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Abstract

As the largest industrial carbon-emitting sector in China, the iron and steel
industry heavily relies on blast furnace capacity with a short operational lifespan,
posing significant challenges in terms of high sunk costs during decarbonization
transition. To address these challenges, this paper develops a mixed-integer
programming model to explore how the Chinese iron and steel industry can efficiently
manage the simultaneous phasing-out of blast furnaces and promotion of advanced
steelmaking technologies. The aim is to achieve decarbonization goals while
minimizing the transition costs. The findings indicate: (1) Stricter decarbonization
targets do not necessarily mean higher transition costs; (2) There are significant
interactive effects among different technological paths for decarbonizing the steel
industry. For instance, opting for earlier blast furnace phase-outs may hinder the
deployment of zero-carbon technologies, thereby impeding the achievement of
ultimate decarbonization goals; (3) The carbon pricing mechanism plays a crucial role
in determining the decarbonization transition path for the steel industry. Introducing
carbon emissions trading can significantly reduce the costs of achieving the 1.5°C
target compared to carbon neutrality goals. A hybrid carbon pricing approach that
combines carbon taxes and emissions trading performs better in balancing the
decommissioning of blast furnaces and the deployment of zero-carbon technologies
than a single carbon pricing mechanism. Finally, this paper provides policy
recommendations on how China's iron and steel industry can achieve cost-efficient

decarbonization transition.



1. Introduction

Climate change is a major challenge facing human society, and it has become a
global consensus to deal with it. Paris Agreement established the long-term goal of
temperature control to maintain the stability of the earth, human beings, and
ecosystems (Schleussner et al.,2016). Therefore, it requires the world to achieve net
zero emissions around 2050 (Tollefson, 2018) . Up to now, more than 130 countries
have set the goal of carbon neutrality (Zhao et al., 2022). China promises to achieve
peak carbon dioxide emissions and carbon neutrality in 2030 and 2060 respectively.
The steel industry accounts for about 15% of China's CO2 emissions, and China's
carbon-neutral target has brought enormous pressure on the steel industry to reduce
emissions (An et al., 2018). Therefore, it is urgent to explore the carbon neutral path
of China's steel industry.

Many studies have discussed the low-carbon development of steel industry.
Among them, part of the literature is carried out at the factory level. For example, the
energy-saving supply curve is used to evaluate the carbon dioxide emission reduction
potential of various energy-saving technologies (Wang et al., 2020); to develop the
material-energy-carbon hub model to track the flow of carbon dioxide (Zhang et al.,
2022); and to evaluate the environmental impact of steel plant life cycle (Liang et al.,
2020). Some literatures discussed the U-shaped relationship between different
environmental supervision measures (command-based, market-based, and
public-based regulations) and energy and environmental performance of iron and steel
industry from the industry level (Wu and Lin, 2022); Causality between economic
growth, environmental regulation, and CO2 emission reduction in steel industry has
also been analyzed (Yu et al., 2015). There are also some literatures that study the
combination of low-carbon technologies to achieve the 2°C-temperature control target
and 1.5°C temperature control target in the steel industry from the bottom up (Tian et
al., 2018; Sun et al., 2022) and the decommissioning strategy of blast furnace (Vogl et
al., 2021; Wang et al., 2021) . However, there is a lack of research on how to achieve
the goal of decarbonization of the whole steel industry at the lowest economic cost

under different policy combinations.
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Therefore, in this paper we develop a model to minimize the transformation cost
of iron and steel industry, and examine 39 policy scenarios consisting of: three kinds
of decarbonization targets (2060 carbon neutral, 2050 carbon neutral, 1.5 degree
temperature control target), decommissioning strategy of blast furnace, four kinds of
carbon pricing methods (direct carbon tax (DC) , indirect carbon tax (IC) , carbon
right (CR) , indirect carbon tax + carbon right (IC&CR)) and two kinds of low-carbon
technology packages (low-carbon technology packages with or without CCS
technology participation). Specifically, this paper aims to answer the following three
questions: (1) How does carbon tax, carbon emission trading and combined carbon
pricing affect the choice of low-carbon technology in steel industry? (2) How
different decarbonization targets match which carbon pricing method can realize the
transformation path of the steel industry with the lowest economic cost? (3) Which
low-carbon technologies play a key role in the transformation path of steel industry
and the interaction between different technologies?

The overall layout of this paper is as follows. Section 2 reviews the literature
related to decarbonization of steel industry. Section 3 introduces the model
construction, data, and scenario design. Section 4 explains the results of the model,
including the choice of different decarbonization targets, carbon pricing methods, the
time of blast furnace decommissioning based on the technological path in the process
of steel industry transformation, and finally the cost difference of different low-carbon
technology packages in achieving decarbonization targets. At the end in section 5 we

give the conclusion and policy recommendations of this research work.

2. Literature review

Existing research has evaluated the carbon dioxide emission reduction potential
of steel industry from different levels. In terms of methods, part of the research is
based on index decomposition (Du and Lin, 2018), vector autoregression(Yu et al.,
2015) and quantile regression models(Xu and Lin, 2016) to discuss the effects of
economic growth, technology expenditure, investment rate and labor productivity on

carbon dioxide emissions in steel industry. These studies describe the driving factors
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of carbon dioxide from the macro level. Others have analyzed the carbon dioxide
emission reduction potential of steel industry under different technology combinations
from the bottom-up perspective. For example, by analyzing the emission reduction
supply curves of 24 advanced technologies in China's steel industry, the effects of
various technologies were evaluated (Wu et al., 2016). The emission reduction
potentials of 21 energy-saving technologies in 2020 and 2050 were evaluated by using
the saving supply curve and quadrant method (Wen et al., 2019). A bottom-up cost
minimization model was established to simulate the impact of emission reduction
measures such as elimination of backward production capacity, energy-saving
technological transformation and clean energy utilization. The intrinsic potential of
CCS technology was investigated to contribute to the goal of 2-degree temperature
control (Tian et al., 2018). The feasibility of decarbonizing the steel industry was
discussed by using inherent waste stream to achieve the goal of temperature control of
2 degrees (Sun et al., 2022). The influence of different decommissioning time nodes
of blast furnace for achieving the goal of 1.5-degree temperature control was
evaluated (Vogl et al., 2021; Wang et.al., 2021). In other words, focusing on the
feasible path of carbon neutrality in the steel industry, the bottom-up method has
greater flexibility in quantitative evaluation of emission reduction measures.

Discussions on different carbon pricing methods have been carried out in the
power industry. However, the research on carbon pricing in the steel industry still
stays on the impact of carbon tax level on the cost of low-carbon technology (Wu et
al.,2016). Nong et al. (2020), Paul et al.(2021) and Liu et al. (2021) compare the
effectiveness of carbon emission trading system and carbon tax in power industry.
While in the study by Fu et al. (2021), Cao et al. (2019) and Bi et al. 2019) the effects
of mixed carbon pricing and single carbon pricing are compared. Bertram et al. (2015)
evaluated which combination of emission pricing and technology policy can
effectively avoid further lock-in and start the transformation required to limit the
temperature rise to 2°C.

The existing research on steelmaking technology mostly focuses on incremental

technology or single technology of traditional steelmaking (Ren et al, 2021; Tian
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et.al,2018; Li et al, 2020), and the technology selection is not comprehensive enough.
Moreover, there is a lack of discussion on breakthrough steelmaking technology and
the combination of different technologies. At the same time, most of the existing
research have not considered the technology iteration and replacement in the next 30
years and the technology selection in different periods.

Decarburization of steel industry is a systematic process, involving many kinds
of influencing factors. The existing research focuses on the technologies and costs
related to carbon emission and depicts the path of emission reduction in the steel
industry. It lacks in-depth exploration from the perspective of cost optimization of
policy-resource-technology-emission integrated system. First, existing studies
generally believe that the stricter the decarbonization target, the higher the
transformation cost by ignoring the possible cost impact of matching with different
carbon pricing methods. Second, the steel industry is a resource-intensive industry,
and it changes in the use of steel resources (such as differences in scrap supply) may
have a significant impact on the choice of decarbonization path. However, the choice
of decarbonization technology path will have a negative effect on the demand of iron
ore and waste materials. The supply of renewable energy has the same problem. Third,
the existing research has neglected the interaction and influence of different
low-carbon steelmaking technologies. Therefore, in order to comprehensively
evaluate the comprehensive implementation effect of carbon neutral path in the steel
industry, this study included the decarburization target, carbon pricing method, blast
furnace decommissioning schedule and future feasible low-carbon technology
collection of China's steel industry. We also discuss the feasible path and challenges
faced by the steel industry to achieve carbon neutral. Comprehensive analysis of the
above factors can provide a more comprehensive picture of the layout of carbon
neutral schemes, and a more direct and accurate quantitative evaluation basis for
guiding policy practice.

3. Method and Data

3.1 Model setting



A mixed integer linear programming (MILP) model is built to calculate the
technical path and economic cost of China's steel industry transformation before 2050
under different schemes. In this paper, MILP, as an optimization model, aims at
planning the most cost-effective and minimized decarbonization path in the steel
industry according to the predicted demand. It takes into account the annual capacity
increase and decommissioning of different steelmaking technologies between the
current date (2022) and the target date (2050). Path optimization is subject to the
operational constraints of various low-carbon technologies, resource availability, and
different climate policy objectives.

The objective function of the model is to minimize the sum of the following
costs: (1) The initial investment cost of a newly-built steelmaking plant (11C); (2)
Operating cost of newly-built steel mills (OMC ), including fixed operating cost and
energy consumption cost; (3) Carbon dioxide emission cost of newly-built steel mills
(ECT).

Min TC =1I1C + OMC + ECT

Among them, the total investment cost is
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Tech represents various steelmaking technologies. CAPEXy,., represents the
unit investment cost of each technology. Lr..,represents the life cycle of each
technology. fg:1s 15% and represents the technical subsidy rate, and «a is equal to
10% representing the investment discount rate (Zhang et al.,2019).

Table 1: Summary of Typical Low Carbon Steelmaking Technologies in Iron and Steel Industry

Comprehensive steelmaking technology category Comprehensive steelmaking technology
without CCS technology participation category with CCS technology participation
Tech(A4) CAPEX71oc;,C Lyecn Tech(B) CAPEX7eoe,  Lrech

NY(2020)  (vear) CNY(2020)  (vear)



Al: DRI-EAF 4635.78 20 B1: BF-BOF 1903.83+34 17

(MIDREX-NG) 0.45
A2: DRI-EAF 4635.78 20 B2: Hlsarna-BOF 3673.45 17
(MIDREX-NG+60%
H2)
A3: Scrap-EAF 2060.35 20 B3: BF-TGR-BOF 1904.57 17
A4: DRI-EAF 6425.92 20 B4: DRI-EAF 4820.20 20
(100%H2) (MIDREX: NG)

AS: ULCOLYSIS 37516.65 20 BS5: DRI-EAF 4763.24 20

(MIDREX:

NG+60%H2)
B6: Scrap-EAF 2060.35 20
B7: 6425.92 20

DRI-EAF(100%H2)
B8: ULCOLYSIS 37516.65 20
B9: ULCORED 5015.76 20

Note: (1) BF-BOF with the participation of CCS technology represents the installation of CCS for traditional old
blast furnace equipment, and its investment cost is divided into two parts: the replacement cost (1903.83 yuan) and
the installation cost of CCS (340.45 yuan). BF-BOF transformation does not enjoy technical subsidy. (2) The
investment cost of various technologies is calculated based on 2020.

Total operating cost is

OMC =Yrech OMrech * X 25022 Yreen e Xies022 e Pee * Cre

Cre=2rech Urech e * Yrecht

OMr,.;, represents the unit fixed operating cost of each Technology.
C g ¢crepresents the total consumption of each energy E in the year T (t=2022, 2023, ...,
2050). Pg . represents the unit price of each energy E in the year T. Yr.., (represents
the total output of each technology tech in the year T. Ur,., g represents the unit
energy consumption of each technology.

Total emission cost ( ECT ) is affected by four carbon pricing methods, so it can

be divided into four types.
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TAX_; represents the carbon tax in the t year, EMy,, represents the emissions
per ton of steel of various technologies, Cy; represents the carbon emission
coefficient of coal and finally Cg, represents the carbon emission coefficient of
natural gas.

For the calculation method of indirect carbon tax, we refer to the method of Fu et
al (2021), and levy taxes based on the carbon emission coefficient of energy, which is
1.5 times of ECT in the case of direct carbon tax on coal and 1.2 times of ECT in the
case of direct carbon tax on natural gas. As for the calculation method of carbon right,
according to the benchmark and credit method (World Bank, 2021), we issue an
emission permit (0.968 tCO2/t) for each ton of crude steel according to the target of
1.5°C, and allow it to trade freely, in which the carbon price is implemented according
to ECT in direct carbon tax.

The model includes five constraints: carbon emission constraint, operation
constraint, supply and demand balance constraint, renewable energy constraint and
raw material constraint.

The emission constraints are affected by the setting of decarbonization targets,
which are divided into 2060 carbon neutral targets and 2050 carbon neutral 1.5-degree

temperature control targets. Therefore, the emission constraints under different



decarbonization targets are:
Yrech EMrech- Yrecn 2050=G0al 50

ZTech EMrech-Yrech 2050=Goalzpso

Y3039 Yrech EMrech Yrech ++*2050.23<3303% Pora + Goal ;5

P,;q+ represents the output of the old blast furnace that has not been retired in
the year t. According to an energy sector roadmap to carbon neutrality in China (IEA,
2021), the carbon neutrality target is set as a point target in this paper, which only
restricts the carbon emissions in 2050, while the 1.5°C temperature control target
restricts the cumulative carbon emissions from now until 2050.

Operation constraints are

CAPreche=Y5022 RCAPrech o[ ———+1.96]
m=t
When, n=16 LTrp, = 15
When, n=18 LTrec, = 17
When, n=21 LTq, = 20
CAPr..,+ represents the active annual production capacity (t=2022, 2023, ......
2050) of various technologies in year T, and RCAPr,., represents the new annual
production capacity (t=2022, 2023, ....... 2050) of various technologies in year T.
Since BF-BOF, HIsarna-BOF, BF-TGR-BOF are all old blast furnace transformation
technologies, the sum of the new annual production capacity of the three technologies
in the year t should not exceed the decommissioning capacity of the traditional old
blast furnace in that year.
Yrech=p1,52,83 RCAProc) t<Re€piast ¢
Reppsi¢ represents the decommissioning capacity of the traditional old blast
furnace in the year t.
According to the Opinions of China's Development and Reform Commission on
Doing a Good Job in Resolving Excess Capacity of Steel and Coal Industry in 2017 to
Realize Development from Difficulties, the new annual production capacity of new

steelmaking technology should be greater than 195,000 tons, and the new annual



production capacity of new steelmaking technology should be an integer multiple of
10,000 tons. Therefore,
If RCAPrpcr+=>0 Then RCAPrech:—>195000 (expect B1, B2,B3)(RCAPrech ¢

(expect B1, B2,B3) takes an integer multiple of ten thousand)
Yrecht = Yrech * CAPrecht

Yreen Stands for capacity utilization rate, set at 85% (Vogl et al, 2021).

The constraint of supply and demand balance of new technical capacity every

year is as follows
Xirech Yrech t=Dt

We subtract the annual output of traditional old blast furnaces in service from the
domestic crude steel demand in 2022-2050 predicted by IEA(2020) to get the annual
output demand of new technologies. Among them, the annual output of in-service
blast furnaces comes from the research of Tong et al (2019). They calculated the
annual output of traditional old blast furnaces from 2020 to 2050. (D,

The renewable energy constraints include the supply constraints of green

electricity and green hydrogen, which are

ZTech Yrecht " Urech E3SE3 ¢

Yrech Yrecnt " Urech E4<SE4t

Sg3¢ represents the supply of green electricity (t=2022, 2023, ..... 2050) in the
year t and Sg4, represents the supply of green hydrogen (t=2022, 2023, ...... 2050) in
the year t.

As the main raw material of electric arc furnace steelmaking and the auxiliary
material of blast furnace steelmaking, the supply of scrap steel is in great shortage ().
According to McKinsey report, scrap steel is divided into three categories:
self-produced scrap steel, processed scrap steel and depreciated scrap steel. Among
them, self-produced scrap steel and processed scrap steel are produced in the
production process of steel mills, and they are the most accessible scrap resources.
Steel mills usually meet the demand of scrap steel in blast furnace production first.

Depreciation scrap is the scrap formed by the society after a certain number of years



of use. For example, scrap steel obtained from scrapped automobiles, machinery and
equipment, airplanes, ships, containers, containers, daily-use articles, etc., is difficult
to recover, and is the main source of scrap steel for new electric arc furnace
technology in the future.
YAI,AZ ¢ 11 OOSSscrap,t
Sscrap,t Tepresents the supply of scrap steel for EAF steelmaking (t =

2022,2023, ..., 2050). The calculation method is as followng:

If ScrapHome,t + ScrapPrompt,t = (Porac + ZT@Ch:BLBZ,BB Yrecnt) 130 <0,

then Sscrap,t = ScraPObsolete,t + ScrapHome,t + ScrapPrompt,t - (Pold t +

ZTech:Bl,Bz,B3 Yrecnt)-130; conversely, Sscrap t = ScraPObsolete,t

3.2 Scenario Setting

We set a total of 39 scenarios, as shown in Table 2. The policy level includes the
selection of three kinds of decarbonization targets (2060 carbon neutral /2050 carbon
neutral /1.5 degree temperature control target), four kinds of carbon pricing methods
(direct carbon tax (DC)/ indirect carbon tax (IC)/ carbon right (CR)/ indirect carbon
tax + carbon right (IC&CR)) and three kinds of blast furnace decommissioning time
points (early decommissioning (ER)). Furthermore, we have matched two kinds of
low-carbon technology packages available in the steel industry in the future, mainly
by examining the optional low-carbon steelmaking technology set (NonCCS/CCS)
with or without CCS technology.

Table 2 Scenario Setting

Decarbonization target

260 carbon 250 carbon 1.5°C temperature control target
neutralization neutralization
Carbon pricing DC IC DC IC DC IC CR IC&C
R

Retirement ER  (Non) Non (Non) Non (Non) Non (Non) (Non)



time CCS CCS CCS CCS CCS CCS CCS CCS

MR (Non) Non (Non) Non (Non) Non (Non) (Non)
CCS CCS CCS CCS CCS CCS CCS CCS

LR (Non) Non (Non) Non (Non) Non (Non) (Non)
CCS CCS CCS CCS CCS CCS CCS CCS

According to the APS(Announced Pledges Scenario) in IEA Report (2021), we
set the 2060 carbon neutral target and 2050 carbon neutral target. The first scenario is
2060 DC with six blast furnace decommissioning strategies, which aims to reflect the
impact of different blast furnace decommissioning strategies on the transformation of
steel industry. They provide a benchmark for evaluating the impact of the change of
decarbonization target and the choice of carbon pricing method. The second scenario
is three strategies of decommissioning blast furnace under 2060 IC, which can reflect
the impact of the change of carbon pricing mode on the transformation of iron and
steel industry compared with 2060 DC. In the third and fourth scenarios we only
changed the decarbonization target to 2050 carbon.

In order to better explore the influence of different decarbonization targets and
carbon pricing methods on the transformation of iron and steel industry, a temperature
control target of 1.5°C is introduced here, and two additional carbon pricing methods
different from the carbon neutral target are designed for it: carbon emissions trading,
carbon emissions trading & indirect carbon tax. Referring to the research of Wang et
al. (2021), we calculated and set the temperature control target of 1.5°C. Among them,
the 1.5 DC scenario and the 1.5 IC scenario not only provide a richer discussion on
the impact of the change of decarbonization target, but also provide a benchmark for
finding the best carbon pricing method under the target of 1.5°C. According to the
report of the World Bank (2021), in the 1.5 CR scenario, based on the temperature
control target of 1.5°C, we designed a carbon emission trading method by adopting
the method of benchmark and credit. The 1.5 IC&CR scenario adds indirect carbon

tax on the basis of the 1.5 CR scenario. Except indirect carbon tax, there are six



strategies for decommissioning of blast furnace. The transformation of blast furnace
under indirect carbon tax is not feasible, so there are only three strategies for

decommissioning blast furnace.

4, Result

4.1 Transition costs and greenhouse gas emissions under the goal of carbon

neutrality and the route of technology development

Firstly, we evaluated the cost path of technological transformation in steel
industry under the scenario of 2060 DC_ NonCCS. The core features of the minimum
cost path are as follows: the traditional blast furnace technology will be retired from
the mid-term (2027) and completely withdrawn from steel production by 2042;
DRI-EAF and Scrap-EAF will expand their production capacity from now (2022) to
cope with the supply reduction caused by the mid-term decommissioning of blast
furnace; Until 2039, electrolysis technology was introduced. By 2050, the cumulative
output of DRI-EAF, Scrap-EAF and electrolysis technology will account for 14.2%,
60.9% and 24.9% respectively, and the total transformation cost will be 17,203.88
billion yuan. Considering that some large steel enterprises in China have announced
that they will achieve carbon neutrality ahead of schedule in 2050.%, We investigated
the transformation path of the steel industry under the scenario of 2050 DC_NonCCS.
The transformation cost of 250 DC NonCCS is still the lowest when the blast
furnace was retired in the middle stage, which is 17205 billion yuan, which is 1.38
billion yuan higher than that of 2060 DC NonCCS. However, electrolysis technology
was used earlier, and the steelmaking technology based on fossil raw materials will

completely withdraw from the market before 2050.

1 Since 2021, China's Baowu, Hesteel, Angang Steel, Baotou Steel and other super-large steel enterprises have
successively released carbon peak and carbon neutrality targets, of which the carbon peak time point is basically
controlled before 2025, and carbon reduction will be achieved by 30% by about 2030, and carbon neutrality will
be achieved by 2050.
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Fig.1 Comparison of Technology Path and Cost of Iron and Steel Industry under 2060 and 2050
Carbon Neutralization Goals

Compared with the mid-term decommissioning of blast furnace, the
transformation cost brought by early decommissioning is the highest. On the one hand,
the early retirement of blast furnace leads to high investment cost of new equipment.
On the other hand, early retirement is not conducive to the matching between
low-carbon steelmaking technology and raw material supply. In particular, in the
future, the expansion of electro-metallurgy scale and the growth of renewable power
and scrap steel supply will increase the transformation cost. (Photo: Total cost,
transformation & old blast furnace). Specifically, when the blast furnace is
decommissioned in the early stage. This is because the electric arc furnace technology
has the most cost advantage and it is the most important low-carbon steelmaking
technology to supplement the decommissioning capacity of the blast furnace in the
early stage. However, the capacity expansion of early EAF was limited by the supply

of scrap steel, so DRI-EAF with the second lowest cost was needed as a supplement.



At this time, renewable power supply can meet the power demand of these two
low-carbon steelmaking technologies. However, from 2025, the total operating cost
per ton of steel of electrolysis technology (including fixed operating cost, emission
cost and energy consumption cost) began to be lower than that of natural gas shaft
furnace, and gradually had cost advantage. By 2039, the total operating cost per ton of
steel of electrolysis technology will be even lower than that of electric arc furnace,
making it the most cost-effective technology in the medium term. However, as a large
number of newly added electric arc furnaces and DRI-EAF capacity have not been
retired in the early stage, the renewable power supply required by electrolysis
technology is squeezed out, making it impossible to expand the capacity. Even in the
late stage, high-cost hydrogen-based steelmaking technology has to be adopted to
meet the requirements of carbon neutrality. In contrast, the mid-term
decommissioning of blast furnace reserves renewable power space for the capacity
expansion of electrolysis technology and avoids the excessive transformation cost
caused by the mismatch of technology and resources. The transformation cost of blast
furnace under late retirement is between early retirement and medium retirement.
Although the late retirement saves the investment cost of new equipment, the
emission cost increases faster, so it i1s uneconomical for the transformation of the

whole steel industry.

4.2 Impact of direct carbon tax and indirect carbon tax on technology path
selection under carbon neutral target (comparison between the choices of carbon

pricing methods under different decarbonization targets)

Compared with the direct carbon tax to tax the steel industry's terminal emissions,
the indirect carbon tax (taxing the energy consumption end) can more effectively
restrain the use of fossil raw materials and further encourage the steel industry to
adopt renewable energy steelmaking technology. The results (as shown in the figure)
show that when the indirect carbon tax is applied to the steel industry, the impact on

technology path selection is consistent although the minimum transformation cost



increases by about 1040 billion yuan (6.1%) compared with the direct carbon tax in
2060 NonCCS and 2050 NonCCS scenarios respectively. First, the choice of
low-carbon technology is similar; Second, the development scale of various new
steelmaking technologies will remain unchanged in the future. The difference is that,
compared with 2060 DC NonCCS, in the situation of 2060 IC NonCCS, the steel
industry adopted electrolysis technology to replace natural gas shaft furnace earlier
and on a larger scale. This is because indirect carbon tax only levies taxes on fossil
raw materials, but not on renewable electricity. While not increasing the operating
cost of zero-emission technologies such as electrolysis technology, it also increases
the operating cost of fossil raw materials steelmaking technology, which can stimulate
the steel industry to transform to zero emission more than direct carbon tax. However,
due to the relatively small proportion of zero-emission technologies, indirect carbon
tax will eventually lead to an increase in the total transformation cost. Compared with
the 2060 NonCCS scenario, when the indirect carbon tax is adopted in the
2050 NonCCS scenario, the time point and scale of technology introduction have not
changed, and only the overall transformation cost has been reduced. The results also
show that indirect carbon tax has higher emission reduction requirements than direct
carbon tax, and the implementation of indirect carbon tax under the 2060 carbon
neutral target can guide the steel industry to achieve the 2050 carbon neutral target
independently. In addition, as shown in figs. 2(a) and 2 (b), when indirect carbon tax
is used, the order of transformation costs corresponding to different decommissioning
time of blast furnace is: MR < ER < IR. Under the direct carbon tax scenario, the
transition cost of late retirement of blast furnace is between early retirement and
medium retirement. This means that, compared with the direct carbon tax, the indirect
carbon tax significantly increases the transformation cost after the late
decommissioning of blast furnace by increasing the emission cost, so it can more
forcefully urge the transformation of fossil raw material technology to renewable

energy technology in the steel industry.

4.3 Exploring the policy conditions with more emission reduction effects and cost



advantages (transition costs and greenhouse gas emissions under the

temperature control target of 1.5°C and the route of technological development)

Studies have pointed out that China's carbon neutrality target in 2060 is basically
the same as the global temperature control target of 1.5°C, but the latter is more
stringent (Duan et al.,2021). We evaluated the technological path of steel industry
under the scenario of 1.5 DC (Non)CCS. The results show that the technical path in
this scenario is completely consistent with the 2060 DC (Non)CCS scenario.
However, it should be noted that under the goal of carbon neutrality in 2060, the blast
furnace must be retired from now on, so as to ensure the goal of 1.5°C, which is
consistent with the conclusion of Vogl et al.(2021). We also investigated the impact of
1.5 IC_(Non)CCS scenario on the transformation path, and the conclusion is
consistent with that of 2060 IC (Non)CCS. Further, if the carbon tax is changed to
carbon emission trading, the results show that the technological path has not changed
much, but the transformation cost has obviously decreased. Because carbon emission
trading does not add extra cost to the steel industry like carbon tax, the overall
transformation cost is not high, and it is the most economical carbon pricing method
(see Figure 2(c)). However, it transfers the cost between fossil raw material

technology and renewable energy technology (Duan et al.,2021) .
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Fig.2 Impact of Different Carbon Pricing Methods on Transformation Cost of Iron and Steel
Industry

Now, let's examine the combination carbon pricing method (carbon right +
indirect carbon tax) with more incentive to reduce emissions. Compared with single
carbon pricing, 1.5 IC&Cr NonCCS subsidizes low-carbon steelmaking technologies
through carbon trading. It reduces the unit operating cost of these technologies and
further narrows the cost gap between renewable energy steelmaking technologies and
fossil raw materials steelmaking technologies. As shown in Figure 2(c), under the
temperature control target of 1.5°C, the combined carbon pricing method brings less
transformation cost than other carbon pricing methods (except carbon rights trading),
even less than the transformation to achieve the 2050/2060 carbon neutrality target.
Therefore, the strictness of the decarbonization target can't completely determine the
transition cost, and it is also very important to choose the appropriate carbon pricing

method.

4.4 Impact of key low-carbon technologies on transformation costs and emissions
of steel industry (the future development potential and importance of different
steelmaking technologies and the corresponding relationship with different

policy conditions)

Firstly, we compared the transformation path of steel industry with CCS and
NonCCS and found that CCS technology can reduce the transformation cost and
carbon emissions at the same time by improving the problem of overcapacity. This
can't be achieved simply by using low-carbon steelmaking technology, setting
decarbonization target and carbon pricing method. The reason is that the introduction
of CCS technology provides additional decarbonization space for the steel industry,
which is reflected in the following two aspects: First, CCS technology makes it
possible to further decarbonize the blast furnace and improves the flexibility of
decommissioning the blast furnace; Secondly, the carbon emission per ton of steel of

low-cost technologies (BF-TGR-BOF, DRI-EAF-NG, DRI-EAF-60%H?2) is reduced.



In the end, the advantages of CCS in the above two aspects led to a significant
decrease in the total transformation cost. Specifically, in the scenario of
2060 DC CCS, the core features of the technical path are as follows: The optimal
decommissioning node of blast furnace will be advanced to 2022, and it will be
completely withdrawn from steel production by 2038. BF-TGR-BOF(CCS),
DRI-EAF(NG, CCS) and Scrap-EAF, as the three technologies with the most cost
advantages (investment and operation costs) to meet the emission limit per ton of steel,
will expand their production capacity from now on. By 2050, the cumulative output of
the three technologies will account for 47.7%, 11.2% and 41.1%. Under this scenario,
the total transformation cost is 14617 billion yuan, which is 3968 billion yuan less
than that of 2060 DC NonCCS. Similarly, compared with the absence of CCS
technology, the cost of 1.5 DC CCS, 1.5 IC CCS, 1.5 CR CCS and
1.5 IC&CR_CCS are also reduced by 3635 billion yuan, 3993 billion yuan and 1734

billion yuan respectively.



2060_DC_NonCCS 2060_DC_CCS

400 400
300 A - 300
200 200
100 - - 100 l
0 ! ] . / : | ! 0 : ! ! :
2022 2026 2030 2034 2038 2042 2046 2050 2022 2026 2030 2034 2038 2042 2046 2050
2050_DC_NonCCS 2050_DC_CCS
400 400
300 A 300
200 l 200
100 = 100
. 11 ] 0 -
2022 2026 2030 2034 2038 2042 2046 2050 2022 2026 2030 2034 2038 2042 2046 2050
= 1.5_DC_NonCCS 1.5_DC_CCS
= | 400 400
2 | 300 - 300
§ 200 | 200
8 100 - I 100 I
2 0 ! ! . ! ! ! ! 0 : ! ! :
z 2022 2026 2030 2034 2038 2042 2046 2050 2022 2026 2030 2034 2038 2042 2046 2050
1.5_CR_NonCCS 2050_CR_CCS
400 400
300 A - 300
200 200
100 - " 100 I
0 ! ! . J ] ! I 0 : | ! .
2022 2026 2030 2034 2038 2042 2046 2050 2022 2026 2030 2034 2038 2042 2046 2050
1.5_IC+CR_NonCCS 1.5_IC+CR_CCS
400 400
300 A 300
200 A B 200
100 - - 100
™~ |
0 | T PPT S—— B R, P T STE— R
2022 2026 2030 2034 2038 2042 2046 2050 2022 2026 2030 2034 2038 2042 2046 2050

DRLEAF (NG ScmpEAF W ULCOLYSIS MBETCR-BOF wDRIEAF (60%:HD)
Fig.3 Compare the change trend of new capacity of low-carbon steelmaking technology in iron

and steel industry with the participation of Non-CCS and CCS

Secondly, we found that electrolysis technology is always a necessary option in
various scenarios. In order to further analyze the impact of electrolysis technology on
cost and emission, we removed electrolysis technology and kept only the other four
technologies in the scenario of 2060/2050 DC/IC_CCS/Non-CCS. We found that the
goal of 2060 carbon neutrality can be achieved without electrolysis technology, but
the goal of 2050 carbon neutrality is not achievable. The main reason is that the only
low-carbon steelmaking technologies that can meet the emission limit of 2050 are
electrolysis technology and hydrogen-based steelmaking technology. However, the

hydrogen-based steelmaking technology can't play the same role as electrolysis



technology due to the shortage of hydrogen supply, so it can't meet the emission
reduction requirements of carbon neutrality in 2050. Similarly, under the target of
1.5°C, we examined the importance of electrolysis technology to reduce the total
transformation cost and cumulative emissions. The results show that the lack of
electrolysis technology will lead to the increase of the total transformation cost and
accumulated carbon emissions of the steel industry to achieve the goal of 1.5°C. This
result shows the importance of -electrolysis technology in the low-carbon
transformation of the steel industry.
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Fig.4 Cost comparisons of scenario transformation between Non-CCS and CCS.

Compared with 2060 DC_CCS, the technology used in 2050 DC CCS is more
diversified, especially when the hydrogen-based steelmaking technology is added.
The main reason is that although the high hydrogen cost makes the unit operating cost
of this technology higher than other low-carbon steelmaking technologies, with the
rapid decline of hydrogen cost driven by technological progress, DRI-EAF(60%H2)
has narrowed the gap with other technologies in energy consumption cost at the end
of the transformation. In addition, since the emission of this technology is far less than
that of other technologies, the investment cost of installing CCS is lower, thus making
up for the disadvantage caused by the high energy consumption cost and making it
possible to adopt hydrogen-based steelmaking technology.

Finally, we also explored the internal relationship among CCS technology,
electrolysis technology and hydrogen-based steelmaking technology, which is not

affected by the goal of carbon neutrality, carbon pricing method and decommissioning



strategy of blast furnace. When CCS is available, it is possible to reduce the carbon
content of blast furnace, and the emissions of other fossil fuel steelmaking
technologies have been greatly reduced. Therefore, the steelmaking technology with
CCS is superior to electrolysis technology in terms of unit emissions and cost,
resulting in the substitution of electrolysis technology. However, when CCS
technology cannot be developed on a large scale, electrolysis technology is a key to
achieve the goal of carbon neutrality. Compared with other steelmaking technologies,
this technology has absolute advantages in terms of both emission and energy
consumption costs. The adoption of hydrogen-based steelmaking technology is
influenced by the development of CCS technology and electrolysis technology.
Without the cooperation of the latter two technologies, the steel industry can't achieve
the goal of carbon neutrality in advance through hydrogen-based steelmaking

technology.

4.5 Sensitivity analysis

The choice of low-carbon technology path in steel industry depends largely on the
changes of raw material market and technology cost. For example, with the changes
of energy supply and price, scrap supply and technology maturity, the development
scale of various low-carbon steelmaking technologies will also change. Discussing the
dynamic changes of model constraints and key exogenous variables can deepen the
forward-looking and scientific validity of this research. The main exogenous
parameters of the model are as following: energy supply constraint, scrap supply
constraint, energy price, equipment investment cost and capacity utilization rate. The
results show that the constraints of renewable energy supply, the dynamic changes
(-10%, +10%) of equipment investment cost and capacity utilization rate have weak
influence on technology selection. However, a 10% increase in scrap supply
constraint will increase the capacity of Scrap-EAF technology by at least 6.3% and
reduce the transformation cost by 5.2%. A 10% reduction in the price of hydrogen

energy will enable hydrogen-based steelmaking technology to be introduced earlier



and on a larger scale in the goal of 2050 carbon neutrality and 1.5-degree temperature

control, and with the transformation cost reduction of at least 15.6%.

5. Conclusion and Policy Implication

5.1 Conclusion

From the cost minimization perspective, under the multiple constraints of
policy-resources-technology-emissions, this study quantitatively mapped out the
technological path for steel industry to achieve the goal of carbon neutrality. Based on
39 scenarios including decarbonization target, carbon pricing method,
decommissioning strategy of blast furnace capacity and technology availability, the
choices and challenges faced by steel industry in achieving carbon neutrality are
comprehensively expounded. Moreover, the emission reduction potential, emission
reduction cost and technology development path of steel industry in each scenario are
quantitatively evaluated. The main conclusions of this study are given below.

(1) The cumulative cost of various policy scenarios for steel industry to
achieve carbon neutrality varies greatly. Among them, the policy arrangement
with the highest cost is to realize carbon neutrality of steel industry in 2050 a
nd adopt indirect carbon tax policy (2050 DC), and the transition cost is at le
ast 18247 billion yuan. The policy measures with the lowest cost are: to contr
ol the temperature at 1.5°C and implement the carbon emission trading policy
(1.5_CR). This scenario reduces the cost difference between fossil-fired raw ma
terial steelmaking technology (such as blast furnace and natural gas shaft furna
ce) and renewable energy steelmaking technology (such as electrolysis technolo
gy and hydrogen-based shaft furnace) through carbon emission trading, without
increasing the overall transformation cost, and encourages the steel industry to
transform to deep decarbonization faster. Furthermore, if CCS technology is in
volved and the government allows the blast furnace production capacity to be

delayed until 2038, the minimum transformation cost can be reduced to 8060 b



illion yuan, which is at least 10187 billion yuan lower than the high-cost path.

(2) The goal of decarbonization and the way of carbon pricing are equal
ly important to the choice of transformation path of iron and steel industry. Fir
stly, the decarburization target determines the type of low-carbon steelmaking te
chnology that the steel industry needs to develop. Under the goal of carbon ne
utrality in 2060, the steel industry focuses on the development of Scrap-EAF a
nd DRI-EAF(NG), BOF-TGR-BF and electrolysis technology. The 2050 carbon
neutral target and the 1.5°C temperature control target put forward higher requi
rements for the technical arrangement of the steel industry. When CCS technol
ogy is unavailable, electrolysis technology must be introduced earlier and on a

larger scale. Secondly, compared with direct carbon tax, indirect carbon tax re
duces the cost difference between traditional fossil raw material steelmaking tec
hnology and renewable energy steelmaking technology by taxing energy users,

and plays a key role in the introduction of electrolysis technology and hydroge
n-based steelmaking technology. Furthermore, the carbon pricing method, which
combines indirect carbon tax with carbon rights, strengthens this role.

(3) CCS technology, electrolysis technology and hydrogen-based steelmak
ing technology are the three most critical technologies to achieve carbon neutra
lity in steel industry. Under the same policy conditions, CCS is the best techn
ology to achieve the goal of decarbonization, which is reflected in two aspects.

First, with the participation of this technology, the cost of deep decarbonizatio
n of blast furnace is possible, and the reduction of investment cost enables the
steel industry to achieve the goal of decarbonization with minimum cost. Seco
nd, CCS technology contributes to the development of hydrogen-based steelmak
ing technology and is an important engine for the development of zero-carbon
technology in the steel industry. When CCS technology is unavailable, electroly
sis technology is the last mile for the steel industry to achieve the goal of car
bon neutrality. It needs to be introduced around 2038, and the output will reac
h at least 20% of the total social demand. Hydrogen-based steelmaking technol

ogy is the core technology of steel industry to achieve the goal of carbon neut



rality in 2050. It will become the main technology in 2048, but it still needs

CCS technology and electrolysis technology.

5.2 Policy Implication

Based on the analysis and discussion of the research results, this paper puts
forward the following three recommendations:

(1) The decarbonization target and carbon pricing method provide the most

important constraints for the technical path planning of the steel industry. From the
perspective of optimal cost, the pricing method of carbon emission trading can realize
the transformation path with the lowest cost. Therefore, market means should be
adopted to integrate carbon market in the steel industry, which can further promote
innovation and achieve low-carbon development.
(2) Iron and steel enterprises need to plan the technological development path in
advance. In the short term, they should vigorously develop electric arc furnace
technology; In the medium term, they should pay attention to the deployment of
DRI-EAF(NG) and BOF-TGR-BF technologies; And finally, in the long run, the
development of electrolysis technology, hydrogen steelmaking technology and CCS
technology is more conducive toward achieving the goal of decarbonization.

(3) Iron and steel industry needs to coordinate the relationship between carbon
neutrality target and raw material safety and accelerate the formation of domestic and
foreign raw material double circulation system. Appropriate subsidization of the
energy transformation of the iron and steel industry can reduce the cost difference
between fossil raw material technology and renewable energy technology. It can
encourage iron and steel enterprises to try to speed up the reduction of external
dependence on iron ore and speed up the mining of domestic iron ore. It can also
provide a series of support for domestic iron ore enterprises at the level of taxation,
subsidies, approval, and other market mechanisms, while ensuring long-term effective
and smooth international ore network channels. For scrap recycling, a complete scrap

recycling-processing-distribution network is formed by establishing a large-scale


https://www.sciencedirect.com/topics/engineering/carbon-market

scrap processing base.disabledlIt is necessary to recycle steel into the industrial chain

and improve the recovery rate of scrap steel to achieve the goal of carbon neutrality.
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