission reduction evaluation. Construct a national
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technical efficiency and environmental impact
database, promote cross-industry mutual recognition,
establish a whole-process dynamic monitoring sys-
tem, and improve the basis of regulation and public
trust [41].

[6] Strengthen technology forecasting, intellectual prop-
erty layout, and quality improvement: build a plat-
form to analyze the dynamics of the frontier of car-
bon capture technology, and issue roadmaps and tech-
nology warnings regularly. Support the layout of
high-value patents, enhance the conversion rate of pa-
tented technologies and international competitive-
ness, and crack the structural problem of “many pa-
tents but weak” [42].

[71 Deepen international cooperation and open synergy:
Strengthen joint research and development with glob-
al leading organizations and enterprises in key areas
such as absorber R&D, DAC system, and carbon
dioxide conversion, and promote the introduction, di-
gestion, absorption, and re-innovation of advanced
technologies. At the same time, we will expand
overseas demonstration projects and patent layouts
to enhance China's voice in the global carbon man-
agement technology system [43, 44].

CONCLUSION

Global Carbon Capture, Utilization, and Storage (C-
CUS) technology is rapidly evolving from early exploration
to systematic deployment, and its development trend is char-
acterized by higher energy efficiency, lower unit operating
cost, wider industrial applicability, and deep coupling with
clean energy, hydrogen energy, carbon-negative technology,
etc. CCUS is a crucial pathway for achieving carbon peak-
ing and carbon neutrality, and it is also emerging as a strateg-
ic focal point in the latest phase of green industrial competi-
tion. It is increasingly emerging as a strategic focal point in
the latest phase of green industrial competition.

China has made remarkable progress in second-genera-
tion solvent capture technology, and some of the technical in-
dicators have reached or even led the international level, es-
pecially in the control of energy consumption and system in-
tegration of chemical absorption methods, which has accu-
mulated valuable experience. However, compared with inter-
national leading countries, China still faces many chal-
lenges, including weak international patent layout, slow tech-
nology commercialization, lack of cross-industry integrated
solutions, and third-generation cutting-edge technologies
(e.g., electrochemical capture, direct air capture (DAC),
solid adsorbents, efc.) are still in the early stage of explora-
tion, and breakthroughs are urgently needed in core theories,
engineering demonstrations, and commercial mechanisms
[45].

To accelerate the comprehensive development of CCUS
technology, China should form a synergy in scientific re-
search, policy guidance, industrial synergy, and international
cooperation. First, it should continue strengthening the basic
research and technology attack, focusing on low-energy and
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high-efficiency capture technology, multi-source carbon gas
treatment capacity, and high-value-added CO, conversion
pathway. Second, a policy and institutional support system
oriented from demonstration to dissemination should be con-
structed, including financial subsidies, carbon price gui-
dance, green financial incentives, tax concessions, and other
diversified tools [36, 46].

In terms of industry, it is recommended to speed up the
promotion of regionalized synergistic development of high
carbon emission industries (e.g., electric power, iron and
steel, cement, and petrochemicals), and to explore a new
mode of integration of “industry + carbon management”. At
the international level, China needs to strengthen joint re-
search and development with leading institutions in Europe
and the United States, enhance the original innovation capac-
ity of key technologies and the degree of internationalization
of patents, and take the initiative to participate in the formu-
lation of global carbon emission reduction rules and techni-
cal standards [47].

Finally, the widespread deployment of CCUS needs to
be based on a sound standards system and monitoring and
evaluation mechanism to enhance technical safety, public ac-
ceptance, and long-term economic viability. Only through
the systematic synergy of scientific research, policy, market,
and industry can China continue to enhance its voice and
competitiveness in the global CCUS industry, and make a
more significant contribution to the global response to cli-
mate change and the realization of a green and low-carbon
transition.

CURRENT & FUTURE DEVELOPMENT

Notwithstanding advancements in liquid absorption tech-
nology, elevated energy consumption and expenses remain
the primary constraints hindering its widespread use. There-
fore, the research focus is gradually shifting to the develop-
ment of new materials and processes to improve absorption
efficiency and reduce energy consumption. Functionalized
ionic liquids, chemical looping combustion (CLC), electro-
chemical capture, direct air capture (DAC) technology, and
other emerging technologies have begun to receive more
and more attention from researchers, and some preliminary
results have been achieved. These emerging technologies
show better prospects in theoretical research, and some of
them have already entered the demonstration stage. For ex-
ample, electrochemical capture technology and DAC tech-
nology have been preliminarily applied in the United States,
Norway, and other countries.

From the perspective of future development trends, the
integration and intelligence of technology will be an impor-
tant direction for the development of the CCUS field.
Through the combination of multiple capture technologies to
further optimize the energy efficiency of the capture pro-
cess, and combined with big data and artificial intelligence
technology, real-time monitoring and optimization of the car-
bon capture process can effectively improve the economy
and applicability of the technology. In addition, the cost of
CCUS technology will continue to decrease in the future, es-
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pecially in the capture segment, through the adoption of new
absorbents, improvement of thermodynamic conditions in
the capture process, and optimization of the process flow,
which is expected to significantly reduce the overall capture
cost [48, 49].

The future of CCUS technology will not only require
technological breakthroughs but also rely on the support of
policy and the market environment. With the gradual devel-
opment of the global carbon market and the promotion of na-
tional policies, the commercialization of CCUS technology
will be further accelerated. Strengthening international coop-
eration and promoting technology sharing and cooperation,
especially efforts in technology standardization and policy
coordination, is expected to accelerate the popularization
and application of CCUS technology worldwide [3].

STUDY LIMITATIONS

This paper summarizes the key trends and strategic direc-
tions at the current stage of CCUS technology development
and policy planning in China. However, several limitations
should be noted. First, the study does not include empirical
evaluation or scenario-based modeling of CCUS adoption,
which could further substantiate its recommendations. Se-
cond, although representative recent patents were reviewed,
a comprehensive patent landscape analysis—such as trend
evolution, institutional collaboration networks, or internatio-
nal benchmarking—was not conducted. This area of analy-
sis will be systematically explored in future research. Third,
the study does not provide detailed techno-economic feasibil-
ity assessments for specific industries (e.g., steel and cemen-
t), which may affect the generalizability of certain findings.
Future studies are encouraged to incorporate quantitative
modeling, industry case studies, and deployment data to vali-
date and expand the strategic recommendations presented
here.
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