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ABSTRACT

The iron and steel supply chain is a high energy
consuming sector spanning mining, steelmaking, and
downstream product use. This study integrates material
flow analysis, complex network modeling, and multi-
regional LMDI decomposition to assess CO, emissions
and their drivers across major regions from 2000 to 2020.
Results show a structural shift toward a China-centered
supply chain, with economic growth contributing +3.15
GtCO, as the dominant driver, while cleaner energy
(ACOE, -0.22 GtCO,) and efficiency gains (AEl, -0.55
GtCO,) increasingly offset emissions. These findings
highlight the redistribution of emissions along the global
supply chain and support region-specific strategies for
low-carbon transitions in the steel sector.

Keywords: carbon emission, driving forces, MFA,
complex network model, LMDI model, iron and steel
supply chain
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Abbreviations
ISSC Iron and steel supply chain
LMDI logarithmic mean Divisia index
SP Steel product
ICP Iron-containing end-use product
SDA Structural decomposition analysis
IDA Index decomposition analysis
Symbols
A Adjacent matrix
\ Nodes
E Edges
m Quantity of iron & steel products
Y Grade of product
v Export country
z Import country
o] Iron ore
p Pig iron
s Steel scraps
c Crude steel

sp Steel products

Energy type

Country

Type of iron and steel industry
CO; emission

Energy consumption
Iron-content based output
Population
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1. INTRODUCTION

In the context of global warming, carbon neutrality
becomes more and more crucial, attention must be given
to high-emission industries such as the iron and steel
supply chain (ISSC)[1,2]. The ISSC is a supply chain that
stretches from upstream mining and raw material
extraction to downstream manufacturing and
consumption of iron-containing products (ICP). This
supply chain is inherently international due to regional
differences(3]. Resource-exporting countries,
manufacturing hubs and consumers each play a distinct
role within the chain, meaning the decarbonization of
iron and steel supply chain is a global matter which
requires joint effort across countries and regions[2].

Over the last 20 years, the manufacturing hub of ISSC
has shifted. This geographical shift in manufacturing hub
has been accompanied by major changes in global
consumption and trade[4]. These changes have reshaped
the patterns of carbon emission across the entire iron
and steel supply chain, raising the question of what
caused these emission patterns to shift.

Existing research on ISSC has largely concentrated on
individual countries or regions, such as China[5], USA[6].
The common methodology for these research is MFA or
a combination of MFA with Input-output model to
construct iron and steel supply chain, other research
tend to also focus on single country’s CO, emission using
logarithmic mean Divisia index (LMDI) approach[7].
These research provide valuable insight at a regional
level, but is insufficient on a global level. At a multi-
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regional level, current studies tend to focus on carbon
emissions of a single steel product[8], or the physical
flows of multiple steel products without considering the
carbon emission producing these products[9]. Therefore,
there is a gap for comprehensive analysis of carbon
emissions across the entire global iron and steel supply
chain, together with their driving factors.

Therefore, this study seeks to bridge the gap. Based
on MFA and complex network models, we mapped the
global multi-regional iron flow, together with multi-
regional LMDI model, this study provides a
comprehensive assessment of carbon emissions and
their driving forces across the iron and steel supply chain.
This study makes three key contributions to the
literature. First, it introduces a material flow-based
perspective to characterize the global multi-regional iron
and steel supply chain, offering a more detailed physical
representation of iron flows compared to previous
studies that primarily relied on macroeconomic models.
Second, it is the first to apply a multi-regional LMDI
decomposition to the international iron and steel supply
chain, enabling a systematic assessment of the driving
forces behind carbon emission changes across mining,
steel production, and downstream product consumption
at the global scale. Third, by explicitly capturing regional
and national heterogeneity, this research provides novel
insights into how emission drivers vary across different
economies, thereby offering more accurate evidence to
design region-specific low-carbon transition policies for
the global steel industry.

At the same time, it should be noted that the study
involves certain simplifications. Sectoral energy
consumption data are approximated, the coverage is
limited to the major steel-producing and consuming
countries, and downstream consumption is primarily
represented by machinery and transport equipment.
Detailed limitations and uncertainties will be discussed in
the conclusion part.

2. METHODOLOGY

2.1 Research framework

Figure 1 presents a comprehensive research
framework to investigate CO, emission alongside the
international iron and steel supply chain. This framework
consists of three major layers. The top layer represents
the physical flow of iron element across the chain,
including upstreaming mining and quarrying industry
that produces iron ore, midstream iron and steel industry
that produces steel products (SP), and downstream end-
use that consumes iron-containing end-use products
(ICP). These flows occur domestically and across borders,

reflecting the globalized nature of the iron and steel
supply chain.

The middle layer highlights the energy consumption
with each production stage. Energy carries including
coal, coke, natural gas, LNG and electricity are consumed
in different stages of production, causing major CO,
emission.

The bottom layer reflects the resulting energy-
related carbon emissions, which is a result from direct
fuel combustion and electricity use. Process emissions
are not considered in this study. By combining material
together with energy, this framework allows the
guantification of energy-related CO, emissions
embodied in production, trade, and end use.

Physi

| | i
Country A H Country A H

| z &3
| i = |
| — ]
Iron ore { Steel products i

| | e
H i

Fig. 1 Research framework

2.2 Research scope

The research scope for this study is defined in terms
of special, temporal and sectoral. Spatially, this study
focuses on the world’s major steel-producing and
consuming regions, namely the EU27, North America
(United States, Canada, Mexico), Australia, China, Japan,
Korea, India, Brazil, and other European countries
(Russia, Norway, Switzerland, Tiirkiye, United Kingdom).
Together, these regions account for the majority of
global iron ore mining, steel production, and
downstream steel consumption, making them
representative of the global steel supply chain, as figure
2 shows.

Temporally, this study covers five benchmark years:
2000, 2005, 2010, 2015, and 2020. These years capture
key stages in the evolution of the global steel industry,
including the relocation of production capacity from
developed to emerging economies, and the associated
shifts in trade and consumption patterns.

Sector wise, the entire iron and steel supply chain,
including iron ore extraction, crude steel and finished
steel production, and downstream iron-containing



products use. Energy use and energy-related carbon
emissions are consistently tracked across all sectors.

2.3 MFA and complex network model

Complex network model is used to map the flow of
iron and steel products between different
countries/regions. An Adjacent matrix A=(V,E),
containing nodes V (in this case countries/regions), and
edges E (flow of iron and steel products between
countries/regions) is used to show the international iron
and steel supply chain, as equation below shows:

Al 1 A1,2 Al n
A — (V, E) — A2,1 : AZ,Z . A?TL
An,l An,Z An,n

Where for example A1z would represent the trade of
product A from country 1 to country 2.

On this basis, MFA is applied to connect all iron &
steel products together, from iron ore to iron containing
end-use products. The MFA of iron & steel is based on
the principle of iron element quality balance. The basic
calculation formula used for this study is shown below:

§ myYo = § mpyp
¥,z ¥,z
E mgys + E mpYp = § mcYe
v,z y.z v,z

z meye =Z MgpVsp =Z MicpYicp
v,z v,z v,z

Where m is the quantity of the iron & steel product,
Yy is the grade of certain product. Subscripty, z, o, p, s,
c, sp, and icp represents export country, import country,
iron ore, pig iron, steel scraps, crude steel, steel
products, and iron containing end-use products,
respectively.

2.4 Bottom-up CO; calculation

The carbon emission for the ISSC is calculated based
on a bottom-up accounting framework, shown below:

C = Energy type X Carbon emission factor
2.5 LMDI decomposition

LMDI method is a common method for revealing the
driving forces of energy consumption[10-12], CO,
emission[13-16] at a regional or global level. Two
common and popular decomposition methods are
structural decomposition analysis (SDA) and index
decomposition analysis (IDA). The main difference
between the two methods is that SDA’s data input relies
on input-out framework, whereas IDA is not limited to
this framework. Hence |IDA has lower data

requirement[17], making it a common choice of
decomposition method for multi-regional studies. The

Research Countries Highlighted ~ iron ore mining (2020)

nnnnnnnnnnnnnnnnnnnnnn

Fig. 2 Spatial boundary of this research

driving forces of international iron and steel supply chain
CO; emission are identified by the equation below:

C :zzz :ﬂx@xixix%
i By Epe o Y GDB By

P;
xeP

= COE XES XEI X G X ECI X PD
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Where C is the total CO, emission of international

iron and steel supply chain; Cijk is the CO, emission
caused by caused by energy type i consumed by the steel
industry k in country j; Eijk is the energy type i consumed
by the steel industry k in country j; Ejk is the total energy
consumed by steel industry k in country j; Yjk is the iron-
content-based total output of steel industry k in country
j; GDPj is the GDP of country j; Pj is the population of
country j; Pis the total population. In addition, COE is CO,
intensity effect which represents the changes in carbon
emission caused by the consumption of different types
of energy; ES is the energy structure effect which
represents the influence of the composition of different
energy types consumed; El is the energy intensity effect
which represents the efficiency of energy use; G is the
industry structure effect which refers to the contribution
of changes in output of the iron and steel supply chain
relative to the country’s GDP; ECI is the economic
intensity effect which is the relationship between a
country’s GDP and its population; PD is the population
distribution effect which accounts for the differences in
population shares among countries; P is the population
scale effect which represents the impact of total
population on overall CO, emission. The multipliers,
meaning of each abbreviation and decomposition
formula are shown in Table 1.

Table 1. Multipliers, abbreviation, and decomposition
formula

Multipli | Abbreviati | Driving Decomposition
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Based on the driving forces, the change in CO, emission
from time O to time T can be divided into the effects of
change in the 7 driving forces, as the equation below:

ACT = CT — C° = ACOE + AES + AEI + AG + AECI

+ APD + AP

2.6 Data input

The major difficulties in terms of international
studies is the collection of data. Different countries
have different statistical coverage and scope. Table
2 shows the data source of this study.

Table 2. Main data source of this study

Main data source

Country/re
gion

Energy

CO;
emissio
n

Iron and
steel flow

EU27

EURO Stat
Complete
energy
balances
[18], IEA
World
Energy
Statistics
[19]

Other
European
countries

IEA World
Energy
Statistics
[19]

North
America

IEA World
Energy
Statistics
[19], eia
Manufactu
ring
Energy
Consumpti
on Survey
[20]

Australia

IEA World
Energy
Statistics
[19]

China

NBSC
China
energy
statistical
yearbook
[21], IEA
World
Energy
Statistics
[19]

Japan

Nippon
steel Fact
book
2022([22],

2006

IPCC

guidelin
es for
national
greenho
use gas
inventor
ies [25]

WSA steel
statistical
yearbook
[26], USGS
[27], UN
Comtrade
(28],
Steelonth
enet [29]




METI
Statistical
yearbook
[23], IEA
World
Energy
Statistics
[19]

Korea KEEI
Yearbook
of energy
statistics
[24], IEA
World
Energy
Statistics
[19]

India IEA World
Energy
Statistics
[19]

Brazil IEA World
Energy
Statistics
[19]

3. RESULTS AND DISCUSSIONS
3.1 International iron and steel supply chain iron flow

Figures 3 to 5 presents the chord diagram of iron
ore, steel products (SP), and iron containing end-use
products (ICP), respectively. For example Figure 3(a)
2000 ore means the flow of iron ore in terms of iron
element including both trade between countries/regions
and domestic consumption, Figure 3(b)2000 ore trade
means the flow of iron ore in terms of iron element
between countries/regions only trade.

For iron ore, the year 2000 was characterized by
relatively balanced global flows. With the exception of
major mining countries, most nations relied primarily on
domestic extraction for local use. In terms of trade,
limited resource endowments made Japan and the EU27
the dominant importers. By 2020, however, global iron
ore flows became heavily concentrated in China.
Although demand in other countries continued to
increase, their global shares declined. China also

emerged as the leading importer, consolidating its
central position in the global iron ore trade.

“ (b)
ol T, . ‘L\‘\
y >, 7 ‘
( X : \l T { ‘
A Y
AN N // g \\:;__# \
(c) ‘ %
e T

Fig. 3 (a) 2000 ore, (b)2000 ore trade, (c) 2020 ore,
(d)2020 ore trade unit:Mt

For SP, production in 2000 was more evenly
distributed among the EU27, North America, China, and
Japan. Steel trade patterns exhibited clear regionality,
with exchanges concentrated within Western countries
and, separately, among Asian countries. By 2020, over
half of global steel production was concentrated in
China, while the remainder was shared more evenly
among the EU27, North America, other European
countries, India, and Japan. Trade flows remained
regionally clustered, though China’s growing share

(a)

(c)

Fig. 4 (a) 2000 SP, (b)2000 SP trade, (c) 2020 SP,
(d)2020 SP trade unit:Mt



reflected its increasing influence, while the EU27
continued to act as the world’s largest exporter.

For ICP, global patterns in 2000 resembled those of
steel. However, in trade, the EU27 and North America
played more dominant roles, with stronger exchanges
involving Japan compared to steel trade. By 2020, ICP
flows again mirrored steel distribution, with China’s
output increasing substantially. In trade, the EU27
remained the leading exporter, but China’s share rose
rapidly, while North America’s export role diminished
significantly.

Together, these results highlight the shift in the
global iron and steel supply chain over the past two
decades: from relatively balanced and regionally
segmented patterns to a more China-centered system,
with trade still retaining strong regional characteristics.
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Fig. 5 (a) 2000 ICP, (b)2000 ICP trade, (c) 2020 ICP,
(d)2020 ICP trade unit:Mt

3.2 Energy and CO; emission from 2000 to 2020

Between 2000 and 2020, global energy
consumption of the international steel supply chain
(ISSC) increased from 15.66 EJ to 33.74 EJ, an absolute
rise of 18.08 EJ (+115%), while CO, emissions grew from
1.62 Gt to 3.43 Gt, corresponding to an increase of 1.82
Gt (+113%). Most of this expansion occurred during
2000-2010, when energy use rose by 13.11 EJ (+84%)
and CO, emissions by 1.55 Gt (+96%).

After 2010, growth dynamics shifted. From 2010 to
2015, global energy consumption increased only
marginally (+1.15 EJ, +4%), while CO, emissions declined
slightly (-0.13 Gt, -4%), indicating a temporary
decoupling between energy use and emissions. Between
2015 and 2020, energy consumption rebounded to 33.74

EJ (+13%), accompanied by a renewed increase in CO,
emissions (+0.40 Gt, +13%), though at a slower pace than
in the pre-2010 period.

China dominated both absolute and relative growth,
with energy consumption rising from 4.56 EJ to 20.58 EJ
(+16.02 EJ, +350%) and CO, emissions from 0.54 Gt to
2.25 Gt (+1.71 Gt, +315%), accounting for the vast
majority of global increases. India emerged as a
secondary growth pole, as its energy use expanded from
0.32 EJ to 2.78 EJ (+760%) and emissions from 0.03 Gt to
0.30 Gt (+1,050%), albeit from a much smaller base.

In  contrast, traditional industrial regions
experienced sustained declines. The EU27 reduced
energy consumption by 17% and CO, emissions by 38%,
while North America achieved reductions of 20% and
41%, respectively, reflecting efficiency gains and
structural shifts. Overall, the data reveal a pronounced
reallocation of energy use and emissions toward
emerging economies, with post-2010 trends suggesting
growing constraints on emission growth relative to
energy consumption.

Energy consumption of ISSC from 2000 to 2020
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Fig. 6 Energy consumption from 2000 to 2020

CO2 emission of ISSC from 2000 to 2020
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Fig. 7 CO, emission from 2000 to 2020

3.3 Results of LMDI decomposition

Figure 8 presents the LMDI decomposition of
energy-related CO, emissions in the global iron and steel
supply chain over the period 2000-2020. The results
indicate that changes in emissions are driven by a
combination of scale expansion and mitigating effects
associated with efficiency improvements and structural
adjustments, with the relative importance of each factor
varying substantially across sub-periods.



From 2000 to 2005, global CO, emissions increased
by 0.61 Gt. This rise was primarily driven by the economic
intensity effect (AECI, +0.76 GtCO,), reflecting rapid
expansion of steel-related economic activity. A smaller
positive contribution was also observed from the CO,
intensity effect (ACOE, +0.12 GtCO). These growth
effects were partially offset by improvements in energy
intensity (AEl, -0.12 GtCO,), energy structure (AES, -0.05
GtCO,), and industry structure (AG, —-0.05 GtCO,).
However, the combined mitigation effects were
insufficient to counterbalance the scale-driven increase
in emissions.

During 2005-2010, CO, emissions rose further by
0.93 Gt, representing the fastest growth phase in the
study period. The economic intensity effect (AECI, +1.86
GtCO,) overwhelmingly dominated emission growth,
indicating an unprecedented expansion of industrial
output. At the same time, substantial mitigation effects
emerged, particularly from industry structure
adjustment (AG, -1.08 GtCO,), suggesting shifts toward
less carbon-intensive production structures. Additional
reductions were contributed by energy intensity
improvements (AEl, —-0.08 GtCO,) and energy structure
changes (AES, -0.03 GtCO,). Despite these efforts, the
magnitude of scale expansion outweighed all mitigating
effects, leading to a net increase in emissions.

Between 2010 and 2015, global CO, emissions
declined slightly by 0.13 Gt, marking a critical turning
point in the emission trajectory. Although the economic
intensity effect remained positive (+0.75 GtCO,), it was
more than offset by combined mitigation effects. The

€02 emission (Gt]

2000 ACP ACPD AECI AG AEl  AES ACOE 2005 ACP ACPD AECI AG  AEl  AES

ACOE 2010 ACP ACPD AECI AG  AEl  AES ACOE 2015 ACP

largest reduction stemmed from industry structure
effects (AG, -0.56 GtCO,), followed by significant
contributions from energy intensity improvements (AEl,
-0.29 GtCO,) and energy structure optimization (AES,
-0.10 GtCOy). In addition, a decline in the CO; intensity
effect (ACOE, -0.06 GtCO;) further reduced emissions,
indicating cleaner energy use and technological progress.
Together, these effects resulted in an absolute reduction
in emissions during this period.

From 2015 to 2020, CO, emissions increased again
by 0.40 Gt, though at a considerably slower pace than
during the pre-2010 expansion. Emission growth was
once more driven by the economic intensity effect (AECI,
+0.59 GtCO,). Nevertheless, mitigation effects persisted,
including reductions from industry structure adjustment
(AG, -0.12 GtCO,), energy intensity improvements (AEl,
-0.06 GtCO;), and CO; intensity changes (ACOE, -0.13
GtCO,). The energy structure effect (AES, +0.03 GtCO,)
played a relatively neutral role in this period. These
results indicate that while emission growth resumed, its
magnitude was substantially constrained by ongoing
efficiency and structural improvements.

Taken together, the period-by-period
decomposition reveals a clear evolution in the drivers of
CO, emissions within the global iron and steel supply
chain. Over the entire study period, economic intensity
(ECI) consistently emerges as the dominant positive
driver, underscoring the central role of production scale
expansion in shaping long-term emission trends. In
contrast, mitigation is primarily achieved through a
combination of industry structure adjustment (G),

0.59
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0.1y .
56 012 506 343
5 013
0.17

010 508

ACPD AECI AG  AEl  AES ACOE 2020

Fig. 8 LMDI decomposition result
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energy intensity improvement (El), and energy structure
optimization (ES), with their relative effectiveness
strengthening over time.

The results further suggest a distinct transition after
2010. While emissions increased rapidly prior to 2010 as
scale effects overwhelmingly dominated, the 2010-2015
period represents a unique phase in which mitigation
effects collectively outweighed scale expansion,
resulting in an absolute decline in emissions. After 2015,
emissions resumed growth; however, the magnitude of
increase was markedly lower than during the earlier
expansion phase. This indicates not a failure of mitigation
mechanisms, but rather a shift toward constrained
emission growth under renewed industrial expansion,
reflecting the increasing influence of efficiency gains,
structural upgrading, and cleaner energy use within the
steel supply chain.

4. LIMITATIONS

Several limitations of this study should be
acknowledged. First, the estimation of upstream mining
energy use involves simplifications. Specifically, we
approximated the energy consumption of iron ore
extraction by using the “Mining and quarrying” sector
data from the IEA database. However, this sector also
includes other mining activities beyond iron ore, which
may over-estimate energy use and consequently
introduce bias in the calculation of carbon emissions.
Future work will address this issue by adopting a bottom-
up approach, combining country-level iron ore
production statistics with more detailed energy intensity
estimates to isolate iron ore-specific energy
consumption.

Second, our analysis is limited to major steel-related
countries, which together account for roughly 85% of
global production and consumption. While this coverage
captures the vast majority of the global steel system, it
still excludes some smaller producers and consumers. As
a result, the total carbon emissions estimated in this
study are slightly lower than the actual global emissions.
Expanding coverage to additional countries will be an
important next step to enhance completeness.

Third, on the downstream side, we primarily
considered machinery and transport equipment as the
main consuming sectors. While these account for the
majority of direct steel use, indirect consumption driven
by other sectors was not fully captured. Future work can
improve this limitation by incorporating input—output
tables and applying a Leontief consumption matrix to
better reflect the indirect demand for steel across the
global economy.

5. CONCLUSION

This study provides a comprehensive assessment of
energy-related carbon emissions and their driving forces
along the global iron and steel supply chain, covering
upstream mining, midstream steel production, and
downstream iron-containing products. This study
enriches the literature by introducing a material flow-
based approach and applying multi-regional LMDI
decomposition for the first time to the global iron and
steel sector. By highlighting regional and national
differences in emission drivers, it provides more accurate
evidence for designing differentiated low-carbon
transition strategies worldwide.

The results highlight a profound transformation:
from 2000 to 2020, global iron ore, steel, and ICP flows
shifted from relatively balanced regional patterns to a
more China-centered structure, while trade remained
strongly regionalized. In terms of carbon emissions,
economic growth consistently exerted the largest
positive impact across all periods, reflecting rising
demand for steel and iron-related products. In contrast,
efficiency improvements, structural changes, and
declining carbon coefficients from cleaner energy use
played increasingly important roles in offsetting growth-
driven emissions, particularly after 2010.

Building on these findings, several policy implications
emerge for a regionally differentiated approach to
decarbonizing the steel industry. For resource-exporting
countries such as Australia and Brazil, policies should
focus on reducing emissions in mining and transport,
while aligning export strategies with global low-carbon
demand. For major steel producers like China, India, and
the EU27, accelerating the deployment of breakthrough
technologies (e.g., hydrogen-based direct reduction,
CCUS, and electrification of heat) will be critical to
reducing production-related emissions. In advanced
economies with declining steel demand, such as Japan
and North America, efforts should emphasize demand-
side strategies, including material efficiency, product
recycling, and extending the lifetime of steel-intensive
goods. Finally, stronger international coordination is
needed to address carbon leakage and ensure fair
competition, for example through mechanisms like
CBAM or harmonized carbon accounting standards.
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