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Abstract

The increasing energy and material consumption associated with global economic growth has resulted
in the need for more severe efforts at mitigating global climate change. The iron and steel industry
consumes 8% of energy and emits 7% of total CO, globally. China’s iron and steel industry contributes
to 15% of that country’s total CO, emissions. Therefore, there is an urgent need to explore the
possibility of net zero emissions in the iron and steel industry in China to meet China’s goal of carbon
neutrality before 2060. In the study presented in this paper, the MESSAGEix—China iron and steel
model was developed by integrating the process-based technology of the sector into the
[IASA’s MESSAGEix framework to explore zero CO, emission pathways and their associated
impacts on resources, energy, and water in China’s iron and steel industry up to 2100. We found
that there are multiple pathways to achieving zero CO; emissions in the Chinese iron and steel
industry by the end of the 21t century. More specifically, in all the pathways developed in this
study, CO, emissions decreased significantly between 2030 and 2060 due to the rapid application
of 100% scrap-based Electric Arc Furnaces (EAFs) and hydrogen-based Direct Reduced Iron (DRI)-
EAFs steel-making technologies. However, by 2060, there will still be 70—-360 Mt of CO, emissions
from China’s iron and steel industry; consequently, carbon sink or negative emission technologies
are required to offset this and achieve the country’s carbon neutrality goal. Furthermore,
technologies for achieving zero emissions differ widely in terms of their impacts on the
consumption of materials and energy. Compared to the electric (ELE) scenarios, 25—40% of extra
iron ore is consumed in the current and new national policy (NPS) scenarios and the DRI
scenarios, but 25-220% of scrap is required. At the same time, 20-150% more energy will be
saved in the ELE scenarios than in the NPS and DRI scenarios. Finally, we recommend that policy
makers design a cross-cutting strategy to achieve zero CO, emissions and enhance efforts for material
recycling and the provision of clean energy and water.
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Highlights:

1)  There are multiple pathways to achieving net zero emissions in China’s iron and steel

1 *Corresponding author.
E-mail addresses: s_zhang@buaa.edu.cn (S. Zhang); yow2018@buaa.edu.cn (B, Yi).



This is an author-produced, peer-reviewed version of this article. The final publication is available at

www.sciencedirect.com.

Copyright restrictions may apply.https://doi.org/10.1016/j.jclepro.2022.130813

industry.

2)  Steel outputs are essential for reducing CO, emissions and conserving materials, energy,

and water.

3)  Hydrogen-based DRI and 100% scrap-EAFs technologies are key to achieving zero

emissions.

4)  CO, mitigation measures have limited impacts on water consumption.

Nomenclature

MESSAGE The Model for Energy Supply Strategy Alternatives and their
General Environmental Impact

GAINS The Greenhouse Gases and Air Pollution Interactions
and Synergies

EAFs Electric Arc Furnaces

DRI Direct Reduced Iron

NPS Current and New National Policy Scenarios

ELE Electric-based scenarios

IAMSs Integrated Assessment Models

BECCS Bioenergy Carbon Capture and Storage

[EA International Energy Agency

IRENA The International Renewable Energy Agency

KIC The Climate-Knowledge and Innovation Community

EU European Union

CCUS Carbon Capture, Utilization and Storage

TIMES The Integrated MARKAL-EFOM System

BF-BOF Blast Furnaces - Basic Oxygen Furnaces

[IASA International Institute for Applied Systems Analysis

O&M costs Operation and Maintenance costs

IMAGE Integrated Model to Assess the Global Environment

STEPS Stated Policies Scenario

SDS Sustainable Sevelopment Scenario

NZE Net Zero Emission

GLOBIOM Global Biosphere Management Model

GDP Gross Domestic Product

HSD High Steel Demand

LSD Low Steel Demand

HC|GAS_DRI Fossil-fuel-based DRI scenarios

H2_ DRI Hydrogen-based DRI scenarios

CECA China Energy Conservation Association

Sinter_prod_bf bof Sinter production in BF-BOF process

Pellets_prod_bf bof Pellets production in BF-BOF process

Iron_ore_extr _open_pit Iron ore extraction by open pit mining technology
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Iron_ore_extr_underground

Iron ore extraction by underground mining technology

Iron_ore_benefication

Iron ore production by iron ore processing/benefication
technology using primary iron ore to secondary iron ore-used
in sinter/pellets plants

Crudesteel _prod_bof

Crude steel production in basic oxygen furnace route

Crudesteel _prod_eaf prim

Crude steel production in pig iron based electric arc furnace
with DRI process

Crudesteel _prod_eaf sec

Crude steel production in 100% scrap based electric arc
furnace process

Steel_hot_rolling_prod

Hot rolled steel production by hot rolling from cast steel

Steel_cold_rolling_prod

Cold rolled steel production by cold rolling from cast steel

Steel_finishing_prod

Steel production by finishing process (including coating,
painting, etc.) from rolling steel

Steel_cast_prod

Cast steel production in casting process from crude steel

Pigiron_prod_bf

Pig iron production in blast furnace process and will be used
in BOF route

Pigiron_prod_h2_dri

Pig iron production by hydrogen-based DRI process and will
be used in EAF route

Pigiron_prod_coal_dri

Pig iron production by coal-based DRI process and will be
used in EAF route

Pigiron_prod_coal_dri_ccus

Pig iron production by coal-based DRI process with CCUS and
will be used in EAF route

Pigiron_prod_gas_dri_ccus

Pig iron production by natural gas-based DRI process with
CCUS and will be used in EAF route

Pigiron_prod_gas_dri

Pig iron production by natural gas-based DRI process and will
be used in EAF route

Pigiron_prod_smelt

Pig iron production in oxygen-rich smelting reduction process
and will be used in BOF route

Pigiron_prod_smelt_ccus

Pig iron production in oxygen-rich smelting reduction process
with CCUS and will be used in BOF route

Coke_prod_coal

Coke making by coal

lime_prod

Lime production from limestone

1. Introduction

The carbon cycle includes short-term processes (e.g., photosynthesis, respiration, exchanges
between air and sea, etc.) and long-term processes (exchanges between the oceans, atmosphere,
biosphere, and soils) (Berner, 2003). The consumption of fossil fuels has rapidly increased, resulting
in the emission of a large amount of CO, disturbing the global carbon cycle (The Royal Society,
2021). Because CO; is the main driver of climate change, it is essential to limit global warming by
reducing CO, emissions. During the past 20 years, the effort to combat climate change has
increased. For example, the 2015 Paris agreement pledged to limit global warming to less than 2°C
and to pursue the goal of a 1.5°C cap to avoid the worst impacts. In line with the Paris agreement, a
growing number of countries (e.g., Sweden, France, Germany, the United Kingdom, Canada, Japan,
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and South Korea) have pledged to achieve net zero emissions or carbon neutrality before the
second half of the 21 century (Megan and Isabelle, 2019). Consistent with this, in September 2020,
China, one of the world’s largest CO, emitters (accounting for around 28% of the global total),
announced that it will achieve a peak in CO, emissions before 2030 and become carbon neutral
before 2060. These goals are crucial for tackling climate change and for avoiding a 0.2-0.3 °C
temperature increase this century, relative to the pre-industrial level (Cai et al., 2020; Climate
Action Tracker, 2020; Hector, 2020; Normile, 2020). It also means that all sectors of the economy
have to rapidly take action to reduce emissions in the next several decades. However, China has not
yet revealed details on how it intends to reach its carbon neutrality target, including what efforts
are required and the associated realistic timelines by industry sector.

Many integrated assessment models (IAMs) are widely used to explore long-term climate change
mitigation pathways and the associated impacts on energy use, the economy, and the
environment. Yet, most IAMs analyses tend to focus on supply-side mitigation options on global
and regional scales. For example, IAMs studies have found that energy efficiency improvement,
energy transition from coal to clean energy, and bioenergy carbon capture and storage (BECCS) in
energy supply systems are essential for achieving the 1.5°C cap (Grubler et al., 2018; Rogelj et al,,
2018; Vuuren et al., 2018). However, solutions for demand-side sectors are not given the same
level of attention due to economic and technical challenges (e.g., complexity of industrial sectors)
(Creutzig et al.,, 2018, 2016). The latest analysis from the International Energy Agency (IEA)
summarized four main challenges (i.e., long lifetime, high temperature requirement, process
emissions, and trade within the global market) for achieving higher decarbonization levels in
energy-intensive sectors, especially the iron and steel, cement, aluminum, and chemicals sectors
(Hana et al., 2020). The International Renewable Energy Agency (IRENA) provides a ranking of the
best potential efforts for reaching zero emissions in the iron and steel, chemical and
petrochemicals, cement and lime, aluminum, and transportation sectors by 2060 (IRENA, 2020). In
the European Union (EU), the Climate-Knowledge and Innovation Community (KIC) found that
material efficiency improvement, material reuse, new production processes, and carbon capture
and storage/use are essential for achieving net zero emissions in heavy industrial sectors by 2050
(Material Economics, 2019). Moreover, the reduction in material demand, the use of good quality
recycling methods, and the decarbonization of production by using CO,-free hydrogen and
electricity and Carbon Capture, Utilization and Storage (CCUS) could lead to zero emissions in the
cement and steel sectors (Chris, 2019).

In China, current studies have mostly focused on cost-effective decarbonization measures in the
manufacturing sector, especially in the iron and steel industry, which accounts for 15% of energy
and CO; emissions in China (Hasanbeigi et al., 2013; Sun et al., 2020; Wen et al., 2019, 2014, Yue et
al., 2018; Zhang, 2016). Many researchers have developed process-based tools to estimate the
potential for energy conservation and CO, emissions mitigation in the Chinese iron and steel
industry; they have reported that the application of the currently available technologies to achieve
energy efficiency would only result in a 8-27% decrease in those emissions (Zhang et al., 2014,
2019a). Similarly, the China-TIMES model, developed by Ma et al. (2016), was employed to quantify
the key efforts that were being made, including the application of energy-efficient measures,
reductions in steel demand, and the replacement of blast oxygen furnaces with electric arc furnaces
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(EAFs), that contribute to CO, reductions and their associated impacts on the reduction of air
pollution in the Chinese iron and steel industry. They found that such measures will not only reduce
CO; emissions by around 20% in 2050, but will significantly reduce air pollution (Ma et al., 2016).
However, the latest studies show that there is a lack of knowledge on how to achieve net/near zero
emissions in China’s iron and steel industry. Therefore, the study presented in this paper fills this
gap by exploring the pathways to achieving net zero emissions in the Chinese iron and steel
industry by the end of the 21 century and by quantifying how technology options affect the
consumption of energy and resources. The model for energy supply strategy alternatives and their
general environmental impact (MESSAGEix)—China for iron and steel was developed and used to
assess the potential for CO, reduction using different process-based steel making routes and to
quantify the associated impacts on energy and water by the end of the 21° century.

More specifically, this study first builds on Zhang et al. (2019) by extending the study period from
2050 to 2100 to reflect the-state-of-art studies of steel demand projections. Then, the technologies
(e.g., iron ore extraction through open pit and underground technologies, iron ore processing
through beneficiation technology, coal-based Direct Reduced Iron (DRI) with and without CCUS,
natural gas-based DRI with and without CCUS, and hydrogen-based DRI technologies for pig iron
production, secondary-based EAFs technologies for crude steel production, and post-process of
crude steel through casting, hot rolling, cold rolling, and finishing technologies, etc.) are employed
to improve the technology database that was developed by Zhang et al. (2019). The extended
timeframe and process-based technology database of the present study provide two important
elements and insights. First, the developed MESSAGEix — China iron and steel industry model allows
for narrowing the pathways for low and zero emissions in China’s iron and steel industry and
determining the associated impacts on consumption of resources, energy, and water under the
selected target (e.g., carbon neutrality). The technology selection and the relevant capacity and
activity will also be identified. Second, under China’s carbon neutrality goals, carbon sink or
negative emission technologies will be needed to offset 70-360 Mt of CO, emissions from the
Chinese iron and steel industry by 2060.

This paper is organized as follows. Section 2 presents a brief overview of the iron and steel industry.
Section 3 describes the MESSAGEix—China iron and steel model that we employed to develop the
scenarios we used to explore the low and zero emissions pathways in China’s iron and steel industry.
Section 4 presents a discussion of the results of raw material, energy, and water consumption in
relation to the CO; mitigation pathways. Section 5 presents the uncertainties analysis for the key
modelling parameters. Section 6 presents the conclusions and recommendations for further
research.

2. Overview of the iron and steel industry

Global crude steel production has been rising steadily in the last 70 years, especially in the last two
decades, due to rapid urbanization and economic development. The global crude steel production
was nine-times higher in 2020 than in 1950 (see Figure 1). Rapid global development occurred
during two periods; the first period was between 1950 and 1970 due to the construction of
infrastructure in developed countries (e.g., the United States, Japan, and countries in the EU), while
the second period occurred after 2000, due to the key contribution of China (He and Wang, 2017).
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Pig iron is a key intermediate product in crude steel production. In blast furnaces - Basic Oxygen
Furnaces (BF-BOF) route of steel making, pig iron production accounts for over 62% and 50% of the
total energy consumption and total CO, emissions in the iron and steel industry, respectively (Zhang
et al., 2014). Similar to the trend of crude steel, the global production of pig iron rose from 381 Mt
in 1968 to more than 1300 Mt in 2020. In China, crude steel production has increased nearly 14-
fold, from 66 Mt in 1990 to 1064 Mt in 2020, and pig iron production has increased at the same
rate.

e Global crude steel Chinese crude steel Global pig iron Chinese pig iron
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Data source: CSDRI (2016), National Bureau of Statistics (2019, 2016), and the World Steel Association (2017).
Calculations done by the authors.

The iron and steel industry is one of the most energy- and material-intensive of all industries; it
accounts for 8% of global energy consumption and 7% of CO, emissions in the energy sector
(including energy combustion and processes emissions) (IEA, 2020a). In the iron and steel
industry, energy consumption is related to production volume, type of products, production
processes, and technological change (Song et al., 2018). Similar to that of crude steel production,
the total energy consumption in the global and Chinese iron and steel industries has risen
significantly in the last 30 years (see Figure 2). However, energy consumption has not increased
as much in the iron and steel industry as it has in the crude steel production process. For example,
in China, crude steel production has increased 14-fold over the past 30 years, while energy
consumption has only increased seven-fold during the same period as a result of the use of
advanced technology. However, the ratios of different sources of energy used in the iron and
steel industry have been fairly constant between 1990 and 2019 both globally and in China.
Importantly, coal plays a dominant role in steel production; it accounts for 50% of the fuel used in
steel production globally and 74% in China. In China, if the sources of electricity generation are
considered, direct coal consumption and electricity generated from coal? account for over 90% of

21n 2015, coal electricity generation accounted for 67% of China’s total electricity production (China Electric Power
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the total energy in that country’s iron and steel industry.
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Figure 2: Energy consumption in the iron and steel industry by fuel type

Data source: IEA (2020b). Calculations done by the authors. Note: The boundary of iron and steel industry from IEA’s data
does not cover the extraction and processing of raw materials (e.g., iron ore and limestone); thus, the total energy consumption of
China’s iron and steel industry presented in Figure 2 is 18% lower than the data presented in Figure 8 in this paper.

A similar phenomenon is observed with CO, emissions in the iron and steel industry (see Figure 3).
As shown in Figure 3A, CO, emissions increased rapidly between 1990 and 2019, both globally and
in China, by two- and eight-times, respectively. Globally, between 1990 and 2005, the percentage
of the contributions of different fuels to CO, emissions vary slightly. Using the year 2000 as a
reference point, the contribution of coal to total CO, emissions was 1% higher in 1990 and 5%
higher in 2005. In 2019, the global emissions from coal increased by 11% due to the coal
consumption and the fossil-based electricity generation in China. In China, no real improvement
can be seen in the sources contributing to CO, emissions during the same period. Specifically, the
largest CO, emitter in China’s iron and steel industry is coal, accounting for 64-70% of all
emissions, followed by electricity (27%). CO, emissions from other sources (e.g., gas, oil, heat, and
renewable sources) remained nearly constant (Figure 3B).

Yearbook Editorial Committee, 2015).
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Figure 3: CO; emissions and their sources in China’s iron and steel industry

Data source: IEA (2020b). Calculations by the authors. Note: The boundary of the iron and steel industry from the IEA’s data
does not cover the extraction and processing of raw materials (e.g., iron ore and limestone); thus, the CO, emissions from China’s
iron and steel industry presented in Figure 3 is 15% lower than the data presented in Figure 10 in this paper.

3. Methodology
3.1 The MESSAGEix-China iron and steel model

MESSAGE, an energy-environment-economy systems integrated assessment model, was
developed by the International Institute for Applied Systems Analysis (IIASA) over the past 40 years
(Messner and Strubegger, 1995). Many versions of the model have been developed to investigate
topics, such as energy transition, climate change mitigation, and the policy analysis of selected
sectors/regions (Dagnachew et al., 2020; Ghadaksaz and Saboohi, 2020; Sullivan et al., 2013; Zhao
et al,, 2021). The key advantages of the latest MESSAGEix model are: 1) it allows modelers to easily
extend the structure or add new formulations and parameters for specific case analyses; 2) it
offers efficient workflows (including data processing and reporting) and the ability to interact with
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other models, such as the greenhouse gas-air pollution interactions and synergies (GAINS) model
(Fricko et al., 2017; Ghadaksaz and Saboohi, 2020; Huppmann et al., 2019). MESSAGEix combines
technologies and commodities to develop energy and material flows, aiming to visualize the
energy and resource footprints from extraction, beneficiation, conversion, distribution, and
consumption. The model is mostly used to design long- and medium-term energy and climate
strategies by optimizing energy systems with a specified demand at the lowest system costs. The
costs include investment costs, operation and maintenance (O&M) costs for selected technologies,
and environmental constraints (Huppmann et al., 2019).

MESSAGEix-China is an energy-resource system integrated assessment model that was developed
based on the open-source MESSAGEix modeling framework. In this model, the specific features of
China’s energy and resource systems and the associated policies are included in and expanded to
the energy demand modules of the building, transportation, and industrial sectors (e.g., iron and
steel). Thus, the MESSAGEix—China iron and steel model developed in this study is a sub-model of
MESSAGEix—China. The MESSAGEix—China iron and steel model has a more detailed description of
the steel-making process. Specifically, a new energy, material, and water system for China’s iron
and steel industry was developed to capture the interactions between process technologies
through inflows and outflows of the activity of intermediate products (see Figure 4). The model
includes six different energy commodities (i.e., coal, coke, electricity, fuel oil, gas, and hydrogen)
and 16 materials and water carriers (e.g., iron ore, limestone, sinter, sinter flux, pellets, pellet flux,
lime, pig iron, crude steel, cast steel, rolled steel, scrap, slag, steel products, fresh water, and
water withdrawal). On the basis of our previous study (Zhang et al.,, 2019a), seven new steel-
making technologies are investigated to enable the exploration of zero emission pathways (Hana
et al., 2020; IEA, 2020a; Material Economics, 2019). Therefore, the current MESSAGEix—China iron
and steel model consists of 22 process technologies from resource extraction to intermediate
material production and product manufacturing. More information on the description of the
technology can be found in the Appendix, Table 1. The physical and economic modelling
parameters of each technology consist of input/output efficiency, investment and O&M costs,
historical capacity and activity, capacity factor, bound of capacity, and future activity. Note that
the system boundary of this study is focused on exploring the CO, emissions pathways in the iron
and steel industry; thus, the indirect emission effect, production and transportation of energy and
water carriers, and the leaked emissions due to implementation of CCUS technologies are beyond
the scope of this study. This approach is consistent with the emission calculations of current
process-based integrated assessment models (e.g., Integrated Model to Assess the Global
Environment (IMAGE) and the GAINS model (Tanzer et al., 2020; van Sluisveld et al., 2021; Wang
et al., 2017).
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The model period used in this study is 1990-2100, and the time intervals are the 5 years before
2060 and the time intervals are the 10 years between2060 and 2100. The year 2015 was selected
as the first model year to ensure that the modeling results were consistent with the current
situation. The historical constraints/status (e.g., total capacity, new capacity, and total activity in
the specific year) of each technology and their associated technical lifetimes were used to
determine when the technologies would be phased out and what new processes would be
implemented. Finally, according to the constraints of technologies, energy source, materials, and
resources of China’s iron and steel industry, the model will determine the most cost-efficient
pathways to satisfy the steel demand.

3.2 Data sources and scenarios
3.2.1 Data sources

The historical activity of the energy commodities (e.g., coal, coke, and electricity) and material
commodities (e.g., iron ore, pig iron, sinter, pellets, crude steel, steel products) were obtained from
the China Steel Yearbook (CSDRI, 2019, 2016). The consumption levels of historical steel products
by end-use sector (e.g., building, transportation, machinery, and domestic appliances) and their
associated usage levels were obtained from previous studies (China Industry Information Network,
2015; China Metallurgical Mining Enterprises Association, 2014; Ma et al.,, 2016; Zhang et al,,
2019a).

Investment and O&M costs, fuel efficiency, material efficiency, water efficiency, historical total
capacity, and the annual growth capacity for current adopted process technologies were obtained
from the China Steel Yearbook and a review of relevant literature (CSDRI, 2019; IEA, 2010; Zhang et
al,, 2019a). The above parameters for new steel-making technologies—scrap-based EAFs, coal-
based DRI with and without CCUS, gas-based DRI with and without CCUS, hydrogen-based DRI, and
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oxygen-rich smelting reduction with and without CCUS—were obtained from recent studies and
communication with Chinese experts (Battle et al.,, 2014; IEA, 2020a; IRENA, 2020; Material
Economics, 2019; University of Groningen, 2020).

As the production and transportation of energy, raw materials, and water carriers are beyond the
scope of this study, the energy-related CO, emissions of the iron and steel industry are calculated
based on the emission factor estimated in previous studies. The CO, emission factors for fossil fuel
were obtained from the GAINS model (https://gains.iiasa.ac.at/models/index.html) and calibrated
based on previous studies (Hasanbeigi et al., 2013; Zhang et al., 2014). The average CO, emission
factors for electrolytic hydrogen before 2050 were calculated based on the associated power
structure from the Stated Policies Scenario (STEPS) by the IEA’s World Energy Outlook 2020, the
sustainable development scenario (SDS) of the GAINS model, and the work by Rapier (2020). The
average CO, emission factor of hydrogen was assumed to be zero after 2050, based on the latest
analysis by Lauri (2020), the assumption of the low energy demand scenario of the MESSAGEix-
GLOBIOM model (Grubler et al., 2018), and the Net Zero Emission (NZE) scenario by the IEA’s Net
Zero by 2050 (IEA, 2021).

3.2.2 Scenario design

Steel is the fourth-most widely used metal that has had the largest impact on global economic
development; it accounted for 10.7% of the annual gross domestic product (GDP) of global total in
2017 (Doug, 2019; FocusEconomics, 2018). In this study, the physical-based intensity use curve was
employed to estimate future steel production based on the activity of the steel end-use sectors
(e.g., building, transport, machinery, and domestic appliances). The physical-based intensity use is
defined as the amount of steel per unit of activity measured in physical terms. For example, a unit
of activity is a vehicle that is produced or a square meter building area that is constructed.

We provide two patterns of steel production projections: high steel demand (HSD) and low steel
demand (LSD) (see Figure 4). These two patterns, using the same socio-economic projections, were
obtained from the Integrated Policy Model for China, the Integrated Model of Economy, Energy and
Environment for Sustainable Development/Computable General Equilibrium model, and [EA’s
World Energy Outlook (IEA, 2020b), as well as our previous study (Zhang et al., 2019a). Specifically,
the urbanization rate in China, as an example, increased from 36.22% in 2000 to 63.89% in 2020.
During this period, the number of cars owned per 100 households increased from 13 to 173 and the
housing area per capita increased from 15 m? in 2000 to 40 m2. Combing the socio-economic
projections (e.g., population and GDP per capita), we assume that the space area of new buildings
will increase slightly, due to saturation effects. However, the number of transport vehicles will
continue to increase because the replacement of fossil-based vehicles by electric vehicles is
considered. Moreover, the share of import and export of total steel products in these two patterns
is assumed to remain the same in the future, which is consistent with the situation in previous
decades. For the HSD projections, we assume that the material intensity of steel demand per
activity (e.g., steel consumption per vehicle and steel consumption per space area of building) will
be the same during the study period, while the impacts on extending the lifetime of buildings with
high retrofit rates, using light weight vehicle, and the material substitution from steel to aluminum
in vehicles are considered in the LSD projections. As shown in Figure 5, both steel production
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projections are higher in the current study than in Ma et al. (2016) and the IEA’s projection before
2035. The main reason is that China’s rapid transition and its rapid economic development will still
require a large amount of steel consumption over the next 15 years. Note that this study also
provides the projection of steel products based on the steel manufacturing technology and we used
the steel products to analyze the low and zero emissions pathways and the associated impacts on
energy and resource. More information of the future activity of steel end-users can be found in
appendix Tables 2-3.
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Figure 5: Projection of steel production in China

In this study, two groups were investigated: the HSD group and the LSD group. Each group
consists of four scenarios: current and new national policy (NPS), electric (ELE)-based, fossil-fuel-
based DRI (HC|GAS_DRI), and hydrogen-based DRI (H2_DRI). These scenarios differ with respect to
the key drivers and technologies that affect CO, mitigation and their contributions toward
reaching zero emissions, under the specific steel demand. Current Chinese energy and climate
policies, national commitments, the 14" five-year plan and 2035 goals, and Chinese iron and steel
development planning are considered in the NPS with HSD (NPS_HSD) and NPS with LSD (NPS_LSD)
scenarios. These two scenarios allow for estimating the impact of current and future policies on
energy, resources, and CO; emissions. Coal is the dominant fuel in China’s iron and steel industry,
and it will still play a major role in the future. This is mainly because China has large quantities of
low-cost coal. Therefore, two other fossil fuel-based scenarios were developed, (HC|GAS_DRI_HSD
and HC|GAS_DRI_LSD), to assess substantial emission reductions relative to the current situation.
Under these two scenarios, the iron-making technologies through coal-based DRI with and without
CCUS and natural gas-based DRI with and without CCUS are included, while the other process
technologies remained the same in comparison to the NPS scenarios. The electrification options
and pathways for China’s iron and steel industry are described in the ELE_HSD and ELE_LSD
scenarios to assess how electrification measures affect CO, mitigation. The key feature of the
ELE_HSD and ELE_LSD scenarios is that primary-based (40% scrap plus 60% pig iron) EAFs
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technology and secondary-based (100% scrap) EAFs technology are used for crude steel
production. The primary-based EAFs technology represents the current feature of EAFs-based
steel making in China, while the secondary-based EAFs technology represents the maximum
technology possibility for crude steel production from scrap. Last, but not least, we developed the
hydrogen-based DRI (H2_DRI) with different demand scenarios (i.e., H2_DRI_HSD and H2_DRI_LSD)
to provide the maximum potential for CO, emission reductions and to determine the impacts on
energy and water consumption, due to the application of zero carbon electrolytic hydrogen in
hydrogen-based DRI for pig iron production.

Table 1: Overview of the scenarios
Scenarios Definitions

HsD | Current and new national policies and commitments introduced
NPS (e.g., Chinese determined contribution target, 14™ five-year plan
LSD | and 2035 goals) and planning for China's iron and steel industry.

HSD | High electrification will be employed in the future using EAF

ELE
LSD | technologies for crude steel production.
HC|GAS_DRI HSD | Coal- and gas-based DRI with and without CCUS technologies will
ORI - LSD | be used for pigiron production after 2035.
H2 DRI HSD | Low-carbon hydrogen (H2) will be used in hydrogen-based DRI
- LSD | route for pigiron production after 2035.

4. Results and discussion
4.1 CO, emissions and their sources

The projected CO, emissions and their associated sources in China’s iron and steel industry are
shown in Figure 6. As shown in the top section of Figure 6, multiple efforts have been made to
achieve zero emissions by the end of the 21° century. Overall, based on all the scenarios, the CO,
emissions in China’s iron and steel industry are projected to peak in 2020 and then decrease at a
high rate until 2070. By 2030, the CO, emissions with NPS_HSD will be 7% higher than they were in
2015 but 9% lower in comparison to peak levels. By 2030, the CO, emissions with NPS_LSD will be
1% higher than they were in 2015 but 13% lower in comparison to peak levels. Within the two
scenarios, the current routes, which consist of BF-BOF and crudesteel prod_eaf prim (40% scrap +
60% pig iron) technologies, would continue to be used for steel production because most steel
plants in China were constructed after 2010. Between 2030 and 2050, although all the scenarios
have a trend of reducing emissions, the ELE_LSD scenario showed the largest emission reductions;
this scenario is assumed to have the largest implementation of crude_steel prod_eaf sec
technology, where we assume 100% of scrap is used in the EAFs for steel making. In comparison to
2015, by 2060, emissions are projected to decrease by 73% with HSD and 91% with LSD, most
notably in the shift from the BF-BOF route to the scrap- and DRI-based EAFs routes. Moreover, by
2060, emissions with NPS_HSD are only expected to be 5% higher than those with NPS_LSD, while
the production gap in the two scenarios is 77%. Only the ELE_LSD scenario achieved zero emissions
by 2070; the other five scenarios (NPS_HSD, NPS_LSD, ELE_HSD, H2_ DRI _HSD, H2_ DRI_LSD)
achieved zero emissions at the end of the 21% century. In the HC|GAS_DRI scenario, 24-35 Mt and
16-25 Mt of CO2 will be emitted by 2070 and 2100 due to the use of coal- and gas- based DRI with
CCUS technology for pig iron production; the emissions from the other process technologies would
stay constant in the NPS scenarios (e.g., basic oxygen furnace for crude steel production and cold
rolling for rolled steel production). As mentioned in Section 2, together, coal and electricity account
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for over 98% of the CO, emissions in China’s iron and steel industry; thus, the MESSAGEix-China
iron and steel model developed in this study only explores the CO, emissions by type of fossil fuel
(coal and gas) and electricity, as well as the capture potential of CCUS (see the lower section of
Figure 6). The negative number in the HC|GAS_DRI scenario represents the percentages of
emissions that are captured using CCUS with a CO; removal efficiency of 90%. Notably, in the
process of iron making, CCUS technology is adopted rapidly in the HC|GAS_DRI scenario, resulting
in an emissions reduction of 20—-30% by 2050 and 90% by 2070. The other fossil-related emissions
(e.g., coal, gas, and electricity) in all the scenarios are mostly generated from the processing of
intermediate products of sinter, coke, pig iron, and casting, rolling, and finishing.
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Figure 6: CO, emissions (top) and their sources (bottom) in China’s iron and steel industry under different

Scenarios
Note: The x-axis represents the name of the scenarios developed in this study; for example, HC|GAS_DRI_HSD and HC|GAS_DRI_LSD represent the
coal-based DRI with and without CCUS and the natural gas-based DRI with and without CCUS that are employed for iron making, while the other
process technologies remained the same in comparison to the NPS scenarios. A similar definition is used for the information presented in Figure 7
through Figure 11.

4.2 Material consumption by type

Iron ore is one of most important raw materials in the steel manufacturing process. For China, the
iron ore demand rose 11% per year starting in 1990; it went from 179 Mt in 1990 to 763 Mt in 2018,
similar to the increase in China’s steel production. Overall, the iron ore demand in China’s iron and
steel industry peaked in 2020; it declines afterwards (see Figure 7). In comparison to 2015, the
annual iron ore demand in the NPS_HSD scenario declines by 42% in 2050 and 63% in 2060, due to
the shift from BF-BOF technology to 100% scrap-based EAFs technology for crude steel production.
Specifically, in the NPS_HSD scenario, the crude steel production from BF-BOF technology declines
by 40% from 53 Mt by 2050 to 33 Mt by 2060, while the crude steel production increases by 24%
during the same period. If the low steel demand is adopted (NPS_LSD scenario), the iron ore
consumption would decrease by 7-11% during the period 2050-2060. The cumulative iron ore
consumption declines by 20—-25% in the ELE scenarios (i.e., ELE_HSD and ELE_LSD) in comparison to
the NSP scenarios. The main reason for this is that there is no iron ore consumption after 2070 due
to the full implementation of the 100% scrap-based EAFs for crude steel production (see Figure 8).
However, the cumulative iron ore consumption in the DRI-based scenarios (HC|GAS DRI and
H2_DRI) increase by 17-30%, which is a greater increase than in the NPS scenarios, during the
entire study period. The main reason is that the material efficiency of pig iron production from DRI
technologies is 25% higher than the blast furnaces (BFs) technology. In short, the characteristics of
iron ore (e.g., iron content, sulfur content, and fineness of iron ore) determine the process-based
technology that will be used in the future. For example, to make pig iron, only iron ore with a
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fineness of less than 50 mm can be used in BFs.
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Figure 7: Raw material consumption in China’s iron and steel industry

Scrap has been used for steel production over the past 30 years. The use of scrap in EAFs in place of
pig iron in basic oxygen furnaces can reduce the consumption of iron ore and coking coal. With the
increasing volumes of available scrap, it is essential to use scrap-based EAFs technology in the iron
and steel industry to reduce CO, emissions and improve the quality of the environment (Chris, 2019;
Steven et al., 2017). In this study, we assume that China will have sufficient volumes of scrap to
meet the future demand because China has utilized the largest amount of steel products in its
building, infrastructure, and machinery sectors in the last 40 years, and Chinese scrap production is
projected to increase by 10% per year by 2050 (Energy Transitions Commission and Rocky
Mountain Institute, 2021). The analysis indicates that scrap consumption varies; for example, it is
projected to be,254-750 Mt in 2060 and 184—674 Mt in 2100 (see Figure 8). This difference stems
partly from activity outputs and the adoption of different steel-making methods. Specifically, in the
NPS scenarios, by exploring the development pathways under the assumptions of current policies
and commitments, the annual scrap consumption will increase seven-to-eight-fold by 2050 in
comparison to 2015. With the emphasis on the rapid implementation of scrap-based EAFs
technology in the ELE scenarios, the cumulative scrap consumption will further increase about one-
third more than in the NPS scenarios during the study period. The DRI scenarios, the scrap demand
projection is the lowest of all the scenarios; the projection is around 40% lower in the DRI scenarios
than in the NSP scenarios. Another interesting finding is that the cumulative scrap consumption is
20-24% lower in all the LSD scenarios in comparison to all the HSD scenarios, signaling that a lower
steel demand is essential for reducing scrap consumption.
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Figure 8: Scrap consumption in China’s iron and steel industry

Pig iron, an intermediate material of steel products, is mainly produced from iron ore oxides using
BFs or scrap recycling using EAFs. The BFs uses a heat and mass transfer process. During this
process, materials, such as sinter, pellets, flux, and limestone, and energy sources (e.g., coke, coal,
and electricity) are fed into a shaft furnace to produce a hot metal at around 1500°C; thus, large
amounts of CO, are emitted. Scrap smelting for iron making is more efficient than using a BF
because it only uses electricity. DRI technology is another advanced pig iron-making approach;
however, it consumes more energy than the BF-BOF and scrap-based EAFs steel making routes,
depending on its operation conditions (e.g., temperature, charging method, and sulfur and
phosphorus content). The advantage of the DRI-based iron-making method is that the product has a
low amount of metallic elements (e.g., copper and nickel) and nitrogen, which allows for the
production of high-quality steel products with low metallic residuals (e.g., slag) (Battle et al., 2014).
The pig iron consumption in China’s iron and steel industry for all the scenarios is presented in
Figure 9. Overall, the production of steel products has a considerable effect on pig iron
consumption; the LSD scenarios consume 8-14% less pig iron than the HSD scenarios. In the NPS
scenarios, pig iron consumption peaks in 2020 (916-934 Mt), then it declines drastically until 2070.
It is not surprising that the DRI-based scenarios have the highest pig iron demand resulting in a high
amount of iron ore requirements (see Figure 7). The high electrification assumptions of the 100%
scrap EAFs steel-making routes in the ELE scenarios have the lowest demand for pig iron. In
comparison to the NPS scenarios, the demand for pig iron is 16—27% higher in the DRI scenarios and
20-33% lower in the ELE scenarios.
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Figure 9: Pig iron consumption in China’s iron and steel industry

4.3 Energy consumption and the proportions of different energy sources

The projected energy consumption and the proportions of different energy sources used in China’s
iron and steel industry are depicted in Figure 10. As seen in the top section of Figure 10, overall, all
the scenarios project an increase in energy consumption until 2020, then that consumption rapidly
declines at different rates through 2100. Overall, by 2100, the ELE scenarios have the lowest levels
of energy consumption (89-93% lower than 2015), while the DRI-based scenarios have the highest
levels (48—68% lower than 2015). The main reason for this are: 1) the energy intensity for pig iron
by using 100% scrap-based EAFs technology is 5.8 GJ/t, while the energy intensity using DRI-based
technology is around 11.8 GJ/t (Zhang et al., 2019b, 2014); 2) the low steel demand pattern would
reduce the amount of energy required by 4-20%, depending on whether CCUS is installed. Based
on different stages of the scenarios, energy consumption increases at an average annual rate of 3%
from 2015 to 2020 to meet the growing steel demand, consistent with the projection from the
China Energy Conservation Association (CECA) (CECA, 2020). Between 2020 and 2030, the energy
consumption of the different scenarios differs widely. For example, the NPS_HSD,
HC|GAS_DRI_HSD, and H2_DRI_HSD scenarios show a stable trend, while the other scenarios
decline modestly due to the implementation of efficient technology (e.g., scrap-EAFs technology)
and low steel demand, especially for the building sector where retrofitting of existing buildings is
essential. In comparison to the NPS scenarios, the energy reductions in the ELE scenarios are 10%
and 40% lower in the 2030-2045 period and 2050-2090 period, respectively. The main reason for
this is that the installed capacity for 100% scrap-based EAFs technology in the ELE scenarios is 13—
15% in comparison to the NPS scenarios during the same period. In contrast, to meet the demand
for steel and the net zero emission reduction target, over three-times more energy is consumed in
the DRI-based scenarios than the ELE-based scenarios due to the implementation of CCUS
technology. In terms of the proportions of various energy sources, there is a clear shift toward the
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use of electricity and hydrogen in China’s iron and steel industry in the next two decades (see the
bottom section of Figure 10). Coal consumption is expected to be extensive in the NPS scenarios
and remain stable through 2070, accounting for over 70% of the total energy in China’s iron and
steel industry. At the same time, the CO, emissions in the NPS scenarios will exceed 300 Mt by 2060;
thus, China's carbon neutrality target cannot be achieved before 2060. The electricity consumption
in the ELE and DRI scenarios will continue to increase from 10-18% in 2030 to 25-44% in 2070, due
to the implementation of primary-based EAF and secondary-based EAFs technologies. It is
important to note that while high steel production accelerates the implementation of advanced

technology, which results in the use of clean energy sources, such as electricity and hydrogen, the
impact is limited.
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Figure 10: Total energy consumption (top) and the proportions of various energy sources used (bottom) in
China’s iron and steel industry

4.4 Water consumption and its sources

Water shortages are one of the most important challenges for sustainable development and for
tackling climate change. Global water consumption will increase by 30% in 2050 due to increases in
the world’s population, industrial activity, and changing consumption patterns. Water consumption
for industrial purposes will increase 2.5-times in Asia in the middle of the current century (Boretti
and Rosa, 2019). The iron and steel industry uses large amounts of water; it ranks fifth in water
consumption in China (Tong et al., 2019). Thus, in this study, we attempted to analyze how selected
steel-making technologies in the near zero emission pathways would affect water consumption in
China’s iron and steel industry. Note that, to avoid the uncertainty, the intensity of each technology
process (e.g., water consumption per activity of technology) remained the same during the study
period.

The top section of Figure 11 presents the linear reducing trend of water consumption in China’s
iron and steel industry. Overall, the total water consumption peaks at 5300 MM? in 2020, then
declines to 1600-2600 MM? in 2100. The main sources of the decline in water consumption are
changes in activity (i.e., the decline in steel demand) and the use of different steel-making
technologies that have limited effects on overall water consumption. Specifically, in the NPS_HSD
scenario, the total water consumption in 2050 will be at the level it was in 2015; in the NPS_LSD
scenario, the total water consumption in 2040 will be at the level as was in 2005, due to changes in
steel output. Moreover, 43—65% of water consumption will be reduced in the NPS scenarios by the
end of 21 century. The water consumption seen in the DRI and ELE scenarios differs by 7% from
the consumption seen in the NPS scenarios due to the implementation of different steel-making
technologies. The water consumption in different scenarios varies widely (see the bottom section of
Figure 11). As shown in the bottom section of Figure 10, in 2015, 35% of the water that is used is



This is an author-produced, peer-reviewed version of this article. The final publication is available at
www.sciencedirect.com.

Copyright restrictions may apply.https://doi.org/10.1016/j.jclepro.2022.130813

consumed in pigiron_prod_bf (iron making with a blast furnace), 19% is consumed in
steel_finishing_prod, and 15% is consumed in iron ore beneficiation. According to the model used
in this study, between 2050 and 2060, pigiron_prod_bf continues to be a major source of water
consumption and accounts for 17-23% of the total consumption. Around 40% of the water that is
used will be consumed by crudesteel prod_eaf prim technology in the ELE scenarios and
crudesteel_prod_eaf sec in the DRI scenarios. Together, steel cold rolling prod and
steel_finishing_prod account for another 40% of the water consumption.
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Figure 11: Water consumption (top) and the associated sources (bottom) in China’s iron and steel industry

5. Uncertainties analysis

Modelling and understanding uncertainty is essential for modelers and policy makers to design
relevant policies and implement actions to reach a specific target. Multiple approaches (e.g.,
robust optimization and stochastic programming, chance-constrained optimization) have been
widely used to address uncertainties over the last 20 years (Apap and Grossmann, 2017). Robust
optimization and chance-constrained optimization are used to better understand the uncertainty
of multi-parameters and the associated effects; however, they cannot identify what technologies
are most essential for any given solution (Giannakidis et al., 2015). In contrast, stochastic
programming with endogenous uncertainty or decision-dependent uncertainty can be used to
optimize a system with a given target. The key advantage of this approach is providing an optimal
solution with an appropriate choice for long-term planning (Hellemo et al., 2018). Robust
optimization and chance-constrained optimization are mostly used in short-term assessments; the
stochastic optimization is preferred for long-term planning. Therefore, a scenario-based stochastic
optimization with endogenous uncertainty is used in the MESSAGEix model to address the
uncertainty challenges (Zhang et al., 2019a).

In this study, we assumed that the technology characteristics (e.g., intensities for fuel, materials,
and water) remain constant over the study period, because we assume that these parameter
uncertainties have limited impacts on CO, emission reductions at the national scale. For example,
the full implementation of the best available energy efficiency technologies to improve energy and
material efficiency in China’s iron and steel industry can only reduce CO, emissions by 9% by 2050



This is an author-produced, peer-reviewed version of this article. The final publication is available at
www.sciencedirect.com.
Copyright restrictions may apply.https://doi.org/10.1016/j.jclepro.2022.130813

in comparison to the baseline scenario where we assume the efficiency of each technology
remains constant (Zhang et al., 2019a). Therefore, we set two different steel production patterns
to assess the activity uncertainties in the definition of the zero emissions pathways (see Section
3.2.2). We found that 20-30% of CO, emissions would be avoided by 2050 due to the changes in
steel demand. At the same time, 19-22% of energy, 18-26% of iron ore, and 10-22% of water
consumption would be reduced. Note that, in the absence of resource and scrap availability and
the technology spillover effects at the local level, a discussion of the parameter uncertainties
related to these characteristics will not be considered here; further study is needed by extending
the current MESSAGEix - China model to include the provincial/city level.

6. Conclusion and areas for further research

With China’s announcement of its goal to reach carbon neutrality before 2060, it is important to
explore pathways to achieving net zero emissions in energy-sensitive sectors, especially in
manufacturing industries. China’s iron and steel industry is the largest energy consumer and
emitter of CO; in the global iron and steel industry, accounting for 50% of CO, emissions globally
and 15% of the total CO; emissions in China. In this study, the process-based MESSAGEix-China
iron and steel model was developed and used to present a comprehensive analysis to explore
zero emission pathways in China’s iron and steel industry, and to assess the associated impacts on
the consumption of materials, energy, and water.

Overall, we found that there are multiple pathways to achieve zero emissions in China’s iron and
steel industry by the end of the 21 century; however, the energy, material, and water
requirements of these pathways vary widely. In all the investigated scenarios, reductions in CO;
emissions are limited before 2030, but they decline significantly between 2030 and 2060 due to
the rapid application of 100% scrap-based EAFs and hydrogen-based DRI-EAFs steel-making
technologies. However, there are still 70-360 Mt of CO, emissions by 2060; thus, other sectors
and measures (e.g., forest and negative emissions technology) have to offset these emissions in
order to achieve China’s carbon neutrality goal. Furthermore, the presented efforts to achieve
zero emission differ widely in terms of their impacts on the consumption of materials and energy.
For example, the NPS and DRI scenarios have the largest iron ore demand, which is 25-40%
higher than the demand seen in the ELE scenarios. The scrap consumption is 25-220% higher in
the ELE scenarios than in the NPS and DRI scenarios. The ELE scenarios have the lowest levels of
energy consumption, which is 20% and 150% lower than the NPS and DRI scenarios, respectively.
The emission reduction efforts were found to have a limited effect on total water consumption in
comparison to the production of steel products.

Although the Chinese government is committed to its carbon peak and carbon neutrality goals,
China’s iron and steel industry and the associated sectors face a lack of clarity regarding the actual
policies and the advanced technologies they will need to implement. According to this study’s key
findings, to implement sector-based strategies/policies, it is necessary to involve many producers
(e.g., between steel, scrap and electricity and hydrogen generation). Within the process of policy
development, all key stakeholders (e.g., producers on the supply side, end-users on the demand
side, and policy makers) are required to assess the competitiveness of the technological options
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(e.g., based on the availability of iron ore, water, and scrap, access to renewable-based electricity
and hydrogen, and the potential for geological storage for CCUS), the investment, the
infrastructure requirements, and the costs. Once the strategy/policy has been implemented, its
progress must be monitored and the policy must be updated.

Future research should:

e Better represent the relationship between the supply and demand of energy, raw
materials, and steel in the model with various scales, as these are dynamic processes
across sectors and regions.

e Extend the MESSAGEix — China model at the regional scale, which will allow for more
accurate projections for long-term planning.

e Include more parameters (e.g., air quality, water, and materials) to quantify what cross-
cutting strategy would reach multiple targets with the least cost.

e Perform nesting with the IIASA’s MESSAGEix global integrated assessment model to
assess China’s global contribution to reducing CO; emissions.
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Appendix Table 1
Technology list in MESSAGEix—China iron and steel model
Technology Technology explanation
Sinter_prod_bf_bof sinter production in BF-BOF process

Pellets_prod_bf_bof pellets production in BF-BOF process
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Iron_ore_extr_open_pit

iron ore extraction by open pit mining technology

Iron_ore_extr_underground

iron ore extraction by underground mining technology

Iron_ore_benefication

iron ore production by iron ore processing/benefication technology using primary iron
ore to secondary iron ore-used in sinter/pellets plants

Crudesteel_prod_bof

crude steel production in basic oxygen furnace route

Crudesteel_prod_eaf_prim

crude steel production in pig iron based electric arc furnace with DRI process

Crudesteel_prod_eaf sec

crude steel production in 100% scrap based electric arc furnace process

Steel_hot_rolling_prod

hot rolled steel production by hot rolling from cast steel

Steel_cold_rolling_prod

cold rolled steel production by cold rolling from cast steel

Steel_finishing_prod

steel production by finishing process (including coating, painting, etc.) from rolling
steel

Steel_cast_prod

cast steel production in casting process from crude steel

Pigiron_prod_bf

pig iron production in blast furnace process and will be used in BOF route

Pigiron_prod_h2_dri

pig iron production by hydrogen-based DRI process and will be used in EAF route

Pigiron_prod_coal_dri

pig iron production by coal-based DRI process and will be used in EAF route

Pigiron_prod_coal_dri_ccus

pig iron production by coal-based DRI process with CCUS and will be used in EAF route

Pigiron_prod_gas_dri_ccus

pig iron production by natural gas-based DRI process with CCUS and will be used in EAF
route

Pigiron_prod_gas_dri

pig iron production by natural gas-based DRI process and will be used in EAF route

Pigiron_prod_smelt

pig iron production in oxygen-rich smelting reduction process and will be used in BOF
route

Pigiron_prod_smelt_ccus

pig iron production in oxygen-rich smelting reduction process with CCUS and will be
used in BOF route

Coke_prod_coal

coke making by coal

lime_prod

lime production from limestone




This is an author-produced, peer-reviewed version of this article. The final publication is available at
www.sciencedirect.com.
Copyright restrictions may apply.https://doi.org/10.1016/j.jclepro.2022.130813

Appendix Table 2
Projection of high steel demand and the associated steel end-user’s activity
Item Unit 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2070 2080 2090 2100
population 100 million 1267 1308 1341 1383 1412 1426 1450 1444 1430 1410 1395 1344 1294 1183 1072 966 874
GDP million $ 2995 4708 7922 11498 | 15072 | 20078 | 24862 | 29971 | 36365 | 42754 | 48074 | 55376 | 61304 | 56056 | 50790 | 45761 | 41424
total_building stock 100 million | 30418 | 39881 | 50129 | 57268 | 67900 | 75744 | 81654 | 85993 | 89152 | 91372 | 92494 | 91163 | 89679 | 83778 | 77517 | 71292 | 65849
sq2
residential building stock per person m2/person | 21 26 31 33 37 39 41 43 44 45 46 46 47 48 48 49 50
residential building stock million 26616 | 33997 | 41839 | 46084 | 52175 | 56307 | 59291 | 61374 | 62797 | 63687 | 63892 | 62429 | 60902 | 56436 | 51813 | 47294 | 43365
sq2
commercial building stock per person m2/person | 3 5 6 8 11 14 15 17 18 20 21 21 22 23 24 25 26
commercial building stock million 3802 5884 8290 11184 | 15725 | 19437 | 22363 | 24619 | 26355 | 27685 | 28602 | 28734 | 28778 | 27342 | 25704 | 23998 | 22483
sq2
newly built buildings million - 9462 10248 | 7139 10632 | 7844 5910 4339 3159 5262 5110 3681 4244 889 1314 1940 3156
sq2
crude_steel consumprion per building t/sq2 - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
stock
crude_steel_consumption_building Mt 62 179 320 419 575 460 347 254 185 309 300 216 249 52 77 114 185
automotive_owner per 1000 persons vehicles 13 24 58 118 194 241 289 337 384 432 480 500 500 500 500 500 500
per 1000
person
automotive_owner_total million 16 32 78 163 273 344 419 486 550 609 669 672 647 592 536 483 437
vehicles
automotive_produced million 2 5 15 23 25 32 39 45 51 56 62 62 60 55 49 45 40
crude_steel_consumption_automotive | Mt 7 12 43 55 60 75 91 106 120 133 146 147 141 129 117 105 95
appliances per household number 1 2 2 3 3 4 4 5 6 6 7 7 8 9 9 10 10
per
household
total_ownership_appliance million 387 648 913 1238 1700 2040 2403 2720 3018 3296 3577 3752 3905 3839 3721 3572 3371
household size personper | 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
household
appliances produced per year million 45 128 244 319 351 405 454 441 468 481 522 447 454 264 240 226 190
crude_steel_consumption_appliances Mt 1 5 8 11 14 16 18 17 18 19 20 17 18 10 9 9 7
number of household million 368 400 433 484 539 544 553 551 546 538 532 513 494 452 409 369 334
value_added_industry Billion $ 1034 1727 3104 4564 5789 7353 9224 11299 | 13357 | 14857 | 16239 | 17820 | 19072 | 20891 | 22523 | 23929 | 24985
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crude_steel_consumption_industry Mt 53 148 225 206 363 464 555 616 610 445 410 469 371 539 484 417 313
crude_steel_stocks Mt 14 14 14 13 19 20 20 19 18 17 17 16 15 14 13 12 12
crude_steel_net_exports Mt -10 -5 26 100 33 63 63 62 58 56 54 53 48 45 43 40 37
crude_steel demand Mt 124 345 597 690 1011 1015 1011 993 934 905 876 849 779 731 688 645 601
crude_steel production Mt 128 353 637 803 1064 1097 1093 1074 1010 979 947 918 842 790 743 697 650
steel_products Mt 96 277 583 753 933 949 951 937 910 879 850 825 756 710 668 626 583
Appendix Table 3
Projection of low steel demand and the associated steel end-user’s activity
Iltem Unit 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050 2055 2060 2070 2080 2090 2100
population 100 million 1267 1308 1341 1383 1412 1426 1450 1444 1430 1410 1395 1344 1294 1183 1072 966 874
GDP million $ 2995 4708 7922 1149 1507 2007 2486 2997 3636 4275 4807 5537 6130 5605 5079 4576 4142
8 2 8 2 1 5 4 4 6 4 6 0 1 4
total_building stock 100 million sq2 3041 3988 5012 5726 6790 7528 8132 8599 8925 9137 9249 9116 8967 8377 7751 7129 6584
8 1 9 8 0 7 4 3 2 2 4 3 9 8 7 2 9
residential building stock per person m2/person 21 26 31 33 37 39 41 43 44 45 46 46 47 48 48 49 50
residential building stock million sg2 2661 3399 4183 4608 5217 5585 5896 6137 6289 6368 6389 6242 6090 5643 5181 4729 4336
6 7 9 4 5 0 1 4 7 7 2 9 2 6 3 4 5
commercial building stock per person m2/person 3 5 6 8 11 14 15 17 18 20 21 21 22 23 24 25 26
commercial building stock million sg2 3802 5884 8290 1118 1572 1943 2236 2461 2635 2768 2860 2873 2877 2734 2570 2399 2248
4 5 7 3 9 5 5 2 4 8 2 4 8 3
newly built buildings million sg2 - 9462 1024 7139 1063 7387 6037 4669 3259 5162 5110 3681 4244 889 1268 1907 3156
8 2
crude_steel consumprion per building t/sq2 - 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
stock
crude_steel_consumption_building Mt 62 179 320 419 575 433 354 274 191 303 300 216 249 52 74 112 185
automotive_owner per 1000 persons vehicles per 1000 13 24 58 118 194 241 289 337 384 432 480 500 500 500 500 500 500
person
automotive_owner_total million vehicles 16 32 78 163 273 344 419 486 550 609 669 672 647 592 536 483 437
crude_steel_consumption_per_automot | t/vehicle 4 2 3 2 2 2 2 2 2 2 2 2 2 2 2 2 2
ive
automotive_produced million 2 5 15 23 25 32 39 45 51 56 62 62 60 55 49 45 40
crude_steel_consumption_automotive Mt 7 12 43 55 60 74 88 100 111 120 129 127 120 108 96 84 75
appliances per household number per 1 2 2 3 3 4 4 5 6 6 7 7 8 9 9 10 10
household
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total_ownership_appliance million 387 648 913 1238 1700 2040 2403 2720 3018 3296 3577 3752 3905 3839 3721 3572 3371
household size person per 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
household
appliances produced per year million 45 128 244 319 351 405 454 441 468 481 522 447 454 264 240 226 190
crude_steel_consumption_appliances Mt 1 5 8 11 14 16 18 17 18 19 20 17 18 10 9 9 7
number of household million 368 400 433 484 539 544 553 551 546 538 532 513 494 452 409 369 334
value_added_industry Billion $ 1034 1727 3104 4564 5789 7272 8816 1041 1200 1303 1386 1486 1558 1683 1785 1860 1894
5 8 1 9 8 3 4 9 5 4
crude_steel_consumption_industry Mt 53 148 225 206 363 440 458 474 472 304 249 296 212 371 304 221 101
crude_steel_stocks Mt 14 14 14 13 19 19 18 17 15 14 13 13 12 10 9 8 7
crude_steel_net_exports Mt -10 -5 26 100 33 60 57 54 49 46 43 41 37 34 30 26 23
crude_steel demand Mt 124 345 597 690 1011 963 917 865 792 745 698 657 599 541 483 426 368
crude_steel production Mt 128 353 637 803 1064 1041 992 936 857 806 755 710 647 585 522 461 398
steel_products Mt 96 277 583 753 915 899 860 816 769 724 678 637 581 525 469 413 357
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