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Supplementary Text 1. Introduction to the processes and routes in iron and steel industry

The multi-processes in the iron and steel industry can be categorized into three stages:
pretreatment including coke production (i.e. coking) and iron ore processing (i.e. sintering and
pelletizing) is to prepare important sources of iron and reducing agents for manufacturing iron;
ironmaking represents iron smelting for manufacturing steel using blast furnace (BF), direct
reduction (DRI furnace), and other minor facilities; steelmaking finally represents crude steel
production by basic oxygen furnace (BOF), electric arc furnace (EAF), and open hearth furnace
(OHF) from iron and steel scrap (Supplementary Table 1). The above-mentioned processes can
be combined to BOF/OHF primary, EAF primary, and secondary steelmaking routes (Extended
Data Fig. 1). Specifically, the two primary routes make crude steel by raw iron through
aforementioned pretreatment, ironmaking, and steelmaking processes, among which the
BOF/OHF primary steelmaking route mainly relies on pig iron from BF, while the EAF primary
steelmaking route generally use DRI. The secondary steelmaking route makes crude steel by
steel scrap in EAF. The combination of processes results in different plant types as defined in
Supplementary Table 2.



Supplementary Text 2. Sensitivity tests of mitigation potential
Sensitivity for indirect CO; emissions

Supplementary Figure 5 shows the comparisons of CO, mitigation potential between the base
estimate (only considering direct CO, emissions as shown in Fig. 4) and two sensitivity tests in
which indirect CO; emissions are included (estimated using carbon intensities derived from all
types of electricity generation (i.e., EFay) and fossil-fuel electricity generation (i.e., EFfogsil),
respectively). The methodology of indirect emission accountings can be found in Methods
Section. When the mitigation strategies are related to efficiency improvement (i.e. blue and purple
bars in Supplementary Fig. 5), the effects of including indirect emissions are generally insignificant
owing to the dominance of direct CO; emissions in primary steelmaking. Thus, the impacts on
mitigation potential related to transformation towards secondary steelmaking are focused here.

Globally, when indirect emissions are included, mitigation potential related to secondary
steelmaking transformation obviously declines in almost all cases with different indicators and
percentiles (Supplementary Fig. 5a). For example, when the 75" and 50" quantiles are used, the
reduction of mitigation potential reaches 4%-9% and 8%-12%, respectively, in comparison with the
base estimate. This is because EAF is much more electricity-intensive than general facilities in the
prevalent BF-BOF route (Supplementary Table 5), cutting down the benefits if electricity-related
emissions are considered. But it should be noted that in most cases, considerable mitigation can still
be expected even if indirect emissions are included, confirming the promising effects of secondary
steelmaking transformation. Moreover, when EFrsi 1s used for indirect emission accountings, the
impact on offsetting mitigation potential becomes more significant compared to EF.., because
electricity consumption becomes more carbon-intensive. The relative differences of using EFfogsit
and EFa. reach up to ~4% in some cases. This reflects that the mitigation benefits can likely be
amplified by increasing the shares of low-carbon power (i.e., decreasing the shares of carbon-
intensive electricity generation by fossil-fuel-based autoproducers on site).

The regional effects of considering indirect emissions are broadly similar to those at global
scale (Supplementary Fig. 5b-5i). But in very few cases, mitigation potential can instead
slightly increase when indirect emissions are included, since some plants with DRI-EAF
primary steelmaking route, which is originally more electricity-intensive than EAF secondary
steelmaking, are identified as the targeted ones. In addition, when retirement of overcapacity is
considered in mitigation strategies, the production shift of retired plants towards some less
electricity-intensive primary steelmaking plants can sometimes slightly increase mitigation
potential. However, such minor cases do not affect the major impact of indirect emissions —
the overall decrease of mitigation potential in terms of secondary steelmaking transformation
compared to base estimate.

The effects of considering indirect emissions on cost effectiveness are quite similar to those
on mitigation potential (Supplementary Figs. 6-7), since the estimated costs (capital, stranded,
or upgrading costs) are not affected by electricity consumption here. Globally and regionally,
the inclusion of indirect emissions results in obvious increases of abatement cost metrics related
to secondary steelmaking transformation, and the changes are more remarkable when EF o is
used in indirect emission accountings in comparison to EFay,. When the 90" quantile is used for
identification, the increases are generally slight (<5%), but can reach 5%-20% when the 75" and

3



50" quantiles are used. In very few cases, abatement cost metrics can instead decrease when
indirect emissions are included as explained by the changes of mitigation potential above. But
in such cases the mitigation potential in base estimates are actually very small (See
Supplementary Fig. 5), and thus the changes have negligible impact on overall mitigation
benefits.

Sensitivity of upgrading costs

Supplementary Figure 8 shows the abatement cost metric if upgrading costs are significantly
higher, for comparison with the base estimate in Fig. 4. This sensitivity test is designed because
different from capital costs compiled from literature, upgrading costs are assumed as half of
capital costs (referring to the costs of BF relining process'~) in the base estimate, which can be
subject to larger uncertainty. Upgrading of plants is complicated and case-by-case to some
extent. Upgrading may be completed by adding advanced installation on the existing facilities
(corresponding to the case in base estimate); But sometimes upgrading requires the
decommission of part of existing facilities for equipment of new ones, which may result in
certain loss of capital costs and make the actual upgrading costs higher (i.e., upgrading cost
plus potential stranded capital cost). Therefore, here we add this sensitivity test, assuming much
higher upgrading costs (i.e., the same as capital costs) to assess the impact on cost effectiveness.

The results show very significant influence on mitigation strategies related to efficiency
improvement. Globally, the abatement cost metrics of efficiency improvement increases by ~50%
in comparison with that in base estimate (Fig. 4a and Supplementary Fig. 8a; since upgrading
costs are doubled). Similar to global changes, the gaps of cost effectiveness between efficiency
improvement and secondary steelmaking transformation are significantly widened in most
regions (Supplementary Fig. 8b-8i), especially those with large mitigation potential (e.g., India
and Eastern Europe and Russia). This points to an important consideration: if upgrading costs
of efficiency improvement are moderate, it can be an attractive strategy economically and also
create new primary steelmaking assets with lower value (thus lower stranded risks in the future);
however, if upgrading costs are significantly higher, transformation towards secondary
steelmaking become much more appealing if available.

Sensitivity of indirect emission decarbonization

As the share of secondary steelmaking increases, more decarbonization burden will gradually
be transferred to power industry. An analysis is performed here to assess the impact on
abatement costs if indirect emissions from electricity consumption are further decarbonized
based on the strategies. The abatement costs of indirect emission by three technologies (i.e.,
wind power, solar PV power, and fossil fuel with CCS) are considered here as shown in
Supplementary Table 8.

As shown in Supplementary Fig. 9-10, if the electricity consumption of iron and steel
industry is further decarbonized by wind or solar PV power, which are mature technology with
low abatement costs, the total CO, abatement costs (i.e., costs per unit CO mitigation potential)
generally decrease in most cases, especially those strategies related to secondary steelmaking
transformation. Globally, the relative cost reduction ranges from around 5-15%, and cost
increases are only found in very few regional cases when the abatement costs of direct
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emissions are very low as overcapacity is retired. This shows that decarbonizing electricity for
the iron and steel industry can very likely increase the cost-effectiveness especially when
electricity consumption from secondary steelmaking grows. However, if some developing
technologies with high costs like CCS are used for indirect emission decarbonization, the cost
effectiveness tends to be deteriorated, but its share of technology application is expected to be
very low for short-term mitigation focused in this study. In summary, further decarbonizing
electricity based on direct emission mitigation is generally worth considering in policymaking
for deeper decarbonization of iron and steel industry.



Supplementary Text 3. Trends in capacity and CO; emissions
Trends in capacity

The past thirty years have witnessed substantial growth in the global iron and steel industry.
Extended Data Figure 2 shows global and regional trends in steelmaking capacity from 1990 to
2019. Global steelmaking capacity doubled from 1,195 Mt in 1990 to 2,342 Mt in 2019 (i.e.
2.3% annual growth), with a total of ~1,600 plants commissioned worldwide over the time
period (Supplementary Figs. 11-12). Moreover, the growth has largely been in emerging
economies, thereby shifting the majority of global steel production to those countries
(Supplementary Fig. 13). For example, the U.S. and Western Europe accounted for 11.0% and
20.4% of global steelmaking capacity, respectively, in 1990 (in the same year China and India
accounted for 11.4% and 2.3%, respectively). But after rapid growth, the steelmaking capacity
in India in 2019 (120 Mt) was nearly as much as the U.S. (125 Mt). Meanwhile, more recent
growths in the iron and steel industry of countries such as Vietnam, Indonesia, Turkey, and Iran
suggest they are emerging hotspots of steel-related CO, emissions.

The capacity evolution is also reflected by the age distributions (Supplementary Fig. 14).
The rapid expansion of steelmaking plants in emerging economies results in the large fleets of
iron and steel infrastructure®, and in 2019, the average ages of steelmaking and ironmaking
furnaces are both ~23 years globally (Supplementary Fig. 14a). In some emerging economies
(e.g. Iran and Vietnam), the steelmaking fleets are young with average ages below 15 and even
10 years in 2019. Despite young facilities, China has eliminated ~300 Mt of excess or outdated
capacity in the recent decade related to efforts to improve air quality, which targeted small
furnaces with higher energy intensity* (Supplementary Fig. 14b). By contrast, in the U.S. and
Western Europe, 58.2% and 79.8% of operating steelmaking capacity in 2019 was
commissioned prior to 1990, respectively. Developed countries also gradually retired outdated
(e.g. OHF) or energy-intensive capacities in recent decades to streamline their industrial
structure, with increasing shares of EAF for secondary steelmaking.

Trends in direct CO; emissions

Supplementary Figure 15 shows 30-year trends in direct CO, emissions by region and
process. Overall, in contrast to 96% increase of steelmaking capacity, global direct CO;
emissions of iron and steel industry soared from 1,152 Mt to 2,751 Mt with an increase of 139%
during the period 1990-2019 (Supplementary Fig. 15a). The disproportionately high emissions
were mainly due to the expansion of energy-intensive primary steelmaking via the blast
furnace-basic oxygen furnace (BF-BOF) route, especially in emerging economies’.
Consequently, the processes related to BF-BOF route, such coking, sintering, pelletizing, BF
ironmaking, and BOF steelmaking, all showed considerable emission growths in 1990-2019,
ranging from 70%-200%. Striking emission increases by over 300% were observed for DRI
ironmaking as DRI-EAF route gradually prevailed in India and the Middle East. In contrast,
steelmaking in developed countries was increasingly by secondary routes based on electric arc
furnaces (EAFs, mainly relying on electricity to generate indirect emissions)®. Thus, direct CO,
emissions in India’s iron and steel industry grew from 48 Mt to 277 Mt (+477%) over the time
period while emissions from the U.S. and Western Europe steadily decreased by 43% and 49%,
respectively. In 2019, the BF-BOF (primary) route accounted for roughly 70% of crude steel
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produced worldwide, and BF alone accounted for ~75% of total direct CO, emissions given its
requirements of coke and injected coal”®. When pretreatment processes are included, primary
steelmaking routes strikingly accounted for >95% of global iron and steel direct CO, emissions
(Supplementary Fig. 15b).

Supplementary Figure 16 further shows the process-based direct CO, emissions by region.
Similar to the global pattern in Supplementary Fig. 15, the contributions from blast furnaces
dominated in every region (generally >65%). In some regions, direct reduction iron (DRI)
process is also a large emission source. For example, DRI furnaces account for 25% and 27%
of direct CO, emissions in India and Rest of World (mainly attributed to the Middle East) in
2019, respectively. The share of DRI furnaces exceeded 10% in Canada and Latin America as
well. These regions are generally characterized by high-quality mines for DR pellet production
and abundant natural gas resources, but India mainly relies on energy-intensive coal-based DRI
process. As the processes to pretreat iron ores, sintering has larger direct CO, emissions than
pelletizing in most regions because of lower requirements for raw materials and thus more
production. But as a representative exception, the emissions from pelletizing outweighed
sintering in the U.S. mainly owing to the quality of local mines’. From a country-based
perspective, the shift of direct CO, emission hotspots from developed countries to emerging
economies stood out in 1990-2019 (Supplementary Fig. 17).

Trends in indirect CO; emissions

Supplementary Figure 18 shows 30-year trends in indirect CO, emissions by region and
process. Global indirect CO, emissions of iron and steel industry climbed from 131 (214) Mt
to 285 (428) Mt in 1990-2019 when carbon intensity of electricity generation EFavg (EFfossit) 1S
used for estimates (See Indirect emission accountings in Methods Section for details of carbon
intensity considerations). Overall, the magnitude of indirect emissions was much smaller than
that of direct emissions, and the relative growth in 1990-2019 was slower as well because the
rapidly expanding BF-BOF route in emerging economies contributed much more to direct
emissions. Compared to direct emissions, the shares of regions heavily relying on BF-BOF
route, such as China, significantly decreased (41%-42% in 2019 depending on electricity
carbon intensity), while the contributions from developed regions like the U.S. and Western
Europe grew (5-6% and 4-8% in 2019), as the iron and steel industry there transited towards
more electricity-dependent EAF secondary steelmaking (Supplementary Fig. 18a). The shares
of India and Rest of World also showed increasing trends as EAF-based primary steelmaking
fed by DRI (which is more electricity-intensive than blast furnace ironmaking) boosted there.

From a process-based perspective, the patterns are distinct with those in direct emissions
(Supplementary Fig. 18b). EAF dominated indirect CO, emissions (50%-60%) as highly
electricity-intensive facility. This emphasizes that although transition towards secondary
steelmaking can significantly reduce direct emissions, the impact of indirect emissions should
be carefully assessed by sensitivity tests in the mitigation analyses (See Supplementary Text 2).
As key processes in BF-BOF route, blast furnace ironmaking, sintering, and BOF steelmaking
accounted for ~17%, ~10%, and ~8% of indirect CO, emissions in 2019, but considering the
large production of related products, the indirect emission intensities of such processes are
actually moderate and even low (e.g. 0.02-0.03 tonne indirect CO, per tonne steel in BOF
compared to 0.29-0.43 tonne CO- in EAF in 2019 globally when only steelmaking process is
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considered).



Supplementary Text 4. Global and regional drivers of direct CO; emissions

Extended Data Figure 3 shows global and regional underlying drivers contributing to changes
of direct CO, emissions. Globally, increases in production are the main driver of increases in
CO, emissions (yellow bars in Extended Data Fig. 3a), with changes in energy efficiency
(defined as CO, emissions per unit crude steel production) limiting such increases of CO;
emissions more in some time periods than others. For example, from 2000 to 2010, rapid
increases in steel demand in developing countries led to expansion of less-efficient facilities
that raised the average energy intensity worldwide (blue bars in Extended Data Fig. 3a).
Meanwhile, steady increases in BF-BOF (primary) steelmaking in emerging economies since
2000 meant that shifts in production routes consistently urged emissions upwards (orange bars
in Extended Data Fig. 3a).

Regional drivers of direct CO, emissions were broadly similar to those affecting global
emissions (Extended Data Fig. 3b-31). However, improvements in the energy efficiency of steel
production consistently reduced emissions in China, benefitting from the country’s efforts to

retire inefficient plants*'”

, and the promotion of secondary steelmaking—especially since
2010—was effective as well''. In contrast, relatively constant demand in high-income countries
and regions meant that production route shift and efficiency improvement were more important
to emission changes (e.g., the U.S. in Extended Data Fig. 3e and Western Europe in Extended

Data Fig. 3g)'*".



Supplementary Text S. Disproportionalities of plants and facilities

Supplementary Figure 20 shows the relationship between crude steel capacity and age, and
that between crude steel production and annual direct CO, emissions from secondary
steelmaking plants in 1990 and 2019. Different from the striking growth of young and large
plants in developing countries for primary steelmaking (Fig. 1 and Supplementary Fig. 19), the
age-to-capacity patterns of secondary steelmaking are dominated by the plant aging in
developed countries in 1990-2019. In 2019, the pattern is much more scattered than that of
primary steelmaking plants, and the average age of those identified plants (n=122), accounting
for 0.3% of capacity, reaches 56.3 years. Distinct gaps of emission intensity are also found
among secondary steelmaking plants, and the gaps have been widened in 1990-2019 because
the emergence of more relatively inefficient plants in developing countries such as Southeast
Asia. Globally, in 2019, 21.1% of global CO, emissions from secondary steelmaking plants
were disproportionally produced by 5.8% of secondary steel production, showing large gaps
towards the benchmark level.

For the age-capacity relationship of facilities, the patterns are very similar to those of primary
steelmaking plants (Supplementary Fig. 21). The fleets of young (< 15 years) and large (> 1,000
kt) sintering/pelletizing and ironmaking facilities are striking, with most facilities located in
developing countries/regions such as India and the Middle East. In contrast, the large but older
facilities are mostly located in developing countries/regions (e.g., the U.S., Western Europe,
and Japan) and Eastern Europe and Russia where industrialization was initiated early during
the Former Soviet Union period. Using the 90™ quantiles of age-to-capacity ratio as thresholds,
a very small proportion of facilities (< 1% of capacity) are identified as potential targeted
facilities. More small-sized but young facilities (24.1 years on average) are identified for
sintering/pelletizing in comparison with ironmaking.

Distinct gaps of emission intensity are also observed for sintering/pelletizing and ironmaking
facilities (Supplementary Fig. 22). The emission intensity of pelletizing facilities is generally
lower than that of sintering facilities (0.11 tCOy/t vs. 0.16 tCO,/t for global average;
Supplementary Fig. 22a); similarly, the emission intensity of DRI furnaces is moderately lower
than that of blast furnaces (1.1 tCO»/t vs. 1.6 tCO»/t for global average; Supplementary Fig.
22b). This indicates some mitigation opportunities by optimizing the processes within primary
steelmaking routes (e.g., increasing the shares of pellets for ironmaking if available). In each
case, a number of inefficient facilities exist (shaded area beyond the 90™ quantile of emission
intensity). Globally, 8.8% and 8.3% of CO, emissions from sintering/pelletizing and
ironmaking facilities were respectively emitted from 5.3% and 4.8% of production. Significant
gaps are shown when compared to the given benchmark intensities (the average intensity of top
25% efficient facilities). For example, for ironmaking facilities, the 90™ percentile of emission
intensity is 108% higher than the benchmark value, and even the 50" percentile is 76% higher.

The facility-level disproportionalities are further revealed by historical evolutions at regional
scale (Supplementary Fig. 23-24), which are overall consistent with those of primary
steelmaking plants (see Fig. 3). The age-to-capacity ratio generally showed increasing trends
especially in developed regions like Western Europe, as facilities aged without active new
commission (Supplementary Fig. 23). However, the large-scale BF relining in 1990s resulted
in slight decrease or stable changes of age-to-capacity ratio for ironmaking in developed region
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during 1990-2000. In China, striking decreases of age-to-capacity ratio were observed in 2000-
2010. The variations of age-to-capacity ratio are relatively steady in India, reflecting a trade-
off between newly-built facilities (but many of them are small- or medium-sized) and aging of
older ones.

Facility inefficiency is particularly noteworthy in some regions (Supplementary Fig. 24). The
efficiency of sintering/pelletizing and ironmaking facilities has both gradually improved
worldwide as energy-saving technologies developed and inefficient facilities were
decommissioned. As a representative, the average energy intensity of sintering/pelletizing and
ironmaking facilities in China declined by 38% and 39% in 1990-2019, respectively. Significant
efficiency improvement was observed in India as well, although the facilities there still
maintained the most carbon-intensive level on average. Additionally, the transition from BF-
BOF route to DRI-EAF route (i.e., using DR pellet to produce DRI and then manufacturing
steel) promoted the energy intensity in some regions like the rest of world (as compared above,
pelletizing and DRI are generally less carbon-intensive than sintering and BF, respectively).
Globally, efficiency improvement was not very obvious in the past three decades, as less
efficient facilities in developing countries expanded tremendously.
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Supplementary Text 6. Discussions on different indicators and mitigation strategies

A few important aspects of the advantages and disadvantages of different indicators and
mitigation strategies are highlighted and briefly discussed in the Discussion Section of main
text. Here, some aspects are further illustrated to reveal underlying mitigation risks, and some
additional factors are considered to enrich the analyses. The supplementary discussions can be
potentially essential for mitigation decision-making in governments and industries.

New assets and related lock-in effects

Two components are mainly considered in mitigation strategies (with combination of
retirement): efficiency improvement and transformation towards secondary steelmaking.
Despite comparable cost effectiveness as shown in Fig. 4, an important aspect should also be
seriously considered: the new assets and related lock-in effects. Admittedly, efficiency
improvement by upgrading/partly replacing primary steelmaking plants can effectively reduce
CO; emissions especially in some developing countries, but meanwhile it results in new assets
and capital costs. A few analyses have showed the need to speed up deep decarbonization of
iron and steel industry, e.g. as early as late 2020s or early 2030s for net-zero steel industry by
2050'*"_ In this context, the new primary steelmaking assets may likely negatively affect the
process of rapid transition, leading to potential risks of stranded capital costs one investment
cycle later'®". According to latest estimates, however, the investment lifetime of primary
steelmaking plants is 15-25 years on average'?, and thus probably most of new capacity built
by 2030 has small or even no burden of stranded assets by the mid-century. The strategy of
secondary steelmaking transformation has much smaller burdens in this aspect, since EAF is
very low-carbon itself with decarbonization difficulties mostly transferred to power industry
(i.e., indirect emissions). The comparison above emphasizes that new mitigation investments
should be carefully evaluated according to both short-term and long-term decarbonization
planning.

But importantly, this does not mean that efficiency improvement is a pessimistic strategy in
the long run. The enterprises can upgrade the plants with technologies that are more energy-
saving but also more compatible with future zero-carbon transition. For instance, upgrading to
an oxygen blast furnace (OBF) can allow high CO; capture potential if CCS technology is
installed in the future; upgrading to an advanced DRI furnace can likely be adapted to 100%
hydrogen operation with minor equipment retrofit in the future’. Such smooth transition
towards ne-zero steel industry can likely avoid large-scale decommissioning of existing
facilities and a large amount of stranded assets.

Operating costs and competitiveness

In the cost effectiveness analysis, upgrading costs, stranded capital costs, and new capital
costs are considered. In reality, operating costs and competitiveness can be other factors to
assess. For inefficient plants, they generally consume more fuels per unit production and have
higher related operating costs in this aspect; for older plants, more expenses may be spent on
maintenance and repair. These can very likely deteriorate their competitiveness. But

competitiveness can also be influenced by many factors, such as local market demand (e.g.,
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some plants serve very specific markets), geolocation (e.g., the distance towards iron ore mines,
railway, and harbors), and supply-/demand-side policies. Thus, competitiveness may be case-
by-case in reality, but can be involved in targeted decarbonization policymaking. Market policy
can probably be implemented to promote the retirement, upgrading, or replacement of less
competitive plants to improve the mitigation performance. This also points to the opportunities
for the penetration of advanced low-carbon and zero-carbon producing technologies. For
instance, H2 Green Steel, an enterprise in Sweden, has pre-sold over 1.5 million tonnes of green
steel to customers'®, showing the potential competitiveness for commercialization. To include
operating costs and competitiveness can improve the practicality and flexibility of mitigation
strategies, and likely boost more ambitious decarbonization through market mechanism.

Scrap availability and price

In the analyses, the term “mitigation potential” is conservatively used because the
implementation and effects of the mitigation strategies are also constrained by some resource
factors, which are beyond the plant-level quantitative scope in this study but important to clarify
here. Typically, scrap availability can be an essential factor that determines the process of
targeted mitigation by secondary steelmaking transformation. The scrap supplies are inadequate
or unstable in many developing countries, i.e. the most urge-to-abate economies. For example,
when the plants beyond the 50" quantile of emission intensity indicator are targeted, ~430 Mt
of crude steel production in China should be transformed towards secondary steelmaking route
to achieve the maximum potential, roughly requiring 470 Mt of steel scrap (assuming a ratio of
1.1 between scrap and steel'”). Currently, annual scrap generation in China is ~250 Mt*°, a large
proportion of which has been used by China’s iron and steel industry and is thus far from enough
the meet the mitigation demand. But fortunately, projections show that scrap generation will
rapidly increase and approach 800 Mt in China by 2050 (while steel demand and production
will keep stable and then gradually decline)’; scrap availability will also further increase as the
recycling system is improved”'. These all likely support more aggressive secondary
steelmaking transformation in China. The scrap shortage can be more challenging in India and
other countries with less steel stock now?, and expansion of scrap import can probably be a
temporary solution (e.g., India will import about 30 Mt of ferrous scrap per year by 2030%).

Scrap price can be another important factor to affect the cost effectiveness of mitigation
strategies. Scrap price is tightly linked with its supply and demand®**. As secondary
steelmaking expands, the demand of scrap may surge. If the supply of scrap struggle to meet
the demand, scrap price can likely be raised, which deteriorates the cost effectiveness of
secondary-steelmaking-related mitigation strategies (i.e., increase the operating costs of
secondary steelmaking plants and deteriorate the competitiveness as discussed above). To
tackle the problem, some policies from governments may be necessary to monitor, manage, and
regulate the local scrap market, and the development of international scrap trade may be of help
as well. The discussion here shows that to achieve the targeted mitigation potential is not a
“one-step” but “step-by-step” process as the compatibility resource utilization is gradually
optimized.

Retirement of global excess capacity
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We look into where the capacity retirement take place as well as the stranded assets as shown
in Supplementary Figure 25. When the emission intensity indicator is used, the retirement
mainly occurs in developing regions, including some large plants with massive stranded assets.
Identified by the age-to-capacity ratio indicator, the retirement is more widely distributed, and
the majority is smaller plants with less stranded assets. Importantly, whichever indicator is used,
developing regions would bear most of the stranded assets (i.e., over 80%) because more
identified plants are large and/or relatively young there. The imbalance of stranded asset
distribution may be a challenge of accelerating global overcapacity retirement, which in turn
requires regional differentiated planning. Some international financial compensation can likely
encourage the decommissioning especially for developing countries, but the source of such
funding will be a difficult political issue that should be addressed by joint efforts of decision
makers in governments and enterprises (e.g., the negotiations of Global Arrangement of
Sustainable Steel and Aluminum between the U.S. and EU?). Given steel is highly traded,
global steel market should probably be optimized as well, to allow the retirement of plants in
some regions but meet the local demand at the same time. Overall, retirement of global excess
capacity is an essential challenge that should be comprehensively evaluated, negotiated, and
promoted from socio-economic, political, and environmental perspectives.

In this study, the mitigation policy via retirement of global excess capacity occurs based on
the 2019-year production. Here, the “baseline” decarbonization potential that accords with the
current production, structure, and resource is provided, targeting short-term decarbonization.
But plant retirement can be an important aspect for developing countries in the future pathways,
which relies on future demand changes generally projected by Integrated Assessment Models
(IAMs). Such analysis is not included in this study (i.e., the global production level is assumed
to be maintained here), and more efforts can probably be made to perform pathway-dependent
retirement research especially for developing countries using the GISD database in the future.

The relationship with net-zero goals

Short-term decarbonization strategies are focused in this study, but it is important to assess
whether the proposed strategies are congruent with long-term net-zero goals. Thus, we compare
the CO, mitigation potential with the emission reduction of global iron and steel industry in
2030 projected by IEA’s Net Zero Emission Scenario as shown in Supplementary Table 9. It
is found that the CO, mitigation potential in some strategies are largely consistent with the
foreseen emission reduction in 2030, especially when the 50" percentile is used. When the 50"
percentile of emission intensity indicator is used for plant identification, the CO, mitigation
potential exceeds the projected reduction no matter what strategy is adopted. This shows that
the proposed strategies may serve as the near-term choice within the net-zero scenarios, or are
basically compatible with the short-term requirement of net-zero goals.

Technical innovation for further decarbonization

Besides the current mature strategies (i.e., retirement, efficiency improvement, and
transformation towards secondary steelmaking), technical innovation is a key measure to
further decarbonize iron and steel industry. A supplementary analysis is performed here from
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the plant-by-plant perspective to reveal the effects of innovative technologies in the short term.
According to the IEA Net Zero Scenario®’, about 100 Mt of steel can be produced by innovative
technologies (i.e., hydrogen-based ironmaking and production with CCUS) in 2030. Besides
the plants identified by the 50" percentiles of the indicators, we sort the remaining plants
according to their rankings by each indicator and further identify some plants in order until the
production scale reaches that proposed by IEA Net Zero Scenario, to quantify the mitigation
potential if they are applied with innovative technologies (Supplementary Fig. 3). The results
show that globally, around 150-160 Mt of CO, emissions can be further reduced by applying
innovative technologies with their estimated production scale in 2030. The global mitigation
potential can increase by 11%-17% and 28%-34% when emission intensity and age-to-capacity
ratio indicators are used to target plants, respectively. Regionally, mitigation potential can be
obviously improved in most cases as well. This highlights the importance of developing,
demonstrating, and applying innovative low-carbon technologies for deep decarbonization.

The feasibility of low-carbon strategies

In this study, it is estimated that 16% and 28% of global steel production capacity would be
targeted in the short term when the 50" percentiles of age-to-capacity ratio and emission
intensity indicators are used, respectively. Such capacity transition identified here is basically
consistent with the short-term magnitudes presented in other studies as the key start for the
achievement of deep decarbonization (i.e., net-zero steel pathways) by 2050 (e.g., assessments
by Net Zero Steel™® and IEA Net Zero Scenario?’). Therefore, aggressive transformation may
be essentially needed in such a 30-year process if net zero steel production is pursued by mid-
century. Despite beyond the environmental scope of this study, the engineering issues (e.g.,
approval, design, decommissioning, construction, upgrading, and launch) of such 16%-28%
capacity transformation may be a key challenge for global steelmakers especially in developing
countries, which must be cautiously evaluated by local engineering research and demonstrated
by the leading projects, to ensure the ambitious but smooth transition within such a short period.

Other considerations on mitigation indicators and strategies

In this study, an indicator called age-to-capacity ratio is introduced besides emission intensity
(which is commonly used) to identify targeted plants, and its meaning is described in detail
here. Age of plants is an important and objective dimension for decarbonization, because older
plants tends to have less stranded capital if they are retrofitted or retired. However, ranking the
plants with the same age for retirement or upgrading needs another dimension, and thus plant
capacity is introduced as an objective variable. Smaller plants generally represent less
investment and embodied capital costs, and are preferentially included in climate and
environmental strategies in many cases. Finally, the ratio between age and capacity is used as
an indicator, which mainly points to decarbonization burdens from a cost-based perspective.
This is different from emission intensity that emphasizes the emission-based perspective.

It can be found in this study, efficiency improvement is excluded for age-to-capacity ratio
indicator. This is because that the strategy is basically not cost-effective, or inconsistent with
the meaning of the indicator. The cost effectiveness of this strategies is shown in Supplementary
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Figure 26 in comparison with other strategies. It is clearly shown that the abatement costs are
much higher than the others globally (about 25-60%). Specifically, when the age-to-capacity
ratio indicator is used, it targets older and smaller plants with less stranded capital without
consideration of efficiency, and thus some of identified plants can still have good performance
on energy efficiency especially in developed regions, significantly reducing the mitigation
potential of efficiency improvement. Based on the assessment, it is not included in the strategies
presented in the main text.
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Supplementary Text 7. Limitations and uncertainty analysis
Uncertainty quantification

Emission estimates are subject to uncertainty because of incomplete information of activity
rates and emission factors®™. In order to more completely assess the uncertainties of our
emission estimates, both national and facility-level uncertainty analysis was conducted
following the methodology demonstrated by previous studies®'. The term “uncertainty” here
refers to the lower and upper bounds of the 95% confidential interval (CI) around the central
estimate. Input parameters of activity rates and emission factors, with corresponding statistical
distributions, were placed in a Monte Carlo framework, and 10,000 simulations were performed
to analyzed the uncertainty of direct CO, emissions. The probability distributions of input
parameters are shown in Supplementary Table 10. Our result shows that global average
emission uncertainty is -14% to 16% based on the aggregation of uncertainties of individual
countries (Supplementary Fig. 27), which is close to the CO, emission uncertainty level in

previous studies on power sector and cement industry®’-°.

For the uncertainties of facility/plant-level emission estimates, previous studies commonly
selected one or several different-sized or representative facilities or plants to assess the
uncertainties”". In this study, we followed this method and selected representative steelmaking
plants for analysis. The primary steelmaking plants correspond to two plant types in the eight
regions (see Extended Data Fig. 1 and Supplementary Table 2): plants based on BOF/OHF
primary route and plants based on EAF primary route. We assume a larger coefficient of
variation (CV) for facility-level activity rates compared to national emissions due to lack of
direct data source of facility-level fuel consumption, and facility-level uncertainties of emission
factors are assumed to the same as national estimates following previous studies®". As a result,
the emission estimate uncertainties range from around —(19-20) % to +(20-22) %. The
uncertainties can probably be underestimated because of plant-level variations of fuel quality,
annual operating hours, and applied technologies etc., which are difficult to obtain and include
in the current framework but comprehensively discussed in the section below.

Discussions on limitation and uncertainty

Capacity utilization. The capacity utilization rates by process are assumed as consistent within

a country following previous studies®**?

, which can be a limitation in the accounting
methodology. But importantly, CISD that includes real statistical production (i.e., real capacity
utilization rates) is used in the analyses for the facilities in China. Since China produces 53%
of global crude steel and 63% of global pig iron in 2019° (as the base year of decarbonization
analyses), this should considerably improve data quality and alleviate the impact of the

assumption.

Furthermore, a comparative test is conducted to assess the impact. The direct CO, emissions
of China’s primary steel plants are estimated based on the assumption of consistent capacity
utilization rate, and then compared with the results using real statistical data in 2019. Overall,
in terms of direct CO, emissions, the relative differences are within + 30% for plants accounting
for 68% of total emissions; in terms of emission intensity, the share also reaches 71%. For plant-
level estimates, such differences are generally acceptably moderate (e.g., the uncertainties of
country-level emissions always reach ~15%). Further, when identifying targeted plants by the
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indicator of emission intensity, 72% of targeted plants in China are overlapped in the two
estimates (i.e., real statistics and consistent utilization) using the 50" percentile, with relative
difference of mitigation potential of ~8% in China. Thus, it is reasonably reckoned that the
effects of the assumption are acceptable when more reliable local data sources are not available.

Based on the assessments above, the assumption is conservatively used for emission
accountings, to avoid introducing more complicated treatments and related uncertainties. If
more reliable facility-level data outside China is available in the future, it can probably be
incorporated to improve emission representativeness.

Energy intensity. The effect of capacity size on facility energy intensity is mainly considered
because it is directly supported by some sectoral research'®* as well as studies in other
industries**. Some other factors may also influence facility energy intensity but are hard to
quantify, which is presented as a noteworthy limitation here.

Detailed technology can be an important factor, but unfortunately the availability of facility-
level technical details hardly supports its inclusion in the current model. Taking blast furnaces
as an example, the installation of Pulverized Coal Injection (PCI) system, design of charging
system, waste heat recovery, and other technical details can play a role in the performance. But
such detailed information is only available for a very small part of the facilities in GISD
concentrated in developed countries, and it is also difficult to compile statistics or literature to
support representing the differences of such detailed technologies. To include such
consideration at this stage would bring more uncertainties that are hard to assess. Therefore,
now the technological differences are only considered at more rough technical level (e.g., the
differences between BF and DRI are considered). This is a limitation that will likely be
improved as more facility-level technical information and statistics are available in the future.

Indirect emissions. The basic information in GISD only covers the facilities directly related to
iron and steel making without records on onsite autoproducers or source and structure of
electricity consumption. Therefore, to better represent indirect emissions, two carbon intensities
of electricity are used and compared: (1) average carbon intensity of all types of electricity
generation in the country (representing the cases that more proportions of clean power are
consumed) and (2) average carbon intensity of fossil-fuel electricity generation in the country
(representing the cases that only fossil fuels are consumed). The combination of the two
intensities basically represents a range of indirect emissions. The inclusion of indirect emissions
has been comprehensively analyzed in Supplementary Text 2, but some limitations are still
clearly presented here.

First, autoproducers are generally less efficient than infrastructure connected to public power
grid when they generate electricity from fossil fuels’”. Hence, even if the national average
carbon intensity of fossil-fuel electricity generation is used, the indirect emissions from
autoproducers may still be underestimated. Since there have been a few well-established plant-
or unit-level databases for global power industry that include at least some captive power

plants®*¢

, they can probably be linked with GISD in the future, to identify the autoproducers
onsite in the iron and steel plants to better represent plant-level indirect CO, emissions. Second,
some accounting factors can probably be improved. For instance, the process-based electricity

intensity is consistent worldwide, which can be replaced with e.g. region- or country-specific
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values when more detailed information is available.

Minor sources. Direct CO, emissions from fossil fuels and indirect CO, emissions from
electricity consumption are estimated and used in analyses. But some minor sources in iron and
steel industry are not included now. For example, some process emissions that arise from
limestone uses are not considered; the CO, emissions from chemical reaction between carbon
in iron and oxygen in BOF are not systematically included but are likely partly captured by the
methodology (i.e. combustion of BOF off-gases in iron and steel industry is included). Such
sources are hard to quantify at plant- or facility-specific level, but only account for a very small
part of CO, emissions from iron and steel industry?. It is reasonably reckoned that their impact
should be very limited on the main analyses and finding in this study.

Other potential limitations and expected improvements

Our study is also subject to several additional uncertainties and limitations, and some of them
are expected to be fully or partly overcome in the future. First, although we have tried our best
to collect related information, the GISD database might be still incomplete given the
tremendous amount of detailed information. We compared the facility information of China in
the MCI database with the CISD, and found that many small plants and pretreatment plants
were missing, suggesting that MCI may have also omitted small plants in other regions
especially the developing countries. Second, facility-level CO, emission measurements are
scarce, hampering our ability to cross-check and validate our estimates; we will continue to
pursue such data for comparison and thereby improve data quality. Regardless of these
considerations, the database we have compiled and made freely- and publicly-available (GISD
version 1.0 at http://gidmodel.org.cn/) provides estimates of unprecedented detail into the

global iron and steel industry, which can strongly support sector-specific targeted mitigation
policies. The GISD database and related data products will be maintained and updated regularly
in the future to improve the estimate accuracy, extend the temporal coverage, and cover more
aspects of emissions.
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Supplementary Text 8. Methodological supplementary information
Facility-level energy intensity treatment

In this study, we consider the differences of energy intensity (e; ) between large and small
facilities when deriving facility-level fuel consumption (see equation (3) in Methods Section).
It has been demonstrated by previous studies that facilities with larger capacity generally have
lower energy intensity in power and industrial sectors®****. Here the process-based facilities
in each country were classified into several groups, i.e. mini, small, medium, large, and super-
large groups. The facilities are first sorted ascendingly by capacity and then separated by 20%,
40%, 60%, and 80% of cumulative capacity (In this way, the median facility that crosses the
50% threshold of total capacity must be in the medium group). The country-level process-based
energy intensity can be directly derived from process-based fuel consumption obtained in
equation (2) and process-based production for each country, and then it is assumed that the
medium-size facilities had the same intensity level as country-level energy intensity. The energy
intensities of other capacity groups were further distinguished based on the facility-level
intensity statistics collected and compiled from previous studies (see Supplementary Table 4;
some facility-level CO, emission intensity data was also included here due to data availability
to improve data representativeness). Generally we could only obtain the ranges (i.e. minimum
and maximum) of facility-level intensity rather than piecewise values, and thus linear
interpolation was applied to derive the relative differences among all the groups. Based on the
intensity of the medium-size group, the energy intensities of all the size groups can then be
obtained by using the relative differences. The results show that significant capacity effect exist
in terms of facility intensity. For instance, the energy intensity difference between mini- and
super-large-size facilities can be over 50% in some processes. The above method may
underestimate or overestimate facility differences due to scarce data and has large uncertainty
at facility level, so we also conduct uncertainty analysis with comprehensive discussions on
facility-level uncertainties as shown in Supplementary Text 7. More efforts will be made to
collect more capacity-dependent facility data to improve the method in the future (e.g. to build
a fitting curve when data points are statistically enough).

Drivers decomposition

We quantified the contributions from three drivers to the CO, emission changes at global and
regional scale, including production growth, technology shifts reflected by primary and
secondary steelmaking proportions, and energy intensity (energy efficiency) here. In this study,
the logarithmic mean Divisia index (LMDI) method was used for driver decomposition®’*. The
LMDI method gives perfect decomposition without residual term, and the decomposition
results follow simple additive property. It has been widely applied in previous studies to analyze

the emission drivers of different sectors at different scales®**!.

The components are decomposed as shown by equation (1)-(4) below:

AE = ET — E® = AEp + AEs + AE; (1)
ET — E? pT
AE =Z#ln— 2
© LiInEf —InE} P @)
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where i represents primary or secondary steelmaking route; 0 and T represent the first and
last year of a period; E represents CO, emissions; AEp, AEg, and AE; represent emission
drivers of production growth, production route shift, and efficiency improvement, respectively;
P, S, and I represent crude steel production, shares of primary or secondary steelmaking
routes, and emission intensity of primary or secondary steelmaking routes, respectively.

Uncertainty analysis

We performed uncertainty analysis for the emission estimates at country and plant/facility
level based on a Monte Carlo approach, following the methodology applied on power and
cement sectors in previous studies”>’. The uncertainty range was calculated by the 95%
confidential interval (CI) around the central estimate from 10,000 Monte Carlo tests with
specific probability distributions of input parameters including activity rates (fuel consumption)
and emission factors. The probability distributions of the parameters were obtained from
previous studies as shown in Supplementary Table 10. For facility-level uncertainties, the
probability distributions of some parameters were different from national level estimates as
listed in Supplementary Table 10 as well. We analyzed the emission uncertainty of global iron
and steel industry, individual countries, and representative plants/facilities in each process and
route (See Supplementary Text 10 for more details).
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Supplementary Figure 1 | The shares of direct CO, emission hotspots (plants with CO,
emissions >5,000 kt) by region. The left and right columns show the shares of number and CO,
emissions in 1990 (top panel) and 2019 (bottom panel), respectively.
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Supplementary Figure 2 | The capacity demographics (i.e., capacity composition by age
and capacity size) of primary steelmaking plants in 2019. The y-axis labels represent the
intervals between operating year and 2019, and 0 year indicates that the plant starts operating
in 2019. The bars are accumulated by group of plant capacity size. The introduction to
demographics can be found in previous literature®.
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Supplementary Figure 3 | Effects on mitigation potential if innovative technologies are
further applied. The bars show the mitigation potential of traditional strategies when the 50"
percentiles of emission intensity and age-to-capacity ratio indicators are used to identify the
targeted plants (blue, purple, green, red, and orange bars) as well as the mitigation potential
when innovative strategies are further applied beyond the 50" percentiles (grey bars). The
projected production scale of innovative technologies (i.e., production equipped with CCUS
and hydrogen-based ironmaking) is obtained from IEA Net Zero Scenario (i.e., the production
in 2030)”, and a number of plants are identified according to the rankings by the indicators
beyond the 50" percentiles to be applied with innovative technologies for further
decarbonization.
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Supplementary Figure 4 | Maps of regions in this study. All countries are divided into eight

regions.
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Supplementary Figure 5 | Sensitivity test of CO; mitigation potential for indirect CO;
emissions. The CO, mitigation potential with different quantiles of indicators (age-to-capacity
ratio and emission intensity) and mitigation strategies is shown when indirect CO, emissions
(estimated using carbon intensities derived from all types of electricity generation (EF..g) and
fossil-fuel electricity generation (EF i), respectively) are included in the analyses, to compare
with the case when only direct emissions are considered as shown in Fig. 4.
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Supplementary Figure 6 | Sensitivity test for cost effectiveness if indirect CO, emissions
are considered. The same as Fig. 4 but shows the relative differences of CO, mitigation
potential per unit cost between the case in which indirect CO, emissions are included and the
case in which only direct CO, emissions are considered. Here indirect CO, emissions are
estimated using carbon intensities derived from all types of electricity generation (EFayg).
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Supplementary Figure 7 | Sensitivity test for cost effectiveness if indirect CO, emissions
are considered. The same as Supplementary Figure 6 but here indirect CO, emissions are

estimated using carbon intensities derived from fossil-fuel electricity generation (EF sil).
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Supplementary Figure 8 | Sensitivity test for cost effectiveness if upgrading costs are
assumed higher. The same as Fig.4 but here upgrading costs are assumed to be the same as
capital costs as shown in Supplementary Table 6.
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Supplementary Figure 9 | Sensitivity test for cost effectiveness if indirect CO, emissions
are further decarbonized by wind power, solar PV, or CCS. The same as Fig. 4 but shows
the relative differences of costs per unit CO, mitigation potential between the case in which
indirect CO, emissions are included and decarbonized and the case in which indirect CO;
emissions are included but not decarbonized. The errorbars show the ranges determined by
different decarbonization technology (the centers represent the case where solar PV is used for
decarbonization and the whiskers represent the cases where wind power and CCS are used,
respectively). Here indirect CO, emissions are estimated using carbon intensities derived from
all types of electricity generation (EFayg).
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Supplementary Figure 10 | Sensitivity test for cost effectiveness if indirect CO; emissions
are further decarbonized by wind power, solar PV, or CCS. The same as Supplementary Fig.
9 but here indirect CO, emissions are estimated using carbon intensities derived from all types
of electricity generation (EF fossir).
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Supplementary Figure 11 | Maps of iron and steel plants worldwide in 1990. Location, plant
type, and capacity of operating plants (a) globally, in (b) East Asia, (¢) Europe (d) North
America, and (d) South Asian Subcontinent and the Middle East. The plants are classified by
capacities (<250 kt, 250-999 kt, 1,000-2,499 kt, 2,500-4,999 kt, and > 5,000 kt) and production

types. The plant types are defined in Supplementary Table 2.
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Supplementary Figure 12 | Maps of iron and steel plants worldwide in 2019. The same as
Supplementary Figure 11 but for the operating plants in 2019.
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Supplementary Figure 13 | Historic production of global iron and steel industry.
Production of (a) iron and (b) steel by region from 1990 to 2019.
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Supplementary Figure 14 | Operating- and retired-year distributions of global
steelmaking capacity. The (a) operating- and (b) retired-year distribution of steelmaking
capacity as of 2019 by region and steelmaking furnace type. The youngest existing facilities
and the most recent retired facilities are at the bottom. The y-axis labels represent the intervals
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Supplementary Figure 17 | Maps of direct CO; emissions from global iron and steel
industry. Direct CO, emissions maps of each country or region in (a) 1990, (b) 2000, (c) 2010,
and (d) 2019.
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Supplementary Figure 18 | Annual indirect CO; emissions from global iron and steel
industry. The annual CO; emissions by region (top panel) and process (bottom panel) from
1990-2019. The left and right columns show the estimates using carbon intensities derived from
all types of electricity generation (EF..;) and fossil-fuel electricity generation (EFfssi),
respectively (See Indirect emission accountings in Methods Section for details of indirect
emission estimates).
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primary steelmaking plants in 1990. The same as Fig. 1 but for 1990.
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Fig. 19 but for secondary steelmaking plants.
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of (a)

sintering/pelletizing and (b) ironmaking facilities. The scatters represent individual facilities

of (a) sintering/pelletizing and (b) ironmaking in 2019, respectively, in each case plotted

according to crude steel capacity (y axis) and average age (x axis). The black solid diagonal

lines represent the 90™ quantiles of age-to-capacity ratio, and the numbers, shares of capacity,
p q g p

and ages on average for facilities beyond the 90™ quantiles are shown at the bottom right corner.

The gray shades represent the areas beyond 90™, 75™, and 50" quantiles as the shades become

lighter. Ironmaking facilities include blast furnace (BF), direct reduction iron (DRI) furnace,

and other minor ironmaking facilities.
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Supplementary Figure 23 | Regional and global evolutions of age-to-capacity ratio for (a)
sintering/pelletizing and (b) ironmaking facilities. The facility-level age-to-capacity ratio of
(a) sintering/pelletizing and (b) ironmaking facilities in 1990, 2000, 2010, and 2019 in different
regions and at global scale. In each case, the boxes show the range from 25" to 75" percentiles;
the whisker show the 10™ and 90™ percentiles; the lines and scatters show the median and
average values, respectively.
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Supplementary Figure 25 | The plant-level distributions of global overcapacity retirement
identified by the 50" percentiles of (a) age-to-capacity ratio and (b) CO; emission intensity
indicators, respectively. The plants are classified by stranded assets (<10 million USD, 10-49
million USD, 50-99 million USD, 100-199 million USD, and = 200 million USD) and
capacity (<250 kt, 250-999 kt, 1,000-2,499 kt, 2,500-4,999 kt, and = 5,000 kt). The regional
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emission intensity with different mitigation strategies. The same as Fig.4 but for comparison,
here efficiency improvement is also considered when the age-to-capacity ratio indicator is used.
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Supplementary Figure 27 | Uncertainty range of direct CO; emissions from global iron
and steel industry. Uncertainty of total direct CO» emissions from 1990 to 2019. The black
line represents the baseline emission estimate using default activity rates and emission factors,
and the gray shaded area represents the 95% confidence interval of the emission estimate.
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Supplementary Table 1 | Introduction to the processes of steel industry. The processes are

categorized into three stages: pretreatment, ironmaking, and steelmaking.

Process

Pretreatment

Coking

Sintering

Pelletizing

Ironmaking

Blast furnace (BF) ironmaking

Direct reduction ironmaking (DRI)

Ironmaking in other furnaces
(minor ways, e.g. direct smelting by Corex
technology)

Steelmaking

Basic oxygen furnace (BOF) steelmaking

Electric arc furnace (EAF) steelmaking

Open hearth furnace (OHF) steelmaking
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Supplementary Table 2 | Definition of different types of plants in this study. The plants are
categorized into three groups: pretreatment plants, ironmaking plants (probably with
pretreatment processes but without steelmaking), and steelmaking (probably with pretreatment
processes and/or ironmaking).

Plant type Description

Coking The plants only produce coke.
Sintering/Pelletizing The plants produce sinter and/or pellet.
Coking&Sintering/Pelletizing The plants produce both coke and

sinter/pellet.

Ironmaking only The plants produce iron without
Pretreatment & pretreatment processes themselves
ironmaking (probably purchase coke and other
plant materials from others) and do not

subsequently produce crude steel.

Pretreatment&lIronmaking  The plants produce iron with
pretreatment processes themselves and
do not subsequently produce crude

steel.
Primary steelmaking The plants produce crude steel with
(BOF/OHF primary or EAF  ironmaking  and/or  pretreatment
primary steelmaking) processes. The raw material is mainly
iron ore.
Steelmaking Secondary steelmaking The plants produce crude steel using
plant EAF fed by steel scrap. The raw
material is mainly scrap.
Primary&Secondary The plants produce crude steel using
steelmaking both primary and secondary routes
above.
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Supplementary Table 3. Energy intensities of each processes (energy consumption per unit
product produced). The coking process has separated data in [EA statistics and thus its energy
intensity is not used in the accounting methodology. The value of blast furnace ironmaking is
used for minor ironmaking facilities besides blast furnaces and DRI furnaces.

Energy intensity
Process Sources
(MJ/tonne product)
Sintering 1,344 EU BREF, 2013"
Pelletizing 1,000 EU BREF, 2013"
, , EU BREF, 2013"
Blast furnace ironmaking 13,207

IPCC, 2006*

Tenova and Danieli,
Direct reduction ironmaking (DRI) 10,046 2014*
EU BREF, 2013"

Echterhof, 20214

Electric arc furnace (EAF) steelmaking 488 5
IPCC, 2006
. . EU BREF, 2013"
Basic oxygen furnace (BOF) steelmaking 299 5
IPCC, 2006
. EU BREF, 2013"
Open hearth furnace (OHF) steelmaking 578

IPCC, 2006*
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Supplementary Table 4. Energy efficiency differences of small/large-capacity facilities.

Country/ . Relative
. Process Parameter Min Max . Sources
Region differences
CO; intensity Wang et
China BF (kg COy/kg 1.09 1.37 25.69% al.,
production) 2007%
CO; intensity Wang et
China EAF (kg COy/kg 0.48 0.80 66.67% al.,
production) 2007
Energy EU
EU Sinter intensity 1289 2019 56.63% BREF,
(MJ/t) 2013"
Energy EU
EU Coke intensity 3200 3900 21.88% BREF,
(MJ/t) 2013"
Energy Guo and
China Sinter intensity 52.06 108.6 108.61% Fu,
(kgee/t) 2010'"
Energy Guo and
China BF intensity 39541 591.81 49.67% Fu,
(kgee/t) 2010'"
Energy Guo and
China EAF intensity 146.31 32544 122.43% Fu,
(kgee/t) 2010'"
CO; intensity ..
(t Ministry
nn
) Plant- onne of Steel,
India CO»/tonne 2.35 4.03 71.05% _
level India,
crude steel 20174
production)
Energy Ministry
) Plant- intensity of Steel,
India 5.83 8.82 51.34% _
level (Gcal/tonne India,
crude steel) 20174
Average 63.77%
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Supplementary Table 5. Electricity intensities of each process (electricity consumption per unit
product produced). The value of blast furnace ironmaking is used for minor ironmaking

facilities besides blast furnaces and DRI furnaces.

Electricity intensity

Process Sources
(kWh/tonne product)
o 347 EU BREF,
oking ' 2013"
. . EU BREF,
Sintering 343 19
2013
- EU BREF,
Pelletizing 21.3 19
2013
. ' EU BREF,
Blast furnace ironmaking 74.4 19
2013
' o ' Nduagu et al.,
Direct reduction ironmaking (DRI) 120.0 47
2022
. . EU BREEF,
Electric arc furnace (EAF) steelmaking 576.0 2013"°
. ' EU BREEF,
Basic oxygen furnace (BOF) steelmaking 34.9 2013"°
. EU BREF,
Open hearth furnace (OHF) steelmaking 34.9 20131
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Supplementary Table 6. Capital costs (lower, medium, and upper values) by process. The value

of blast furnace ironmaking is used for minor ironmaking facilities besides blast furnaces and

DRI furnaces.
Lower Medium Upper
Process Sources
($/kt) ($/kt) ($/kt)
. Steelorbis*; Dolvi Coke
Coking 92,086 147,494 202,902 _ .9
Projects Limited
Sintering 24,000 40,000 67,647 MCT*°
Pelletizing 22,866° 38,110  64,451° SAIL’!
Blast furnace ironmaking 148,000 211,500 275,000 IEA ETSAP, 2010
Direct reduction IEA ETSAP, 2010°%;
) , 100,416° 143,500 200,000 -
ironmaking (DRI) MCI
Electric arc furnace (EAF) IEA ETSAP, 2010%;
i 80,000 143,000 300,000 < s
steelmaking MCT™"; Steel Technology
Basi fi

aoIe OXYBER TS 60,976 100,000 130,024 IEA ETSAP, 2010%
(BOF) steelmaking

Open hearth furnace 4 d 4 s

) 69,976 100,000 130,024 IEA ETSAP, 2010

(OHF) steelmaking

* estimated based on the relative differences of medium and upper values.

® estimated based on the relative differences of sintering.

¢ estimated based on the relative differences of blast furnace ironmaking.

4 assumed to be the same as basic oxygen furnace (BOF) steelmaking.
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Supplementary Table 7. The historical average campaign lifetimes by process. The lifetimes
are derived from historical information of retired facilities and investment cycles in the database
except for blast furnace, the lifetime of which is obtained from previous literature'. The value
of blast furnace ironmaking is used for minor ironmaking facilities besides blast furnaces and
DRI furnaces.

Process Lifetime (year)
Coking 33
Sintering 28
Pelletizing 32
Blast furnace ironmaking 17
Direct reduction ironmaking (DRI) 18
Electric arc furnace (EAF) steelmaking 27
Basic oxygen furnace (BOF) steelmaking 27
Open hearth furnace (OHF) steelmaking 42
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Supplementary Table 8. Global average decarbonization costs of indirect emissions based on
different technologies™.

Technology Decarbonization cost ($/tCO:-eq)
Wind power 27.10
Solar PV power 32.98
Fossil fuel power with CCS 130.85
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Supplementary Table 9. Comparison of CO, mitigation potential of different strategies with
the projected CO, emission reduction of iron and steel industry (in 2030 compared to the 2019
level) in IEA Net Zero Emission Scenario?’.

IEA Net Zero
Indicator Strategy 90" 75 50 Emission
Scenario 2030
Effici
| eeney 6.8% -17.0%  -32.3%
1mprovement
. Retirement +
Emission .
_ ) Efficiency -6.8%  -16.9% -32.2%
Intensity .
Lo improvement
indicator -
Transformation
towards secondary -82%  -23.3% -49.7%
steelmaking
Transformation
towards secondary -1.1%  -4.6% -21.3% -29.0%
Age-to- steelmaking
capacity ratio Retirement +
indicator Transformation
-0.9% -4.2% -21.0%
towards secondary
steelmaking
Combination .
Transformation
of the two
L towards secondary -3.8%  -14.8% -31.9%
indicators .
steelmaking
above
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Supplementary Table 10. Probability distributions of emission estimate-related parameters>"-
31

Variables Distribution
Activity rate (fuel Normal (CV: 5%)
National level consumption)
Carbon content Lognormal (GSD=1.5%)
Oxidation factor Lognormal (GSD=0.2%)
Heating value Normal (CV: 5%)
Facility level Activity rate (fuel Normal (CV: 10%)
consumption)
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Supplementary Table 11. Global capacity by process in GISD in 1990 and 2019, in comparison

with global statistical production®’.

1990 2019
Process GISD . GISD capacity Production
. Production (Mt)
capacity (Mt) (Mt) (M¢t)
Coking 400 367 730 705
Sintering 806 582 2192 1639
Pelletizing 322 225 778 441
BF ironmaking 800 518 1717 1266
DRI ironmaking 35 19 146 111
Other ironmaking 8 1 20 16
EAF steelmaking 367 215 746 518
BOF steelmaking 699 422 1568 1344
OHF steelmaking 129 115 28 6
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Supplementary Table 12. Global and regional steelmaking capacity in GISD in 2000 and 2019,
in comparison with OECD Steelmaking Capacity Database®.

2000 2019
Region GISD capacity OECD GISD capacity OECD
(Mt) (Mt) (Mt) (Mt)
China 249 244 1077 1182
India 44 34 120 129
Rest of Asia 271 226 322 305
The U.S. 140 115 125 110
Canada and Latin
) 107 89 129 117
America
Western Europe 231 196 203 185
Eastern Europe and
. 192 158 192 170
Russia
Rest of World 87 71 173 165
Global 1320 1132 2342 2363
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Supplementary Table 13. The regional and global coefficients of variation (CV) of age-to-
capacity ratio for primary steelmaking plants in Fig. 3.

Region 1990 2000 2010 2019
China 1.7 1.7 99 27
India 20 34 46 48
Rest of Asia 39 36 34 36
The U.S. 30 3.7 35 3.0
Canada and Latin America 1.5 1.6 1.7 1.6
Western Europe 1.5 1.0 0.8 0.8
Eastern Europe and Russia 2.4 2.7 3.7 4.0
Rest of World 1.7 1.3 1.1 1.2
Global 28 27 64 63
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Supplementary Table 14. The regional and global coefficients of variation (CV) of direct CO,
emission intensity for primary steelmaking plants in Fig. 3.

Region 1990 2000 2010 2019
China 1.3 1.1 05 038
India 0.5 0.8 1.0 09
Rest of Asia 1.1 0.7 0.7 0.8
The U.S. 0.3 0.4 1.3 02
Canada and Latin America 1.0 1.0 1.0 0.7
Western Europe 04 0.6 0.6 0.5
Eastern Europe and Russia 0.6 0.4 0.7 1.5
Rest of World 0.7 0.8 0.7 1.1
Global 1.2 1.2 0.7 1.0
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