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Long-term transformation in China’s steel
sector for carbon capture and storage
technology deployment

Yihan Wang 1,5, Zongguo Wen 2,3,5 , Mao Xu2,3 & Christian Doh Dinga4

Carbon capture and storage (CCS) has substantial potential for deep dec-
arbonization of the steel sector. However, long-term transformations within
this sector lead to significant changes in steel units, posing challenges for CCS
deployment. Here, we integrate sector-level transformation pathways by 2060
to simulate the distribution of China’s steel units and generate optimal CCS
deployment schemes using a source-sink matching model. Results indicate
that CCS accounts for 31.4-40.7% of carbon mitigation effects in China’s steel
sector by 2060. Following the sector-level pathways, over 650 steel units will
either be eliminated or retrofitted. The optimal CCS deployment schemes can
achieve carbonmitigation effects of 472.4-609.6Mt at levelized costs of 187.4-
193.5 Chinese Yuan t−1 CO2, demonstrating cost-effectiveness under future
carbon price levels. Nevertheless, the proposed schemes will lead to energy
and water consumption of 951.0-1427.3 PJ and 1.60-1.69million m3, respec-
tively, posing a risk of resource scarcity. These insights inform the develop-
ment of CCS implementation strategies in China’s steel sector and beyond,
promoting deep decarbonization throughout society.

The global 1.5 °C target outlined in the Paris Agreement and the carbon
neutrality vision adopted by an increasing number of countries and
regions necessitate deep decarbonization in the coming decades1–3.
The steel sector, as a cornerstone of the socioeconomic system, is a
significant source of carbon emissions and is a critical area for
decarbonization4,5. Given that steel production heavily relies on fossil
fuels for both energy and reducing agents, 40–50% of the sector’s
carbon emissions cannot be mitigated through measures focusing
solely on improving its production system6. In this situation, carbon
capture and storage (CCS) technology is regarded as a solution for
decarbonizing the steel sector, as it can capture large amounts of
carbon dioxide and stably store it in geological sites7,8. This technology
is particularly crucial forChina’s steel sector,whichaccounts for 56%of
global steel output and contributes to about 14–16% of this country’s
carbon emissions9,10. It is estimated that CCS will be significant for the

decarbonization of China’s steel sector11,12 and will be critical for the
country to achieve its overall carbon neutrality vision by 206013–15.

CCS involves the transportation of carbon dioxide from the car-
bon sources to geological storage sinks. Therefore, its deployment
should consider the spatial matching between carbon sources and
sinks, as well as the balance between carbon emissions and storage
capacity16–18. Given that the carbon sinks remain relatively stable over
decades, it is necessary to project the spatial distribution and emis-
sions of the carbon sources to deploy CCS technology appropriately.
For China’s steel sector, significant transformations are expected
before the large-scale deployment of CCS. In the coming decades,
China’s steel production output is estimated to gradually decrease19,
while the promotion of decarbonization measures such as
electrification20, scrap recycling21, and energy-efficient technologies
(EETs)22 will substantially improve the sector’s production mode.
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These long-term transformations in scale and production mode will
impact the spatial distribution and emissions of the steel units—the
primary carbon sources of the steel sector—andmust be incorporated
into CCS deployment strategies in China’s steel sector. Previous stu-
dies have exploredCCSdeployment schemes at global23,24 andnational
scales25–28 based on the matching between carbon sources and sinks,
but most of them have considered carbon sources at the current
emission levels. Consequently, these schemes may encounter issues
such as the construction of superfluous carbon transportation routes
and the untimely decommissioning of CCS projects, along with the
transformation of carbon sources. Therefore, their results may not
effectively support the decarbonization of China’s steel sector.

Furthermore, the feasibility of CCS technology depends on its
economic and resourceperformance. The installation andoperationof
CCS require substantial capital expenditures and result in considerable
energy and water consumption29. The high economic costs associated
with CCS deployment have significantly hindered its widespread
adoption30, while the significant energy andwater requirements would
exacerbate resource scarcity31,32, particularly in regions with shortage
resource endowments. Therefore, a comprehensive assessment of
these indicators is essential to identify potential barriers and to inform
the development of policy measures, such as establishing a proper
carbon pricing mechanism and enhancing energy and water supplies,
to facilitate the implementation of CCS.

Here, we develop a comprehensive research framework that
integrates the long-term transformation of China’s steel sector into the
deployment of CCS technology and the evaluation of its multiple
performance (Fig. 1). First, we establish a bottom-up, sector-level
decarbonization model to forecast the overall transformation path-
ways of China’s steel sector by 2060, the target year for achieving the
nation’s carbon neutrality, and quantify the carbon mitigation poten-
tial of CCS. Second, we construct a carbon source simulationmodel to
project the spatial distribution and emissions of carbon sources in this
sector. This model identifies which steel units will be eliminated, be
retrofitted, or maintain the status quo by 2060 to align with sector-
level transformation. Third, we develop a CCS source-sink matching
model, where the simulated carbon sources and feasible geological
storage sinks are input into a mixed-integer programming (MIP)

approach to determine the CCS deployment schemes. These schemes
aim to achieve the sector-level carbonmitigation targets. Based on the
optimal CCS schemes, we evaluate multiple performance indicators,
including economic cost, energy consumption, and water consump-
tion, to identify potential barriers. This research framework can sup-
port the promotion of CCS technology in China’s steel sector by
providing a detailed, long-term blueprint and a series of policy sug-
gestions to facilitate its implementation.

Results
The overall transformation pathways in China’s steel sector
We establish a bottom-up, sector-level decarbonization model to
delineate the transformation pathways and track the carbon emis-
sions of China’s steel sector by 206033,34. Three scenarios—high,
moderate, and low steel output scenarios—are set to forecast the
outputs of the steel sector at different scales. Due to ongoing
industrial transformation in China, the demand for steel products is
estimated to continuously decrease in the coming decades35–37.
Following this trend, under the high, moderate, and low steel out-
puts scenarios, the steel output is predicted to decrease from
1053Mt in 2020 to 746.5Mt, 671.8Mt, and 578.6Mt in 2060,
respectively (see details in Supplementary Table 1). The model
incorporates CCS and five other decarbonizationmeasures: material
efficiency, electrification, hydrogen, scrap recycling, and EETs, all
aimed at improving the steel production process. These measures
combine to form seven types of production mode, with their
adoption predicted up to 2060 (see details in “Methods” and Sup-
plementary Note 1). The changes in scale and production modes
make up the transformation pathways.

Figure 2a–c exhibits an overview of the transformation pathways
in China’s steel sector. The traditional blast furnace-basic oxygen
furnace (BF-BOF) + coal production mode, which accounted for
nearly 90% of steel outputs in 2020, will be either eliminated or
retrofitted by 2060. The BF-BOF + coal mode is anticipated to
undertake 40% of steel production after being retrofitted with CCS
by 2060. Simultaneously, steel output from EAF-centered produc-
tion modes is expected to increase continuously, reaching 60% of
domestic steel output by 2060. The Scrap-based EAF mode will take

Fig. 1 | The research framework of this study. The framework includes three
modules. The first module is the sector-level decarbonization model, which fore-
casts the transformation pathways of China’s steel sector by 2060. The second
module is the carbon source simulation module, which simulates the spatial dis-
tribution and emissions of steel units. The thirdmodule is the source-sinkmatching

module, which optimizes the CCS deployment schemes in China’s steel sector and
evaluates their economic cost, energy consumption, and water consumption. EETs
energy-efficient technologies, CCS carbon capture and storage, GIS geographic
information system.
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the largest share among EAF-centered modes, as the supply of steel
scrap in China is sufficient for steel production38.

These measures are expected to have significant carbon mitiga-
tion potential (see details in “Methods” and Supplementary Note 2).
Under the high, moderate, and low steel output scenarios, the carbon
emissions of China’s steel sector in 2060 are estimated to be 194.9Mt,
174.4Mt, and 151.1Mt, respectively (Fig. 2d–f), representing only
7.4%–9.5% of the 2020 level (2055.6Mt). CCS exhibits the highest
carbonmitigation potential of 609.5Mt, 536.6Mt, and 472.4Mt under
the three scenarios. These mitigation effects are equivalent to
31.4%–40.5% of the sector’s carbon emissions without the imple-
mentation of measures. In addition, electrification and scrap recycling
measures also demonstrate considerable mitigation potential, ranging
from 201.8Mt to 319.1Mt and from 197.1Mt to 241.9Mt, respectively.
The estimated carbonmitigation potential of CCS is similar to previous
studies11,37,39–42, demonstrating high reliability of our results (see
detailed comparison in Supplementary Note 6). Consequently, the
mitigation potential of CCS in these transformation pathways can
serve as a target for devising CCS deployment schemes in China’s steel
sector.

Spatial distribution and emissions of carbon sources in China’s
steel sector
We simulate the spatial distribution and emissions of the carbon
sources in China’s steel sector by downscaling the sector-level trans-
formation pathways under several assumptions and principles (see
details in “Methods” and Supplementary Note 3). Here, steel units—
defined as clusters of steel production equipment at the same location
—are considered the carbon source. We establish a unit-level geoda-
tabase in China’s steel sector that includes current information on the

steel units43. These units are determined to be eliminated, be retro-
fitted, or maintain the status quo to align with the sector-level path-
ways by 2060. Note that both CCS and hydrogen measures are
excluded from the simulation due to the fact that a steel unit retro-
fitted with a hydrogenmeasure would produce crude steel via the DRI-
EAF +Hydrogen mode, which generates few carbon emissions on the
steel unit site and is therefore unsuitable for CCS retrofitting.

Figure 3a summarizes the statistical results of the actions antici-
pated for steel units by 2060. Over 85% of steel units are expected to
be either eliminatedor retrofittedunder the three scenarios. Under the
high steel output scenario, 170 steel units are expected to phase out
between 2020 and 2060, while 487 units are retrofitted and only 113
units will maintain the status quo. Under the moderate steel output
scenario, although the number of eliminated units (177) is similar,
more units are expected to be retrofitted (539), with only 54 units
maintaining the status quo. Finally, under the low steel output sce-
nario, a much larger retirement activity is observed, with 316, 394, and
60 units expected to be eliminated, retrofitted, and maintained by
2060. The output deviations of themain product outputs between the
sector-level transformation pathways and the simulated units, includ-
ing the outputs of coke, sinter, pellet, iron, and steel, are less than 1%,
demonstrating the validity of the simulation results (see the statistics
of the outputs by province in Supplementary Figs. 1–3 and the com-
parison in Supplementary Fig. 4).

We estimate the emissions of the steel units under the three
scenarios using the emission factor approach (see details in “Meth-
ods”). The total emissions amount to 846.8Mt, 731.6Mt, and 605.4Mt
in 2060 under the high, moderate, and low steel output scenarios (see
Fig. 3b). These results are 12–14% lower than those in the sector-level
pathways, which include the remaining emissions and the mitigation

Fig. 2 | The transformation pathways of China’s steel sector between 2020
and 2060. a–c The steel outputs by production mode under the high, moderate,
and low steel output scenarios. The colors represent steel outputs from different
production modes. d–f The carbon emissions of China’s steel sector under the
three scenarios. The yellow color represents the emissions of the sector and the

others represent the carbonmitigation potential bymeasure. BF blast furnace, BOF
basic oxygen furnace, CCS carbon capture and storage, DRI direct reduced iron,
EAF electric arc furnace, EETs energy-efficient technologies. Source data are pro-
vided as a Source Data file.
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potential of CCS and hydroge, due to the exclusion of indirect carbon
emissions. These indirect emissions, such as those from electricity and
hydrogen generation, typically occur at other locations and therefore
cannot be mitigated by CCS at the steel unit sites. Furthermore, over
35% of steel units—219, 223, and 189 units under the three scenarios—
will achieve net-zero emissions. In contrast, fewer than 25% of the steel
units—146, 127, and 98 units under the three scenarios—will have car-
bon emissions exceeding 1Mt year−1 in 2060, yet they will account for
over 95% of the sector’s total emissions. These units are identified as
priority candidates for CCS deployment.

Figure 3c presents the spatial distribution of emissions from
China’s steel units under the high steel output scenario. Compared to
the present day, the uneven distribution of carbon emissions is not
expected to change significantly. For instance, under the high steel
output scenario, the simulated steel units in Hebei Province are pre-
dicted to have carbon emissions of 232.8Mt, accounting for 28.4% of
the sector’s total emissions. Meanwhile, Jiangsu and Shandong Pro-
vince will be the second and third highest emitters, contributing to

11.0% and 8.6% of the sector’s emissions, respectively. Similar findings
are observed in the steel units simulated under the moderate and low
steel output scenarios (see steel units in Supplementary Figs. 5 and 6
and provincial summary in Supplementary Fig. 7). The high emissions
in theseprovinces are primarily derived from the intensivedistribution
of large-sized BF equipment, as the ironmaking process is expected to
account for over 90% of the total emissions (Supplementary Fig. 8).
Therefore, deployingCCS in the steel units of these provinces is crucial
to achieve deep decarbonization. In addition, considering the poten-
tial fluctuations in the production outputs and the performance of
production modes and EETs, the uncertainty ranges of ±10% of the
original emissions of the steel units are involved in the following
analyses.

The optimal CCS deployment schemes in China’s steel sector
We input the simulated steel units into the CCS source-sink matching
model to determine optimal CCS deployment schemes. All steel units
with annual carbon emissions exceeding 1Mt are selected as carbon

Fig. 3 | The simulation results of spatial distribution and carbon emissions of
China’s steel units in 2060. a The number of the steel units to be eliminated,
retrofitted, ormaintain the status quo by 2060,b the accumulated emissions of the
steel units under the high, moderate, and low steel output scenarios, with the
dashed lines indicating the accumulated emissions of the units with emissions
larger than 1Mt/a. c The spatial distribution of carbon emissions of the steel units

under the high steel output scenario. The size of the circles is positively correlated
with the carbon emissions of the steel units, and the color of the circles represents
the status of the steel units, including being eliminated, being retrofitted, and
maintaining the status quo. Source data are provided as a Source Data file. Based
China map data are adapted from GS(2024)0650 from http://bzdt.ch.mnr.gov.cn/
and created using ArcGIS 10.8.
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sources, while 70oilfields and 24basins are selected as feasible carbon
sinks (Supplementary Tables 2 and 3). Proximity analysis and obstacle-
weighted index approaches are adopted to identify candidate CCS
routes that match the carbon sources to feasible storage sinks. (see
details in “Methods” and Supplementary Note 4). Then, a MIP
approach is developed to optimize the CCS deployment schemes by
identifying the steel units to be retrofitted with CCS and matching
them with feasible sinks (see variables, objective, and constraints in
“Methods”). This approach provides guidance for implementing CCS
technology in China’s steel sector to achieve carbonmitigation targets
set by sector-level transformation pathways at the lowest eco-
nomic cost.

The optimal CCS deployment schemes for China’s steel sector are
shown in Fig. 4a–c. Under the high, moderate, and low steel output
scenarios, 102, 91, and 72 steel units are selected for retrofitting with
CCS, accounting for over 70% of the candidate carbon sources. These
three optimal deployment schemes can achieve carbon mitigation by
609.6Mt, 536.8Mt, and 472.4Mt, respectively, which are slightly
higher than those from the sector-level pathways. This result verifies
the feasibility of the mitigation target for CCS technology in China’s
steel sector. Meanwhile, these emissions only account for a little pro-
portion of this country’s geological carbon storage capacity, which is
estimated to be around 400–1350Gt44–46. In this situation, the uncer-
tainty in the carbon emissions of the steel units would not affect the
feasibility of the optimal schemes since there is sufficient carbon sto-
rage space even if the actual carbon dioxide generation amounts
exceed the estimated values.

Furthermore, we consider the steel units in the deployment
schemes by region and scale. Regarding spatial distribution, CCS is
deployed most intensively in major steel production regions, such as
Hebei, Shanxi, Shandong, and Jiangsu Province, due to the availability
of nearby carbon sinks. CCS deployment in these four provinces
contributes toover half of the sector’smitigationpotential. In contrast,
the uncaptured carbon sources are mainly located in Southern China,
owing to their sparse distribution. In addition, large-sized steel units
are prioritized for retrofits with CCS technology (Fig. 4d–f). Under the
three scenarios, more than one-third of small-sized units, with annual
carbon emissions of less than 5Mt, are not selected in the deployment
schemes. Conversely, over 80% of medium-sized units (with annual
emissions of 5–20Mt) and all large-sized units (with annual emissions
of over 20Mt) are included in the schemes. That is becausemost large-
sized steel units are located in major steel production regions, which
aremore likely to formcarbon source clusters and thus are suitable for
retrofitting with CCS technology at lower costs.

Economic cost and resource consumption of the schemes
We evaluate multiple performance of the optimal CCS deployment
schemes, including economic cost, energy consumption, and water
consumption. The economic cost can be divided into four parts: cap-
ture cost, transportation cost, storage cost, andbenefit fromenhanced
oil recovery (EOR). These cost indicators are assessed by source-sink
matching model as they are the objective of this model. Similarly, the
energy and water consumption of the schemes can be divided into
three parts: capture, transportation, and storage. All three compo-
nents require energy consumption,while carbon storage indeep saline
aquifers can gain water through enhanced water recovery (EWR).
Moreover, since the deployment of CCS is spatially uneven, we
examine the energy and water consumption by province and site to
identify regions at risk of resource scarcity (see details in “Methods”).

Figure 5a presents the economic cost of the CCS deployment
schemes. Due to uncertainties in carbon dioxide generation, CCS
technology costs, and oil prices, the economic cost is expected to
fluctuate within a range of 85.4–146.9, 77.4–121.7, and 67.2–118.5 bil-
lion Chinese Yuan (CNY) under the high, moderate, and low steel
output scenarios, respectively. These values correspond to average

levelized costs of 187.4, 193.5, and 192.9 CNY t−1 CO2, respectively.
These results aremuch lower than the estimations byother studies47,48,
as CCS technology is predicted to improve and mature in the coming
decades, thereby significantly decreasing the economic costs. For
example, thedevelopment and implementationof newabsorbents and
facilities can substantially reduce the cost associated with the cyclical
heating and cooling of steam in the carbon capture process49,50 (see
details in Supplementary Table 8 and Note 5). However, carbon cap-
ture remains themost expensive process, contributing to 75.0%–77.4%
of total economic cost under the three scenarios. Furthermore,
Fig. 5b–d summarizes the cumulative mitigation potential and leve-
lized costs of the steel units being retrofitted with CCS, revealing a
remarkable variety across the units. When considering the mean cost
parameters, the CCS retrofit costs of the steel units range from
136.4–138.2 CNY t−1 CO2 to 400.8–410.7 CNY t−1 CO2 under the three
scenarios. The fluctuation of cost parameters furtherly polarizes the
results, with possible lowest and highest levelized costs of 73.6 CNY t−1

CO2 and 542.4 CNY t−1 CO2. Steel units with low costs primarily benefit
from the gains of recovered oil, while those with high costs are mainly
due to large-scale and long-distance carbon dioxide transportation.

We conduct a comprehensive comparison between our results
and various projected levels of future carbon prices to examine the
cost-effectiveness of CCS technology. Since China’s carbon trading
system has been recently established with an unclear carbon pricing
mechanism, future carbon prices have a broad range of possibilities.
Therefore, we select three carbon price values: 68 CNY t−1, assuming
the future carbon price will maintain the status quo51; 239CNY t−1,
based on a survey of over 100 experts52; and 375CNY t−1, based on a
previous study53. The comparison results demonstrate that although
the levelized costs of CCS in all steel units are higher than the current
carbonprice, over 90%of carbonemissions canbemitigatedwith cost-
effectiveness, according to the experts’ opinion. Moreover, if the car-
bon price rises furtherly to 375 CNY t−1 CO2, only 4% of the carbon
emissions cannot be mitigated with net benefits, even if the levelized
cost is at its upper limit. Therefore, with decreasing CCS technical
costs and increasing carbon prices, deploying CCS in China’s steel
sector is overall economically cost-effective.

The energy and water consumption of the CCS deployment
schemes are summarized in Fig. 6a, b. The average total energy con-
sumptionof the schemes is 1305.4 PJ, 1174.9 PJ, and 1045.6 PJ under the
high, moderate, and low steel output scenarios, respectively, with
energy intensity between 2.14 and 2.21 GJ t−1 CO2. Over 80% of the
energy consumption derives from the capture stage, as the regenera-
tion of absorbents requires numerous energy inputs. Consequently,
the deployment of CCS would increase the energy consumption of
China’s steel sector by 21.7–22.4% in 2060, given that steel production
without CCS consumes 8.07GJ t−1 of energy12. Water consumption
presents amore challenging issue. The optimal schemes are estimated
to consume 1796.0 million m3, 1558.1 million m3, and 1391.9 million m3

of fresh water on average, while the EWR can offset 791.6, 697.0, and
593.4 million m3 in the three scenarios, respectively. The net water
consumption is equivalent to 1.60–1.69m3 t−1 CO2, which is much
higher than the hydrometallurgical measures (equivalent to
0.48–1.36m3 t−1 CO2)

54,55. In this situation, the deployment of CCS
would enhance the total water consumption of China’s steel sector by
30.9–33.3%56.

Furthermore, there are considerable spatial heterogeneities in the
distribution of energy and water consumption regions. Figure 6c, d
illustrates the energy and water consumption of the CCS deployment
schemes by site and by province under the high steel output scenario
(with results for themoderate and low steel output scenarios provided
in Supplementary Figs. 9–12). Hebei Province faces the highest energy
andwater pressures, accounting for 23.8–28.6% and 36.6–40.3% of the
total energy and water consumption, respectively. Therefore, imple-
menting CCS in Hebei Province will significantly exacerbate its
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Fig. 4 | The optimal CCS deployment schemes in China’s steel sector in 2060.
a–c The spatial deployment of CCS technology under the high,moderate, and low
steel output scenarios. The symbols represent the captured/uncaptured steel
units and carbon sinks, while the gray lines are the spatial matching routes
between carbon sources and sinks. d–f The summary of the selection of steel
units into CCS deployment schemes by size. The X-axis is the size of steel units

that are divided by their annual carbon emissions, and the Y-axis is the total
emissions from the steel units in each size. The blue bars represent the emissions
of captured steel units, and the orange bars represent the emissions of uncap-
tured steel units. Source data are provided as a Source Data file. Based China map
data are adapted from GS(2024)0650 from http://bzdt.ch.mnr.gov.cn/ and cre-
ated using ArcGIS 10.8.
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resource scarcity issues by increasing the energy and water con-
sumption of its industrial sector by 3.6–5.3% and 17.9–24.3%, com-
pared to the current levels57.

Discussion
We propose amethodology that integrates long-term transformations
in China’s steel sector into the optimization of CCS deployment
schemes, offering feasible solutions for achieving deep decarboniza-
tion. The optimal schemes reveal two key principles for selecting the
steel units for CCS deployment. First, units should contain large-sized
equipment in the long-process production modes (e.g., sintering
machine with an area over 360m2 and BF with a volume over 2500m2)
as they are more environmentally friendly and are likely to be main-
tained in the future. Second, units should be located near feasible
storage sinks, e.g., within 250km, particularly oil fields, to decrease
costs and ensure the safe transportation of carbon dioxide. CCS
deployment in these steel units can achieve deep decarbonization
without significantly impacting cost-effectiveness, as the levelized cost
of CCS is much lower than other deep decarbonizationmeasures, e.g.,

only 35% of the hydrometallurgical measures58,59. However, the
assessment results highlight trade-offs among carbon, energy, and
water resources and reveal risks of resource scarcity. In contrast, the
steel units not selected should be decarbonized via other technolo-
gies, such as hydrogen-based DRI-EAF and the on-site utilization of the
captured carbon emissions.

Several suggestions are proposed to facilitate the deployment of
CCS technology in China’s steel sector. First, economic incentive
measures should be promoted to enhance the cost-effectiveness of
CCS. Our results indicate high economic costs for implementing CCS
technology at nearly 200CNY t−1 CO2, which hinders its large-scale
deployment. Although increasing the carbon price will offset these
costs, it will play a significant role in the long term. Additional policies,
including tax credits, grants, and rebates for enterprises adopting this
technology, are encouraged to promote CCS technology within one or
two decades60. Second, it is necessary to alleviate the energy andwater
pressures fromCCS. Our findings show that CCS deployment schemes
are estimated to increase the total energy and water consumption of
China’s steel sector by approximately one-fifth and one-third,

Fig. 5 | The economic costs of the CCS deployment schemes in China’s steel
sector. a The total cost ranges and the composition of the schemes, including the
cost from carbon capture, carbon transformation, and carbon storage, and the
benefit from enhanced oil recovery under the high,moderate, and low steel output
scenarios. These ranges are derived from the uncertainty of carbon dioxide

generation and cost parameters. b–d The relationships between cumulative miti-
gation potential by CCS and levelized cost of the steel units under the high, mod-
erate, and low steel output scenarios, respectively. The blue, red, and blackdots are
the levelized costs at the lower limit, mean, and upper limit levels. CNY Chinese
Yuan. Source data are provided as a Source Data file.
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respectively. Supply-side technologies are recommended alongside
CCS implementation. For energy consumption, integrating CCS with
renewable energy offers a feasible solution61. China’s renewable energy
potential is estimated to be over ten times the current national elec-
tricity consumption62–64, which is more than sufficient to meet energy
demand for CCS deployment. Steel units located in renewable-rich
regions, such as Northern and Northwestern China, can be prioritized
for this integrated mode. For water consumption, promoting waste-
water treatment technology in CCS for water reutilization is
recommended65.

Furthermore, while our focus relies onCCS deployment in China’s
steel sector, ourmethodology can support the implementation of CCS
technology nationwide. CCS can facilitate decarbonization of multiple
carbon-intensive sectors, including coal-fired power, petrochemical,
and cement sectors66–68. Our methodology can be applied to deter-
mine the CCS deployment schemes in these sectors by predicting the
long-term transformation of these sectors, simulating the spatial dis-
tribution and emissions of their production units, and obtaining the
optimal schemes using the source-sink matching model. Moreover,
China’s carbon storage capacity is estimated to exceed the country’s
cumulative carbon emissions over the next 30 years46,69,70. Conse-
quently, there is likely to be little conflict among CCS deployment
schemes acrossmajor carbon-intensive sectors. Following these steps,
comprehensive, nationwide spatial layouts for CCS technology can be
developed by integrating these schemes together. These layouts will
contain the distribution of carbon sources requiring CCS retrofits, the

locations of carbon sinks, and specifications for carbon transportation
pipelines, such as routes, lengths, and diameters. Through these
approaches, we can support the implementation of CCS technology,
thereby contributing to the decarbonization in China and other
countries.

There are some limitations in our study.Weproposeone-stepCCS
deployment schemes by 2060 to provide a decarbonization pathway
for China’s steel sector. However, CCS deployment is a dynamic pro-
cess that will last for decades. Our results do not include the specific
deployment time and sequences of CCS technology in China’s steel
sector. In this situation, a dynamic optimization approach can deter-
mine the CCS deployment schemes on a year-by-year basis. Further-
more, although we assess the performance of the CCS deployment
schemes from multiple aspects, additional environmental and social
impacts, such as material consumption, land use, and job creation,
havenot beenconsidered. These impacts could lead to further benefits
or risks associated with the promotion of CCS and should be investi-
gated in future research.

Methods
The bottom-up decarbonization model in China’s steel sector
The sector-level decarbonization model is a quantitative, bottom-up
approach designed to forecast changes in productionmodes from the
implementation of mitigation measures and to account for carbon
emissions in China’s steel sector from the present to 2060. Six types of
measures, including material efficiency, electrification, hydrogen,

Fig. 6 | The energy and water consumption of the CCS deployment schemes.
a, b The summary of energy and water consumption, including the energy and
water consumption by composition and the average energy and water intensities
(points). c, d The spatial distribution of energy and water consumption under the
high steel output scenario. The sizes of points represent the energy and water

consumption amount by site, and the colors represent the energy and net water
consumption by province. Source data are provided as a Source Data file. Based
China map data are adapted from GS(2024)0650 from http://bzdt.ch.mnr.gov.cn/
and created using ArcGIS 10.8.
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scrap recycling, EETs, and CCS, are selected. These measures are
combined to create seven types of production modes: BF-BOF +Coal,
BF-BOF +Coal & CCS, BF-BOF +Coal & Hydrogen, DRI-EAF +Natural
gas, DRI-EAF +Natural gas & CCS, DRI-EAF +Hydrogen, and Scrap-
based EAF, with a total of 41 EETs applying to them. The relationship
between the measures and production modes is listed in Table 1.

Several predictions are made regarding the application of mea-
sures from 2020 to 2060. First, a massive shift from traditional long-
process steel production to short-process methods is expected in the
coming decades. Electrification, hydrogen, and scrap recycling mea-
sures are expected to be continuously promoted, with the modes
related to the short process (i.e., DRI-EAF +Natural gas, DRI-EAF +
Natural gas & CCS, DRI-EAF +Hydrogen, and Scrap-based EAF)
accounting for 60% of steel outputs by 206011,35. Second, the gradual
adoption of revolutionary measures, such as CCS and hydrogen, is
expected to commence between 2030 and 203571,72. Finally, the con-
tinuous promotion of EETs is assumed until their full
implementation73. These EETs reduce the carbon emissions in steel
production and are used to estimate changes in the carbon intensities
of the steel units (see details in Supplementary Note 1).

Based on these predictions, we design a quantificationmethod to
account for the emissions of China’s steel sector during the period
from 2020 to 2060. Carbon emissions are calculated based on an
emission factor method, which multiplies the emission intensity indi-
cator of each production mode (see Supplementary Table 4) by its
predicted steel output. The emission intensity is adjusted by the EETs
by subtracting their mitigation potential (see Supplementary Table 5).
The calculation method is shown in Eq. (1):

CEt =
X
pm

EIpm, t �
X
eet

EReet, pm ×ΔPReet, t

� �" #
×POpm, t ð1Þ

Where CE is the carbon emissions of China’s steel sector, t is the cal-
culation time, EI is the emission intensity, pm is the production mode,
ER is the emission reduction effect, eet is the energy efficiency tech-
nology that can be applied to the production mode pm, PReet,t is the
difference of penetration rate of eet between the basic year73 and year
t, and POpm,t is the output by production mode pm in year t.

Moreover, the mitigation potential of each measure is calculated
by comparing the situation with and without taking the measure. The
details of the calculation methods are exhibited in Supplemen-
tary Note 2.

Simulation of the steel units
The carbon source simulation model is developed to downscale
sector-level transformation pathways to individual steel units, and to
simulate the spatial distribution and emissions of the units in 2060. A
steel unit geodatabase is developed to serve as the benchmark for this
downscaling process. Based on several assumptions, the units are
determined to be eliminated, be retrofitted, ormaintain the status quo
in the coming decades. The spatial distribution and emissions of the

steel units are then considered as carbon sources for input into the
CCS source-sink matching model.

The steel unit geodatabase is established using data frommultiple
sources, such as literature and governmental statistics74–76. This geo-
database includes information on geographic coordinates, the size of
equipment, and outputs of themain products at present. According to
the geodatabase, the outputs of coking, sinter, pellet, pig iron, and
crude steel are 114.14, 1,239.43, 234.82, 863.98, and 987.80 million
tons, respectively, which are validated to align with sector-level
statistics77 (see production output by province in Supplementary
Table 6).

The next step is to determine the actions to be taken for each
steel unit. Given the absence of compulsory restrictions on the
entry and elimination of steel units by 2060, we set several
assumptions for the simulation. First, steel units without any miti-
gation measures will maintain the status quo by default. New con-
struction of steel units in China has been strictly prohibited to
address the overcapacity issue in the steel sector78. Meanwhile,
closures due to factors such as product sales and financial condi-
tions are difficult to predict accurately and are therefore not
involved in our study. Under these conditions, new equipment will
replace old one upon their retirement, maintaining the same geo-
graphical location, equipment sizes, and production outputs. Sec-
ond, due to the lack of information on the promotion of EETs at the
unit level, we assume that EETs would uniformly decrease the
emission intensities of all equipment. Third, to simulate carbon
sources before being retrofitted with CCS and hydrogen, we assume
that all BF and BOF equipment are fueled by coal, while all DRI units
are fueled by natural gas. Detailed strategies for the downscaling
approach are provided in Supplementary Note 3. Based on these
assumptions, we identify the units that will be eliminated, be ret-
rofitted, or maintain the status quo by 2060. Steel units with all
production capacities phased out are classified as eliminated. Units
with partial capacity changes, either phasing out or substituting
production modes, are regarded as retrofitted. Finally, units with-
out any actions to their production equipment are considered to be
maintaining the status quo.

The emissions of carbon sources are calculatedusing the emission
factor method. Note that the emission intensities of equipment are
different from those of production modes, as a production mode
actually includes many equipment. For example, the BF-BOF mode
includes four types of equipment, i.e., coking, sintering machine, BF,
and BOF, with different emission intensities. Therefore, it is necessary
to identify all equipment in the unit and determine the emission
intensities based on their parameters or patterns (see details in Sup-
plementary Table 7). The emission intensities of the equipment, after
beingmodified with themitigation potential of EETs, aremultiplied by
the production outputs to calculate the emissions. The calculation
method is shown in Eq. (2):

CEi =
X
e

EIe � EReet, e ×ΔPReet, e

� �
×POi, e ð2Þ

Table 1 | The production modes and involved measures in China’s steel sector

Material efficiency Electrification Hydrogen Scrap recycling EETs CCS

BF-BOF +Coal √ √

BF-BOF +Coal & CCS √ √ √

BF-BOF +Coal & Hydrogen √ √ √

DRI-EAF +Natural gas √ √ √

DRI-EAF +Natural gas & CCS √ √ √ √

DRI-EAF +Hydrogen √ √ √ √

Scrap-based EAF √ √ √ √

BF blast furnace, BOF basic oxygen furnace, CCS carbon capture and storage, DRI direct reduced iron, EAF electric arc furnace, EETs energy-efficient technologies.
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where i is the unit, CEi is the carbon emission of the steel unit i, e is the
equipment, EIe is the emission intensity of equipment e (see the
emission intensities of the units with different sizes in Table S8),
EReets,e is the emission reduction effect by energy-efficient technology
eet that is suitable for equipment e, PReet,e is the change of penetration
rate of energy-efficient technology eet that is suitable for equipment e,
and POi,e is the production outputs by equipment e of unit i.

Source-sink matching model
The source-sink matching model is established to optimize CCS
deployment schemes by matching carbon sources with feasible
storage sites. The carbon sources are the simulated steel units,
while two types of carbon sinks, including 70 oil fields and the deep
saline aquifers in 24 basins79,80, are considered (Supplementary
Tables 2 and 3). The CCS candidate routes are defined as the match
between carbon sources and sinks within feasible distances, speci-
fically 800 km, which is the theoretical longest carbon transporta-
tion distance for individual CCS projects due to cost-effectiveness
and safety considerations81,82. All candidate routes are identified
through a proximity analysis method, which calculates the distance
between carbon sources and sinks to identify feasible routes via the
GIS platform. In practice, since basins typically occupy large areas,
the links between the carbon sources and the edges of the basins are
considered as candidate routes. Moreover, some carbon sources
and oil fields are closely located and can be grouped as source/sink
clusters by interconnecting them, which reduces the total carbon
transportation distances substantially compared to point-to-point
transportation.

Nevertheless, these twoapproaches result in an excessive number
of candidate routes: a single carbon source can be matched with
numerous edges in a basin, and there aremany routes between source
and sink clusters. To address this issue, the obstacle-weighted index
approach is introduced to select the most viable candidate routes83.
This approach considers the effects of crossways between the routes
and obstacles such as rivers, railways, and roads. The locations of these
obstacles are obtained from the National Basic Geographic Informa-
tion Database84, which includes over 6100 main rivers, 8400 railways,
and 26,000 main roads. Then, the number of times each route inter-
sects these obstacles is summed up in the GIS platform (see details in
Supplementary Note 4), and the obstacle-weighted index is calculated
by Eq. (3):

OWIr =
X
o

ωo × ISr, o ð3Þ

where OWI is the obstacle-weighted index, r is the candidate route, o
is the type of obstacles, ω is the weights, which waterway is set as 10,
railway as 3, and road as 3, and IS is the number of times that the
route r intersects the obstacles o. By this method, the route between
a source and a sink with the lowest obstacle-weighted indexes within
all feasible ones are selected as the candidate routes, including 1860,
1586, and 1321 routes under the high, moderate, and low steel output
scenarios.

The MIP approach is adopted to optimize the CCS deployment
schemes from the candidate routes under minimum economic cost.
The decision variables consist of three parts: the quantity of CO2

captured from each carbon source, the quantity of CO2 transported
through each candidate route, and the quantity of CO2 from each
carbon sink. The objective of the model is shown in Eq. (4):

minC =Ccap +Ctra +Csto � Beor ð4Þ

where C is the total cost of the CCS deployment schemes, Ccap is the
capture cost,Ctra is the transportation cost,Csto is the storage cost,Beor
is the benefit through the EOR. Here we assume that the carbon

emissions are transported through pipeline, as it is more suitable for
large-volume gas transportation compared to other methods, such as
trains, trucks, and ships47,85. The four parts of the cost canbe calculated
by Eqs. (5)–(8):

Ccap =
X
i

CEi ×Rcap ×Pcap ð5Þ

Ctra =
X
ij

T ij × Lij +
X
clu�i

Tclu�i × Lclu�i +
X
clu�j

Tclu�j × Lclu�j

0
@

1
A×DMI× r=δ ð6Þ

Csto =
X
j

Qsto, j × Psto ð7Þ

Beor =
X
oil�j

Qsto, oil�j=θ× Poil ð8Þ

where i is the steel unit, CEi is the carbon emission of unit i, Rcap is
the ratio of captured CO2 to all emissions from carbon source i, Pcap
is the cost for capturing per unit of CO2, j is the carbon sink, clu-i is
the source cluster, clu-j is the sink cluster, Tij, Tclu-i, and Tclu,j are the
carbon transportation costs between the candidate routes, sites
within source cluster, and sites within sink cluster, respectively, Lij,
Lclu-i, and Lclu,j are the distances between the candidate routes, sites
within source cluster, and sites within sink cluster, respectively, DMI
is the distance modification index, r is the factor to transform the
fixed cost into per annum, δ is the estimated coefficient for other
cost in this stage, including land acquisition, construction, and
labor, Qsto,j is the quantity of storage CO2 from carbon sink j, Psto is
the cost for storing per unit of CO2, oil-j is the oil field sink, θ is the
conversion factor between the storage CO2 and the recovered oil,
and Poil is the crude oil price (see the parameters involved in this
model in Supplementary Table 8).

Four types of constraints are set to ensure the feasibility of the
proposed CCS deployment schemes. The first constraint is the mass
balance, which means the quantities of CO2 in the capture, transpor-
tation (denoted asQtro,ij), and storage stages should be the same. This
constraint is shown in Eq. (9):

X
i

Qcap, i =
X
i

X
j

Qtra, ij =
X
j

Qsto, j ð9Þ

The second constraint is the storage capacity constraint,
restricting that the storage capacity of carbon sinks should cover the
captured CO2 of the sources within a given period. This constraint is
presented in Eq. (10):

Sj ≥
X
i�j

Qcap, i�j ×Ti�j ð10Þ

where Sj is the storage capacity of sink j, i-j is the source i from which
carbon dioxide will be captured and stored in sink j, Ti-j is the time-
frame for the CCS project between source i and sink j.

The third constraint is the mitigation potential constraint, refer-
ring to that the captured and stored carbon should reachor exceed the
mitigation potential of the sector-level decarbonization pathways in
the three scenarios. The satisfaction of this constraint would demon-
strate the reliability of the mitigation potential of CCS in China’s steel
sector. The constraint is shown in Eq. (11):

X
i

Qcap, i ≥MT ð11Þ
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where MT is the mitigation target by CCS from the sector-level
pathways, which is 609.5Mt, 536.6Mt, and 472.4Mt under the high,
moderate, and low steel output scenarios.

The last constraint is the non-negative constraint, as thequantities
of CO2 capture, transportation, and storage shouldbe non-negative, as
shown in Eqs. (12)–(14):

Qcap, i ≥0 ð12Þ

Qtra, ij ≥0 ð13Þ

Qsto, j ≥0 ð14Þ

Energy and water consumption assessment
The energy and water consumption of the CCS deployment schemes
can be evaluated by dividing them into capture, transportation, and
storage stages. Energy and water consumption in the capture and
storage stages is proportional to the quantities of carbon dioxide that
need to be captured and stored, while consumption in the transpor-
tation stage relates to both the quantity of carbon dioxide and the
transportation distance. Moreover, since energy and water consump-
tion in the carbon capture stage varies depending on the specific
carbon capture technology used, the energy and water intensity
parameters in carbon capture are consideredwithin ranges (see details
in Supplementary Table 9 and Note 5). The calculation methods are
shown in Eqs. (15)–(17):

E =
X
i

Qcap, i ×EIcap +TD×EItra +
X
j

Qcap, j ×EIsto ð15Þ

W =
X
i

Qcap, i ×WIcap +TD×WItra �
X
j

Qcap, j × η ð16Þ

TD=
X
i

X
j

Qtra, ij × Lij +
X
clu�i

Qtra, clu�i × Lclu�i +
X
clu�j

Qtra, clu�j × Lclu�j

ð17Þ

where E is the total energy consumption of the CCS deployment
scheme, EIcap, EItra, and EIsto are the energy intensities in carbon cap-
ture, transportation, and storage, TD is the total distance for carbon
transportation that can be calculated by Eq. (17), W is total water
consumption, WIcap and WItra are the water intensities in carbon cap-
ture and transportation, and η is the conversion factor between the
quantities of water by EWR and the stored carbon.

Regarding the location of energy and water consumption, we
define that energy and water consumption in carbon capture and
transportation occur at the site of carbon sources, while con-
sumption in carbon storage occurs at the site of carbon sinks. The
energy and water consumption by province is assessed by summing
up the consumption of all sites located within the province. Note
that the energy consumption and EWR in onshore oil fields and
basins are not included since they do not belong to any specific
province.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The processed steel units, economic costs, energy consumption, and
water consumption data are available in the Supplementary Informa-
tion. Source data are provided with this paper.

Code availability
The code developed in this study is available from the Zenodo
repository86.
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