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1 Methods

1.1. The IMAGE model
1.1.1. Overview of IMAGE

IMAGE is an Integrated Assessment Model (IAM) of global coverage which models the interaction between
the environment and human activities®. Its goal is to emulate global environmental processes and possible
societal development routes induced by innovation and other policy interventions (mostly those related to
climate mitigation). As such, it provides insights into contexts where the world continues business as usual
and contexts in which environmental policy objectives are attained in varying degrees. Within the range of
IAM models, IMAGE is a recursive-dynamic simulation model, placing greater emphasis on material
dynamics and technical and biophysical processes, and less so on economic systems.

It is structured in different components, with the Targets IMage Energy Regional model (TIMER) being one
of its major modules. TIMER simulates the dynamics of the energy system for various sectors, such as
transport, heavy industry, residential, and services. The steel sector is part of the industry model in TIMER.

The decision module in IMAGE takes into account the costs associated with a production technology, next
to other factors, such as CO, emissions. Total costs are calculated based on fuel costs, capital and
operational expenditures (CAPEX, OPEX), and policy costs, such as carbon pricing. While CAPEX and OPEX
are global representations, assuming best-available-technology as reported in empirical literature, fuel
prices are endogenously estimated and regionally distinct. For further details on the IMAGE framework, the
reader is referred to the related literature®=,

1.1.2. Parametrization of the steel sector

The general working principle of the steel submodule in IMAGE is described in existing literature'3
explaining the modelling of steel demand and trade, production routes and end-of-life. Parameters for costs
and maximum efficiency improvements are based on van Sluisveld et al. (2021)? (Table S1).

Table S1: Parametrisation of the steel model for costs and efficiency improvements in IMAGE v.3.3 as in van Sluisveld et al. (2021)2.
CAPEX and OPEX are based on van Ruijven et al. (2016)°.

Costs Max. energy efficiency
CAPEX OPEX improvement
Steel production route | (USD$1995/ton/year) | (USD$1995/ton/year) %/year
Standard BF/ BOF 470 88 0.0
Efficient BF/ BOF 602 93 0.0
Standard BF/ BOF + CCS 988 89 0.9
DRI EAF 371 57 0.9
DRI EAF + CCS 746 57 1.1
Efficient BF/ BOF TGR 602 93 0.9
BAT BF/ BOF TGR 831 162 0.0
BAT BF/ BOF TGR+ CCS 1346 162 0.0
SR+BOF 441 88 1.1
SR+BOF+CCS 816 88 1.1
H2 DRI EAF 371 57 0.0
EW/EAF 645 137 0.0
EAF/scrap - - 0.9




Updates of the steel model for IMAGE v3.3

For IMAGE v3.3, we updated various parameters with more recent data to better account for the empirical
basis for ‘best available technologies’ and energy requirements of CCS technologies. As a result, the
parameters of the specific energy consumption (SEC), the floor value of the SEC, and the CO, capture rate
were adapted for several technologies. An overview of these updates, including the underlying assumptions
and respective data sources, is provided in Table S2 and Figure S1.

Energy use:

- The updates replaced the original parameterisation of a theoretical minimum energy consumption
for iron/steel making® with best-available-technology (BAT) estimates as found in literature.

CO; capture rate:

- An energy penalty is added to the use of CCS, allowing the model to account for the additional
energy demand of CCS for the steel sector.

- |AMs represent fully integrated production systems for basic materials. Instead of using the capture
rate at the level of the specific capture technology, we adopt the average capture rate estimate per
ton of steel produced. This then takes into account other flue gases not captured within the
production system for iron and steel.
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Figure S1: Updates for the parameters of specific energy consumption (SEC, left axis) and carbon capture rates (right axis) for the
steel model in IMAGE v.3.3 compared to previous IMAGE versions 23.



Table S2: Updated parametrisation of the steel model for IMAGE v.3.3 compared to van Sluisveld et al. (2021) 2.

Van Sluisveld et al. 2021 Updated parameters Data sources for updates
ccs ccs ccs
SEC2020 5'3?3; capture | SECao20 5'3?3:; capture SEC floor value capture

Steel production route rate rate rate

in IMAGE GJ/t steel GJ/t steel % Gj/t steel Gj/t steel %

Standard BF-BOF 23.5 10.15 - 18.1 14.8 Arens et al. (2017)* Worrell et al. (2007)° -

Efficient BF-BOF 22.2 10.15 - 13.45 10.15 added difference of Worrell et unchanged ™! -
al. (2007)° and Arens et al.

(2017)* (3.3 GJ / t steel)

Standard BF-BOF+CCS 17.3 10.15 80% 20.67 17.37 54% | IEAGHG (2013)5: added IEAGHG (2013)5: IEAGHG
energy for MEA-CCS: 3.37 GJ/  added energy for MEA- (2013)®
tHRC CCcs ™

DRI EAF 18.4 9.9 - 19.8 16 Arens et al. (2017)* and Keys et al. (2019)’ -

Worrell et al. (2007)°

DRI EAF+CCS 18.4 9.9 80% 20.19 16.39 55% | Keys et al. (2019)": Keys et al. (2019)": Keys et al.
added energy for CCS (0.39 added energy for CCS (2019)”
GJ/ t HRC from figure 25, (0.39 GJ/ t HRC from
table 8) to SEC of DRI figure 25, table 8) to

floor value of DRI

Efficient BF-BOF TGR 20.1 10.15 - 13.3 10.15 Keys et al. (2019)7 (fig. 30, fig.  unchanged -
23)

BAT BF-BOF TGR 10.2 10.15 - 10.2 10.15 unchanged unchanged -

BAT BF-BOF TGR+CCS 10.15 10.15 80% 11.06 11.06 63% | Quader et al. (2016)% and Keys Quader et al. (2016)% and  Keys et al.
et al. (2019)’: added the Keys et al. (2019): (2019)7
energy for CCS of 0.91 GJ/t added the energy for
HM CCS of 0.91 GJ/t HM

SR+BOF 18.4 9.15 - 21.6 17.8 Shahabuddin et al. (2023) ° Worrell et al. (2007)° -

SR+BOF+CCS 18.4 9.15 80% 24.89 21.09 36% | same assumption as SR+BOF Kuramochi et al. Kuramochi

(2012)%°: added energy etal.
for CCS:3.29 GJ/t HRC ™  (2012)°

H2 DRI EAF 16 16 - 1295  12.95 Vogl et al. (2018)! Vogl et al. (2018)! -

EW-EAF 12 12 - 12 12 unchanged " unchanged ™ -

EAF/scrap 7.4 4 - 4.2 2.6 Arens et al. (2017)* Worrell et al. (2007)° -

*unchanged: the value is the same as in van Sluisveld et al. (2021); *1: same as van Sluisveld et al. (2021)2, who used values from van Ruijven et al. (2016)3; *2: same as
van Sluisveld et al. (2021)?, who use EC (2016)%; *3:3.37 GJ/ t HRC or 2.57 GJ/t HRC (considering efficiency improvement of 0.9% over 30 years based on table A-2 in van
Sluisveld et al. (2021)? + floor value from BF-BOF (14.8 GJ/t steel) = 17.37 GJ/ t steel; *4: assuming 4.59 GJ / t HRC from Kuramochi et al. (2012)° with an efficiency
improvement of 1.1% from van Sluisveld et al. (2021)?2



1.1.3. Model regions

The IMAGE model distinguishes 26 world regions, as specified in Figure S2 and Table S3. The steel and
energy scenarios share the same geographical resolution.

For the LCA model, premise creates datasets for each supply chain (e.g., steel production route) in each
region. These regionalized supply chains are inputs into regional supply markets (e.g., steel supply in
Western Europe). The market mixes are dynamic and derived from the production volume of each
production route in the specific region, which is provided by the IMAGE scenario.

[ ] canada [ | Western Europe [ ] Russiaregion [] chinaregion
B usa Central Europe Bl Central Asia [T Korea region
B Mexico I Ukraine region I wmiddle East I Japan
I Central America B Turkey || southeast Asia B Oceania
B Brail Bl Northern Africa [ Indonesia region [ ] Greenland
[ Restof South B Western Africa I india [ ] Antarctica
America [_] Eastern Africa [ | Restof South Asia
B south Africa
Il Restof Southern Africa

Source: PBL 2014

Figure S2: Classification of modelling regions in IMAGE. Countries within each region are provided in Table S3. Source of image: 13



Table S3: Countries per modelling regions in IMAGE, with ISO number in parentheses. Source: 13. Abbreviations were added.

Region Abbreviation Countries (I1SO)

Canada CAN Canada (124)

USA USA St. Pierre and Miquelon (666), United States (840)

Mexico MEX Mexico (484)
Anguilla (660), Aruba (533), Bahamas, The (44), Barbados (52), Belize (84), Bermuda
(60), Cayman Islands (136), Costa Rica (188), Dominica (212), Dominican Republic (214),

Central El Salvador (222), Grenada (308), Guadeloupe (312), Guatemala (320), Haiti (332),

America RCAM Honduras (340), Jamaica (388), Martinique (474), Montserrat (500), Netherlands
Antilles (530), Nicaragua (558), Panama (591), Puerto Rico (630), St. Kitts and Nevis
(659), St. Lucia (662), St. Vincent and the Grenadines (670), Trinidad and Tobago (780),
Turks and Caicos Isl. (796), Virgin Isl. (Br.) (92), Virgin Islands (U.S.) (850)

Brazil BRA Brazil (76)

Rest of South Argentina (32), Bolivia (68), Chile (152), Colombia (170), Ecuador (218), Falklands Isl.

America RSAF (238), French Guyana (254), Guyana (328), Paraguay (600), Peru (604), Suriname (740),
Uruguay (858), Venezuela, RB (862)

Northern Algeria (12), Egypt, Arab Rep. (818), Libya (434), Morocco (504), Tunisia (788), Western

. NAF

Africa Sahara (732)
Benin (204), Burkina Faso (854), Cameroon (120), Cape Verde (132), Central African
Republic (140), Chad (148), Congo, Dem. Rep. (180), Congo, Rep. (178), Cote d'lvoire

Western WAE (384), Equatorial Guinea (226), Gabon (266), Gambia, The (270), Ghana (288), Guinea

Africa (324), Guinea-Bissau (624), Liberia (430), Mali (466), Mauritania (478), Niger (562),
Nigeria (566), Sao Tome and Principe (678), Senegal (686), Sierra Leone (694), St.
Helena (654), Togo (768)
Burundi (108), Comoros (174), Djibouti (262), Eritrea (232), Ethiopia (231), Kenya (404),

Eastern Africa EAF Madagascar (450), Mauritius (480), Reunion (638), Rwanda (646), Seychelles (690),
Somalia (706), Sudan (736), Uganda (800)

South Africa SAF South Africa (710)
Andorra (20), Austria (40), Belgium (56), Denmark (208), Faeroe Islands (234), Finland

Western (246), France (250), Germany (276), Gibraltar (292), Greece (300), Iceland (352), Ireland

Europe WEU (372), Italy (380), Liechtenstein (438), Luxembourg (442), Malta (470), Monaco (492),
Netherlands (528), Norway (578), Portugal (620), San Marino (674), Spain (724),
Sweden (752), Switzerland (756), United Kingdom (826), Vatican City State (336)
Albania (8), Bosnia and Herzegovina (70), Bulgaria (100), Croatia (191), Cyprus (196),

Central CEU Czech Republic (203), Estonia (233), Hungary (348), Latvia (428), Lithuania (440),

Europe Macedonia, FYR (807), Poland (616), Romania (642), Serbia and Montenegro (891),
Slovak Republic (703), Slovenia (705)

Turkey TUR Turkey (792)

Ukr.alne UKR Belarus (112), Moldova (498), Ukraine (804)

region

Central Asia STAN Kazakhstan (398), Kyrgyz Republic (417), Tajikistan (762), Turkmenistan (795),
Uzbekistan (860)

Russia region  RUS Armenia (51), Azerbaijan (31), Georgia (268), Russian Federation (643)
Bahrain (48), Iran, Islamic Rep. (364), Iraq (368), Israel (376), Jordan (400), Kuwait (414),

Middle East ME Lebanon (422), Oman (512), Qatar (634), Saudi Arabia (682), Syrian Arab Republic (760),
United Arab Emirates (784), Yemen, Rep. (887)

India INDIA India (356)

Korea region KOR Korea, Dem. Rep. (408), Korea, Rep. (410)

China region CHN China (156), Hong Kong, China (344), Macao, China (446), Mongolia (496), Taiwan (158)

South- SEAS Brunei (96), Cambodia (116), Lao PDR (418), Malaysia (458), Myanmar (104), Philippines

eastern Asia (608), Singapore (702), Thailand (764), Vietnam (704)

::::;':‘eSIa INDO East Timor (626), Indonesia (360), Papua New Guinea (598)

Japan JAP Japan (392)
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American Samoa (16), Australia (36), Cook Isl. (184), Fiji (242), French Polynesia (258),
Kiribati (296), Marshall Islands (584), Micronesia, Fed. Sts. (583), Nauru (520), New

Oceania OCE Caledonia (540), New Zealand (554), Niue (570), Northern Mariana Islands (580), Palau
(585), Pitcairn (612), Samoa (882), Solomon Islands (90), Tokelau (772), Tonga (776),
Tuvalu (798), Vanuatu (548), Wallis and Futuna Island (876)

Rest of South RSAS Afghanistan (4), Bangladesh (50), Bhutan (64), Maldives (462), Nepal (524), Pakistan
Asia (586), Sri Lanka (144)

Rest of . . .
Southern RSAF Angola (24), Botswana (72), Lesotho (426), Malawi (454), Mozambique (508), Namibia

Africa (516), Swaziland (748), Tanzania (834), Zambia (894), Zimbabwe (716)

1.1.4. Hydrogen module

The hydrogen supply in IMAGE is represented in an individual module. It includes representations of the
production, demand, infrastructure and technology dynamics, supplying hydrogen to all end-use sectors
using 12 hydrogen generation technologies. The CAPEX and OPEX costs of these 12 technology options are
drawn from the literature'**>, Fuel prices are dynamically represented per technology and region, creating
differences in representation and potential across the model. The full parametrisation of the hydrogen
module is specified in prior publications****>, while the resulting scenarios are illustrated in section 1.2.5.
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1.2. Energy and steel scenarios from IMAGE

1.2.1. Technology mapping

Since we couple the IMAGE steel scenarios with our LCA model, we apply a technology mapping between

the two models (see Table S4).

IMAGE distinguishes between “standard,” “efficient,” or “BAT” sub-technologies for some technologies (see
BF-BOF and BF-BOF with TGR). For the LCA model, we aggregated these sub-technologies into one
technology, BF-BOF and TGR-BF-BOF, using their respective production volumes as weighting factors.

The smelting reduction technology is part of the IMAGE model. However, it does not penetrate the primary
steel market in any of the IMAGE scenarios considered. Thus, it is not part of our LCA steel model.

Table S4: Technology mapping between the steel production routes in IMAGE v3.3 and the LCA model in this work.

steel production route in IMAGE v3.3 Steel production route for the LCA model in this
study
Standard BF/ BOF
BF-BOF
Efficient BF/ BOF
Standard BF/ BOF + CCS BF-BOF+CCS
DRI EAF NG-DRI-EAF
DRI EAF + CCS NG-DRI-EAF+CCS
Efficient BF/ BOF TGR
TGR-BF-BOF
BAT BF/ BOF TGR
BAT BF/ BOF TGR+ CCS TGR-BF-BOF+CCS
SR+BOF not modelled since zero production in IMAGE
SR+BOF+CCS scenarios
H2 DRI EAF H2-DRI-EAF
EW/EAF EW
EAF/scrap scrap-EAF
1.2.2. Regional steel production
SS5P2-Base SSP2-RCP26 SSP2-RCP19 Rest
100% ] I Brazil
¢ 80% - . . USA
© Ukraine
T 60% Korea
2 B Eastern Africa
S 40% I Russia
-[S N | Japan
& 20% B \Western Europe
0% HEE India
2020 2030 2040 2050 2060 2020 2030 2040 2050 2060 2020 2030 2040 2050 2060 WEE China

Figure S3: Relative production shares of global steel production in the IMAGE scenarios for the top ten producing regions (based on
production volumes in 2040). The category “Rest” aggregates the data for the remaining 16 world regions of IMAGE.
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Figure S4: Steel production volumes by production route for the world and the top ten steel producing regions according to the
scenarios from IMAGE. Please note the varying y-axis scaling.
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Figure S5: Steel production shares by production route for the world and the top ten steel producing regions according to the
scenarios from IMAGE.
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1.2.4. Efficiency improvements of iron and steel production

Efficiency improvements are derived from the IMAGE scenarios, specifically, the specific energy
consumption (SEC) of each steel production route in each region.

Application to LCls

Efficiency improvements are applied to iron and steel production processes, such as BFs, BOFs, DRIs, or EAFs
(see Figure 2). Thus, other upstream or downstream processes are excluded, such as sinter production,
pellet production, or CCS processes.

Generally, they are applied to the entire process, i.e., all inputs, outputs, and emissions. This assumes that
efficiency improvements downscale most inputs, outputs and respective emissions equally. Such a
downscaling has been applied in previous studies * and is a good proxy if a better distinction of inputs
and the causal relation to the respective emissions is impossible. Especially in the iron and steel production
processes, the high number of inputs, emissions, and their respective cause are unclear. Another
complication is that one emission type can be related to several inputs. For example, various carbon-
containing energy carriers, and different process-related chemical reactions contribute to one emission
type, such as CO,. But their respective contribution is not documented in the ecoinvent LCA datasets and
can thus not be easily adapted.

We excluded certain inputs from the efficiency improvement to ensure correctness of basic material
balances. These are inputs of iron-bearing materials (e.g. pig iron, scrap, sponge iron) or alloying elements
(e.g. ferronickel, molybdenite, ferrosilicon, or ferromanganese). They are thus kept constant despite
efficiency improvements.

Data corrections

The efficiency improvements derived from IMAGE were, to some degree, corrected in two steps based on
the following assumptions:

1) technologies can only get more efficient and not less efficient in the future:

- If the specific energy consumption increases in a timestep, which corresponds to an efficiency
decrease, it is replaced by the SEC of the previous timestep, such that the SEC (and the efficiency)
is kept constant in that timestep.

- This correction follows the same logic as for the efficiency improvements in premise.

- Please note: the correction starts in 2005, as the IMAGE scenario data starts in 2005. Therefore,
efficiency improvements only take place in the years when the energy consumption is lower than
in 2005.

2) Efficiency improvements cannot exceed a certain annual improvement rate:

- The maximum allowed improvement rate is 1.1%/year based on literature 2, which corresponds to
36% in total over a time period of 40 years (from 2020-2060).

- If atechnology’s specific energy consumption (SEC) decreases by more than 1.1 %/year, the
maximum improvement rate is applied for that year.

- Thereby, extreme efficiency increases are removed.

The effect of the data correction is illustrated in Figure S6 - Figure S8, while Figure S9 illustrates the final
SEC development for the top 10 steel-producing regions.
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Original IMAGE data:
Specific energy consumption
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Figure S6: Original IMAGE data of specific energy consumption (SEC) for all steel production routes and regions. Values are relative
to 2020. Region abbreviations are provided in Table S3.
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Correction 1. increases removed:
Specific energy consumption
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Figure S7: IMAGE data of specific energy consumption for all steel production routes and regions after correction 1, removal of
efficiency increases. Values are relative to 2020. Region abbreviations are provided in Table S3.
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After all corrections:
Specific energy consumption
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Figure S8: IMAGE data of specific energy consumption for all steel production routes and regions after correction 2, limiting the
efficiency increase to a maximum of 1.1%/year. Values are relative to 2020. Region abbreviations are provided in Table S3.
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Specific energy consumption
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Figure S9: Overview of final specific energy consumption for each steel production route and scenario for the top 10 producing

regions. Values are relative to 2020. Region abbreviations are provided in Table S3. While the underlying data in this figure is the
same as in Figure S8, this figure shows only the top 10 producing regions. Please note the different scaling of the y-axis.
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1.2.5. IMAGE scenario data for energy sectors

Electricity generation in IMAGE
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Figure $10: Global electricity generation according to the IMAGE scenarios. Source: premise scenario report.

In all scenarios, global electricity generation more than doubles from 2020 to 2060. In 2020, the share of
nuclear power was 11%, generating 10.9 EJ of global electricity demand. It increases to 16.4 EJ in the Base
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scenario, to 24.7 EJ in the 2°C, and to 19.8 EJ in the 1.5°C scenario, contributing to power generation in 2060
with a share of 7%, 12% and 9% respectively. Thus, in all scenarios, global capacities for nuclear power are
considerably expanded, although the degree shows variations depending on the scenario (ranging from a
factor of 1.5 to 2.3).

For power generation with CCS applied, the share in 2020 is 0%. CCS is not considered in the Base scenario,
but in the other two scenarios. It is deployed to 20% and 22% of power generation technologies by 2060 in
the 2°C and 1.5°C scenarios respectively, with the largest shares originating from Biomass IGCC CCS (9% and
8% respectively), followed by Gas CC CCS (4% and 5% respectively) and Gas CHP CCS (5% and 7%
respectively). Qil-based generation with CCS is not at all used.

Hydrogen generation in IMAGE

Depending on the scenario, hydrogen is primarily generated from natural gas for SSP2-Base and natural gas
with CCS for SSP2-RCP2.6 (see Figure S11). Only in SSP2-RCP1.9, renewable generation (i.e., from solar and
electrolysis) contributes to the mix, but supplies still in sum less than 15%. The majority is still natural gas-
based with CCS. As the CAPEX and OPEX costs are significantly higher for green hydrogen than for the other
technology options, green hydrogen technologies cannot be adopted cost-effectively at a large scale
without some enforced share, i.e., narrative-driven choices.
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SSP2-Base = hydrogen, from natural gas, with CCS
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Figure S11: Global hydrogen generation according to the IMAGE scenarios (note the varying y-axis). Source: Premise scenario report.

1.3. Life Cycle Inventories

The LCls are provided in the repository in an excel workbook, where they are documented®®. Details and
values can be extracted from there. Here, we provide an overview about the main modelling assumptions,

data sources and, if required, some additional calculations.
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Figure S12: Simplified flowcharts of the LCls for the modelled primary steel production routes. Regionalization means that the
processes are regionalized into the IAM regions.

== Electricity input

Table S5: General assumptions for LCls for steel production processes.

Assumptions and adaptations Process basis Applies to
BF Process from ecoinvent but adapted if used in other Ecoinvent 3.9.1: BF-BOF
production routes than BF-BOF, see respective other process: "pigiron BF-BOF+CCS
routes. production" TGR-BF-BOF
reference product: "pig | TGR-BF-BOF+CCS
iron"
region: "RER"
BOF Process from ecoinvent, but adapted: Ecoinvent 3.9.1: BF-BOF
1) removed input of scrap, instead source the input process: "steel BF-BOF+CCS
from the respective preceding BF process production, converter, | TGR-BF-BOF
2) removed input of secondary metallurgy slag, and low-alloyed" TGR-BF-BOF+CCS
added the amount to the BOF slag product: "steel, low-
3) source iron from the respective preceding BF alloyed"
process region: "RER"
These adaptations aim to make the BOF more
representative for primary production and the
respective production route.
TGR- Process from ecoinvent, but adapted: Ecoinvent 3.9.1: TGR-BF-BOF
BF VPSA is used to separate COz from the CO-rich gas from process: "pigiron
the BF top gas, such that the CO-rich gas can be production”
recirculated to the BF. reference product: "pig
1) reduced inputs of coke and hard coal: -24.5%° iron"
2) reduced CO2emissions: -24%°% region: "RER"
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3) reduced emissions of particulate matter: -24.5%
(assumption: same rate as for coke and hard coal)

4) reduced CO emissions: -90%?8 (top gas recycling ratio)

5) reduced SOz and NOx emissions due to gas treatment
of VPSA: -95% and -100% respectively’1°

6) additional requirement for oxygen:
0.08316 kWh/kg pig iron ?° (instead of hot air blast,
pure oxygen is injected into the furnace to reduce
nitrogen and to increase the CO and CO:
concentration in the top gas!®?

7) additional requirement for electricity for operation of
the VPSA 2°

8) additional zeolite requirement as adsorbent for
VPSA: 1.7 kg zeolite/ t CO2 separated *°

NG-
DRI

DRI is assumed as a natural gas-based process, since for
current DRI processes, the vast majority is operated with
natural gas using shaft furnaces 2.

Modelled based on data
from Nduagu et al.
(2022)%

NG-DRI

H2-
DRI

Based on Li et al. (2022)%, but adapted:

1) added losses of hydrogen due to purging of top gas,
which increases the theoretical stoichiometric H2
demand of 580 m3/t DRI?3 by 20%2* to 633 m3/t DRI
(hydrogen makeup). The gas inflow into the furnace
is much higher, but the top gas of the furnace is
recirculated and its remaining hydrogen remixed
into the gas for the furnace 23?4,

2) added electrical preheating of hydrogen and the gas
inflow into the furnace of 0.23 MWh/t DRI?* or 4.02
kWh/kg H2 consumed. The preheating is not only for
the hydrogen consumed, but for the entire gas
inflow into the shaft furnace. This gas inflow is
considerably higher (by a factor of 2.52* to 3.82%) than
only the hydrogen consumed, as additional hot gas
is required to provide heat for the endothermic
reaction in the furnace, i.e. reducing iron oxide with
H2. Assumptions: 633 m3 H2 consumed /t DRI (equal
to 0.057 kg H2 consumed/kg DRI); 1600 m3 gas
inflow into furnace/t DRI; conversion factor for H2:
0.09 kg H2/m3 H2; temperatures for the inflow into
the shaft furnace: 930-940°C%3%4,

3) added preheating of iron ore pellets before they
enter a shaft furnace based on Bhaskar et al.
(2020)%, using an electrical heater of a thermal
efficiency of 0.85.

4) hydrogen is sourced from the average regional
market for hydrogen based on IMAGE scenarios
which includes hydrogen distribution by pipeline and
geological storage.

Modelled based on data
from Li et al. (2022)3

H2-DRI,
(green H2-DRl is
described below)

EW

The main data sources for the processes of
electrowinning are Siderwin (2020)%, EC (2016)%,
Lavelaine (2019)%8. Where necessary, additional data was
exctracted from ecoinvent as proxies to fill data gaps.

Modelled based on data
from Siderwin (2020)%,
EC (2016)%, Lavelaine
(2019)?%, Zhao et al.
(2020)*, and various

EW
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More details about the sub-processes are provided below | processes from

in section 1.3.1. ecoinvent.
EAF Process from ecoinvent, but adapted: Ecoinvent 3.9.1: NG-DRI
The adaptations aim to make the EAF more process: "steel NG-DRI+CCS
representative for primary instead of secondary production, electric, H2-DRI
production: low-alloyed" EW
1) removed input of scrap, instead source the input reference product:
from the respective preceding iron production "steel, low-alloyed"

region: "Europe

process
without Switzerland

2) Entire process is downscaled by 1 parameter to

produce 1 kg of steel from primary sources instead and Austria”
of scrap iron: 0.9369, leading to 1.06 kg iron / 1 kg
steel. This value has been reported for DRI-EAF?
and EW-EAF?, The parameter is applied to all inputs
and outputs.
3) removed input of secondary metallurgy slag, and
added the amount to the EAF slag
Scrap- | Process from ecoinvent, but adapted for those regions Ecoinvent 3.9.1: scrap-EAF
EAF where the EAF receives pig iron or sponge iron as input | process: "steel
instead of only iron scrap: production, electric,
sponge iron and pig iron input are set to zero, and their | low-alloyed”
amounts are replaced with iron scrap to make the EAF reference product:

“steel, low-alloyed”

more representative for secondary production.

1.3.1. Electrowinning

95% Fe,0; (hematite) ultrafine Fe,04 1 kg steel
+ impurities + impurities 98% Fe,0, iron plate from EW
Ore mining + | Grinding Leaching J EW . EAF
concentration (ultra-fine) of iron ore
T
! 1electricity

NaOH-Hzo‘ recycling rate | emissions >

Production of
electrolyte (NaOH-H,0)

1electricity

Figure S13: Flowchart for electrowinning based on Siderwin (2020) %6 and adapted.

Electrowinning (iron plate production)
The process produces an iron plate via electrolysis of iron ore and is based on the following assumptions:

- Low-temperature electrowinning at 110°C of iron from an alkaline solution (sodium hydroxide and
water) at 1.7 Volt %.

- The input is 98% iron oxides (Fe,0s), which are deposited at the cathode during the process, such
that iron plates are produced. The anode attracts the oxygen which flows up as gas. Based on the
mass balance published by EC (2016)*, the iron plate still contains 2% impurities.

- No CO; emissions occur during the process .
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Emissions to water of hydroxide, sodium ions and water:

We assume the used electrolyte of NaOH-H,0 (sodium hydroxide dissolved in water with 50 wt-%) is not
recycled. NaOH is very soluble in water. It will split into Na+ and OH- once in contact with water, according
to the following reaction:

NaOH(s) + H20 (I) => Na+(aq) + OH-(aq) + H20 + heat (strongly exothermic reaction)

Therefore, we assume that the used sodium hydroxide solution is released into water as sodium ions,
hydroxide (OH-) and water. The amounts of these emissions are calculated stoichiometrically.

Electricity consumption:

- 2.392 kWh/kg iron plate 2
Ecoinvent processes used:

Processes required for leaching and EW are similar to aluminium production, specifically, the Bayer process,
which is used for alumina extraction from Bauxite?®. Therefore, data gaps are filled using proxies from
ecoinvent from the process “aluminium production, primary, liquid, prebake”., e.g. for:

o input of aluminium electrolysis facility construction
o cathode requirement
Anode:

- Nickel anodes, as in water electrolysis, are assumed*
- Lifetime: 10 years®>3! for hydrogen electrolysis using an alkaline electrolysis cell (AEC)

o Nickel anode required per m? AEC: 1.135 kg Ni-anode / m? AEC?® for hydrogen AEC
- Production amounts: 50 kg Fe/day using 3 m? cell as in the Siderwin project?®

kg Ni — anode
1135 <4 2 kg Ni — anode
m* AEC — . 5
kg Fe — plate days ~ 186710 kg F
50% 10 years - 365 Y gre
3m? day year

Leaching of iron ore

Leaching is assumed to be similar to the Bayer process for aluminium production from bauxite®®. An alkaline
solution (sodium hydroxide, NaOH-H,0) is used to remove gangue through precipitation of silicon aluminate
via quick lime. As a result, the ultrafine iron ore (95% hematite) can be purified to 98% iron oxide (Fe;0s).%

The process requires 0.13 kWh of electricity per kg of iron oxide (based on Ref?®, Figure 4.2: 200 kWh / 1537
kg).

Electrolyte (alkaline solution) requirements:

- based on Ref %2, we assume: 40 wt-% Fe,03 in 50 wt-% NaOH-H,0, at 110°C, which means that 60
wt-% is the NaOH-H-,0 solution

o Density NaOH-H,0 at 100°C and 50wt%: 1.47 kg/ litre
- mass-ratio solution vs. Fe;03: Myqon—p,0 = 1.5 * Mpe,0,

- Since this is for electrowinning, we assume here: mg,,o, = 1537 kg (i.e. 98% purity + 2%
impurities)?®:
2 Mygor-H,0 = 1.5 Mpe,0, = 1.5-1537 kg = 2305.5 kg for producing 1085 kg iron plate
- 2305.5 kg electrolyte/1085 kg iron plate = 2.125 kg electrolyte / kg iron plate
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The recycling rate of the alkaline solution is unknown. It is stated that the sodium hydroxide gets
recirculated in the system.

- If recycling rate = 0% = 1.5 kg solution / kg Fe;03

- If recycling rate = 50% - 0.75 kg solution / kg Fe,03
We assume a conservative recycling rate of 50%, thus 0.75 kg of alkaline solution/kg of iron oxide.

Ultra-fine grinding of iron ore

- Grinding of iron ore (as used for input for pellets of size F80 of 60um) to ultra-fine iron ore (output
mineral particle size has a P80 of 10um?).

- The concentration of the hematite (Fe;0s) input is 95%. This corresponds to 66% Fe in iron ore,
which is very similar to the ecoinvent process of iron ore beneficiation, where milling also takes
place.

- Electricity consumption: 0.063 kWh/kg 2

- Additional inputs of industrial machine, conveyor belt and heat (for heating of buildings) are
assumed to be the same as in the ecoinvent 3.9 process of: quicklime production, milled, loose (CH)

- Dust emissions are assumed to be negligible. This is also assumed for the ecoinvent process of
milling quicklime.

Electrolyte production (sodium hydroxide)

- Analkaline solution is produced, i.e. NaOH-H,0, with 50 wt-% sodium hydroxide 12,
- The source of sodium hydroxide is the global market for sodium hydroxide from ecoinvent, since
this includes three different production routes.
o This market provides sodium hydroxide at 50% solution state but without water. Thus,
the same amount of water is added to produce NaOH-H,0 with 50 wt-% of sodium
hydroxide.

1.3.2. Carbon capture and storage processes

The production routes including CCS are modelled using the respective base production route but then
include additional CCS processes. The main assumptions of those CCS processes are specified in Table S6
and explained below.

BF-BOF-CCS

BF-BOF-CCS uses mono-ethanolamine (MEA) as an absorbent. The CCS process is based on Miller et al.
(2024)*, but modified for the application to capturing emissions from steel production (see Table S6):
- natural gas is used for regenerating MEA®

- added the respective CO;emissions of the natural gas consumption

- added the input of activated carbon for the removal of degraded amine: 0.06 kg/t CO, %3
Gas pre-treatment for CCS reduces emissions of particulate matter 1°, NO, 3%, and SO, 3* (see Table S6).
TGR-BF-BOF+CCS

TGR-BF-BOF already includes the VPSA to separate CO, from the CO-rich gas from the top gas. However, the
CO: gas from the VPSA is unsuitable for CO, transport and storage. Therefore, additional processing is
required to increase the purity and pressure of the CO, gas, which is modelled via cryogenic flash and
compression’®. The last process is CO; transport and storage.
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NG-DRI+CCS

NG-DRI+CCS applies the same sub-processes as TGR-BF-BOF+CCS for gas pre-treatment, CO, separation via
VPSA and the subsequent cryogenic flash, compression, and CO; transport and storage.

Table S6: Technology data and data sources for CCS technologies of steel production routes.

BF-BOF+CCS (MEA) TGR-BF-BOF+CCS (VPSA) NG-DRI+CCS (VPSA)

Process basis Ecoinvent 3.9.1.: "pig iron production” Nduagu et al. (2020)??
- reference product: "pig iron"
- region: "RER"

Direct CO> 0.85 0.645 0.51
emissions of iron | (ecoinvent) (-24% of BF) & Nduagu et al. (2020)??
process in 2020
kg CO2/kg iron
Carbon captured | 0.71 0.44 0.48
in 2020
kg CO2/ kg iron
Carbon capture -54% of direct -52% of direct BF emissions through  -94% of direct DRI
rate emissions of the BF- CCS via VPSA & emissions ’

BOF route ©
CCS energy 2.71 natural gas ® 0.67 electricity & 1.05 electricity &
penalty for heat for MEA for cryogenic flash and compression  for VPSA and cryogenic
MJ/kg CO2 regeneration flash and compression
captured
Emission
reduction rates
NOx -80% 3* -100% *° -100% *°
SO2 -100% 34 -95% 1° -95% 1°
Particulate -50% ° -50% (assumption: as MEA %°) -50% (assumption: as MEA
matter 19)
CO:ztransport Process used from premise, which is based on Volkart et al. (2013)3°
and storage

1.3.3. Green H2-DRI

For H2-DRI, the hydrogen is sourced from the regional hydrogen market, which is governed by the IMAGE
scenarios. It thus includes a wide range of hydrogen generation technologies, e.g. natural gas-based steam
methane reforming (see section 1.2.5). In a sensitivity analysis, we assume green hydrogen for the iron
production. The green hydrogen is sourced from PEM electrolysers operated with renewable electricity
only, i.e., electricity from onshore wind turbines (1-3 MW).

The dataset for green hydrogen from PEM electrolysers is based on the dataset in premise, but electricity
from the grid was replaced with electricity from wind power.
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Figure S14: Simplified flowchart for green H2-DRI.

1.4. Integration of scenario data into ecoinvent

1.4.1. Premise

For importing LCls and integrating energy and steel scenarios into ecoinvent, premise was used. Specifically,
the following version was used:

- Version: 2.1.1.dev4

- Last commit from June 28, 2024:
o https.//github.com/polca/premise/commit/caeb4809ab7002cf7ad 1f703afa768f79217beae
o Commit hash: caeb4809ab7002cf7ad1f703afa768f79217beae

For version 2.1.1, scenarios for heat have been added. This means that the fuel mixes for heat-supplying
datasets are based on the regional fuel mix. For example, the fuel mix of a gas boiler might change from
natural gas to a mix of biogas and synthetic gas.

1.4.2. Creation of regional steel markets

Ecoinvent 3.9.1. contains production processes and supply chains for six different steel types: unalloyed,
low-alloyed, chromium, reinforcing steel, hot-rolled low-alloyed and hot-rolled chromium steel. We
implement our new production routes and scenarios for all steel types to cover the entire steel supply chain
within the database. Exceptions are chromium steel, which is produced only via the EAF, and reinforcing
steel, which is produced from unalloyed and low-alloyed steel (see Figure S15). Moreover, hot-rolled steel
is manufactured by a subsequent hot-rolling process, which applies to low-alloyed and chromium steel.

For each steel type, the respective steel production routes are regionalized into all 26 IMAGE regions. These
serve as input for a respective regional market for each steel type (see Figure S15), using the steel
production mix as in the IMAGE scenario. Additionally, a world market is created for each steel type based
on the total production amount of each region.

Lastly, a global market group for steel summarises the global steel production from all six steel types based
on their global markets, as described below, section 1.4.3.

30


https://github.com/polca/premise/commit/caeb4809ab7002cf7ad1f703afa768f79217beae

/Legend:

P: Production route
R: Region
A: Alloy type

New, regionalized h

Process from
ecoinvent
regionalized into
IAM regions
R1-R26

processes
Steel production model Steel production model Steel production model
P: Regional steel P1 P2 P9 P1 P2 P9
prgggclgl;n BF-BOF, H2-DRI BF-BOF, H2-DRI
R1-R26 unalloyed || unalloyed unalloyed | | unalloyed
Al-A6 R1 R1 ; RJI R‘Z .
T T |
Regi v v v v v 1
B loornsatler:arket Market for steel Market for steel
R1-R26 unalloyed, unalloyed,
Al-A6 R1 R2

A: Alloy type
1 ALAET

New global market
group for steel con-

sidering 6 steel alloys

Unalloyed
82.9%

-eMn, FeNi, i
52

Steel production model

Mos2 | p1 P2 P9 P9
BF-BOF, H2-DRI Scrap-EAF,
low-alloyed || low-alloyed chromium
R1 R1 R1-R26
T f \
Market for steel market for steel,
low-alloyed, chromium
R1 R1-R26

37%

reinforcing steel
production
—-R26

¥

market for
reinforcing steel
R1-R26

Reinforcing
4.5%

Low-alloyed
3.7%

low-alloyed,
hot rolled
R1-R26

market #OI‘ steel,

low-alloyed hot
rolled
R1-R26

Low-alloyed
hot rolled Chromium
3% .

Global market group for steel

Global steel production for 3 scenarios

in time period 2020-2060

Figure S15: Composition of the regional and global steel market for all six steel types.

31

chromium steel,
hot rolled
R1-R26

¥

market for steel,
chromium, hot rolfed
R1-R26

Chromium
hot rolled
1.8%




1.4.3. Creation of a global market group for steel

As shown in Figure S15, the global market group for steel aims to represent the global steel production with
the six steel types available in ecoinvent. The production shares of each steel types are assumed to be
constant due to a lack of scenario data. We assume production shares based on data from ecoinvent, i.e.
the production amounts for the different steel types (see Table S7).

Since reinforcing steel is produced from unalloyed and low-alloyed steel by additional hot rolling (Figure
S15), we correct the total production amount accordingly to calculate the production share of unalloyed
and low-alloyed steel.

Chromium and low-alloyed steel can be additionally hot-rolled to produce hot-rolled steel. According to the
production volumes stated by ecoinvent, 50% of their production undergoes hot rolling.

The total annual steel production of 1.5 Gt based on ecoinvent data is in the same order of magnitude as in
the IMAGE data for 2020, which is about 1.6 Gt of steel.

Table S7: Production amount of steel markets in ecoinvent, which is used to create a global steel market considering six different
steel types. 50% of chromium and low-alloyed steel is additionally hot-rolled to produce hot-rolled steel.

Correction for

Annual R .
. reinforcing steel
production . Pro-
. . using unalloyed and .
Product name Activity name Region  volume (source: duction
. low-alloyed steel +
ecoinvent) ] share
ke share of hot rolling
[kg]

steel, chromium market for steel, GLO 5.22E+10 2.61E+10 1.8%
steel 18/8 chromium steel 18/8
steel, chromium market for steel, GLO 2.61E+10 2.61E+10 1.8%
steel 18/8, hot- chromium steel 18/8,
rolled hot-rolled
steel, low-alloyed market for steel, low- GLO 1.53E+11 5.29E+10 3.7%

alloyed
steel, low-alloyed, market for steel, low- GLO 7.65E+10 7.65E+10 5.3%
hot-rolled alloyed, hot-rolled
steel, unalloyed market for steel, GLO 1.23E+12 1.19E+12 82.9%

unalloyed
reinforcing steel market for reinforcing GLO 6.39E+10 6.39E+10 4.5%

steel
Total 1.50E+12 1.44E+12 100%

1.4.4. Alloying elements
Low-alloyed steel
BOF-based low-alloyed steelmaking:

Primary production routes are based on the BOF process from ecoinvent, i.e. “steel production, converter,
low-alloyed, RER”, and therefore already consider alloying elements.

Scrap-EAF low-alloyed steelmaking:

Scrap-EAF is based on the process from ecoinvent ("steel production, electric, low-alloyed”), which already
accounts for alloying elements (FeMn, FeSi).

EAF-based low-alloyed primary steelmaking:
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The original alloying elements of FeMn and FeSi from the ecoinvent process for scrap-EAF steelmaking are
set to zero. Instead, the alloying elements to produce low-alloyed steel were assumed as in the ecoinvent
process to produce 1 kg low-alloyed steel with a converter (BOF), i.e. “steel production, converter, low-
alloyed, RER”. These are the following three elements:

- ferromanganese (FeMn): controls the amount of carbon in the steel and deoxidizing agent (e.g. to
avoid blowholes caused by oxygen during cooling of the steel)

- ferronickel (FeNi): increases heat-resistance
- molybdenite (Mb): for high strength and corrosion-resistant steel

These alloys are added to all EAFs used for low-alloyed steelmaking in new primary production routes (H2-
DRI, EW, NG-DRI, NG-DRI+CCS).

This assumes that these alloying elements are usually already present in the scrap entering a scrap-EAF,
which is not the case here, where low-alloyed steel is produced from primary iron. To make the primary
production routes comparable, the same alloying elements are assumed for all primary steelmaking
technologies.

Unalloyed steel
BOF-based unalloyed steelmaking:

Primary production routes are based on the BOF process from ecoinvent, i.e. “steel production, converter,
unalloyed, RER”, and therefore already consider the input of ferromanganese (FeMn).

Scrap-EAF unalloyed steelmaking:

Due to a lack of data, we assume the same process for scrap-EAF unalloyed steelmaking as for low-alloyed
steelmaking which is based on the original ecoinvent process ("steel production, electric, low-alloyed”).

If the respective input material (scrap, high-quality scrap, etc.) is managed accordingly, all kinds of steel can
be produced from the EAF®. For the future, we assume that advanced sorting technologies will enable the
required control of input material to allow the production of all steel grades from the EAF.

EAF-based unalloyed primary steelmaking:

The same reasoning applies as for low-alloyed steel. The original alloying elements of FeMn and FeSi from
the ecoinvent process for scrap-EAF steelmaking are set to zero. Instead, the alloying elements to produce
low-alloyed steel were assumed as in the ecoinvent process to produce 1 kg unalloyed steel with a converter
(BOF), i.e. “steel production, converter, unalloyed, RER”, which is ferromanganese (FeMn).

This applies to all EAFs used for unalloyed steelmaking in new primary production routes (H2-DRI, EW, NG-
DRI, NG-DRI+CCS). The amount of ferromanganese for unalloyed steel from the BOF is about 60% lower
than for low-alloyed steel from the BOF and about 40% lower than for low-alloyed steel from the scrap-EAF
in ecoinvent.

Other steel types

Alloying elements of other steel types (chromium and reinforced) are not changed but assumed as in
ecoinvent, since the new primary production routes are not directly incorporated for these steel types.
However, reinforcing steel is produced from low-alloyed and unalloyed steel (Figure S15) and therefore
indirectly influenced by the assumptions for them.
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1.4.5. Distinction between primary and secondary steel production

To align the assumptions in the IMAGE scenarios with our LCA model, we adapt the LCA model (this
modification is discussed in section 3.2.1). The IMAGE model distinguishes between primary and secondary
steel production pathways and production amounts. For consistency reasons, the LCA model applies the
same distinction of primary and secondary routes. This affects both input material, e.g. primary or
secondary iron, as well as waste streams, e.g. BOF slag or secondary BOF slag.

Input material:

In ecoinvent, primary production routes (BOF) partly receive iron scrap, i.e. a secondary material, while
secondary production processes (scrap-EAF) partly receive primary material input, e.g. sponge iron and pig
iron, in specific regions (RoW, India).

The BOF datasets should be purely based on primary inputs, while the EAF datasets should be purely scrap-
based. Hence, we set the respective input of scrap (for BOFs) or primary iron (for scrap-EAF) to zero and
add their amounts to the respective primary input (for BOFs) or to secondary input (for scrap-EAF). The
resulting modifications of BOF and EAF datasets are also listed in Table S5.

Waste flows:

The same principle is applied to the slag streams (see Table S5).

1.5. Impact assessment methods

Table S8: Additional characterization factors (CFs) for biogenic carbon flows and hydrogen emissions to air 37 are implemented in
addition to the CFs for GWP of the IPCC 2013 100a method. Source: 32,

Elemental flow Category Ggoizt) Unit
-

Carbon dioxide, in air ('natural resource’, 'in air') -1 kg

Carbon dioxide, non-
fossil, resource ('natural resource', 'in air') -1 kg
correction

(‘air', 'lower stratosphere + upper

Carbon dioxide, non-fossil troposphere’) 1 kg
Carbon dioxide, non-fossil (‘air',) 1 kg
Carbon dioxide, non-fossil (‘air', 'urban air close to ground') 1 kg
Hydrogen (‘air', 'low population density, long-term') 11 kg
Hydrogen i‘ra:)i;,o'slroﬁ\:\fr;'s)tratosphere + upper 11 ke
Hydrogen (‘air', 'non-urban air or from high stacks') 11 kg
Hydrogen (‘air")) 11 kg
Hydrogen (‘air', 'urban air close to ground') 11 kg
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Table S9: Applied impact categories and impact assessment methods. Source: 32

Environmental impact L?sf:;t Environmental impact assessment CF Unit
category family' method
. IPCC IPCC 2021 GWP 100a + additional CFs
Climate Change 2021 from Table S8 kg COz-eq
Ecotoxicity: freshwater EF v3.0 (cg_lr_nur;a)ratlve toxic unit for ecosystems CTUe
Energy resources: non- EF v3.0 abiotic depletion potential (ADP): fossil MJ, net
renewable 7 fuels calorific value
Eutrophication: fraction of nutrients reaching
freshwater EFv3.0 freshwater end compartment (P) kg POa-Eq
. . . . ke N-E
Eutrophication: marine EF 3.0 (r2ction of nutrients reaching marine & 156
Eutroph'lcatlon: EFv3.0 accumulated exceedance (AE) mol N-Eq
terrestrial
Human toxicity: EF v3.0 comparative toxic unit for human cTU
carcinogenic ) (CTUh) h
Human toxicity: non- EF v3.0 comparative toxic unit for human cTU
carcinogenic ) (CTUh) h
lonising radiation: human exposure efficiency relative to
human health EFVv3.0 1235 kBq Uzss-Eq
Land use EF v3.0 soil quality index dimensionless
Material resources: EF v3.0 abiotic depletion potential (ADP): ke Sb-E
metals/minerals ) elements (ultimate reserves) & q
Ozone depletion EFv3.0 ozone depletion potential (ODP) kg CFC-11-Eq
Partlcu!ate matter EF v3.0 impact on human health .d's.ease
formation incidence
Photochemical ozone . .
formation: human EF v3.0 it;gfg)asspeherlc ozone concentration kg NMVOC-Eq
health
user deprivation potential m3 world e
Water use EFv3.0 (deprivation-weighted water depri Q.
eprived

consumption)
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2 Results

2.1. Impacts of iron ore pellets and iron sinter production

Depending on the iron production technology, the iron-bearing raw material can be iron sinter, iron ore
pellets, iron ore concentrates, iron oxides or a mix of several of them (see Table S10).

Table S10: Inputs of iron-bearing materials per primary production route.

Production route(s) Iron-bearing input materials Sum of iron-bearing materials
in kg/kg iron produced in kg/kg steel unalloyed
BF-BOF, BF-BOF-CCS, 1.05 kg iron sinter/kg iron . .
TGR-BF-BOF, TGR-BF-BOF-CCS | + 0.4 kg pellets/kg iron 1.6 kg iron sinter and pellets
1.375 kgiron ore pellets/kg
NG-DRI- EAF, NG-DRI- EAF-CCS . 1.46 kg iron ore pellets
NG-DRI iron g P
1.36 kg iron or Il kg H2-
H2-DRI-EAF DFE:IG g iron ore pellets / ke 1.44 kg iron ore pellets
EW-EAF 1.46 kg iron ore oxides 1.55 kg iron ore oxides

The specific climate change impacts of iron pellet production are 80% lower than those of iron sinter
production based on datasets from ecoinvent 3.9.1 (see Figure S16). Thus, the contribution of the raw

materials of iron sinter compared to iron pellets to the specific impact per steel production route can differ
considerably.

The relatively high contribution of direct emissions of iron sinter plants to steelmaking aligns with previous
research3®3°. Besides their high greenhouse gas emissions, they are a major source of dust (particulate

matter) as well as respective precursors, such as NOy or SO, which drive human health impacts at the local
level 3839,

Climate change impact | Process contribution
kg CO2 eq./kg product %

Iron pellet Iron sinter |Iron pellet Iron sinter
Total 0.099 0.504 100% 100%
diesel, burned in building machine 0.006 6% 0%
electricity production, hard coal 0.021 0.025[ 21%\ 5%
electricity production, lignite 0.004 _ 4% 0%
hard coal mine operation and hard coal preparation 0.008 0.016[ 8% 3%
iron pellet production 0.025 I 25% 0%
iron sinter production 0.321 0%[ 64%
quicklime production, in pieces, loose 0.034 0%[ 7%
transport, freight, sea, bulk carrier for dry goods 0.028 0%‘ 6%
Rest 0.036 0.079 36%| 16%

Figure S16: Climate change impacts of producing 1 kg of iron ore pellets and iron ore sinter. Functional units: 1) iron pellet production,

RoW, ecoinvent 3.9.1 (cutoff) 2) iron sinter production, RoW, ecoinvent 3.9.1 (cutoff). Process contributions for top 5 contributors,
aggregated by process name.
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2.2. Specific impacts of steel and electricity markets
2.2.1. Steel markets

While the impact trends in the 3.5°C scenario are mostly minor and primarily decreasing in all impact
categories, impacts gradually intensify in the 2°C and 1.5°C scenario, exhibiting the greatest changes in the
1.5°C scenario.

Eutroph.,
Eutroph., marine Eutroph.,
terrestrial freshwater
Ener
Human tox., ergy
carcinogenric resources,
AL non=renew.
Human tox/, Ecotox.

non-carcinogenic

lonising .
rad. Acid.
Y Climate Change,
Land uge in¢l/ bio C & H
6.0 2060 SSP2-Base (3.5°C)
Ozone depl 8.0 Photochem. —== 2060 SSP2-RCP2.6 (2°C)
" PM ozone —e— 2060 SSP2-RCP1.9 (1.5°C)

Figure S17: Impact development of steel production in 2060 compared to 2020 for impacts per kg steel. Values are relative to the
impacts in 2020 on a logarithmic scale. Functional unit: 1 kg steel from the global market for steel; premise: all background scenarios
are incorporated. Acid.: acidification; Ecotox.: ecotoxicity;, Energy res., non-renew.: non-renewable energy resources; Eutroph.,
freshwater: freshwater eutrophication; Eutroph., marine: marine eutrophication; Eutroph, terrestrial: terrestrial eutrophication;
Human tox., carc.: carcinogenic human toxicity; Human tox., non-carc.: non-carcinogenic human toxicity; lonising rad.: ionising
radiation; Ozone depl.: ozone depletion; PM: particulate matter; Photochem. ozone: photochemical ozone formation; incl. bio C &
H: including biogenic carbon and hydrogen.
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Figure $18: Impact development of steel production in 2060 compared to 2020 for impacts per kg steel from the global market of
steel and for each of the six steel types. Values are relative to the impacts in 2020 on a logarithmic scale. Functional unit: 1 kg steel
from the respective global steel market; premise: all background scenarios are incorporated. Acid.: acidification; Ecotox.: ecotoxicity;
Energy res., non-renew.: non-renewable energy resources; Eutroph., freshwater: freshwater eutrophication; Eutroph., marine:
marine eutrophication; Eutroph, terrestrial: terrestrial eutrophication; Human tox., carc.: carcinogenic human toxicity; Human tox.,
non-carc.: non-carcinogenic human toxicity; lonising rad.: ionising radiation; Ozone depl.: ozone depletion; PM: particulate matter;
Photochem. ozone: photochemical ozone formation; incl. bio C & H: including biogenic carbon and hydrogen.
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2.2.2. Electricity markets

Figure S19 illustrates the impacts of electricity generation in 2060 compared to 2020 for all scenarios per
kWh of electricity generated. It shows that impacts increase for ionising radiation, land use, material
resources, and ozone depletion.

The impacts of ionising radiation are caused by processes related to nuclear power (i.e., uranium mining,
related mining waste and the reprocessing of spent nuclear fuel). As such, the trend of ionising radiation
depends on the scenario and it coincides with the shares of nuclear power in the assumed electricity mix
(see section 1.2.5), which is the lowest in the Base scenario (7%), and the highest in the 2°C scenario, i.e.,
12% of power generation in 2060. Thus, these adverse side effects may be reduced under a different
electricity mix, excluding nuclear power.

Material resource depletion impacts increase due to higher requirements for tellurium, copper, gold, and
silver (Figure S20). These metals are required for more electrified and renewable power systems, e.g., PV
panels and wind turbines. Solar and wind energy are expected to have higher shares of power generation
in the IMAGE 1.5°C scenario (Figure S10).
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Impact category Scenario Impacts in 2060 relative to 2020
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Acidification SSP2-RCP2.6 -91%
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- 0,
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Freshwater SSP2-Base 22%
. L. SSP2-RCP2.6 -93%
eutrophication SSP2-RCP1.9 -97%
SSP2-Base -33%
Marine eutrophication sSp2-RCP2.6 -82%
SSP2-RCP1.9 -84%
Terrestrial SSP2-Base -35%
eutrophication SSP2-RCP2.6 -77%
P SSP2-RCP1.9 78%

_920,
Carcinogenic human  SSP2-Base 23?
toxicity SSP2-RCP2.6 -48%
SSP2-RCP1.9 -36%

- o)
Non-carcinogenic SSP2-Base 29?
human toxicity S5P2-RCP2.6 -69%
SSP2-RCP1.9 -68%
SSP2-Base -19%
lonising radiation SSP2-RCP2.6 35%
SSP2-RCP1.9 4%
SSP2-Base 1%
Land use SSP2-RCP2.6 24%
SSP2-RCP1.9 58%
SSP2-Base 24%
Material resources SSP2-RCP2.6 R 66%
SSP2-RCP1.9 EE | 8%
SSP2-Base | 20%
Ozone depletion SSP2-RCP2.6 ___aa 41%
SSP2-RCP1.9 f 56%

_C9HO,
Particulate matter SSP2-Base 525)
formation SSP2-RCP2.6 [ -81%
SSP2-RCP1.9 !—5 -82%
Photochemical SSP2-Base -30%
oxidant formation SSP2-RCP2.6 [ T -76%
SSP2-RCP1.9 N -79%
SSP2-Base [ -26%
Water use SSP2-RCP2.6 O -23%
SSP2-RCP1.9 ! -30%

Figure $19: Impact development by 2060 relative to 2020 for electricity generation. Functional unit: 1 kWh from the market group

for electricity, medium voltage (Region=World); premise: all background scenarios are incorporated.
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Figure S20: Contribution analysis for material resource depletion impacts per kWh electricity. Functional unit: 1 kWh from the market
group for electricity, medium voltage (Region=World); premise: all background scenarios are incorporated. Elementary flow
contributions showing top 10 contributors in each year, aggregated by name.

2.3. Contribution analysis for specific impacts of global steel production

The underlying data for the contribution analysis presented in Figure 8 is provided in the table below.

Table S11: Contribution analysis of impacts per kg steel for 16 impact categories showing the top five contributing processes
aggregated by process name (underlying data for Figure 8). Functional unit: 1 kg of steel from the global market group for steel,
premise: all background scenarios are incorporated.

SSP2-Base SSP2-RCP2.6 SSP2-RCP1.9

2020 2060 2060 2060
Acidification
blasting 7% 6%
coking 8% 7%
electricity production, hard coal 8% 8%
electricity production, lignite 7% 8%
heat production, at hard coal industrial furnace 1-10MW 8% 10% 11%
iron sinter production 11% 11% 12%
platinum group metal mine operation, ore with high palladium 5%
content
smelting of copper concentrate, sulfide ore 9%
transport, freight, sea, bulk carrier for dry goods 15% 14% 16% 16%
Ecotoxicity
blasting 45% 40% 39% 37%
hard coal mine operation and hard coal preparation 27% 15% 11% 5%
heat production, at hard coal industrial furnace 1-10MW 2% 2% 2%
market for wastewater, average 15% 30% 34% 36%
treatment of drilling waste, landfarming 2% 3% 4%
treatmgnt of water discharge from petroleum/natural gas 2% 2%
extraction, onshore
Energy resources
hard coal mine operation 4% 4%
hard coal mine operation and hard coal preparation 61% 49% 40% 17%
lignite mine operation 2% 3%
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SSP2-Base SSP2-RCP2.6 SSP2-RCP1.9

2020 2060 2060 2060
petroleum and gas production, offshore 8% 11% 13% 20%
petroleum and gas production, onshore 17% 23% 27% 34%
uranium mine operation, underground 5% 10%
uranium production, in yellowcake, in-situ leaching 4% 8%
Eutrophication, freshwater
market for wastewater, average 2% 6% 9% 14%
treatment of basic oxygen furnace slag, residual material landfill 17% 13% 17% 9%
treatment of electric arc furnace slag, residual material landfill 8%
treatment of spoil from hard coal mining, in surface landfill 61% 53% 59% 39%
treatment of spoil from lignite mining, in surface landfill 14% 19% 3%
:;?l?;rgr;‘a}r;’:;;j:(;f::;cntaiIings, from copper mine operation, 2% 39 59 17%
Eutrophication, marine
blasting 9% 8% 9% 9%
diesel, burned in building machine 6% 8% 9% 10%
iron sinter production 10% 9% 9%
transport, freight train, diesel 7% 7% 7%
transport, freight, sea, bulk carrier for dry goods 16% 15% 15% 16%
treatment of wastewater, average, wastewater treatment 8% 9%
Eutrophication, terrestrial
blasting 14% 14% 14% 13%
diesel, burned in building machine 7% 8% 9% 10%
heat production, at hard coal industrial furnace 1-10MW 5%
iron sinter production 11% 10% 10%
transport, freight train, diesel 8% 8% 8% 7%
transport, freight, sea, bulk carrier for dry goods 18% 16% 16% 17%
Human toxicity, carcinogenic
coking 45% 30% 24% 6%
steel production, electric, low-alloyed 1% 2% 2% 1%
treatment of basic oxygen furnace slag, residual material landfill 5% 3% 3% 1%
treatment of electric arc furnace dust, residual material landfill 1% 1% 1% 2%
treatment of electric arc furnace slag, residual material landfill 45% 61% 67% 88%
Human toxicity, non-carcinogenic
coking 7% 3% 3%
ferronickel production 4% 3% 3% 4%
iron sinter production 26% 17% 16% 5%
market for wastewater, average 18% 27% 29% 31%
smelting of copper concentrate, sulfide ore 7%
steel production, electric, low-alloyed 21% 32% 32% 32%
lonising radiation
electricity production, nuclear, boiling water reactor 10% 13% 10% 11%
electricity production, nuclear, pressure water reactor 5% 4% 5% 5%
f(re.atmen't of low level radioactive waste, plasma torch 5% 5% 5% 5%
incineration
treatment of spent nuclear fuel, reprocessing 15% 21% 20% 22%
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SSP2-Base SSP2-RCP2.6 SSP2-RCP1.9

2020 2060 2060 2060
treatment of tailing, from uranium milling 62% 55% 58% 56%
Land Use
hard coal mine operation and hard coal preparation 21% 13% 8%
hardwood forestry, beech, sustainable forest management 8%
hardwood forestry, birch, sustainable forest management 7% 10% 15%
open ground construction, on ground 12%
railway track construction 5%
residual material landfill construction 6%
road construction 16% 16% 13% 9%
softwood forestry, pine, sustainable forest management 7% 11% 16%
softwood forestry, spruce, sustainable forest management 7% 11% 17%
Material resources
chromite ore concentrate production 40% 40% 39% 21%
cobalt production 6% 7% 6% 4%
copper mine operation and beneficiation, sulfide ore 35% 34% 35% 43%
ferronickel production 5% 5% 5%
sodium chloride production, powder 12%
zinc mine operation 1% 4% 3% 3%
Ozone depletion
chlor-alkali electrolysis, diaphragm cell 1% 3% 15%
chlor-alkali electrolysis, membrane cell 3% 4% 12% 66%
chlor-alkali electrolysis, mercury cell 4%
coking 76% 64% 50% 3%
petroleum and gas production, offshore 17% 25% 26% 7%
purified terephthalic acid production 1%
transport, pipeline, onshore, long distance, natural gas 1% 1%
trichloromethane production 2%
Particulate matter
diesel, burned in building machine 5% 7%
electricity production, hard coal, at coal mine power plant 32% 20% 15% 8%
ferrosilicon production 5% 15% 16% 20%
heat production, at hard coal industrial furnace 1-10MW 4% 5% 7%
iron pellet production 4% 5% 6%
iron sinter production 17% 17% 16% 6%
Photochemical ozone formation
blasting 5% 5% 5% 6%
coking 35% 29% 27% 12%
diesel, burned in building machine 7%
iron sinter production 13% 13% 14%
natural gas venting from petroleum/natural gas production 5% 6% 8% 13%
transport, freight, sea, bulk carrier for dry goods 9% 9% 9% 11%
Water use
BF-BOF, steel production, unalloyed [CH] 27% 13% 7%
air separation, cryogenic 11% 13% 12%
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SSP2-Base SSP2-RCP2.6 SSP2-RCP1.9

2020 2060 2060 2060
chlor-alkali electrolysis, diaphragm cell 8%
chlor-alkali electrolysis, membrane cell 12%
electricity production, hydro, reservoir, alpine region 8% 8% 9% 9%
electricity production, nuclear, pressure water reactor, heavy
water moderated 8%
hot rolling, steel 6%
iron pellet production 8%
steel production, electric, low-alloyed 11% 21% 20% 14%
hard coal mine operation and hard coal preparation 6%
Climate change
TGR-BF+CCS, iron production [CH] 18%
TGR-BF, iron production [CH] 6% 10%
coking 4%
electricity prqduc.tion, at co-generation natural gas-fired power 16%
plant, post, pipeline 200km, storage 1000m
electricity production, hard coal 11% 9%
hard coal mine operation and hard coal preparation 8% 6% 7%
heat and power co—ggneration, natural gas, conventional power 21%
plant, 100MW electrical
heat production, at hard coal industrial furnace 1-10MW 6% 14%
iron sinter production 13% 13% 17%
pig iron production 31% 18% 15%
supply of forest residue -26%

2.3.1. Human toxicity (carcinogenic)

The impacts of carcinogenic human toxicity increase in the global market group for steel by up to +25% (RCP
1.9in 2060). The main contributor is the process of “treatment of electric arc furnace slag, residual material
landfill” which is responsible for 88% of the impacts in 2060 and occurs in steel making processes with the
EAF. The main emission during the process of landfill is chromium VI to surface water, causing 91% of
impacts of carcinogenic human toxicity (RCP 1.9 in 2060).

For the BF-BOF route, the driving process is the coke production (i.e. “coking”) and its emission of
Benzo(a)pyrene to air, which causes 73% of carcinogenic human toxicity impacts of unalloyed BF-BOF steel.
The human toxicity impacts of the scrap-EAF route are about 42% higher than those of the BF-BOF route.

In the RCP1.9 scenario, the main primary production technologies depend on the EAF for steel making (e.g.,
EW-EAF, NG-DRI-EAF). Since the human toxicity impacts of the EAF routes are higher than for the BOF
routes, these impacts increase in scenarios with a high share of the EAF.

However, this increase in human toxicity impacts might be overestimated for the following reasons. First,
the emissions from outflows of the EAF are highly dependent on the input material into the furnace.
Currently, the EAF in ecoinvent 3.9.1 is modelled based on the assumptions that it primarily consumes scrap
(old and new scrap) *°, which may be contaminated and may contain a mix of alloys. In the future, with the
EAF being used for primary production as well, e.g. for electrowinning, the inflows of the EAF will be less
contaminated. Secondly, new policies aim to reduce landfills in the future, which will also reduce
corresponding emissions from landfills.
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2.3.2. lonising radiation

The main cause of ionising radiation impacts is nuclear power generation. By 2060, under the 1.5°C scenario,
the main contributors are:

- the treatment of tailings from uranium milling (56%), which releases Radon-222 to the air;

- the treatment and reprocessing of spent nuclear fuel (22%), which is one of several sources of
carbon isotope emissions to the air (i.e., carbon-14);

- and lastly, the process of nuclear electricity production with boiling water reactors (7%), which
releases carbon isotopes in the cooling system.

The main emissions are radon-222 and carbon-14, which contribute 56% and 41%, respectively, thus
representing 97% of emissions.

The increase in ionising radiation is due to an increased power demand for the much more electrified steel
production by 2060 under the 1.5°C scenario. It strongly depends on the electricity mix, which in this
scenario includes nuclear power (9%, see section 1.2.5).

2.3.3. Material resource depletion

Although the impacts of material resource depletion grow by 100% by 2060 in the 1.5°C scenario, they stay
about constant in the other two scenarios, exhibiting an increase of only 3% and 6% in the Base and 2°C
scenarios, respectively, as illustrated in Figure S21. This strong increase in the 1.5°C scenario is primarily
driven by higher contributions from tellurium, copper, gold and silver, and sodium chloride.

Metals like tellurium, copper, gold and silver are required for low-carbon technologies, like PV panels (e.g.,
cadmium telluride thin-film PV) or wind turbines, needed for renewable power generation and electrified
systems in general, e.g., due to their high conductivity. As shown in Figure S20, material resource depletion
of power generation increases considerably in the 1.5°C scenario, driven by the same metals as for the steel
market. Tellurium and gold have very high depletion potential (characterisation factors) in the impact
assessment method used.

Steel production's electricity requirements will increase by 2060 due to more electrified steel production
via EW and scrap-EAF, which will have higher market shares in 2060 than in 2020. Sodium chloride is needed
to produce sodium hydroxide, the electrolyte required for EW.

Chromium for chromium steel has a high contribution (21-40%, depending on the scenario). Still, its impact
remains almost constant, as its production share per kg of steel from the global market is assumed to be
constant.
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Figure S21: Contribution analysis for material resource depletion impacts per kg steel from the global market of steel. Functional
unit: 1 kg steel from the global market group for steel; premise: all background scenarios are incorporated. Elementary flow
contributions showing top 10 contributors, which are aggregated by name.

2.3.4. Ozone depletion

Assessments of current and future ozone depletion impacts are subject to very high uncertainty and are
likely overestimated, as ozone-depleting substances are being phased out due to the Montreal Protocol,
which was adopted in 1989. Consumption of ozone-depleting substances to date has fallen below 1% of
historical peak values in 19891, This phase-out is, however, neither sufficiently represented in current life-
cycle inventory databases, like ecoinvent, nor in futurized databases based on ecoinvent*?. As such, ozone
depletion impacts are inherently overestimated, which has already been emphasized by prior studies*.

Despite this high uncertainty, we present our results for ozone depletion impacts for the sake of complete
transparency below and due to the lack of better data.

In 2020, ozone depletion is dominated by coke production, which causes 76% of impacts. In the Base and
2°C scenarios, ozone depletion impacts decrease by about 30% due to lower coke requirements. In the 1.5°C
scenario, they may rise driven by the production of sodium hydroxide, which reaches a contribution of 84%
by 2060. Sodium hydroxide is the alkaline electrolyte required for EW. It is produced via chlor-alkali
electrolysis, mostly using membrane cells, which releases tetrachloromethane according to the datasets
defined in ecoinvent v3.9. Emissions of tetrachloromethane, also called carbon tetrachloride, cause about
86% of ozone depletion impacts in 2060 under the 1.5°C scenario. However, current consumption of carbon
tetrachloride is approaching very low levels®'. Hence, these rising impacts are likely overestimated and are
probably an artefact of datasets from ecoinvent.

2.4. Specific impacts under varying background scenarios

The benefit of ambitious electrified steel scenarios becomes effective only if the electricity sector is
decarbonized. Solely electrifying steel production, as in the 1.5°C scenario, cannot reduce climate change
impacts. Only in combination with decarbonizing electricity can the impacts of steel production decrease
by 79% by 2060 (Figure S22).

In most impact categories, realizing the climate-ambitious steel scenarios alone even increases impacts
compared to the conservative 3.5°C scenario (Figure S22). Exceptions are particulate matter and
photochemical ozone formation, as they co-benefit from the phase-out of coal-based steel production
processes (section 3.3.1).
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Adding more BG scenarios, e.g., for electricity, can only partly, but not entirely, compensate for these
growing impacts due to the steel scenario. For instance, carcinogenic human toxicity is only driven by steel
production processes, specifically coke production and the treatment of EAF slag (section 2.3). There is an
exception for ionising radiation, land use and material resources, where the background electricity
scenarios even further intensify future impacts of steel (see section 3.3.1). Hence, improvements along the
entire supply chain with process- and impact-category-specific measures are required.

Thus, drastically decarbonizing the steel sector requires more renewable upstream supply processes to
avoid unwanted side-effects, i.e. increasing instead of decreasing impacts, or of a lower impact reduction
in the 1.5°C scenario than in the 3.5°C or 2°C scenario (see e.g. climate change, photochemical ozone
formation, or particulate matter). The fact that the 1.5°C scenario performs worse than the 2°C scenario if
only the steel sector is decarbonized applies to all impact categories, including those where impact trends
are expected to decrease overall (Figure S22.b).

Among all the background scenarios investigated in this study, the major driver of impact reduction is the
electricity supply (green line), as the additional background scenarios barely affect the final impact trend
(black line, which mostly coincides with the green line). The reason for this is that the energy input of
electricity gains in relevance, as the shares of the electricity-based steel production technologies increase
globally: secondary production increases from 21% to 39%; and for primary production EW-EAF supplies up
to 30% of steel in the 1.5°C scenario.
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Figure $22: Impact developments for 1 kg of steel production for the global steel market from 2020 to 2060. Values are relative to
the impacts in 2020 and the case where all background scenarios are incorporated (black line). The lines represent the impact change
depending on which scenarios are implemented. Purple line: only steel scenarios; green line: steel + electricity scenarios; black line:
all scenarios are implemented. The black line corresponds to the results presented in the main paper.

2.5. Normalization and weighting results
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Figure S23: Normalized results calculated with global normalization factors for EF 3.0 from Crenna et al. (2019)*3. Functional unit:
1 kilogram of steel from the global market group for steel; premise: all background scenarios are incorporated.
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Figure S24: Weighted results using the EU Environmental footprint method (sources for weighting factors: Andreasi Bassi et al.

(2023)44, which is based on Sala et al. (2018)*°). Functional units: a) 1 kilogram of steel from the global market group for steel, b)
global steel production via the global market group for steel; premise: all background scenarios are incorporated.
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Figure S25: Relative shares for the weighted results shown in Figure S24.

If the impacts of global steel production are calculated using the EU environmental footprint (EF) method,
it becomes apparent that climate change will not be the largest contributor in the future. It is the major
driver of the current impacts (in 2020, its share is 23%), but in a decarbonized steel supply it becomes less
prominent compared to other impact categories, contributing 14% or 5% in the 2°C and 1.5°C scenario
respectively, by 2060 (Figure S25).

By 2060, the total EF is higher in the 1.5°C scenario than in the Base scenario and 2°C scenario per kg of
steel produced, mainly due to rising impacts in ionising radiation (Figure S24.a). lonising radiation (IR) is
caused by nuclear power, specifically slag treatment from uranium milling, which is needed to satisfy the
high electricity demand for an electrified steel production. IR impacts could be lowered in the future
through improved slag treatment. However, it is unknown to what extent this can further reduce IR impacts.

Considering rising steel demand (Figure S24.b), the EF of future global steel production will increase by 2060
compared to 2020 for all scenarios. The 1.5°C scenario exhibits the highest increase of 41% by 2060, while
the EF of the Base and 2°C scenario increase to a lesser extent, i.e., by 25% and 17% respectively. This
increase is not driven by climate change, which overall has a declining impact, but by the other categories
(e.g., IR, metal depletion, carcinogenic human toxicity, and to some extent, freshwater ecotoxicity).

Overall, these results indicate that climate change impacts are not the sole concern of steel production.
However, they should be interpreted within the bounds of methodological constraints and assumptions
inherent to the EU EF approach®. Schenker et al. (2022)*® demonstrate a similar finding using Recipe
endpoint indicators for the future impacts of steel production. Likewise, they show that climate change is
likely to play a minor role compared to, e.g., toxicity impacts.

Despite the uncertainty of future impact prevention measures and the limitation of the EF method, these
results show that in the future, more impact categories than climate change may be relevant to maintain
ecosystem quality and reduce the health impacts of humans living near industrial sites.

Climate change might be the most pressing issue today, also due to its effects on a global scale. However,
other impact categories can have direct (and indirect) effects on the local environments and people. For
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example, water use might not be the primary concern of steel production at the global level compared to
other sectors like agriculture. However, mining and processing activities for metal production can still be
relevant and an issue in regions of water scarcity, as highlighted by Northey et al. (2016)* and Schenker et
al. (2022)%8. Another example is deforestation and biodiversity loss being driven by iron and the needed coal
mining, .e.g., in Brazil %%, although iron mining may not be the main driver of these impacts at the global
level.

Furthermore, Schenker et al. (2022) 38 and Watari et al. (2021)*° stress that impact categories other than
climate change are relevant for metal production, such as water use, chemical pollution or biodiversity loss.
However, planetary boundaries have not been determined yet for all impact categories, e.g. for chemical
pollution 38,

Approaches applying various methods, including local and global perspectives, are required to assess and
understand the diverse impacts of a complex supply chain. These could include planetary boundaries and
assessments of local impacts, e.g., via regionalised LCA, to avoid problem-shifting to specific regions.
Although such additional assessments are beyond the scope of this study, our work and LCI data can serve
as a basis for future research.

3 Discussion

3.1. Explorative scenario with a shift to green H2-DRI
Scenario description and assumptions

For exploration purposes, we examined a scenario with high shares of green H2-DRI, as shown in Figure S26.
This is based on the following assumptions:

- Itis derived from the scenario SSP2-RCP1.9 (1.5°C) with BF-BOF, NG-DRI and scrap-EAF producing
the identical amounts as in SSP2-RCP1.9. Thus, the phase-out of BF-BOF is the same.

- No new capacities are built for technologies with insufficient emission reduction potential, including
CCS technologies.

- Existing capacities for TGR-BF-BOF in 2020 are phased out by 2040, assuming a remaining lifetime
of 20 years.

- EW s notintroduced, representing the case where it does not reach market maturity soon enough.

- Thus, primary production shifts to green H2-DRI as the main production route to replace BF-BOFs
and will produce 61% by 2060. It furthermore replaces the average H2-DRI, which sources hydrogen
from the average hydrogen market.

100% EAF scrap
EW-EAF

m H-DRI-EAF

7 green H2-DRI
TGR BF-BOF+CCS

B TGR BF-BOF
DRI-EAF+CCS
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Figure S26: Production mix of global steel production as an explorative scenario with green H2-DRI-EAF.
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Resulting GHG emissions

To calculate the emission reduction potential of this scenario, we applied a simplified model based on the
following assumptions:

- Emission intensities are based on world datasets for each production route for unalloyed steel
production with all background scenarios integrated.

- The entire steel demand is fulfilled by unalloyed steel, using world datasets for each production
technology. This assumption applies to both the green H2-DRI scenario, but also to create a
simplified SSP2-RCP1.9 scenario.

- The emission reduction potential is the difference between the cumulative emissions of the
simplified SSP2-RCP1.9 steel scenario and the simplified green H2-DRI steel scenario by 2060.

The simplified green H2-DRI scenario reduces cumulative GHG emissions by -16% compared to the
simplified SSP2-RCP1.9 scenario by 2060.

Limitations

Please note that this scenario constitutes an explorative scenario, which is not generated by IMAGE but
created and assessed with simplified assumptions as described in the previous sections. This scenario thus
complements the three scenarios from IMAGE, which do not foresee a shift to green H2-DRI despite current
industrial trends.

IMAGE provides cost-optimal decarbonization pathways for various sectors, including energy, steel and
hydrogen supply, considering the emission constraints of different climate mitigation targets. For H2-DRI, it
assumes that hydrogen is sourced from the average region-specific hydrogen market. If the resulting
scenarios from IMAGE do not anticipate a large share of H2-DRI, this implies that other technologies
perform better than H2-DRI under the constraints of costs and emission intensities.

The main goal of this additional explorative scenario is to account for current trends towards green H2-DRI
and to estimate the maximum emission reduction potential of an ambitious transition to green H2-DRI.

Due to its simplified assumptions, this explorative scenario is subject to certain limitations. For example,
the energy and steel scenarios are not internally coherent since IMAGE did not generate this steel scenario.
Hence, the assumption that green hydrogen is solely produced from wind power does not reflect potential
technological and regional variations, as they usually occur in dynamic energy systems. Our assumption for
green hydrogen represents an optimal scenario that aims to determine the lower boundary of future GHG
emissions, considering the best case for green H2-DRI.

3.2. Limitations

This chapter provides additional limitations which can serve as a basis to improve the LCls and scenario
assessments in future studies.

3.2.1. Scenarios from IMAGE

Like any model, IAMs have certain limitations, and the scenarios are to be interpreted in the context of the
respective modelling characteristics. This means the scenarios are rather exploratory, i.e., what-if scenarios,
than predictions. As any scenario, they are subject to uncertainties—a challenge that applies not only to
the IAM or IMAGE community but also to the general research field of future studies. As such, the scenarios
provide insights into directions of future developments under specific rule-sets, constraints, and general
global societal developments. However, the results should not be interpreted as absolute values but rather
used to gain insights about the consequences of potential future developments.
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Furthermore, IMAGE is a process-based IAM that strongly focuses on physical flows and relationships, while
economic IAMs prioritize cost analyses >1. As such, IMAGE is less suited for economic evaluations. However,
future research could leverage the strength of both approaches by linking IMAGE with an economic IAM to
enable an assessment of economic drivers and implications of industrial decarbonization pathways.

Representation of the steel sector:
There is a lack of data in the steel scenarios from IMAGE for:

- Production amounts and pathways per steel type, such as low-alloyed, reinforcing or chromium
steel. Thus, the regional production shares from IMAGE are assumed for all steel types.
Furthermore, the production share of steel types is assumed to be constant based on data from
ecoinvent.

o Future research could include the demand by type to improve the accuracy of impacts and
the effects of new grades, e.g. for more light-weight transport and machinery. For example,
scenarios for chromium steel production could be very valuable, as chromium steel has a
considerably higher impact than the other steel types.

o Moreover, the suitability of novel production routes for each steel type is currently not
considered in detail, as the demand per steel type is lacking. This could be improved when
demand scenarios for each steel type exist. For example, scrap-based production may not
be suitable for all steel types, such as high-end steel types, depending on scrap composition
and contamination.

- Efficiency improvements per sub-process within a steel production route, like pellet and sinter
production or hot rolling, may have varying efficiency improvements. Therefore, we applied the
efficiency improvements to the main iron and steel production processes for each route, such as,
BF, BOF, DRI or EAF (see Figure S12).

Distinction between primary and secondary steel production:

As described in section 1.4.5, primary and secondary production routes are assumed to be separated
systems, where scrap-EAFs are purely operated using scrap, and primary production is purely based on
primary iron-bearing material. This simplification does not fully reflect industrial practices, where input
streams tend to be a mix of primary and secondary materials. For instance, scrap is to some degree fed into
primary production routes, e.g., BOFs by up to 30%°, while scrap-EAFs tend to blend pig iron or DRI with
scrap for quality control and process stability.

Our model assumes separated production routes based on a modular approach for the following reasons:

- The blending of primary and secondary material is highly variable. It is decided on a plant-by-plant
basis depending on multiple factors, such as material availability and quality, contamination,
material and energy prices, or desired output material of a specific steel type. These factors are
highly dynamic, region- and even plant-specific. As such, they are very difficult to project at this
level of detail. There is a lack of required data per region with global coverage, even for current
practices.

- Incorporating an additional parameter for variable mixes of scrap and iron per production route
and region is currently out of the scope of the IMAGE model.
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- This separation is necessary to correctly account for the scrap availability, which is determined by
the IMAGE scenarios based on an endogenous material stock model.

- While we acknowledge that this is a simplification, it enables a fair comparison of the different
production routes under clear boundary conditions and supports scenario clarity.

- Furthermore, the lack of mixed input streams balances itself out to some degree, as the inputs of
primary and secondary material in the other route and their consequences on increasing versus
lowering impacts partly offset each other. Therefore, this simplification might be relatively benign
overall, and its final effect is considered within the range of uncertainty of the scenario results.

Incorporating the parameter of mixed input streams implies various challenges, especially related to the
clarity and interpretability of the results, as it:

- adds another factor of very high uncertainty;

- hinders a fair comparison across production routes and regions;

- this might lead to underestimating primary production and overestimating secondary production
impacts, which is the less preferred option compared to the current case, where our simplification
might lead to overestimating primary production impacts and underestimating secondary
production impacts. Underestimating primary production and overestimating secondary
production impacts could distort the results and thus have harmful consequences for policy
recommendations.

We therefore recommend this aspect as a direction for further research.

Energy scenarios:

The electricity scenarios are a key driver of the future environmental impacts of steel production, if steel
production will undergo an electrification as assumed in our 1.5°C scenario, as this will considerably increase
future electricity requirements.

On a per-kg-steel basis, impacts are expected to increase in ionising radiation, land use, material resources,
and potentially ozone depletion and human toxicity under the 1.5°C scenario, as shown in Figure 8. Similarly,
impacts in ionising radiation, land use, material resources, and ozone depletion are likely to increase per
kWh of electricity generated under the 1.5°C scenario from IMAGE (see section 2.2.2), suggesting a
correlation. Furthermore, the influence of the BG electricity scenario compared to considering the steel
scenarios alone is illustrated in section 2.4.

The IMAGE scenarios for electricity are optimized for reducing climate change emissions. To considerably
reduce GHG emissions of electricity generation, IMAGE assumes drastic capacity extensions for nuclear
power and CCS-based power generation (see section 1.2.5). However, these are the primary causes of rising
impacts in ionising radiation and land use (see section 3.3.1 in the paper).

Further research is needed to explore options to avoid the potential burden-shifting of the decarbonization
measures to the aforementioned categories. This could include improving the data quality of the driving
processes (e.g., uranium mining) and identifying respective emission mitigation technologies. More
importantly, alternative electricity scenarios should be considered. While IMAGE relies on nuclear power
and CCS-based power generation, other IAMs pursue other strategies, such as REMIND, which instead
foresees a significant shift to renewables®,

This research aimed at assessing internally consistent energy and steel scenarios of global coverage while
accounting for a shift to novel steel production technologies. At the time of writing, these existed only from
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the IAM IMAGE, as REMIND lacked sufficient technological resolution for the steel sector. If such suitable
scenarios become available, further insights into future steel and energy supply could be gained from

alternative scenarios generated by other models, such as REMIND. For this, the LCls and Python code
provided by this study could form a starting point.

3.2.2. Premise

The production volumes of the IMAGE scenarios specify the sum of domestic production and
production for export. However, they do not provide a complete and consistent trade balance,
neither for iron and steel nor for intermediate products, such as iron ore, iron ore pellets, pig iron,
H2-based sponge iron>3, different steel types, etc. Therefore, we assume that the supply chains take
place in the respective IMAGE regions for the processes within our system boundary of steel
production (Figure 2).

The transport distances and types (e.g., road, train, or sea transport) in the regional markets are
assumed to be the same as those in the existing market datasets in ecoinvent and are thus not
region-specific.

The background scenarios for future heat supply could be further improved. Heat supply can play
an important role, especially in industrial high-temperature processes. While the heat scenarios in
this study consider future fuel mixes for heat supply, e.g., synthetic gas, biogas or natural gas for
gas boilers, they do not account for future technology mixes, i.e. transitions in technological choices
providing the heat.

3.2.3. LCls of steel production processes

BF-BOF-CCS:

The regeneration of monoethanolamine (MEA) requires steam. Literature states that steam is
usually generated from natural gas®3*>4. Technically, steam could also be generated from electric
boilers, a mature technology. For MEA-CCS, saturated steam at 9 bar and 175°C would be required®,
possibly with electric boilers. Yet, electric boilers are unlikely in the iron and steel industry, since
the by-products from the iron and steel process are gases which can be directly used in combustion-
based boilers, potentially supplemented with natural gas®. Thus, electric boilers in the steel
industry might face economic challenges. This aligns with the case study we used as the data source
for our LCIs®, where the additional natural gas represents 13.6% of thermal input to the steam
generation plant, while the remaining 84.4% are supplied by BF and BOF gases. Hence, we assume
natural gas as fuel for additional steam demand.

o Future research is needed to determine how such auxiliary processes in industry can be

further electrified.

For the additional energy required for the MEA-CCS process, we assumed additional natural gas
requirements of 2.71 MJ natural gas/kg CO, based on a case study for a respective steel production
plant®. Although this is aligned with the assumptions in IMAGE and previous research>*°, it can be
considered somewhat on the lower end according to a recent literature review®’, which identified
a thermal energy requirement of 1.3 - 6.2 MJ/kg CO,. However, our results show that even under
our rather optimistic assumptions for the BF-BOF-CCS production route, this technology is
outperformed by (indirectly) electrified technologies, like H2-DRI and EW, regarding GHG emission
intensity.
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TGR-BF-BOF:

Hydrogen (H2) emissions may also be reduced, as H2 in the top gas may be recycled 7#1°. We could
not account for this reduction due to a lack of data for the H2 emissions and reduction rate in (TGR-
) BFs.

The literature does not provide data about the consequences of top gas recycling for other
emissions (apart from CO,, CO, NO,, SO,, and particulate matter). Hence, this study does not
account for them.

TGR-BF-BOF, TGR-BF-BOF+CCS, NG-DRI+CCS:

H2-DRI:

EW:

EAF:

Due to a lack of data, the dust removal rate in the gas pre-treatment was assumed to be for CCS
using MEA.

Due to a lack of data, cryogenic CO, separation and compression is modelled solely using electricity
and CO; requirements.

The zeolite production process in ecoinvent contains an aggregated inventory: it has no inputs from
other processes and only aggregated environmental emissions.

Hydrogen production is a major driver of future impacts of H2-DRI. To ensure consistency with the
IMAGE scenarios across sectors, we assume that the hydrogen used for H2-DRI is sourced from the
regional hydrogen market mix.
o Future research could investigate optimal hydrogen production conditions to minimize the
environmental impact of H2-DRI.

The requirements and the source of electrolyte (sodium hydroxide) for iron production via EW are
uncertain. In this study, we assume an amount of 1.5 kg / kg iron oxide (Fe,03)'? and a recycling rate
of 50%%, leading to a makeup amount of 0.75 kg / kg Fe,0s. Moreover, we assume that sodium
hydroxide is sourced from the global market dataset available in ecoinvent, which uses various
production technologies (chlor-alkali electrolysis, diaphragm cell, membrane cell, mercury cell). The
electrolyte input has proven to be a main contributor to impacts of iron from EW>° due to the highly
energy-intensive production of sodium hydroxide. However, the environmental performance of
sodium hydroxide production technologies can vary.

o To reduce the uncertainty of environmental impacts of EW, further insights into the

requirements and low-emissions production options of sodium hydroxide are needed.

Literature provides LCls for EAFs for different technologies, such as EW, H2-DRI, and NG-DRI. These
LCls are at very different levels of detail both for material and energy requirements but also in terms
of emissions. Using these LCls from different sources would thus lead to inconsistencies and
incomparable results among the production routes. Therefore, we used one data source for the EAF
for all steel production routes requiring steelmaking via the EAF, i.e., a dataset from ecoinvent. The
dataset of ecoinvent was the most comprehensive one. This dataset was adapted for primary and
secondary production in a consistent way across production routes, as explained in sections 1.3 and
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1.4.5. The focus of this study is the future environmental impacts of primary steel production. For
primary steel production, the process of iron production is the most energy- and emission-intensive.
o Future research could address the influence of the type of iron-bearing input into EAFs.

Alloying elements:

10

11

12

13

- We modelled the alloying elements for low-alloyed and unalloyed steel based on data from existing
ecoinvent processes. However, this could be done in greater detail. Alloying elements can influence
impacts considerably, e.g., for climate change by more than 15%.
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