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CCUS development in China 
and forecast its contribution 
to emission reduction
Pengchen Wang 1, Beibei Shi 1*, Nan Li 1, Rong Kang 1, Yan Li 2, Guiwen Wang 2 & Long Yang 2

Nowadays environmental issues have been of great concern to the world, among which the problem 
of global warming caused by greenhouse gas emissions is particularly prominent. All countries in the 
Kyoto Protocol and the Paris Agreement have committed to control greenhouse gas emissions, and 
China, as the largest carbon emitter, has assumed a heavier burden. China has been striving to develop 
low-carbon technologies such as hydrogen, nuclear, wind, and solar energy, but the most attention 
should be paid to CCUS, which many scholars have high expectations that CCUS can help China reduce 
emissions to some extent. Therefore, this paper presents a prediction that CCUS can reduce 3.8% 
of carbon emissions for China in 2040 when CCUS emission reductions increase at a rate of 30%. The 
power and chemical industries could reduce carbon emissions by 2.3% and 17.3%, respectively.

Abbreviations
CCS  Carbon capture and storage
CCU   Carbon capture and use
CCUS  Carbon capture, utilization and storage
IEA  International Energy Agency
GDP  Gross domestic product
PC  Pulverized coal
CO2  Carbon dioxide
CO2-EOR  Carbon dioxide enhanced oil recovery
CO2-ECBM  Carbon dioxide enhanced coal bed methane recovery
T  Tonne
MT  106 Tonnes
MTPA  106 Tonnes per annum
IGCC   Integrated gasification combined cycle
NGCC   Natural gas combined cycle

Since industrialization, human activities have caused global temperatures to rise by about 1 °C, and if global 
warming continues at its current rate, temperatures will rise by 1.5 °C between 2030 and 2052. In turn, green-
house gas emissions are one of the main causes of warming, with carbon dioxide emissions accounting for 
the majority of greenhouse gas  emissions1. In the Paris Agreement, countries have pledged to address this 
environmental issue by proposing their own climate solutions. As of April 2021, 44 countries and the EU have 
announced net-zero emissions targets, and these countries and regions have pledged to reduce emissions by 
70% of global CO2 emissions.

In order to reduce the increasing concentration of CO2 In the atmosphere, countries have made many efforts 
in the last few decades to reduce the consumption of fossil energy, to develop renewable energy sources such as 
wind, nuclear and hydrogen, to use fuels with shorter carbon chains and  CO2 capture and storage technologies, 
 etc2. In particular, carbon dioxide capture and storage (CCS) is considered to make a significant contribution to 
global emissions reduction by being used in conjunction with a number of emission reduction  options3. CCS 
technology could reduce global emissions by 50–85% by  20504.

China’s resource endowment determines the country’s "coal-rich, oil-poor, and gas-poor" energy mix, making 
most of China’s  CO2 emissions come from fossil fuel  combustion5. In 2012, 68% of the country’s  CO2 emissions 
came from burning coal, with oil accounting for about 13% and natural gas for about 7%. As the world’s largest 
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emitter of  CO2, China’s economy is highly dependent on fossil energy sources, and the advent of CCUS tech-
nology can greatly mitigate the impact on China’s economy when dealing with climate issues. The first CCUS 
project ran smoothly in 2005, and as the country’s attention to climate issues has grown, CCUS technology has 
gained significant momentum in China, with about 40 projects currently in operation or running intermittently. 
In September 2020, China proposed a "double carbon goal" of achieving peak carbon by 2030 and achieving 
carbon neutrality by 2060. Compared to developed countries, China has only 30 years to reach peak carbon and 
become carbon neutral. As an important technology in the field of carbon emission reduction, CCUS is crucial 
to China’s emission reduction. According to relevant research institutions, under the carbon neutrality target, 
China’s CCUS emission reduction demand is 20- 408 million tons in 2030 and 0.6–1.45 billion tons in 2050. 
However, after fifteen years of development from 2005 to 2020, the total emission reduction from operating 
CCUS projects is only 3.298 million tons. Most scholars have focused on CCUS emission reductions by 2040 or 
2060 but have neglected the development process of how to achieve these desired reductions.

This paper sets three development rates, high, medium, and low, to obtain the emission reduction contribution 
of CCUS at the year 2040. The emission reduction contribution of CCUS is obtained from another perspective 
and compared with the expected value to consider what growth rate we use to develop CCUS technology is the 
most appropriate and beneficial for China’s economy.

Literature review
Review of CCUS-related literature
The concept of CCUS evolved from CCS, from the initial single storage of  CO2 to utilization and storage. 
Domestic and international research on CCUS has focused mainly on CCUS deployment, CCUS economic 
value and CCUS reduction potential etc. Vishal et al.6 combine CCUS with advanced technologies in India to 
study the strategy of CCUS technology promotion in India while considering the differences in carbon utiliza-
tion in industries with different carbon intensity. Bazhenov et al.7 evaluated CCUS in the context of the Carbon 
Border Adjustment Mechanism (CBAM) proposed by the European Union and estimate the potential of CCUS 
to provide 270 MTPA emission reduction for the Russian industrial sector. Chen et al.8, based on a modeling 
analysis of the deployment of CCUS in China, concluded that the period 2040–2060 is the golden period for the 
development of CCUS in China. India, Russia, and China are all large  CO2 emitters in the world, and the study of 
CCUS deployment pathways in each country proves that CCUS is already a key technology for net-zero emissions 
in each country, but all these studies only analyze the risk and cost issues in the deployment process, and they 
do not consider how the speed and slowness of the deployment will affect carbon neutrality.There are successful 
projects and there are also failed projects. Wang et al.9 estimated the risk of 263 CCUS projects and concluded 
that the risk of failure increases by about 50% when the emission reductions rises by every 1MT.To avoid the 
failure of the CCUS program, Storrs et al.10 analyzed 22 papers using meta-review to analyze the many challenges 
of CCUS development in terms of economic, technological, social, institutional, and organizational feasibility.

The study of the economic value of ccus includes two aspects. First, CCUS economic value studies focus 
on the cost differences and cost estimates for coal-fired plants and plants utilizing other capture technologies 
with and without CCUS under different exogenous variables. Rubin et al.11 compared the cost of pulverized 
coal plants (PC), natural gas combined cycle plants (NGCC), and integrated gasification combined cycle plants 
(IGCC) under the effects of natural gas price increases, plant utilization differences, IGCC financing and oper-
ating assumptions, and integrated gasification combined cycle power plants (IGCC) to compare the levelized 
cost of three types of power plants. From the perspective of levelized cost, Fan et al.12 compared the full-chain 
CCS projects of coal-fired power plants with various other low-carbon power generation technology plants and 
concluded that the full-chain CCS projects of coal-fired power plants have cost advantages but are influenced 
by coal prices and transportation distances, which shows that the carbon capture cost is lower after the CCUS 
retrofit to coal-fired power plants. Han et al.13 used a multidimensional benefit measurement system constructed 
by neural network algorithms and machine learning to study the various benefits of CCUS retrofitting in coal 
power plants, among which the environmental benefits were not focused on in previous studies, and the environ-
mental benefits were much greater than the economic and energy benefits, while ccus projects take an average 
of 21.3 years to pay back their costs.

Second, in terms of investment decision, the study of CCUS investment decision mainly discusses the opti-
mal timing of CCS investment under uncertain energy prices and policy factors; the investment scale of CCS 
is huge and has certain irreversibility, so the study of its optimal timing is crucial. First, considering uncertain 
energy prices, Fuss et al.14 analyzes the uncertainty of electricity and carbon prices as well as the policy and 
market uncertainties on this basis, and uses a real options model to derive the optimal timing for investing in 
CCS projects. Abadie and  Chamorro15, on the other hand, consider the uncertainty of European electricity prices 
and carbon emission markets, and go further by using the European emission market to calibrate the emission 
rationing process.  Oda16 uses a discounted cash flow approach to compare the break-even between rebuilding 
environmentally friendly power plants and retrofitting old coal plants to obtain the energy price for the optimal 
timing of CCS investment under the uncertainty of both carbon price and natural gas price. Second, when 
considering policy uncertainty, the above-mentioned scholars’ study concluded that climate policy uncertainty 
would affect the promotion and utilization of CCS technology to some extent. Greig and  Uden17 propose that 
threshold value, commercial value, and choice value together determine the role of CCUS in net-zero emissions, 
and that it is profitable to develop a CCUS when it has all three values.

Review of literature in the field of carbon emissions
Research by scholars in the field of carbon emissions focuses on the prediction of carbon emissions, including 
both the prediction of carbon peaks and the prediction of carbon reduction potential.
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Firstly, the main methods utilized in the research of carbon peaking prediction are grey models, ARIMA 
models, and STIRPAT models.  Wang18 improves the traditional grey model by using a nonlinear multivariate 
grey model to predict carbon emissions from fossil energy consumption in China at different rates of economic 
development. The AIRMA model can better incorporate time related information, Sen et al.19 used ARIMA model 
to predict energy consumption and GHG emissions from pig iron manufacturing industry in India. Mohamed 
and  Bodger20 used ARIMA model to include economic and demographic variables to predict electricity con-
sumption in New Zealand. The prediction studies done by the above scholars are only for a single industry in 
a single country for energy consumption The forecasting studies done by the above scholars were only for a 
single industry in a single country. In contrast, the STIRPAT model is capable of integrated forecasting and is 
gradually becoming the most mainstream and widely used method in predicting carbon emissions models. Xu 
et al.21 utilized both the STIRPAT model and the GREY (1, 1) model to first classify total energy consumption 
into five types, and use the STIRPAT model to forecast each energy consumption, and use the gray model to 
predict economic growth, industrial structure changes, and energy structure changes, and combine them to get 
the prediction results of carbon emissions. Wang et al.22 used the STIRPAT model to screen the factors affect-
ing China’s carbon emissions, used these factors as input factors, and used the whale algorithm to optimize the 
parameters of the extreme learning machine to predict China’s carbon emission data.

Second, the prediction of carbon emission reduction potential. Carbon emission reduction is an important 
link to achieve the double carbon goal, so the prediction of carbon emission reduction potential has gradually 
received the attention of many scholars.  Guo23 selected China’s industrial sector as the research object, adopted 
the economic accounting method, considered both structural and intensity emission reduction perspectives, 
and concluded that China’s industry has great emission reduction potential. Zhao et al.24 evaluated the reduc-
tion potential and economics of CCUS for China’s carbon emissions in 2060, and concluded that about 5×108 t 
 CO2 emission is reduced by capture utilization, and the whole-process cost is about − 1400 to 200 RMB/t; about 
22×108 t  CO2 emission is reduced by capture storage, and the whole-process cost is about 200–450 RMB/t. This 
study, which is more of a static study, describes the emission reduction contribution of CCUS in China in 2060.

The above literature has explored the cost, investment, and business model studies of CCUS at the economic 
level, and the carbon peak projections and carbon reduction potential projections of carbon emissions at the 
forecasting level. Therefore, the previous literature mainly starts from CCUS and carbon emission itself and does 
not study the contribution of CCUS development to carbon emission reduction. Therefore, the marginal con-
tribution of this paper is to predict the development of CCUS projects from the national level and to obtain the 
emission reduction contribution of CCUS projects to the whole country. The contribution of CCUS technology 
to emission reduction in different industries can be obtained by dividing the types of industries captured accord-
ing to industries, and the contribution can be predicted for some industries with difficulties in decarbonization. 
By dividing countries into regions, we can get the future development of CCUS technology in different regions 
under different economic conditions and source-sink matching.

CCUS development status and trend in China
As global climate change becomes more severe, countries agreed in the Paris Agreement to take measures to 
limit global temperature rise to 2 °C. Under this consensus, all countries have taken large-scale actions to reduce 
emissions, develop clean energy, adjust industrial structure, etc. However, a key technology, CCS, was proposed in 
the IPCC special report "Carbon Dioxide Capture and Storage" in 2004 and was listed as one of the key technical 
means to reduce emissions in the Kyoto Protocol in 2007, followed by the International Energy Agency (IEA), 
which also pointed out the importance of developing CCUS projects to reduce carbon emissions. According to 
the International Energy Agency (IEA) report "The Role of CCUS in Low-Carbon Power Generation Systems" 
published in 2020, electricity remains the most carbon-emitting sector of the energy industry, and fossil fuel 
combustion remains the largest source of electricity globally. Countries have already reduced carbon emis-
sions from coal-fired units by 40% but will still emit 600,000 tons/year by 2040. Therefore, without large-scale 
application of CCUS technology, all coal and natural gas-fired power generation must be eliminated to achieve 
long-term global climate goals. In 2006, China first proposed the idea of carbon capture, utilization, and storage 
(CCUS), pointing out the importance of promoting CCUS technology for carbon reduction. The CCUS technol-
ogy has been highly valued by the state and government since it was first proposed. The Chinese government 
has supported the basic research, technological breakthroughs and commercial operations of CCUS through 
the National Natural Science Foundation of China, the National Key Basic Research and Development Program 
("973" Program), the National High Technology Research and Development Program ("863 Program"), the 
National Science and Technology Support Program and the National Key Research and Development Program. 
By the end of the 11th Five-Year Plan, there were more than 40 state-funded studies related to CCUS projects.

The development stages of CCUS in China can be roughly divided into four : CCUS was initially developed 
in China before 2006, when the China Union Coal ECBM project in Qinshui, Shanxi became the first project in 
China to utilize  CO2;From 2006 to 2010, the development accelerated with an average of 1 new CCUS project 
per year and began to use  CO2 drive to improve oil recovery and increase revenue for CCUS projects, such as the 
CNPC Jilin Oilfield EOR project and the CNPC East China Oil and Gas Field CCUS Full Process Demonstration 
Project. Although some new projects have been added, the overall emission reduction is still small, concentrated 
between 0.1 million tons–50,000 tons, and the demonstration significance of promoting the development of 
leading CCUS technology is much stronger. From 2010 to 2016, the development of CCUS has become more 
diversified, with a larger capture scale and new projects involving some tough emission reduction industries 
such as cement and chemical industries. For example, the Beijing Lulihe cement kiln tail flue gas carbon capture 
and application project is the first CCUS project in the cement industry. At this stage, 3–4 new CCUS projects 
are added every year, and the scale is also expanded compared with the previous stage, gradually expanding to a 
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scale of 100,000 tons or more, such as the scale of Sinopec Zhongyuan Oilfield  CO2-EOR project, which captures 
about 100,000 tons of  CO2 per year. And after 2016, China’s CCUS projects have developed even more rapidly, 
with some projects already capturing more than 1 million tons of  CO2 per year.

CCUS development and current status in China
CCUS project emission reduction status
At this stage, there are about 40 CCUS projects in operation in China, with a  CO2 emission reduction of about 
4 million tons/year. At present, China’s CCUS projects are still mainly point-to-point projects, and no cluster 
projects have been formed. Most of the CCUS projects in operation are small-scale capture demonstration 
projects with emission reduction scales of 10,000 tons/year to 100,000 tons/year, and there are only two projects 
with emission reduction scales of more than 500,000 tons/year.The industries of CCUS projects in operation are 
mainly concentrated in the electric power, chemical industry as well as the iron and steel, and cement industries, 
with the chemical industry and the electric power industry accounting for more than 40% of the total. Geographi-
cally, CCUS projects are mainly concentrated in the eastern, western and northeastern regions. the location 
of projects is shown in the map in Fig. 1.The CCUS projects currently developed in China show a diversity of 
emission reductions, the regions where they are located, the types of industries captured, and the final utilization 
methods. The scale of emission reductions from projects ranges from 0.1 million tons to 1 million tons, with a 
major concentration between 10,000 tons and 500,000 tons which can be clearly seen from Fig. 2.

The types of industries captured include power, cement, and chemical industries as Fig. 3. shows the power 
industry in China is characterized by the structure of energy consumption, and China’s power generation is 
dominated by thermal power, with coal-fired power generation accounting for 63% of the power  industry27, and 
because of the high  CO2 concentration and the less technical difficulty of retrofitting CCUS projects in thermal 
power plants compared to other industries, the power industry is the main industry where CCUS projects are 
applied. Secondly, the capture is concentrated in the tail gas emissions from cement plants and in the tail gas 
from the chemical industry for the preparation of chemical products. By 2021, up to 2.05 million tons of  CO2 
will be captured by the chemical industry.

Current status of  CO2 utilization of CCUS project
Final disposal of  CO2 captured by CCUS includes Enhanced Oil Recovery (EOR), Enhanced Coal Bed Methane 
Recovery (ECBM), food grade  CO2 refining, and other industrial uses.It can be seen from Fig. 4 that EOR is by 
far the most utilized method of  CO2 and can increase oil recovery by 8–15% using  CO2  drive28. The additional 
revenue ensures the stable operation of CCUS projects. The other approaches are subject to  CO2 price fluctuations 
and sustainability of utilization methods, which bring relatively unstable benefits. Secondly, geological storage 
is also a common way to deal with  CO2 in CCUS projects, but this method is limited by the distance between 
the carbon source and the storage site, economics, etc., and only 19% of projects currently use this method.

Current regional distribution of CCUS projects
The distribution of CCUS projects is limited by the source-sink matching problem. On the one hand, CCUS 
projects need to have a stable and concentrated source of  CO2 emissions, and on the other hand, they also need 

Figure 1.  CCUS information location distribution  map25,26.
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Figure 2.  China CCUS project emission reduction scale.

Figure 3.  Distribution of catching industry types.

Figure 4.  Distribution of captured  CO2 utilization.
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to have geological conditions that meet the requirements for  CO2 storage or projects that can use  CO2 to gain 
revenue. The distance between the storage site and the  CO2 emission source should be within 250 km, because 
when the distance exceeds 250 km,  CO2 pipeline transportation will require the construction of a transfer com-
pressor station, which will significantly increase the cost of the project. Therefore, areas that meet the conditions 
for storage utilization and carbon sources will be more suitable for CCUS projects. Li et.al.29 estimated that 
there are about 1620 large carbon dioxide point sources in China, and their distribution is shown in the Fig. 529.

In addition,  CO2 disposal in CCUS projects in China is mainly through  CO2-EOR drive and geological stor-
age. From the perspective of basin storage potential and  CO2 emission source distribution, the key areas where 
 CO2-EOR can be implemented in China are the Songliao Basin region in northeast China, the Bohai Bay Basin 
region in north China, the Ordos Basin region in central China, and the Zhunger Basin region and the Tarim 
Basin region in northwest China. These are all onshore geologic sequestration locations and according to the 
calculation of Wei et al.30, the potential of onshore geological storage in China is about 2420 gt. Further, analyz-
ing from county level, about 561 counties in China have geological storage capacity, and 40.6% of the counties 
have storage potential of more than 500 MT. From the location of large-scale  CO2 emission sources and storage 
locations in China, it can be seen that although China has sufficient storage potential, there is a certain spatial 
mismatch in the source-sink. The eastern region, which has a large number of emission sources, does not have 
many geologic conditions suitable for storage. Faced with the problem of long distances between emission sources 
and storage locations, the cost of transportation by tanker trucks or trains may increase exponentially and bring 
more unpredictable risks, so the use of pipeline transportation needs to be considered.

CCUS development trend in China
Impediments to the development of CCUS
The CCUS projects currently in operation in China are still in the industrial demonstration stage, and the 
demonstration projects are small in scale, with individual capture volumes mainly concentrated in the range of 
1–500,000 tons. There are two main constraints to the development of CCUS projects in China; on the one hand, 
the cost for companies to operate the projects is too high. Additional capital investment and operating costs are 
required to build CCUS projects; for example, the cost of post-combustion capture projects in low-concentration 
coal-fired power plants, which belong to Huaneng Group, is 300 RMB/ton. When the Huaneng Group Shanghai 
Shidongkou Capture Demonstration Project was in operation, the cost of electricity generation rose from RMB 
0.26 per kilowatt hour to RMB 0.5 per kilowatt  hour31.On the other hand, the benefits of the project are unstable. 
While enhanced oil recovery through  CO2 drive can bring significant benefits to CCUS projects, it is weaker in 
equally critical areas such as bio-utilization and chemical utilization. Chemical utilization currently generates 
only 1/6th of the revenue from address utilization. No stable revenue to generate positive cash flow for the busi-
ness, making more than 80% of the projects  unsustainable25.

CCUS future development direction
In order to cope with the high cost and energy consumption of CCUS projects, it is necessary to develop CCUS 
projects into full-scale demonstration projects, integrate existing resources and build CCUS industrial parks 
to reduce  CO2 transportation and project operation costs. According to McKinsey’s projections, when CCUS 
projects get past the initial demonstration phase, costs are expected to decrease by 10–20% for each doubling 

Figure 5.  Distribution of large  CO2 point sources in  China29.
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of the project size. Currently, new CCUS projects are being built with capture sizes of 500,000 tons or more, the 
basics of which are shown in Table 1 (project information are adopted  from25,26).

Forecast CCUS contribution to emission reduction in China
This paper analyzes and predicts the potential of CCUS technology to contribute to emission reduction in China 
based on the aggregated data of emission reduction from operating or intermittently operating CCUS projects in 
China, combined with historical carbon emission data and predicted carbon emission data from some scholars.

Forecast contribution to national emission reduction
By the end of 2020, China’s CCUS emission reduction is 3.298 million tons. The emission reduction potential of 
CCUS is projected in two growth ways: one is the emission reduction potential under the growth of the number 
of CCUS projects, and the other way is the emission reduction potential under the growth of CCUS emission 
reduction.

Contribution under the growing number of CCUS projects
Referring to the development history of CCUS projects in China, in the early stages (2006–2010), one new 
CCUS project was added each year, while in 2010–2016, the state and government increased their attention 
and increased funding for research projects related to CCUS program development accelerated during this 
period, allowing for an average of 3 new projects per year. According to Table 1, it can be concluded that 70% of 
the CCUS projects that have been proposed or established are above 1 million tons of emission reduction, and 
large-scale projects are the development trend of future CCUS projects, thus setting the amount of emission 
reduction for new projects in the future at 1 million tons. Combined with the pace of China’s energy consumption 
restructuring and the 2030 carbon peak target, the CCUS project should grow faster than the previous phase, 
or at least maintain the growth rate of the previous phase. Therefore, based on the past development rate, we 
set the number of new CCUS projects in each year in the future as k1=1, 2, 3, Forecast contribution of emission 
reductions from CCUS projects by 2040.

The emission reduction contribution can be calculated by the following equation:

where, rt represents the emission reduction contribution of CCUS in year t, 
∑

ccuscapt−1
 is the cumulative emis-

sion reduction of national CCUS projects in year t−1, ccuscap2020 represents the emission reduction of CCUS in 
2020, k1 represents the number of new projects each year, emist represents the total national  CO2 emission in 
year t, and t represents the year.

From Fig. 6. we can see that when three new megaton CCUS projects are added each year, the national  CO2 
emissions in 2040 will be about 17,269 million tons, and the amount of  CO2 captured by CCUS projects will be 
about 76,798,000 tons, and the contribution of CCUS technology will be about 0.34%.

Contribution under the growth of CCUS emission reductions
At the end of 2020, the total amount of carbon dioxide captured by the CCUS project is 3.298 million tons, and 
the annual growth rate of CCUS project emission reduction is set at k2 , k2 takes 10%, 20%, 30% respectively ,to 
obtain the emission reduction contribution rate:

From Fig. 7. we can see that when CCUS emission reductions are set to grow at different rates, the difference 
in emission reduction contribution is more significant compared to the way the number of projects grows. When 

rt =
[

∑

CCUScapt−1
+ k1 ∗ CCUScap2020 × (t − 2020)

]

/emist

rt =
[

∑

CCUScapt−1
+ CCUScap2020 × (1+ k2)

(t−2020)
]

/emist

Table 1.  Projects currently under construction or proposed.

Project name Location Scale (MTPA) Stage

Qilu Petrochemical Shengli Oilfield Shandong 1 Advanced development

Tongyuan Oil Million Ton  CO2 Capture and Utilization Integrated Demonstration Project Xinjiang 1 Early development

China National Offshore Oil CCUS Project Guangdong 1 Early development

CNPC 3 million tons CCUS project – 3 Early development

Ningdong CCUS Demonstration Project Base Ningxia 1 Early development

Longdong Carbon Capture Utilization and Storage Research and Demonstration Project Gansu 1.5 Early development

Yanchang Oil CCUS Project Shaanxi 5 Early development

Guanghui Energy CCUS Project Xinjiang 3 Advanced development

National Energy Group carbon emission reduction utilization technology research and dem-
onstration project Jiangsu 0.5 Early development

Huating  CO2 capture and utilization project Gansu 0.5 Advanced development

Yulin Shenghui Hengtong CCUS project Shaanxi 0.5 Advanced development
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 CO2 capture is increased at a 30% increase per year, the contribution can reach 3.8%, compared to an abatement 
contribution of about 0.016% when it is increased at a 10% rate. The difference between the two is about 20 times.

Forecast CCUS sub-sector emission reduction potential
To further clarify the emission reduction contribution potential of CCUS technologies, the industrial sectors 
are subdivided ,the actual utilization of CCUS projects and industries are combined to compare the emission 
reduction contribution potential of CCUS technologies from an industry perspective.

At present, CCUS technology in China’s industrial sector is mainly applied in the power industry, chemical 
industry and petroleum and cement industries, while there are no mature CCUS emission reduction projects of 
a certain scale in other industries. Therefore, we only predict the potential of CCUS to contribute to emission 
reductions in four industries: power industry, chemical industry, oil industry, and cement industry. The number 
of CCUS projects and captures in different industries by the end of 2020 are shown in Table 2.

To set the growth rate of CCUS project emission reductions for the industry is k3,k3 takes 10%, 20% and 30%, 
respectively. The industry emission reduction contribution is calculated as follows:

where ri,t denotes the CCUS emission reduction contribution of industry i in year t, 
∑

ccuscapi,t−1 denotes the 
cumulative CCUS emission reduction of industry i in year t−1, ccuscapi,2020 denotes the CCUS emission reduction 
of industry i in 2020, and emisi,t is the  CO2 emission of industry i in year t.

It can be seen from Fig. 8. that the contribution of CCUS projects to emission reductions by 2040 varies greatly 
among industries due to the different current CCUS project emission reductions among industries, resulting 
in the same growth rate of capture volume. When the capture volume of the power sector grows at 30%, the 

ri,t =
[

∑

CCUScapi,t−1 + CCUScapi,2020 × (1+ k3)
(t−2020)

]

/emisi,t

Figure 6.  Add different number of projects per year.

Figure 7.  Differences under CCUS emissions reduction growth.
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contribution of CCUS technology to its emission reduction by 2040 only reaches 2.3%. In contrast, the projected 
emission reduction contribution of the chemical industry can reach 17.3% at a 30% growth rate, which is much 
higher than the emission reduction contribution of other industries.

Forecast CCUS sub-regional emission reduction potential
The most important considerations for CCUS source-sink matching are the geographic location and environmen-
tal suitability of the emission source and the storage  site19.The geological and geomorphological characteristics 
of China vary greatly from region to region, making the development potential of CCUS projects vary from 
region to region. Moreover, regional differences in economic development will also have an impact on CCUS 
emission reduction potential.

The regional emission reduction contribution is calculated by the following formula:

where j represents the region, rj,t denotes the CCUS emission reduction contribution of region j in year t, 
∑

ccuscapj,t−1 denotes the cumulative CCUS emission reduction of region j in year t−1, ccuscapj,2020 denotes the 
CCUS emission reduction of region j in 2020, and emisj,t is the  CO2 emission of region j in year t.

The contribution of CCUS technology which is shown in Fig. 9 varies significantly between regions at three 
different growth rates. The contribution is consistently the largest for the Northeast, where CCUS technology can 
contribute 8.4% to the Northeast’s emissions reduction by 2040 when  CO2 capture grows at 30%. Meanwhile, the 
contribution of CCUS emission reduction in the eastern region, which is the most developed region in China, 
is lower than that in the western region, accounting for about 40% of the CCUS emission reduction contribu-
tion in the western region. For the central region, the contribution is always the lowest at all three growth rates, 
and when the emission reduction scale is increased by the largest amount, the emission reduction contribution 
of CCUS technology is only 1.08%.The reason for this difference in contribution is that the Northeast region 
has lower carbon emissions compared to other regions, with only 1.641 billion tons of  CO2 emissions projected 
by 2040, much lower than the Central region’s 3.385 billion tons, the Eastern region’s 6.181 billion tons, and 
the Western region’s 4.606 billion tons. In addition, the Songliao Basin in northeast China has great geological 
potential for  CO2 storage due to its good reservoir and cover properties. The large number of oil fields in the 
northeast also provides a way to utilize  CO2, and the good geological conditions and source-sink match make 
the CCUS technology the most important contribution to the northeast. The eastern region has a better spatial 
distribution in terms of source-sink matching, with a large number of chemical companies and coal power plants 
with high  CO2 concentration emission sources, but the lack of suitable geology for sequestration in the eastern 

rj,t =
[

∑

CCUScapj,t−1 + CCUScapj,2020 × (1+ k3)
(t−2020)

]

/emisj,t

Table 2.  Sub-sector CCUS project information.

Sector Carbon dioxide capture capacity (MT) Number of CCUS projects

Chemical 2.05 13

Electricity 0.744 12

Petroleum 0.05 3

Cement 0.051 2

Figure 8.  Potential for emission reduction contribution from the power and chemical industries.
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region prevents the large-scale application of CCUS technology, making the predicted contribution lower than 
that of the western and northeastern regions.

Evaluation of CCUS technology economics
As a key emission reduction technology, technical economics of CCUS technology is also of great concern in 
the process of promoting its utilization. Since the current investment cost of CCUS technology is too high, and 
the utilization of  CO2 is mainly focused on EOR, industrial and food processing, and geological storage, which 
have multiple uncertainty effects, it is difficult for CCUS projects to have sustainable and stable income. In the 
absence of stable revenue, if policies and funds are heavily tilted to support CCUS technology, it is likely that 
satisfactory emission reduction results will not be achieved.

In order to evaluate the economics of CCUS in future development, we predict the annual cost of new CCUS 
technology abatement compared with our GDP (Gross National Product) in that year to obtain the ratio of CCUS 
technology abatement cost to domestic GDP as a measure of the economics of CCUS technology abatement.

The cost of CCUS technology includes economic cost and environmental cost, where economic cost includes 
fixed cost and operation cost which can be seen in Fig. 10, and environmental cost includes environmental risk 
and energy consumption emission. The cost per unit of  CO2 reduction is obtained by combining them. The 
investment cost of CCUS technology will tend to decrease year by year due to the scale effect. In the early stage 
of CCUS utilization, new CCUS projects are constrained by technology and immaturity of operation manage-
ment, so the cost is high in the early stage. With the breakthrough of technology bottleneck, the increasing 
maturity of operation management, some cluster projects share the infrastructure of pipeline, etc., the cost will 
keep decreasing.

The application of CCUS technology for emission reduction is mainly in the power industry. Compared to 
pre-combustion capture and oxygen-enriched combustion, post-combustion capture provides a solution for 

Figure 9.  Differences in emission reduction contributions by region.
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carbon reduction in coal-fired power plants and is currently the most widely used capture method. Therefore, 
when calculating the economics of CCUS, we make the important assumption that post-combustion capture is 
the primary capture method used to calculate costs.

The rate of CCUS development is influenced by external uncertainties, so we set different rates of CCUS 
development. The emission reductions of CCUS technology were obtained for annual growth of 10%, 20%, and 
30%. The results are shown in the following Table 3. 

The growth rate of our GDP is 4.4% and 3.6% during 2021–2030 and 2031–2040, respectively, using the data 
measured by Goldman Sachs Group. According to the Goldman Sachs Group forecast growth rate, the National 
Bureau of Statistics 2020 China’s gross national product as a starting value, GDP forecast values are shown in 
the following Table4.

The cost projections for the CCUS sub-segments are summed to obtain a range of values for the unit cost of 
abatement of CCUS technology, using the following equation:

where, Costt represents the meaning of the total cost of CCUS investment in that year, uct represents the unit 
cost, ccuscapt is the amount of emission reduction at year t, to get the total cost of CCUS emission reduction in 
that year, and with the GDP forecast value of that year to calculate. Based on the results of the above equation, 
the ratio of China’s CCUS abatement investment to GDP is measured as Table 5.

Costt = uct ∗ ccuscapt

Figure 10.  Diagram of CCUS cost (data  from22).

Table 3.  CCUS emission reductions at different growth rates.

Year

Reduction (MTPA)

10% growth rate 20% growth rate 30% growth rate

2025 422.83 598.86 824.84

2030 680.98 1490.14 3062.58

2035 1096.72 3707.96 11,371.14

2040 1766.27 7688.82 42,220.26

Table 4.  China’s GDP forecast.

Year GDP (trillion)

2025 1,260,057.3

2030 1,562,761.8

2035 1,865,054.7

2040 2,225,821.6
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The data in the table reflects the CCUS in the continuous development process, due to the growing scale of 
the deployed projects, although the investment cost per unit of  CO2 abatement is decreasing, the cost of investing 
in CCUS is increasing, from the initial less than 0.001% of the current year’s GDP all the way up to about 0.04% 
of the current year’s GDP in 2040. In 2040, CCUS will reduce about 2.44% of the national emissions, which is 
a capital-saving emission reduction technology with good overall emission reduction economics and a small 
investment in GDP.

Conclusions
In this paper, we forecast the contribution of CCUS projects to the nation, industry, and region in 2040 under 
different development approaches.

The results of the study show that (1) when the number of new CCUS projects is 1, 2, and 3 per year nation-
wide, and the annual capture scale of the new projects is 1 million tons, the emission reduction contribution 
of CCUS technology is 0.22%, 0.32%, and 0.44%, respectively. When the amount of carbon dioxide captured 
by CCUS projects nationwide grows at different percentage rates, with growth rates of 10%, 20%, and 30%, 
the emission reduction contribution of CCUS projects is 0.51%, 2.08%, and 7.68%, respectively. (2) The types 
of CCUS project capture are divided into power industry, chemical industry, petroleum industry, and cement 
industry by industry. At present, the application of CCUS technology is mainly concentrated in the power and 
chemical industries. By 2040, the ease of reducing emissions using other technologies will be different for dif-
ferent industries due to the different carbon emissions in different industries. Therefore, the industry emission 
reduction contribution of CCUS technology in 2040 varies. The contribution of CCUS to industry emission 
reduction is 0.09%, 0.52%, and 2.38% when the annual  CO2 capture scale of power industry grows at 10%, 20%, 
and 30%, respectively. When growing at the same rate, the contribution of CCUS to the industry’s emission 
reduction in the chemical industry is 0.72%, 3.78%, and 17.31%, respectively. (3) When the country is divided 
into eastern, western, central, and northeastern regions according to the economy, the northeastern region has 
been the largest contributor to emission reduction by CCUS technology because the industry is less developed 
than other regions but has the Song Liao Basin and a large number of oil fields that can utilize  CO2, and the 
regional contribution to emission reduction by 2040 is 0.35%, 1.85%, and 8.47%. The main reason behind this is 
that the central region lacks the geological conditions to promote the use of CCUS and cannot generate profit for 
the project. This paper still has some limitations in its contribution prediction for CCUS, first of all, the article 
ignores the source-sink matching problem to a certain extent, which makes the expansion of the CCUS program 
not fast. But in fact, when CCUS infrastructure is built in a region, it will make the sources of carbon dioxide 
emissions in the region share the CCUS infrastructure at a lower cost. This will accelerate the development of 
CCUS projects to a certain extent. Second, the iron and steel industry, which accounts for about 15% of China’s 
CO2 emissions, was not considered. This is due to the fact that there are currently no mature CCUS projects in 
the steel industry. In the future, if CCUS projects in the iron and steel industry are successfully implemented, the 
contribution of the iron and steel industry to the reduction of emissions should also be predicted. Finally, this 
paper completely ignores the impact of policy. China’s CCUS development will be further accelerated with the 
improvement of infrastructure if the government makes efforts to promote CCUS land construction, pipeline 
construction, and injection well construction. Incorporating policy factors as a consideration is also one of the 
directions for future research breakthroughs.

In order to predict the contribution of CCUS technology to national, industry and regional emission reduc-
tion, and in the light of the specific development situation in China, the following policy recommendations are 
made for the cause of emission reduction in China:

1. According to the contribution of CCUS to the emission reduction of different regions, it can be seen that 
the eastern region, as the most economically developed region in China, does not have the highest contribu-
tion to the emission reduction of CCUS. This is the direction that China should focus on in promoting the 
development of CCUS in the future. The eastern region has a very high density of industrial enterprises, and 
the carbon emissions are much higher than other regions in China, but due to the high population density in 
the eastern region, there is a lack of suitable land-based storage sites, which makes the development of CCUS 
slow. Therefore, the eastern region can conduct offshore geological exploration, consider using pipelines 
to transport  CO2, and select suitable industrial clusters on land to jointly build infrastructure and reduce 
capital expenditures. After the initial formation of CCUS clusters in the eastern region, the experience of its 
capital operation can be extended to the western region, northeastern region and other regions with storage 
locations to further develop CCUS.

2. Further improve the carbon trading market and subsidize CCUS enterprises: The high cost and unstable 
income of CCUS make enterprises reluctant to use CCUS to reduce emissions. The state can further improve 

Table 5.  Percentage of CCUS investment in GDP.

Year Percentage of CCUS investment in GDP

2025 0.00097–0.00243%

2030 0.00101–0.00649%

2035 0.00115–0.01592%

2040 0.00104–0.04099%
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the carbon trading market, so that the carbon credits of CCUS emission reduction can be traded again in 
the market to obtain income and reduce the burden of enterprises. In addition, the government can also 
support the development of CCUS by providing financial policies such as land premium exemptions and 
tax exemptions for CCUS projects in the process of construction.

3. Putting CCUS to use in multiple industries. When the amount of  CO2 captured by CCUS technology 
increases by 30%, the contribution to China’s emission reduction is still only 7.68%. One of the reasons for 
the low contribution rate is that there is no single industry where CCUS can be applied, for example, there is 
no large-scale utilization of CCUS technology in China’s iron and steel industry, which accounts for nearly 
15% of the country’s carbon emissions. Therefore, we can try to organize capital and technology operation 
in the iron and steel industry led by the state and build a demonstration project of emission reduction in the 
iron and steel industry, so as to create a case for other enterprises to learn from.

4. Combine CCUS with other clean energy sources to promote carbon neutrality. According to the development 
speed and prediction results in the paper, it can be concluded that the contribution of CCUS technology to 
China’s carbon emission reduction in 2040 is not outstanding, and there is still a certain gap between it and 
the realization of the goal of carbon neutrality. In order to make up for this gap, in addition to accelerating 
the development of CCUS, broadening the application industries, and lowering the cost of the technology, 
we should also strengthen the utilization of new energy technologies, and combine new energy technolo-
gies with CCUS technologies to reduce the impact on the economy during the process of carbon neutrality. 
The proposed Blue Hydrogen Project in Tangshan City provides a good blueprint for the combination of 
technologies. The Caofeidian District of Tangshan City is initially planning to form a cluster of new energy 
industries such as photovoltaic power generation, offshore wind power, gas-steam combined cycle power 
generation, hydrogen production, and CCUS, etc., and the economies of scale, comparative advantages, and 
knowledge spillover effects of the industrial clusters will bring the full potential of CCUS to bear on emissions 
reduction.

Data availability
The datasets used or analysed during the current study available from the corresponding author on reasonable 
request.The datasets used or analysed during the current study available from the corresponding author on 
reasonable request.

Received: 15 April 2023; Accepted: 13 October 2023

References
 1. Intergovernmental Panel on Climate Change (IPCC). Climate Change 2013: The Physical Science Basis (2013).
 2. Raza, A. et al. Significant aspects of carbon capture and storage a review. Petroleum 5, 335–340. https:// doi. org/ 10. 1016/j. petlm. 

2018. 12. 007 (2018).
 3. Pacala, S. & Socolow, R. Stabilization wedges: Solving the climate problem for the next 50 years with current technologies. Science 

305, 968–972 (2004).
 4. International energy agency (IEA). Energy Technology Perspectives 2012: Pathways to a Clean Energy System. (IEA, 2012)
 5. Liu, H. J. et al. Worldwide status of ccus technologies and their development and challenges in china. Geofluids https:// doi. org/ 10. 

1155/ 2017/ 61265 05 (2017).
 6. Vishal, V. et al. Understanding initial opportunities and key challenges for CCUS deployment in India at scale. Resour. Conserv. 

Recycl. 175, 105829 (2021).
 7. Bazhenov, S. et al. Technical and economic prospects of CCUS projects in Russia. Sustain. Mater. Technol. 33, e00452 (2022).
 8. Chen, S. et al. A critical review on deployment planning and risk analysis of carbon capture, utilization, and storage (CCUS) toward 

carbon neutrality. Renew. Sustain. Energy Rev. 167, 112537 (2022).
 9. Wang, N. et al. What went wrong? Learning from three decades of carbon capture, utilization and sequestration (CCUS) pilot and 

demonstration projects. Energy Policy 158, 112546 (2021).
 10. Storrs, K., Lyhne, I. & Drustrup, R. A. comprehensive framework for feasibility of CCUS deployment: A meta-review of literature 

on factors impacting CCUS deployment. Int. J. Greenhouse Gas Control 125, 103878 (2023).
 11. Rubin, E. S., Chen, C. & Rao, A. B. Cost and performance of fossil fuel power plants with  CO2 capture and storage. Energy Policy 

35, 4444–4454 (2007).
 12. Fan, J. L. et al. Comparison of the lcoe between coal-fired power plants with ccs and main low-carbon generation technologies: 

Evidence from China. Energy 176, 143–155 (2019).
 13. Han, J. et al. Coal-fired power plant CCUS project comprehensive benefit evaluation and forecasting model study. J. Clean. Prod. 

385, 135657 (2023).
 14. Fuss, S. et al. Investment under market and climate policy uncertainty. Appl. Energy 85, 708–721 (2008).
 15. Abadie, L. M. & Chamorro, J. M. European  CO2 prices and carbon capture investments. Energy Econ. 30, 2992–3015. https:// doi. 

org/ 10. 1016/j. eneco. 2008. 03. 008 (2008).
 16. Oda, J. & Akimoto, K. An analysis of ccs investment under uncertainty. Energy Procedia 4, 1997–2004. https:// doi. org/ 10. 1016/j. 

egypro. 2011. 02. 081 (2011).
 17. Greig, C. & Uden, S. The value of CCUS in transitions to net-zero emissions. Electr. J. 34, 107004. https:// doi. org/ 10. 1016/j. tej. 

2021. 107004 (2021).
 18. Wang, Z. X. & Ye, D. J. Forecasting Chinese carbon emissions from fossil energy consumption using non-linear grey multivariable 

models. J. Clean. Prod. 142, 600–612. https:// doi. org/ 10. 1016/j. jclep ro. 2016. 08. 067 (2017).
 19. Sen, P., Roy, M. & Pal, P. Application of arima for forecasting energy consumption and GHG emission: A case study of an indian 

pig iron manufacturing organization. Energy 116, 1031–1038 (2016).
 20. Mohamed, Z. & Bodger, P. Forecasting electricity consumption in New Zealand using economic and demographic variables. Energy 

30, 1833–1843. https:// doi. org/ 10. 1016/j. energy. 2004. 08. 012 (2005).
 21. Xu, L., Chen, N. & Chen, Z. Will china make a difference in its carbon intensity reduction targets by 2020 and 2030?. Appl. Energy 

203, 874–882. https:// doi. org/ 10. 1016/j. apene rgy. 2017. 06. 087 (2017).

https://doi.org/10.1016/j.petlm.2018.12.007
https://doi.org/10.1016/j.petlm.2018.12.007
https://doi.org/10.1155/2017/6126505
https://doi.org/10.1155/2017/6126505
https://doi.org/10.1016/j.eneco.2008.03.008
https://doi.org/10.1016/j.eneco.2008.03.008
https://doi.org/10.1016/j.egypro.2011.02.081
https://doi.org/10.1016/j.egypro.2011.02.081
https://doi.org/10.1016/j.tej.2021.107004
https://doi.org/10.1016/j.tej.2021.107004
https://doi.org/10.1016/j.jclepro.2016.08.067
https://doi.org/10.1016/j.energy.2004.08.012
https://doi.org/10.1016/j.apenergy.2017.06.087


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:17811  | https://doi.org/10.1038/s41598-023-44893-y

www.nature.com/scientificreports/

 22. Wang, K. K. et al. A study on carbon emission forecasting in China based on WOA-ELM model. Ecol. Econ. 36, 22–27 (2020) (in 
Chinese).

 23. Guo, C. X. Estimated carbon reduction potential of Chinese industry. China Popul. Resour. Environ. 24, 13–20 (2014) (in Chinese).
 24. Zhao, X. L. et al. Economic and scale prediction of  CO2 capture, utilization and storage technologies in China. Petrol. Explor. Dev. 

50, 751–764. https:// doi. org/ 10. 1016/ S1876- 3804(23) 60425-2 (2023).
 25. China Agenda 21 Management Center. China Carbon Dioxide Capture, Utilization and Storage (CCUS) Annual Report (2021)-China 

CCUS Pathway Research (2021) (in Chinese).
 26. Asian Development Bank (ADB). Road Map Update for Carbon Capture, Utilization and Storage (2022).
 27. Li, Q. et al. Positioning and revision of ccus technology development in China. Int. J. Greenhouse Gas Control 46, 282–293 (2016).
 28. Zhang, L. et al. CO2 storage potential and trapping mechanisms in the h-59 block of jilin oilfield china. Int. J. Greenhouse Gas 

Control 49, 267–280 (2016).
 29. Li, X. et al.  CO2 point emission and geological storage capacity in China. Energy Procedia 1, 2793–2800 (2009).
 30. Wei, N. et al. Regional resource distribution of onshore carbon geological utilization in China. J. CO2 Util. 11, 20–30 (2015).
 31. Mi, J. F. & Ma, X. F. Development trend analysis of carbon capture, utilization and storage technology in China. In Proceedings of 

the CSEE 39 (2019) (in Chinese).

Acknowledgements
This research is funded by the Youth Project of National Natural Science Foundation of China (No. 72103163); 
Young Talents Supporting Program Project of Xi’an Association for Science and Technology (No. 095920221369); 
Economic analysis,business model and policy design of developing large-scale CCUS cluster in Yulin, Shaanxi 
Province; Sub-theme of National Energy Group’s “Ten Science and Technology Research Projects”: Research 
on CO2 Source and Sink Matching and CCUS Industrialization Cluster in the Energy Golden Triangle Region; 
Evaluation and Policy Optimization of the Effect of Carbon Constraints on Reducing Emissions in Industrial 
Enterprises(22XNFH010); Research on the Optimization Path and Policy Support of Investment Strategies for 
Shaanxi Enterprises under the “Dual Carbon” Goal (23JK0227). This research is also supported by Shaanxi Key 
Laboratory of Carbon Neutralization.

Author contributions
P.W. wrote the main manuscript text; B.S. provided the idea and main frame of the article; N.L.  prepared figures 
for the whol article; R.K. reviewed the manuscript. The rest of the authors checked the correctness of the data.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023, corrected publication 2023

https://doi.org/10.1016/S1876-3804(23)60425-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	CCUS development in China and forecast its contribution to emission reduction
	Literature review
	Review of CCUS-related literature
	Review of literature in the field of carbon emissions

	CCUS development status and trend in China
	CCUS development and current status in China
	CCUS project emission reduction status
	Current status of CO2 utilization of CCUS project
	Current regional distribution of CCUS projects

	CCUS development trend in China
	Impediments to the development of CCUS
	CCUS future development direction


	Forecast CCUS contribution to emission reduction in China
	Forecast contribution to national emission reduction
	Contribution under the growing number of CCUS projects
	Contribution under the growth of CCUS emission reductions

	Forecast CCUS sub-sector emission reduction potential
	Forecast CCUS sub-regional emission reduction potential

	Evaluation of CCUS technology economics
	Conclusions
	References
	Acknowledgements


