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Summary paragraph 11 

The highly energy-intensive iron and steel industry contributes about 25%1 of global industrial CO2 12 

emissions in 2019 and is therefore critical for climate change mitigation. Despite discussions of 13 

decarbonization potentials at national and global level2-4 5,6, plant-specific mitigation potentials and 14 

technological driven pathways remains unclear, which cumulatively determinates the progress of net-15 

zero transition of global iron and steel sector. Here we develop a CO2 emissions inventory of 4,883 16 

individual iron and steel plants with their technical characteristics, including processing routes, 17 

operating details (status, age, operation-years, etc.). We identify and match appropriate emission 18 

removal or zero emission technologies to specific possessing routes or what we define thereafter as a 19 

techno-specific decarbonization roadmap for every plant. We find that 57% global plants have 8~24 20 

operational years, which is the retrofitting window for low carbon technologies. Low-carbon 21 

retrofitting following plants’ operational characteristics is key for limiting warming to 2 C, while 22 

advanced retrofitting may help limit warming to 1.5 C. If each plant were retrofitted 5 years earlier than 23 

the planned retrofitting schedule, this could lead to cumulative global emissions reductions of 69.6 Gt 24 

CO2 from 2020 to 2050, almost double of global CO2 emissions in 2021. Our results provide a detailed 25 

picture of CO2 emission patterns associated with production processing of iron and steel plants, 26 

illustrating the decarbonization pathway to the net-zero emissions target with the efforts from each 27 

plant.  28 

 29 
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Main text 30 

Many countries have set climate neutrality targets in order to limit global temperature increase to below 31 

2°C and to pursue efforts to avoid a 1.5°C increase, as required by the Paris Climate Agreement7-9. These 32 

targets entail a transition to net-zero CO2 emissions across all sectors globally during the second half of 33 

the 21st century8,10.The ever-expanding energy-intensive industrial infrastructure, in particular in sectors 34 

such as iron and steel production10,11 where emissions are hard to mitigate (with tremendous energy and 35 

products demand1,12, long-lived assets, and lack of commercially available decarbonization 36 

technologies13), will ‘lock-in’ a substantial amount of carbon allowance.  37 

The production of iron and steel is a complex activity that is varied among world regions due to 38 

differences in the availability of iron ore, energy supply14, processing routes5, technological 39 

characteristics15 and socioeconomic demands16,17. As a result, there cannot be a “one-size-fits-all” 40 

decarbonization solution across the global iron and steel sector. It is worth noting that all mitigation 41 

efforts, including technology retrofitting, will have to take place at facility level, with each processing 42 

unit should set individually according to its techs specification. Therefore, the decarbonization of the 43 

entire iron and steel industry depends on the efforts undertaken by every single plant. Research on 44 

mitigation strategies for the iron and steel industry has focused mostly on estimating the potential of 45 

energy saving and the associated CO2 emissions reductions18-20, alongside cost5,21 of energy efficiency 46 

improvement10, fuel shifting1, and the adoption of the emerging technologies6. Yet, most previous studies 47 

are limited to the national level2-4,22, or using a few hypothetical plants with specific processes as 48 

examples5,6, which are not comprehensive enough to inform globally adoptable emissions reduction 49 

strategies featuring substantial regional diversity and they cannot be used to design mitigation actions at 50 

plant level across the whole sector worldwide. See detailed literature review on carbon mitigation in 51 

Supplementary Information section 1.1. 52 

A publicly available, harmonized, and comprehensive dataset for measuring CO2 emissions is crucial to 53 

support decarbonization efforts of the iron and steel industry at all scales, such as at plant level, country 54 

level and global level. Previous studies compiled databases of CO2 emissions from China’s iron and steel 55 

plants 23 but lacked detailed operating and processing information that is critical to predict how iron and 56 

steel plants will decarbonize over time. Here, we have first developed a comprehensive, publicly 57 

available global CO2 emissions inventory for Global Iron and Steel Plants (CEADs – GSEI), based on 58 

19,678 individual processing units (specific processing facilities, including coking, sintering, ironmaking, 59 

steelmaking, etc.) located in 4,883 individual iron and steel plants (for details about the integration of 60 

various processing units, see Supplementary Table S1). Details of the methods and data used to construct 61 

the CEADs-GSEI are shown in Extended Data Figure 1.  62 
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Furthermore, we have quantified the "committed CO2 emissions"8 of the existing iron and steel plants, 63 

based on the type of processing routes, country, age, and the operational lifetime including retrofitting. 64 

Finally, we have identified possible plant-level mitigation measures that would help to meet 2030 and 65 

2050 regional targets.  66 

Emission patterns of global plants 67 

Figure 1 presents the geographical location, processing routes (the steps and technologies of iron and 68 

steel production), and CO2 emissions of 4,883 iron and steel plants producing major products (coke, 69 

sinter, iron, and steel) in 2019. The total crude steel capacity is 2,592 Million tons (Mt), of which 63% 70 

were from Blast Oxygen Furnaces (BOF), 36% from Electric Arc Furnaces (EAF), and the remaining 1% 71 

from Open Hearth Furnaces (OHF) (Detailed information is shown in Extended Data Figure 2). The 72 

aggregated CO2 emissions in 2019 were about 2,815 Mt. Across regions, the producing capacity for crude 73 

steel, and associated carbon intensity (CO2 emissions per ton of crude steel produced), is different across 74 

plants as they use different processing routes depending on access to raw materials and available 75 

technology. Such diversity explains the spatial distribution of CO2 emissions from iron and steel 76 

industries globally. 77 

We find that, in 2019, up to 74.5% (1389.1 Mt) of the total crude steel produced come from coal-based 78 

iron and steel plants. Specifically, coal-based blast furnace-blast oxygen furnace (BF-BOF) plants (red 79 

dots in Figure 1) are concentrated in China, Japan, and India, accounting for 49.4%, 3.9%, 2.8% of global 80 

crude steel output, respectively. The coal-based direct reduction iron (DRI) plants are mainly 81 

concentrated in India, where they produce 67.0% of the global crude steel output from coal-based DRI 82 

plants. Detailed information on crude steel producing capacity is shown in Extended Data Figure 2. As 83 

a result, crude steel is primarily produced through energy-intensive coal-based processes worldwide 84 

(accounting for 85.0% of the total emissions), with carbon-intensive plants (Supplementary Table S1) 85 

running with coal-fired blast furnaces (Coal BF, all red points in Figure 1) being the main source of CO2 86 

emissions from iron and steel plants in most of the world regions. The Middle East and North America 87 

regions are an exception as crude steel there is produced mainly via gas-based direct reduction 88 

ironmaking (DRI) plants and coal and natural gas mixed injection blast furnace (Gas BF) due to sufficient 89 

local natural gas resources1,13. (see Supplementary Information section 1.2 for further details). The spatial 90 

distribution of CO2 emissions from iron and steel production reflects a concentration of iron and steel 91 

plants in eight countries (namely top eight countries) that contributed 85.7% of the total CO2 emissions 92 

from the global iron and steel industry. The iron and steel operations in each country, with different 93 

smelting processes and product output, face different challenges when it comes to reduce emissions (see 94 

Supplementary Information section 1.2 for detailed information on the top eight countries), suggesting 95 

the need to adopt mitigation strategies specific to the smelting process characteristics of the iron and steel 96 

plants. 97 
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Age and operation-years of global plants 98 

Figure 2 presents CO2 emissions and crude steel output of all iron and steel plants operating in 2019 by 99 

regions (see Extended Data Figure 3 for detailed region definition in this study) and based on operation-100 

years (defined in this study as the total number of years from the commissioning year up to 2019 for the 101 

original plants, or the total number of years from the last refurbishment year up to 2019 for the retrofitted 102 

plants) and processing units (coal/charcoal-fired iron and steel plants Figure 2a, Figure 2b, the other types 103 

of iron and steel plants Figure 2c, Figure 2d). The number of operation-years is critical to determine any 104 

plant’s production efficiency. The old production units (operating for a long time) with outdated 105 

technologies usually have poor energy efficiency and low secondary energy recovery rate, resulting in 106 

higher carbon emissions than the new ones18. 107 

We find that 43.2% of global iron and steel plants were retrofitted with enhanced process integration and 108 

new technologies to extend the plants operating lifetime (meaning that plants could continue producing 109 

beyond the normal operating life, for example 25 years for plants equipped with blast furnaces). In 2019, 110 

the average age (defined in this study as the total number of years from the commissioning year up to 111 

2019) of global iron and steel plants was 29.7 years, much longer than the average operation-years, 19.9 112 

(Supplementary Table S2). Over two-thirds of crude steel produced by EAF came from retrofitted plants 113 

(Figure 2a, 2d) in 2019; 80.5% of crude steel from the stainless-steel plants was produced by retrofitted 114 

plants. Further, it’s expected that all low-carbon upgrade of existing plants will be fit during the 115 

retrofitting window, with such window being determined by plants’ age and operation-years. We find 116 

that the average operation-years (from the latest retrofitting years up to 2019) varies across regions 117 

(Supplementary Table S2). For example, the average number of years were 15.2 and 18.2 in China and 118 

India respectively, whereas they were 26.5, 27.4 and 22.6 years in the EU+UK, Japan and South Korea, 119 

and North America, respectively. See Supplementary Information section 1.3 for a detailed description 120 

of the importance of retrofitting iron and steel plants to reduce CO2 emissions. 121 

Depending on the type of processing routes and given the limited lifetime of the processing units, global 122 

plants can be categorized into six operation-years groups: 0~4 years, 5~9 years, 10~14 years, 15~19 123 

years, 20~24 years, and ≥25 years, respectively. The young plants whose operation-years ranged 0~4 124 

and 5~9 accounted for 52.2% of global crude steel output and 51.2% of associated emissions. Specifically, 125 

one-quarter of those plants are coal/charcoal-fired plants. The mid-age plants, primarily equipped with 126 

coal-based processing routes and whose operation- years ranged 10~14, 14~19 and 20~24, accounted for 127 

44.5% of global crude steel output and 44.5% of associated emissions. It’s worth noting that 73 Chinese 128 

mid-age coal/charcoal-fired plants whose operation-years ranged 10~24 (accounting for 16.5% of total 129 

crude steel production in China), did not go through a retrofitting process since they were built. The 130 

elderly plants operating for longer than 25 years, the majority (95.1%) being other types (non-131 

coal/charcoal-fired plants, Figure 2b) of iron and steel plants, accounted for 3.3% of global crude steel 132 
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output and 4.3% of associated emissions. The high concentration of global crude steel output, and the 133 

associated emissions, from young (0~9 operation-years) and mid-age (10~24 operation-years) 134 

coal/charcoal-fired plants indicate that globally the likely operating lifetime of such plants is less than 25 135 

years. Besides, the share of output and CO2 emissions from the retrofitted iron and steel plants in 2019 136 

were strikingly high and varied across regions. See Supplementary Information section 1.4 for a detailed 137 

description of CO2 emissions from retrofitted iron and steel plants by processing routes in each region 138 

worldwide. 139 

Decarbonation options for global plants 140 

Iron and steel plants vary substantially by age, operation-years and retrofitting cycle (defined in this 141 

study as the number of years that go from one retrofitting to the next of plants in this study) across regions, 142 

therefore in each region the timing of future route-specific retrofitting of plants will also vary 143 

substantially. Because many existing plants have decades of remaining lifetime, a huge amount of CO2 144 

(53.4 Gt) will be emitted as a result – what is known as carbon 'lock-in'8 (Extended Data Figure 4). Early 145 

retirement or retrofitting of plants, depending on the typical operating lifetime of different processing 146 

types, would help to mitigate CO2 emissions from the iron and steel industry. 147 

We analyze possible CO2 emissions mitigation pathways at the plant level, over the short term and long 148 

term, by optimizing when to retrofit each plant and how – this analysis is based on three key parameters: 149 

the type of processing routes, latest retrofitting year, operating lifetime. Specifically, each plant will be 150 

retrofitted according to the time of its last retrofitting and the average retrofitting cycle of the specific 151 

processing route in place. For example, the Baotou Iron and steel plant in China, a ‘Coal BF-BOF plant’, 152 

was last retrofitted in 2015. As this type of plant has an average retrofitting cycle of 14 years (see 153 

Supplementary Table S3), Baotou will be retrofitted in 2029 under the S2 (Default, details in Methods 154 

section) scenario. When a plant has been in operation for longer than the average retrofitting cycle of the 155 

specific processing route in place, we assume that retrofitting will take place after the plant reaches 25 156 

years of operating lifetime. Furthermore, we assume adoption of the retrofitting option as proposed by 157 

the IEA1 and the Institute for European Studies24; the technical retrofitting solution is determined not 158 

only by the processing route, but also the production and emissions mitigation targets at the regional 159 

level. Going back to the Baotou Iron and steel plant example, using fuel switch transformation technology, 160 

the plant will move from being a carbon-intensive ‘Coal BF-BOF plant’ to being a ‘natural gas-based 161 

DRI plant’, instead of a ‘scrap-based EAF plant’, given the insufficient scrap accumulation and late 162 

carbon neutrality climate goals. Differently, the ArcelorMittal Ghent plant in the European Union (owned 163 

by the company in Luxemburg and located in Belgium), also a ‘Coal BF-BOF plant’, will change from 164 

a long processing route, carbon-intensive ‘Coal BF-BOF plant’ to a short processing route ‘scrap-based 165 

EAF’ one, due to sufficient scrap accumulation in European Union countries. Detailed description and 166 



6 

 

examples of processing route-/operating lifetime-/region specific CO2 emissions mitigation pathways at 167 

plant-level are included in the Supplementary information section 1.5. 168 

We project the annual CO2 emissions over 2020-2050 under three different scenarios, namely a default 169 

retrofitting low-carbon scenario (the iron and steel plants will upgrade with the adoption of low-carbon 170 

technology at their planned retrofitting year), 5-year ahead retrofitting low-carbon scenario (all iron and 171 

steel plants will complete the low-carbon refurbishment five years earlier than the scheduled year), 5-172 

year-late retrofitting low-carbon scenario (all iron and steel plants will complete the low-carbon 173 

refurbishment five years later than the scheduled year). Detailed information about the setting of 174 

parameters for the low-carbon scenarios is provided in the Methods section. 175 

Overall, retrofitting and upgrading plants as early as possible can promote large-scale emissions 176 

reduction from the iron and steel industry. Under the default retrofitting low-carbon scenarios (Figure 3 177 

e, h, k), from 2020 to 2050, global cumulative CO2 emissions would decrease by 58.7 Gt. However, 178 

emissions mitigation could be 16% higher (69.6 Gt) by retrofitting plants five years ahead of the planned 179 

retrofitting year. By stark contrast, cumulative global emissions reduction would be 16% lower, at only 180 

49.1 Gt, by retrofitting plants five years later than the planned retrofitting year, putting at risk the goal of 181 

achieving carbon neutrality.  182 

The spatial distribution of the hot spots of emission reduction (countries with large emission 183 

reductions, the dark areas in Figure 3) gradually shifts from advanced regions to emerging ones over 184 

time. From 2020 to 2030, with sufficient supply of scrap resources and the promotion of low-carbon 185 

technologies5, advanced regions will achieve more than half of global cumulative emissions reductions, 186 

or 784.3-4,118.8 Mt. In particular, Japan and South Korea, the EU+UK, and North America would 187 

contribute about 25% (379.3 Mt-1,956.0 Mt), 17% (242.1 Mt-1,342.7 Mt), and 5% (70.3 Mt-378.3 Mt) 188 

of global cumulative emissions reductions, respectively, under the three mitigation scenarios displayed 189 

in Figure 3. The remaining half of the global cumulative emissions reductions over the period 2020-190 

2030 will come from the iron and steel plants in emerging region, mainly China and India. With the 191 

growth of scrap availability and progress with deep carbon reduction technologies (including scrap-192 

based EAF transformation, carbon capture, use and storage retrofit, and combinations of these 193 

decarbonization approaches), emerging regions will improve substantially their CO2 emissions 194 

reduction potential along with a growing steel production over the long term. From 2031 to 2050, up to 195 

84% of global cumulative emissions reductions, or 39,589.1 Mt – 52,700.9 Mt, will likely come from 196 

emerging economies. In contrast, and along with stagnating production, cumulative emissions 197 

reductions in advanced regions over 2031-2050 only account for 16% (8059.4 Mt-8915.1 Mt) of the 198 

global emissions reductions; over the same period, the average annual growth of emissions reductions 199 

will likely be 1% (‘5-year-ahead retrofitting’ scenario) ~7% (‘5-year-late retrofitting’ scenario), 200 

suggesting that with early retrofitting emissions from iron and steel plants would peak before 2030. 201 
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Figure 3j, 3k, 3l show the detailed annual CO2 emissions reductions from iron and steel plants by 202 

processing types under the three retrofitting strategies from 2020 to 2050, illustrating the changes of 203 

processing types and related CO2 reductions over the short-term to long-term. Overall, during the whole 204 

period from 2020 to 2050, the most substantial emissions reductions worldwide are achieved via coal-205 

based BF-BOF integrated facilities, with up to 36,041.6 Mt-51,790.3 Mt CO2 reduction, accounting for 206 

74% of the total global reduction of all iron and steel plants over the same period. The second highest 207 

cumulative CO2 emissions reduction can be achieved by the traditional separate EAF steelmaking plants, 208 

accounting for 52% of the remaining cumulative 6820.4 Mt-8963.1 Mt CO2 reduction. However, our 209 

analysis shows that the CO2 reduction potential of EAF plants is limited by the maximum stock of scrap 210 

resources available, as world steel production cannot solely rely on the recycled use of steel. This 211 

suggests that the combination of retrofitting by switching raw-materials with scrap-based EAF alongside 212 

the deployment of CCUS technologies for existing infrastructure is necessary in order to achieve the 213 

needed CO2 emissions reduction from the iron and steel industry over the long-term. See Supplementary 214 

Information section 1.6 for a detailed description of the decarbonization potential by region. 215 

The above results refer to emissions under the Shared Socioeconomic Pathways (SSP)2 socio-economic 216 

development scenario. We further examine the emissions under different socio-economic development 217 

scenarios, i.e., SSP1 and SSP5. Considering that the SSP1 has a narrative focused on deploying greener 218 

technologies, we have assumed that under SSP1 the deployment of deep decarbonization technologies in 219 

the iron and steel industry worldwide will be quite advanced (the default scenario under SSP1 is that the 220 

iron and steel plants will be retrofitted 5 years earlier than the planned retrofitting date), with cumulative 221 

CO2 emissions ranging from 31.7 Gt~43.5 Gt (from 8-years-ahead retrofitting scenario to 2-years-ahead 222 

retrofitting scenario respectively). Considering that the SSP5 describes a future with high challenges to 223 

mitigation and low challenges to adaptation, we have assumed that under SSP5 deep decarbonization 224 

technologies will be deployed later (the default scenario under SSP5 is that the iron and steel plants will 225 

be retrofitted 5 years later than the planned retrofitting date), with the related cumulative CO2 emissions 226 

ranging from 48.8 Gt~67.1 Gt (from 2-years-late retrofitting scenario to 8-years-late retrofitting scenario 227 

respectively). (Supplementary Information section 1.7, Extended Data Figure 5)   228 
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Early retrofit is key to 1.5C limit 229 

Figure 4 shows the global future CO2 emissions from the iron and steel plants over 2020-2050 under 4 230 

different carbon reduction scenarios (a, b, c, d). From 2020 to 2050, if operated as historically (without 231 

any low-carbon technology, without intervention), the cumulative CO2 emissions from the global iron 232 

and steel industry will be as high as 106.3 Gt (the gray area in Figure 4). Although the implementation 233 

of the low-carbon strategies to the existing iron and steel plants could save 50% or more cumulative 234 

emissions from 2020 to 2050, the remaining cumulative CO2 emissions from the iron and steel plants 235 

under the 5-year-late retrofitting low-carbon scenario will still be as high as 57.2 Gt (Figure 4a), almost 236 

exhausting the 60.6Gt of remaining carbon budget for the global iron and steel industry as calculated for 237 

the Sustainable Development Scenario by the IEA25, which may pose a threat to achieving the 1.5°C 238 

climate limit10. In comparison, the carbon mitigation potential will grow with the earlier adoption of low-239 

carbon technologies, and the cumulative emissions from iron and steel plants over 2020-2050 could be 240 

compressed to 36.8 Gt under 5-year-ahead retrofitting low-carbon scenario (Figure 4c). Moreover, the 241 

advanced deployment of 100% hydrogen-based steelmaking technology together with CCUS technology 242 

can further reduce cumulative emissions to a minimum of 36.7 Gt (Figure 4d). 243 

By developing the CEADs – GSEI dataset, a plant-level CO2 emissions inventory covering 24,588 244 

processing units in 5,194 iron and steel plants across the world, this study offers a comprehensive 245 

understanding of CO2 emissions patterns associated with the operation of iron and steel plants. Our 246 

developed dataset is subject to uncertainties and limitations (see detailed description at Supplementary 247 

Information section 1.10). In general, the average uncertainties of global CO2 emissions are estimated 248 

to be 20% to 28%, varying among operation-year groups and regions, with larger uncertainties for 249 

older plants and developing regions due to incomplete information. The projection of future steel 250 

demand in different economies may remain uncertain. We employed a state-of-art computable general 251 

equilibrium (CGE) model, i.e., G-RDEM, with default settings of different SSPs (see detailed 252 

description in Supplementary Information section 1.11) to provide the ‘most-likely’ estimate. But the 253 

future is full of varies, such as technological shocks, pandemics, geopolitical conflicts, etc., that may 254 

change the regular route of the global economy. The projection of steel demand in the future needs 255 

more detailed datasets and real-time economic dynamics to improve and update. By evaluating the 256 

effect of mitigation options in iron and steel plants worldwide, this study sheds light on the specific 257 

emissions reduction within the iron and steel industry. Our results lend vivid background for the 258 

possibility of achieving net-zero carbon emissions in iron and steel production in the future: firstly, the 259 

timely low-carbon retrofitting of existing plants; secondly, by improving scrap recycling and collection 260 

systems, enriching scrap resources and reuse rates in the short-term and promoting the adoption of deep 261 

decarbonization technologies such as CCUS technology in the long term. See Supplementary 262 

Information section 1.8, 1.9 for further discussions. Plants should adopt different strategies according 263 

to their processing routes, latest retrofitting time, operating lifetime, owner-country and so on. 264 
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Compared with overall emissions reduction at the country, or the industry level globally, targeted 265 

retiring or timely retrofitting with low-carbon technology according to the plant-specific characteristics 266 

would better fit with the operation of iron and steel plants (operating lifetime, potential CO2 mitigation 267 

options, etc.). This also could allow for an efficient realization of emissions reduction while 268 

minimizing the lock-in cost brought by the remaining operating lifetime. Fundamental to achieve a 269 

substantial reduction of CO2 emissions across the global iron and steel industry are both the 270 

accumulation of steel scrap resources and the implementation of deep decarbonization technologies. 271 

Given that adopting together CCUS and Hydrogen-based steelmaking in the same plant may not 272 

significantly increase emissions mitigation potential compared to adopting only one of the two 273 

technologies6,26. In this study we have selected the CCUS technology with more maturity1,6 and 274 

potentially less cost5,27 as the representative deep decarbonization technology to discuss in detail the 275 

importance of deep decarbonization in the global iron and steel industry for the realization of net-zero 276 

climate targets from 2020 to 2050.  277 

The CEADs – GSEI presented here is subject to uncertainties and limitations. A detailed description of 278 

uncertainties is included in the Supplementary Information. In general, the average uncertainties of 279 

global CO2 emissions are estimated to be 20% to 24% for plants with less than 25 years of operation, 280 

22% to 28% for older plants (with more than 25 years of operation). Plant-level uncertainties vary 281 

among operation-year groups and regions, with larger uncertainties for older plants and developing 282 

regions due to incomplete information. CEADs-GSEI now estimates the annual actual output of each 283 

operating unit based on the country, type of processing unit, and capacity, but collecting actual 284 

operation-time data at plant level is challenging nowadays. Developing more accurate data reporting 285 

systems at the plant level for the global iron and steel industry under international cooperation could 286 

help deliver more comprehensive, granular, precise, and reliable data. CEADs-GSEI will be updated 287 

and improved as more and better data become available. In addition, we used default setting in the 288 

CGE model to project the steel demand. Although it is currently the best estimation we can do, the 289 

projection of steel demand in the future need more detailed and real-time economic dynamics to 290 

improve and update. Supplementary Information section 1.10 for further details of uncertainty analysis.  291 
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Figure legends 358 

Figure 1 Maps of iron and steel plants CO2 emissions in 2019. (a), Location, processing routes and 359 

CO2 emission of 4,883 iron and steel plants worldwide. (b)-(f), Iron and steel plants located in the United 360 

States (b), China (c), Japan (d), Europe (e), India and Iran (f). Iron and steel plants are classified into 17 361 

types by iron and steel processing routes and sized grouped into 3 classes based on CO2 emissions in 362 

2019 (≤15 Mt, ≤ 30 Mt, ≤44 Mt). The color of the dots shows the iron and steel processing routes, 363 

and the size of the dots indicates the CO2 emissions amount. The 17 processing routes presented in (a) 364 

are also shown in Extended Data Figure 2. 365 

Figure 2 CO2 emissions and iron and steel output from global plants in 2019, by region, age and 366 

the operation-years. a, d, Curves show the output of iron and steel products from each age group, and 367 

the cohort of coal/charcoal-fired iron and steel plants (a) and the other types of iron and steel plants (d). 368 

b, c, Bars indicate the estimated distribution of CO2 emissions across different regions, by operation-369 

years (years since the commissioning or last refurbishment) and age, of coal/charcoal-fired iron and 370 

steel plants (b) and other types of iron and steel plants (c). Colors of bars represent the regions in which 371 

iron and steel plants are located, and the changes of hue represent the retrofitting status of iron and steel 372 

plants in the corresponding region from light (retrofitted iron and steel plants) to dark (original iron and 373 

steel plants). Note that this chart only covers CO2 emissions from 3,184 iron and steel plants with 374 

known commissioning time, whereas CO2 emissions from the remaining 1,717 iron and steel plants 375 

(about 12.2% of the total crude steel capacity) are not considered due to the lack of information about 376 

the commissioning time. In this study, the year 0 means that the relevant iron and steel plant began 377 

operating from 2019. The definition of the ten world regions in this study is available at Extended Data 378 

Figure 3. A detailed description of the classifications of the iron and steel processing units in this study 379 

is shown in Supplementary Table S1. 380 

Figure 3 Cumulative mitigation of CO2 emissions from iron and steel plants assuming different 381 

improving strategies from 2020 to 2050. Maps (a-c) show cumulative emissions (from all plants) 382 

without any intervention for three periods, namely, 2020-2030, 2031-2050, and 2020-2050. Maps (d-i) 383 

show results by period (rows of panels) from 3 emission reduction scenarios with different 384 

combinations of the retrofitting schedule of the iron and steel plants (columns of panels), plant-385 

specific planned retrofitting year, proposed CO2 mitigation options and the regions (see Methods, 386 

proposed scenario sets of carbon mitigation for the analysis). Numbers at the bottom of each map 387 

indicate the global cumulative CO2 emissions reductions during each period under each scenario; 388 

shading denotes the regional distributions of these reductions. The area charts (j-l) summarize the 389 

annual CO2 emissions reduction from 2020 to 2050 by processing types (color of stacked areas), 390 

showing the changes of CO2 emissions reductions from the iron and steel plants under different CO2 391 

mitigation options. 392 
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Figure 4 Remaining CO2 emissions budget under the 2°C and 1.5°C climate limits and 393 

cumulative CO2 emissions from iron and steel plants under different scenarios from 2020 to 2050. 394 

a, b, c, d Trends of annual CO2 emissions reduction from iron and steel plants under the 5-year-late 395 

retrofitting scenario (a), default (on-time) retrofitting scenario (b), 5-year-ahead retrofitting scenario 396 

(c), 5-year-ahead retrofitting with CCUS + Hydrogen-based scenario (d) against the range of annual net 397 

CO2 emissions under the 2°C and 1.5°C climate limits. The light green and light purple areas represent 398 

the 10% and 90% quartiles of the 2°C and 1.5°C scenarios, respectively. Green line and purple line 399 

show the median value of the net carbon dioxide emissions in all pathways limiting global warming to 400 

below 2°C and 1.5°C at the end of the century, respectively. Emissions from coal/charcoal-based iron 401 

and steel plants are shown with lighter shading, and total emissions from all types of iron and steel 402 

plants are shown with darker shading. Numbers indicate the total cumulative CO2 emissions reductions 403 

from 2020 to 2050 under each scenario. 404 

Methods 405 

Global database of emissions from iron and steel plants 406 

We develop a global database of emissions from iron and steel plants including 24,588 processing units 407 

(see Extended Data Figure 6) in 5,194 iron and steel plants located in 127 countries. We integrate multi-408 

source data providing detailed information on iron and steel processing units by plants and their 409 

developments worldwide.  410 

We start with the Steelonthenet steel industry database (https://www.steelonthenet.com/maps.html) to 411 

compile unit-based information of iron and steel plants in service as of 2019 (for example, unit 412 

capacity, start and stop year of operation, physical address, plant status, ownership). Then, we geo-413 

locate and cross-check one-by-one 5,148 iron and steel plants (99% from the 5194 iron and steel 414 

plants) using data from Google Maps, the website of TianYanCha (https://www.tianyancha.com/), the 415 

website of Bloomberg (https://www.bloomberg.com/) and the websites of some iron and steel 416 

companies (for example, Sanyo (http://www.sanyo-steel.co.jp/english/company/project.php/), Arab 417 

Iron and Steel Union (https://aisusteel.org/en/company-directory); the geographical locations of the 418 

remaining 46 iron and steel plants could not be identified due to lack of detailed physical address 419 

information. Details of the data sources and a summary of the different iron and steel processing units 420 

are shown in Supplementary Table S4. Of the 24,588 iron and steel processing units included in our 421 

database, as of the end of 2019, 20,206 were operating, whereas 4,382 were ‘closed’.  422 

We then classify, depending on the iron and steel manufacturing process, all the units into 14 types 423 

according to their technology and specific output, including 1,397 coking units, 28 powder units, 653 424 

sintering units, 1858 iron making and casting units, 4,855 primary steelmaking units (crude steel making), 425 

1,419 secondary steelmaking units (steel refining), 3,177 steel casting and forging units, 10,969 steel 426 

https://www.tianyancha.com/
https://www.bloomberg.com/
http://www.sanyo-steel.co.jp/english/company/project.php/
https://aisusteel.org/en/company-directory
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rolling units, 53 power supply units, 139 reheat furnaces, 29 oxygen producing units, 7 coal recovery 427 

units, 2 air separation plant, 2 other units.  428 

Of the 5,194 iron and steel plants included in the database, 4,883 plants, or 94% of all the plants, were 429 

active in 2019 with known producers of major steel products (covering 19,678 individual iron and steel 430 

processing units), whereas the remaining 6% were downstream processing plants, such as bar finishing 431 

plants. Finally, through the identification of process units in iron and steel plants, we classify those 4,883 432 

iron and steel plants into 17 types according to their processing flow indicated by the iron and steel 433 

manufacturing units installed. 434 

Unit-based CO2 emissions estimation 435 

We estimate the annual CO2 emissions of the 4,883 iron and steel plants operating in 2019 according to 436 

the production-based emissions accounting methodology as detailed in the Intergovernmental Panel on 437 

Climate Change (IPCC) guidelines28, using the following equation: 438 

𝐸𝑖,𝑡 = 𝐸combustion𝑖,𝑡 + 𝐸process𝑖,𝑡 (1) 439 

Where i, t, represent the iron and steel plant, and year, respectively. E represents unit-based total CO2 440 

emissions (t), 𝐸combustion  represents unit-based CO2 emissions (t) from stationary combustion, 441 

𝐸process represents unit-based CO2 emissions (t) from industrial process.  442 

CO2 emissions from stationary combustion represent the largest share of the overall emissions from an 443 

iron and steel plant. Stationary combustion sources belong to four main types: re-heating furnaces (other 444 

coal and oil use), coke production, pig iron making, crude steel making. We estimate the combustion-445 

related CO2 emissions from iron and steel plants based on the consumption of fuel as in the following 446 

equation: 447 

𝐸combustion𝑖,𝑡 = 𝐸reheating furnaces + 𝐸coke−onsite𝑖,𝑡 + 𝐸coke−offsite𝑖,𝑡 +448 

𝐸pig iron not covered to steel𝑖,𝑡 + 𝐸crude steel𝑖,𝑡 (2) 449 

Where 𝐸reheating furnaces, 𝐸coke−onsite, 𝐸coke−offsite, 𝐸pig iron not covered to steel, 𝐸crude steel represent the 450 

energy-related CO2 emissions (t) from re-heating furnaces (other coal and oil use), coke production onsite, 451 

coking coal combustion, pig iron making, and crude steel making, respectively. In the case of the 452 

integrated iron and steel plants that typically include coking, Blast Furnaces ironmaking, and BOF/OHF 453 

steelmaking, we have included CO2 emissions from coke production on-site and the pig iron produced 454 

in Blast Furnaces (as feedstock for BOF and OHF crude steelmaking) in the CO2 emissions from BOF 455 

and OHF crude steel making, and therefore those emissions should not be double accounted. 456 
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As for iron and steel industrial process, CO2 emissions come mainly from processing sources. Industrial 457 

processing sources belong to four main types: sinter making, pig iron making, direct reduced iron (DRI) 458 

making, crude steel making. We estimate the process-related CO2 emissions in iron and steel plants based 459 

on the output of each industrial process as in the following equation: 460 

𝐸process𝑖,𝑡 = 𝐸sinter𝑖,𝑡 + 𝐸DRI𝑖,𝑡 (3) 461 

Where 𝐸sinter, 𝐸DRI represent the non-energy related CO2 emissions (t) from sinter making, and DRI 462 

making, respectively.  463 

Activity rates 464 

Because detailed activity data for each iron and steel producing units are not available, we estimate unit-465 

based fuel consumption data from country-level fuel consumption by the iron and steel industry as 466 

reported by the International Energy Agency (IEA)29 and unit-based output data from country-level 467 

throughput by the iron and steel industry as reported by the World Steel Association 30. Both unit-level 468 

fuel consumption and unit-level output are a function of installed capacity, annual operating hours and 469 

the detailed iron and steel processing units, but of these, only data about installed capacity are readily 470 

available.  471 

We, therefore, make the simplifying assumption that the annual average operating hours of iron and steel 472 

producing units are consistent with country-level average values. Thus, we calculate unit-level fuel 473 

consumption from country-level fuel consumption and unit-level output from country-level throughput, 474 

respectively by the equations: 475 

𝐹𝑖,𝑗,𝑡 = 𝐹𝑘,𝑗,𝑡 ×
𝐶𝑖,𝑝

∑ 𝐶𝑖,𝑝
 (4) 476 

𝐴𝑖,𝑝,𝑡 = 𝐴𝑘,𝑝,𝑡 ×
𝐶𝑖,𝑝

∑ 𝐶𝑖,𝑝
 (5) 477 

Where k, j, and p represent the country, fuel type, and product type, respectively. F represents specific 478 

fuel consumption for each unit; A represents the specific iron and steel product output for each unit; C 479 

represents the specific installed capacity of iron and steel processing units.  480 

However, the share of the installed capacity of iron and steel processing units in the same plant over the 481 

total installed capacity at country level (
𝐶𝑖,𝑝

∑ 𝐶𝑖,𝑝
) varies with the process type. Therefore, in order to estimate 482 

the fuel-specific consumption of each unit, we use the share of crude steel production capacity over the 483 

total crude steel production capacity of the country. 484 
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CO2 emissions 485 

CO2 emissions from Reheating Furnaces were estimated based on the carbon content of the consumed 486 

fuel using the following equation:  487 

𝐸reheating furnaces,𝐶𝑂₂,𝑖,𝑡 = 𝐹𝑖,𝑗,𝑡 × 𝐻𝑉𝑗 × 𝐹𝑐𝑎𝑟𝑏𝑜𝑛,𝑗 × 𝐹𝑜𝑥 ×
44

12
 (6) 488 

Where 𝐻𝑉𝑗  represents the heating value of fuel (thousand Btu/lb); 𝐹𝑐𝑎𝑟𝑏𝑜𝑛  represents the carbon 489 

content of fuel on a heating value basis (kg carbon/GJ); 𝐹𝑜𝑥 represents the carbon oxidation factor; 44/12 490 

is the ratio of the molecular weight of carbon to that of CO2. In this study, the carbon oxidation factor 491 

was assumed to be 1, the carbon contents and heating value data for each fuel type were obtained from 492 

the Intergovernmental Panel on Climate Change (IPCC) guidelines28.  493 

CO2 emissions from metallurgical coke manufacturing were estimated according to the IPCC guidelines 494 

28 using the following equation:  495 

𝐸coke−onsite,𝐶𝑂₂,𝑖,𝑡 = 𝐴coke−onsite,𝑖,𝑡 × 𝐸𝐹coke,𝐶𝑂₂ (7) 496 

Where 𝐴coke−onsite represents the quantity of metallurgical coke produced on site in the integrated iron 497 

and steel plants (t), 𝐸𝐹coke,𝑐𝑜₂ represents the CO2 emissions factor of metallurgical coke (t CO2/ t coke) 498 

as proposed by the IPCC 28. 499 

𝐸coke−offsite,𝐶𝑂₂,𝑖,𝑡 = 𝐹coking coal,𝑖,𝑡 × 𝐻𝑉𝑐𝑜𝑘𝑖𝑛𝑔 𝑐𝑜𝑎𝑙 × 𝐹𝑐𝑎𝑟𝑏𝑜𝑛,𝑐𝑜𝑘𝑖𝑛𝑔 𝑐𝑜𝑎𝑙 × 𝐹𝑜𝑥 ×
44

12
 (8) 500 

Where 𝐹coking coal represents the quantity of coking coal consumed in the integrated iron and steel plants 501 

(t), 𝐻𝑉𝑐𝑜𝑘𝑖𝑛𝑔 𝑐𝑜𝑎𝑙  represents the heating value of coking coal (thousand Btu/lb); 𝐹𝑐𝑎𝑟𝑏𝑜𝑛,𝑐𝑜𝑘𝑖𝑛𝑔 𝑐𝑜𝑎𝑙 502 

represents the carbon content of coking coal on a heating value basis (kg carbon/GJ); 𝐹𝑜𝑥 represents the 503 

carbon oxidation factor; 44/12 is the ratio of the molecular weight of carbon to that of CO2.  504 

CO2 emissions from the iron and steel producing process were estimated according to the guidelines from 505 

the IPCC 28 as follows: 506 

𝐸𝐶𝑂₂,𝑖,𝑝,𝑡 = 𝐴𝑖,𝑝,𝑡 × 𝐸𝐹𝐶𝑂₂,𝑝 (9) 507 

Where 𝐸𝐶𝑂₂,𝑝 represents the product-specific CO2 emissions from the iron and steel processing units 508 

(sintering, pig iron, DRI, crude steel), 𝐴𝑝 represents the quantity of product p produced on site for each 509 

unit; 𝐸𝐹co₂,𝑝 represents the product-specific non-energy related CO2 emissions factor of iron and steel 510 

processing p (t CO2/ t product), as proposed by the IPCC28, see Supplementary Table S5. 511 

Potential changes in iron and steel plants CO2 emissions estimation  512 
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Due to data limitations, we have assessed potential changes in the estimation of CO2 emissions from iron 513 

and steel plants based on the projection of crude steel production from 2020 to 2050. Such projection is 514 

based on the tight relationship between economic development and iron and steel development using a 515 

computable general equilibrium (CGE) model. 516 

Specifically, we utilize G-RDEM to predict the outputs of iron and steel sector for different countries. 517 

G-RDEM is a well-designed computable general equilibrium tool for long-term counterfactual analysis 518 

and economic baseline generation from given gross domestic product (GDP) and population projections. 519 

It has been improved in many ways specifically for the generation of long-term scenarios31. It 520 

encompasses an implicitly directly additive demand system with non-linear Engel curves, debt 521 

accumulation from foreign saving and introduces sector specific productivity changes, endogenous 522 

aggregate saving rates, as well as time-varying cost shares for value added and individual intermediates. 523 

Parameters for these relationships are econometrically estimated based on latest available data or taken 524 

from published work31. For more discussion of G-RDEM, please refer to Supplementary Information 525 

section 1.11. 526 

Plant-level crude steel production estimation 527 

Steel production reflects global economic development; previous studies have shown that the complex 528 

influence of economic growth on the production of crude steel varies across countries1,32, due to the 529 

difference in factors such as industrial structure, level of investment, and so on. In this study, we first 530 

employ a CGE model to project the future country-level output of the iron and steel industry across the 531 

world.  532 

Then, we narrow down the projected country-level output to the plant-level output based on the share of 533 

the current crude steel capacity in each iron and steel plant over the national crude steel capacity of the 534 

country where plants are located. 535 

CGE models are widely used for both short-term policy assessment and long-term climate change-related 536 

analysis 33,34. One of the main advantages of CGE models is that they consistently consider the manifold 537 

interrelations occurring within the economy, while providing the often-needed sectoral detail31. 538 

Projecting the future level of output of the steel sector with a CGE model, therefore, considers not only 539 

the overall future economic development, but also the interaction of the steel sector with upstream and 540 

downstream industries. 541 

Specifically, the CGE model used here is a well-developed GTAP-based recursive dynamic CGE model, 542 

i.e., G-RDEM31, which is especially suitable to generate long-term baselines and analyses (see Britz and 543 

Roson31 for more details). The G-RDEM is a computable general equilibrium tool for long-term 544 

counterfactual analysis and baseline generation from given gross domestic product (GDP) and population 545 
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projections. It encompasses an implicitly directly additive demand system (AIDADS) with non-linear 546 

Engel curves, and debt accumulation from foreign saving; it introduces sector specific productivity 547 

changes, endogenous aggregate saving rates, as well as time-varying cost shares for value added and 548 

individual intermediates. Based on the general equilibrium principle and the above assumed/estimated 549 

mechanism, the dynamics of investment, consumption, and consumption structure is calculated 550 

endogenously, driven by changes in GDP and population. For a complete description of the model, please 551 

refer to (Corong, et al. 35), (Van der Mensbrugghe 36) and (Britz and Roson 31). 552 

To initialize the CGE model, we need a benchmark (a dataset that describes the current status of the 553 

economic system) and long-term GDP and population projections. The benchmark of our CGE model is 554 

built on the wildly-used GTAP database (v9)37. This dataset provides the input-output relationship among 555 

57 industrial sectors (including Ferrous Metals, Metals n.e.c., and Metal Products) of 140 556 

countries/regions and the trade flows among these regions. We calibrated our model based on this data 557 

set. For the long-term GDP and population projections, we use the estimates derived from the SSP1, 558 

SSP2, SSP538-40. 559 

Then, we use the initialized CGE model to generate the long-term baseline and derive the output of the 560 

steel sector from it. Finally, as shown in equation 10, we project crude steel production at the plant-level 561 

by narrowing down the projected output at country-level to the plant-level according to the share of crude 562 

steel capacity of the plants over the national crude steel capacity of the country where the plants are 563 

located.  564 

𝑃𝐴𝑖,𝑡 = 𝑃𝐴𝑘,𝑡 ×
𝐶𝑟𝑢𝑑𝑒𝐶𝑖

∑ 𝐶𝑟𝑢𝑑𝑒𝐶𝑖,𝑘
 (10) 565 

Where i, k, and t represent the iron and steel plant, country, and year, respectively. PA represents the 566 

country-level projection of the specific iron and steel plants; CrudeC represents the current installed 567 

crude steel capacity of iron and steel plants. We project how the structure of iron and steel plants change 568 

using equation 11: 569 

𝑃𝐴𝑖,𝑘 = 𝑈𝛼(𝑡) ∗ 𝑃𝐴𝑖,𝑘,𝛼 + 𝑈𝛽(𝑡) ∗ 𝑃𝐴𝑖,𝑘,𝛽 + ⋯ + 𝑈𝛾(𝑡) ∗ 𝑃𝐴𝑖,𝑘,𝛾 (11) 570 

Where U(t) represents the proportion of output coming from the specific iron and steel processing units 571 

(such as BOF, EAF, steelmaking units, DRI, BF ironmaking units) for each plant; such proportion 572 

changes with the market demand over the period. α, β, γ represent the processing units. 573 

Proposed scenario sets of carbon mitigation for the analysis: 574 

To evaluate CO2 emissions from the iron and steel industry in the future, we propose four scenario sets 575 

that are organized according to a tiered structure. Basically, Tier 1 scenario sets deal with the planned 576 

year of retrofitting, the proposed CO2 mitigation options of the iron and steel plants, and the region the 577 
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plants are in, whereas Tier 2 scenario sets deal with the choice of actual retrofitting schedule. We treat 578 

each scenario set as the different combination of the individual parameters in the model, such that we 579 

will have 4 scenario sets with the combination of eight parameters (P, Y, L, T, W, N, C, S). Meanings of 580 

the eight parameters are as follows: 581 

1) P refers to the type of processing routes of the iron and steel plants; 2) Y refers to the year of the latest 582 

retrofitting; 3) L refers to the average operating lifetime; 4) T refers to the potential low-carbon 583 

technology of the iron and steel plants; 5) W refers to the time window of the low-carbon technology 584 

adoption; 6) N refers to the number of times the iron and steel plants are retrofitted between 2020 and 585 

2050; 7) C refers to the order of countries adopting low-carbon technology. 8) S, a parameter in Tier 2, 586 

refers to the retrofitting schedule of the iron and steel plants.  587 

We vary the value of each parameter by considering different sub-scenarios within each scenario set. 588 

This analysis aims to investigate the effects of the different portfolios of CO2 mitigation options and their 589 

impacts in terms of CO2 reductions in the iron and steel industry across the globe. 590 

Tier 1 includes 3 scenario sets:  591 

Scenario set 1: the planned year of retrofitting. Scenario set 1 defines the planned year of the 592 

retrofitting of each iron and steel plant according to 3 parameters: the type of the iron and steel plants, 593 

the latest retrofitted year, and the average operating lifetime.  594 

Parameter 1: Type of processing routes of the iron and steel plants. Parameter set 1 defines the type 595 

of iron and steel plants that require the adoption of low-carbon technologies according to the processing 596 

unit of each plant. The acronym P means ‘Type of processing routes of the iron and steel plants’. 597 

• P1: steelmaking plants with coal-based or charcoal-based blast furnaces. 598 

• P2: ironmaking plants with coal-based or charcoal-based blast furnaces. 599 

• P3: iron and steel plants with coal-based Directed reduced iron processing units. 600 

• P4: separately steelmaking plants with oxygen or electric steelmaking units. 601 

• P5: iron and steel plants with gas-based blast-furnaces or gas-based Directed reduced iron processing 602 

units or electric blast furnaces. 603 

Parameter 2: Year of the latest retrofitting. Parameter set 2 defines the latest retrofitted year of iron 604 

and steel plants. The acronym Y means ‘the Year of the latest retrofitting’ and varies across the iron and 605 

steel plants worldwide. 606 

Parameter 3: Average operating lifetime. Parameter set 3 defines the average operating lifetime of 607 

each iron and steel plant according to the year of the plant type. It was the average value of retrofitting-608 

cycle (total number of years from the commissioning years to the latest retrofitting years). The acronym 609 

L means ‘the Average operating lifetime’ and varies across the iron and steel plants worldwide.  610 
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The combination of each variation of the above 5 parameter sets gives a distribution strategy. We will 611 

have 5 x 1 x 1 =5 sub-scenarios in scenario set 1. 612 

Scenario set 2: Proposed CO2 mitigation options for the iron and steel plants. Scenario set 2 defines 613 

the potential low-carbon technology of the first retrofitting according to 3 parameters: potential low-614 

carbon technology of the iron and steel plants, the time window of the low-carbon technology adoption, 615 

number of times retrofitting is implemented 616 

Parameter 4: potential low-carbon technologies for the iron and steel plants. Parameter set 4 defines the 617 

low carbon technologies that the iron and steel plants will adopt. The acronym T means ‘technology’. 618 

• T1: fuel switch. We assume that the switch of fuel in the iron and steel plants will be realized based 619 

on existing mature low-carbon technologies. Fuel switching is defined as the full substitution of coal 620 

and non-economic charcoal energy inputs with less carbon-intensive natural gas. We assume that 621 

the switching of the coal-based BF to the natural gas-based one can reduce CO2 emissions by 20%1, 622 

while the switching of the coal-based DRI to the natural gas-based one can reduce CO2 emissions 623 

by 55%1.  624 

• T2: transformation of the iron and steel processing route. We assume that the transformation of the 625 

processing route will be within the scope of existing commercial technologies. We assume that the 626 

production of pig iron will be changed from blast furnace ironmaking to direct reduction one, 627 

whereas the production of crude steel will tend to be electrified to the processing route of direct 628 

reduction iron-electric arc furnace or the secondary processing route of electric furnace based on 629 

scrap steel. We assume that the transformation of the long-route BF-BOF steelmaking process into 630 

short route scrap-based EAF can reduce direct CO2 emissions by 97%1. In addition, we assume that 631 

the upgrade of oxygen furnaces and the traditional electric arc furnaces in the separate steelmaking 632 

plants with advanced scrap-preheating technology will reduce direct CO2 emissions by 80% and 633 

73%, respectively based on our global dataset of emissions from iron and steel plants. 634 

• T3: implementation of the Carbon capture, use and storage (CCUS) technology. We assume that 635 

CCUS technology will be implemented in the iron and steel plants to reduce CO2 emissions. We 636 

assume that this proposed CCUS scenario to retrofit the coal/charcoal related iron and steel plants 637 

can reduce CO2 emissions by 60% according to Axelson et al24.  638 

• T4: combination of the coal to natural gas fuel shifting (T1) and the implementation of the CCUS 639 

technology (T3). We assume that CCUS technology and coal-to-natural gas fuel switching will be 640 

combined to retrofit iron and steel plants in order to reduce CO2 emissions. We assume that the 641 

combination of coal-to-natural gas fuel conversion and the implementation of CCUS technology can 642 

reduce CO2 emissions by 95% according to Bataille et al41.  643 

• T5: implementation of the Hydrogen-based steelmaking technology. We assume that Hydrogen-644 

based steelmaking technology will be implemented in the iron and steel plants to reduce CO2 645 

emissions. We assume that the Hydrogen-based steelmaking scenario to retrofit the coal/charcoal-646 

related iron and steel plants can reduce CO2 emissions by 26%, 82%, 95% over the period 647 

2020~2050, according to Axelson et al24. 648 
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• T6: combination of the coal to natural gas fuel shifting (T1) and the adoption of the Hydrogen-based 649 

steelmaking technology (T5). We assume that Hydrogen-based steelmaking technology and coal-to-650 

natural gas fuel switching will be combined to retrofit iron and steel plants in order to reduce CO2 651 

emissions. We assume that the combination of coal-to-natural gas fuel conversion and the 652 

implementation of Hydrogen-based steelmaking technology can reduce CO2 emissions by 95% 653 

according to Axelson et al24.  654 

• Parameter 5: Time window of the low-carbon technology adoption. Parameter set 5 defines the 655 

time window of the low-carbon technology adoption. The acronym W means ‘Time window’. 656 

• W1: short-term from 2020 to 2030 657 

• W2: long-term from 2031 to 2050 658 

Parameter 6: Number of times the iron and steel plants are retrofitted. Parameter set 6 defines the 659 

number of times the iron and steel plants are retrofitted between 2020 and 2050 according to their 660 

retrofitting schedule. The low-carbon technologies used in each round of retrofitting may be different. 661 

The acronym N means ‘number’.  662 

• N1: the first time of retrofitting 663 

• N2: the second time of retrofitting 664 

The combination of each variation of the above 3 parameter sets gives a distribution strategy. We will 665 

have 6 x 2 x 2 =24 sub-scenarios in scenario set 2. 666 

Scenario set 3: Iron and steel plants regions. Scenario set 3 divides the world iron and steel industry 667 

into different regions according to parameter 7. We assume priority will be given to the installation and 668 

commissioning of the iron and steel plants located in the regions that planned to achieve carbon neutrality 669 

earlier. 670 

Parameter 7: Country committed to achieve carbon neutrality. Parameter set 7 defines the order of 671 

countries adopting low-carbon technology. The acronym C means ‘country’. 672 

• C1: countries plan to achieve carbon neutrality earlier than 2050 or by 2050: European Union 673 

countries, the United States, Canada, Japan, South Korea, New Zealand, Fiji, Chile, South Africa, 674 

Costa Rica, Uruguay, Cambodia. 675 

• C2: countries not listed in C1 that plan to achieve carbon neutrality by 2060 or later.  676 

The combination of each variation of the above 1 parameter set gives a distribution strategy. We will 677 

have 1 sub-scenario in scenario set 3. 678 

 679 

Tier 2 includes 1 scenario sets: 680 
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Scenario set 4: Retrofitting schedule of the iron and steel plants. This scenario determines the 681 

retrofitting year of each iron and steel plant according to one parameter. The acronym S means 682 

‘retrofitting schedule’. 683 

Parameter set 8 defines the actual retrofitting year of each iron and steel plant. The planned retrofitting 684 

date is the year by which the iron and steel plant reaches the average service life of its type since the 685 

latest retrofitting (Parameter Y). Based on the planned retrofitting date, iron and steel plants will be 686 

retrofitted under 3 sub-scenarios:  687 

• S1 (Faster retrofitting case): the iron and steel plants will be retrofitted 5 years earlier than the 688 

planned retrofitting date. 689 

• S2 (Default): the iron and steel plants will be retrofitted at the planned retrofitting date. 690 

• S3 (Slower retrofitting case): the iron and steel plants will be retrofitted 5 years later than the planned 691 

retrofitting date. 692 

The combination of each variation of the above 3 parameters gives a distribution strategy. We will have 693 

3 sub-scenarios in scenario set 4. 694 

 695 

The combination of each variation of the above 8 parameters gives a distribution strategy. In this analysis, 696 

we will have 5 x (6 x 2 x 2) x 1 x 3 = 360 scenarios. We list four typical plants in different countries to 697 

explain the detailed implementation of the low-carbon pathways mentioned in the above scenario sets in 698 

the Supplementary Information section 1.5 (Extended Data Figs. 7 and 8). 699 

Sensitivity Analysis 700 

The cumulative emissions (36.8 Gt) under the 5-year-ahead retrofitting scenario represent 7.1% of the 701 

remaining budget across all sectors to achieve the 1.5°C climate limit (520.5 Gt). A sensitivity analysis 702 

of cumulative emissions of the iron and steel industry under the 2~8-year-ahead retrofitting scenarios 703 

and 2~8 year-late retrofitting scenarios suggests that 1) retrofitting existing iron and steel facilities as 704 

planned or five years earlier (under the proposed low-carbon retrofit scenarios) may be more likely to 705 

ensure that emissions from the iron and steel sector remain in line with the climate limits and avoid 706 

contributing to the growth of CO2 emissions worldwide; 2) the early implementation of deep 707 

decarbonization technologies (transformation of the long-route BF-BOF steelmaking process into short 708 

route scrap-based EAF in T2, T3, T4) will make it easier for the iron and steel industry to achieve 709 

sustainable and necessary CO2 emissions reduction and advance towards the near-zero carbon emissions 710 

goal (Supplementary Information section 1.7, Supplementary Table S6). 711 

Data availability 712 

The numerical results plotted in Figures 1–4 are provided with this paper. CO2 emissions for global 713 

iron and steel plants can be found at https://doi.org/10.5281/zenodo.7895711. Our analysis mainly 714 

https://doi.org/10.5281/zenodo.7895711
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relies on six different data sets, each used with permission and/or by license. Data for individual iron 715 

and steel plants worldwide are available in the website of Steelonthenet: 716 

https://www.steelonthenet.com/. Users can purchase the relevant database and merge with CEADs-717 

GSEI to get complete information at plant level. Data for global iron and steel production by country 718 

are available in the website of World Steel Association: https://worldsteel.org/steel-topics/statistics/. 719 

Data for energy consumption for iron and steel industry by fuel type are available in the IEA World 720 

Energy Statistics Datasets: https://www.iea.org/data-and-statistics/data-product/world-energy-statistics. 721 

Users need to register IEA accounts, agree to data use terms, and subscribe to this dataset. Data for 722 

geolocation of global iron and steel plants are available in the website of Google Maps: 723 

https://www.google.com/maps/place/. Users can search the plant's information using the name of the 724 

iron and steel plants. Data for information and location of Chinese iron and steel plants are available in 725 

the website of TianYanCha: https://www.tianyancha.com. Users need to register TianYanCha 726 

accounts, agree to the data use terms, and search the plant's information using the name of the iron and 727 

steel plants. Data for ownership information of some steel manufacturing companies are available in 728 

the website of Bloomberg: https://www.bloomberg.com/. Users can search the related plant's 729 

information using the name of the iron and steel plants.  730 

Code availability 731 

Data processing code for the plant-level CO2 emissions can be found at https://doi.org/ 732 

10.5281/zenodo.7895709.  733 
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Extended Data figure legends 791 

Extended Data Figure 1 Schematic diagram of building the CEADs-GSEI.  792 

Extended Data Figure 2 Maps of iron and steel plants crude steel capacity in 2019. Iron and steel 793 

plants are classified into 17 types by iron and steel processing routes and annual crude steel capacity in 794 

2019 (≤9 Mt, ≤ 17 Mt, ≤26 Mt). Color of point shows the iron and steel processing routes and size 795 

of points indicates the capacity size. 796 

Extended Data Figure 3 Definition of 10 regions in this study 797 

Extended Data Figure 4 Cumulative annual CO2 emissions in the current operating round from 798 

all existing iron and steel plants by region. Annual CO2 emissions under the 25-year retrofitting 799 

cycle are shown with darker shade, and annual CO2 emissions under the corresponding average 800 

retrofitting cycle are shown with lighter shade. 801 
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Extended Data Figure 5 Cumulative CO2 emissions of iron and steel industry under SSP1, SSP2, 802 

SSP5 by region from 2020 to 2050 803 

Extended Data Figure 6 Map of global iron and steel processing units’ capacity. Color of point 804 

shows the processing type of each units, including 14 types, namely: iron making and casting, 805 

steelmaking (BOF, EAF, others), steel refining, coking, powdering, sintering, steel casting and 806 

forgings, steel rolling, coal recovery plants, oxygen producing plants, power supply units, reheating 807 

furnaces, air separation plants and other plants, size of points indicates the capacity size. 808 

Extended Data Figure 7 Parameters setting of low-carbon pathways for iron and steel plants in 809 

countries plan to achieve carbon neutrality earlier than 2050 or by 2050 (C1). 810 

Extended Data Figure 8 Parameters setting of low-carbon pathways for iron and steel plants in 811 

countries plan to achieve carbon neutrality by 2060 or later(C2). 812 


