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A new wave of steel capacity additions in emerging economies threatens

tolockin coal-based production for decades. By combining detailed steel
production modelling with plant-level datain anintegrated assessment
model, we estimate that existing and planned coal-based steel plants could
commit the world to nearly 60 GtCO,. If current policy and investment
trends continue beyond current plans, committed emissions reach

114 GtCO,, consuming 20% of the remaining carbon budget for limiting peak
warming to 1.7 °C. We show that 60% of this lock-in risk can be avoided at
moderate average abatement costs of US$100-150 tCO, . InIndia alone,

22 GtCO, of future emissions could be avoided by leveraging climate
finance to redirect US$50 billion this decade towards hydrogen-ready direct
reduction steel plants. Near-term investment decisions on new steelmaking
capacity represent a critical opportunity to avert the carbon lock-in and
align the sector with climate targets.

Global primary steel production, made fromvirginiron orerather than
recycled scrap', has expanded in distinct historical ‘waves’, firstin the
Global North after the Second World War, and later in China during the
early 2000s (Fig. 1a). Both waves were dominated by coal-based blast
furnace with basic oxygen furnace (BF-BOF) steelmaking, which still
accounts for roughly 70% of global steel production®. Due to the high
emissions intensity of this route, the steel sector was responsible for
7% of global CO, emissions in 2023°.

A third wave of steel production is now starting in emerging
economies, driven by rapid industrialization and increasing material
demand*. The outcome of this wave will be critical for climate targets:
around half ofall planned projects are BF-BOF plants’, which will likely
operate for several decades once built. Investment decisions made
today could therefore commit the world to substantial CO, emissions
inthelongtermorleadto costly early retirements and stranded assets
if climate action accelerates. This carbon lock-in®° (Methods) impedes
cost-effective mitigation and jeopardizes climate targets.

Several technological options can decarbonize steel produc-
tion: existing BF-BOF plants can be partially decarbonized through

post-combustion carbon capture retrofits (CCS)'*"? or coal substi-

tution with biomass™*. New capacity additions could shift towards
gas- or hydrogen-based steel” ™ or scrap recycling'® . Prior studies
highlight clear trade-offs****: scrap recycling has the lowest abatement
cost, CCS can be cost-competitive”® > and hydrogen-based steel is the
most mature deep decarbonization option for primary steelmaking.
However, these alternatives generally remain costlier than BF-BOF
steelmaking and compete for resources needed by other sectors, such
as carbon storage capacity and infrastructure, sustainable biomass,
green hydrogen or natural gas. Assessing their potential to reduce the
steellock-inthereforerequires an energy-system-wide perspective that
capturesintersectoral trade-offs.

Near-term investment choices will determine whether the steel
sector transitions to lower-emission alternatives or further locks in
coal-based production. Studies on committed emissions show how
long-lived assets can constrain future mitigation efforts*** and
plant-level analyses extend this to BF-BOF reinvestment decisions®%.
Integrated assessment models have also begun exploring long-term
steel transition pathways using process-explicit representations®*>*,
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Fig. 1| Primary steel production and BF-BOF capacity additions by region.

a, Successive waves of steel production, identified by combining historical
primary steel production data (1900-2022) from the World Steel Association
with scenario data from the SSP2 Current Policies Implemented REMIND scenario
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However, none of these studies incorporate the rapidly expanding pipe-
line of announced BF-BOF projects and therefore cannot quantify how
near-terminvestment decisions could deepenor help avertalong-term
carbon lock-in. Addressing this gap requires a modelling approach
thataccounts for system-wide resource constraints and intersectoral
mitigation trade-offs in 1.5 °C mitigation pathways.

In this study, we quantify the magnitude and implications of the
steel carbon lock-in and assess how targeted near-term investment
decisions can avert it in 1.5 °C overshoot scenarios that limit peak
warming to approximately 1.7 °C. We extend the global integrated
assessment model REMIND with a new process-based steel sector
implementation and represent near-term investment trends by inte-
grating recent plant-level data from the Global Energy Monitor®. We
evaluate alternative scenarios in which planned BF-BOF capacity is
eitherbuiltor redirected towards lower-emission routes and in which
existing plants are either reinvested in or retired early. By comparing
these pathways, we identify the technological, temporal and regional
determinants of committed emissions, as well as the scale of redi-
rected investments and additional system costs required to minimize
them. This analysis shows how early investment shifts—particularly
inrapidly growing economies such as India—can substantially reduce
future emissions at comparably low costs, making early actionin steel
ahigh-leverage climate mitigation opportunity.

Quantifying the lock-in from operating and
planned plants

The current capacity of long-lived BF-BOF steel plants already creates a
substantial lock-in, whichupcoming investment decisions threaten to
extend for decades (Fig. 2). This risk stems from two main sources: the
large fleet of young BF-BOF plants (<20 years), primarily in China, that
areapproachingrelining decisions and the sizable pipeline of planned
BF-BOF additions, mostly in India (Fig. 1b). BF-BOF plants typically
operate for 35-40 years, with blast furnaces requiring a first major
refurbishment, known as a ‘relining’, after approximately 20 years®.
While suchrelinings have been discussed as opportunitiestoretire or
retrofit plants®, their relatively low cost (around 10% of the initial total
investment)'® makes them financially attractive. Without strong policy
signals, relinings will probably extend steel plant lifetimes, meaning

that plants built over the next decade would lock in emissions well
into the 2060s.

This long-lived capacity creates a substantial lock-in of up to
58 GtCO, if the full pipeline of new projects is built and young
blast furnaces are relined (Fig. 2, red line). The current operating
fleet already commits nearly 40 GtCO, by 2070 (grey line) if plants
operate for their full lifetimes. The pipeline of new BF-BOF projects,
with both under construction and announced plants, could add
19 GtCO, (5 GtCO, and 14 GtCO,, respectively), yielding a total of
58 GtCO,. This lock-in would already deplete approximately 10% of
the remaining carbon budget for limiting global warming to 1.7 °C
(from 2025, at 50% likelihood)**.

Two near-term investment decisions could substantially reduce
these committed emissions. First, most new capacity additions are
still at the announcement stage, with fewer projects under construc-
tion. This leaves an opportunity to replace announced projects in
high-demand growth regions, such as India or Southeast Asia, with
lower-emissions plants. Second, the relining of young blast furnaces
(<20years) opens another window of opportunity to avert deepening
thelock-in. Around 57% of BF-BOF plants had been operating between
8 and 24 years in 2023, placing them within their relining window?.
In markets with excess capacity and slowing demand, such as China
or parts of Europe, relinings become economically uncertain, creat-
ing opportunities to retire BF-BOF plants or replace them with more
cost-effective scrap-based steel plants. Together, avoiding both the
planned new BF-BOFs and therelining of young furnaces could almost
halve committed emissions to 31 GtCO,.

Global steel transition pathways and the need for
early action

To assess how these investment decisions influence the global steel
transition, we implement them in three scenarios using the REMIND
integrated assessment model (Table1and Methods). Alongside a Cur-
rent Policies baseline scenario, which preserves currently implemented
national policies without additional mitigation efforts, we design two
mitigation scenarios consistent with a 1.5 °C target with overshoot
(corresponding to C2 category in the Intergovernmental Panel on
Climate Change framework®). Both achieve the climate target but
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Fig. 2| Global yearly CO, emissions from existing and planned BF-BOF plants
and the corresponding cumulative CO, emissions. Annual and cumulative
global CO, emissions are calculated from the GEM Steel and Iron Plant Tracker
data® (Methods, ‘Steel plant data analysis’) and shown as bars on the left-hand

yaxis, distinguishing emissions from operating steel plants without (black) and
with onerelining (grey), new steel plants that are already under construction
(pink) and announced steel plants (red). The lines of corresponding colours
(right-handy axis) show the resulting cumulative emissions.

Table 1| Scenario set-up

Scenario name Climate ambition BF-BOF plant mean lifetime BF-BOF project pipeline Peak carbon budget
Current Policies Status quo 35 years All announced and under Not applicable
construction plants are built.
Transition with Lock-in  Returning to 1.5°C 35 years Allannounced and under 820 GtCO, from 2020
warming by 2100 construction plants are built. (corresponding to peak warming
(50% likelihood) of 1.75°C)
Fast Transition Returning to 1.5°C 20 years in China and Global Only plants that are currently under 820 GtCO, from 2020
warming by 2100 North countries, 35 yearsinall  construction are built; announced (corresponding to peak warming
(50% likelihood) other regions plants can be cancelled. of 1.75°C)

model different outcomes for the steel sector. The Transition with
Lock-in scenario assumes all announced BF-BOF projects are built,
and all plants undergo arelining and operate for amean lifetime of 35
years (Methods). The Fast Transition scenario assumes that BF-BOFsin
the Global Northand Chinaretire after 20 years, before the first relin-
ing. In emerging steel-producing regions (Latin America, Southeast
Asia, India and sub-Saharan Africa), announced BF-BOF projects can
becancelled, but plants already built operate for 35 years, as onerelin-
ing is economically likely given growing steel demand. This scenario
design assumes broadly stable steel trade patterns (Limitations) and
highlights regional differencesin steelinvestment dynamics and their
impact on alternative mitigation options, such as carbon capture or
direct reduction of iron (DRI) scale-up.

In the Current Policies baseline, global steel production shifts
towards increased scrap steel recycling, but primary steel remains
almost entirely coal based (Fig.3a). The lower cost of secondary steel-
making using scrap steel with an electric arc furnace (scrap-EAF) ena-
bles the share of secondary steel to increase to more than 50% of total

steel production by 2070. However, without rising carbon prices or
similar policies, primary steel continues to rely on BF-BOF, accounting
for over 1,000 Mt of steel in 2070. This contrast reveals an important
distinction regarding steel as a ‘hard-to-abate’ sector®®*’: while sec-
ondary (scrap-based) steel is relatively inexpensive, decarbonizing
primary steel production remains difficult in the absence of strong
policy signals.

Both the Fast Transition and the Transition with Lock-in sce-
narios agree on three robust features for the global steel transition
(Fig.3a).

(1) Phasing out coal-based steel. Coal-based steel declines from
almost 75% of production in 2025 to under 25% in 2055. CCS
retrofits, previously identified as key components of the steel
transition®>*, are only marginally used. This reflects the model’s
preferential allocation of limited carbon storage capacity to bio-
energy with CCS (BECCS), which offers lower system-wide miti-
gation costs in our scenario set-up. BF-BOF-CCS becomes more
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Fig. 3| Annual steel production by technology for different scenarios. In each
panel, we show scenario results for the Current Policies, Transition with Lock-in
and Fast Transition scenarios. a, Global annual steel production. b,c, Annual
steel productionin China (b) and India (c). Note: in India, the BF-BOF category

(DRI-NG-EAF)

India, this includes existing

coal-based DRI production.

includes a small share of legacy coal-based DRI capacity. These plants cannot be
retrofitted to operate fully on hydrogen and are therefore grouped with coal-
based steelmakingin the model (Methods).

relevant in scenarios with lower bioenergy availability, higher
CO, storage potential or stronger climate ambition (Supple-
mentary Notes 1and 2 and Supplementary Figs.1and 3).

(2) Switching to DRI-EAF production, making full use of a fossil gas
bridge. DRI plants initially operate with fossil gas until 2040-
2050 before switching to hydrogen (Extended Data Fig. 1). This
gas bridge allows capital-intensive DRI-EAF plants to be built to-
day while postponing reliance on low-emission hydrogen, which
remains scarce and costly in the near future*.

(3) Accelerating the transition to secondary steel (scrap-EAF pro-
duction). Secondary steel production increases from 20% in
2025 to become the dominant route by 2050 in both scenarios.
This confirms previous findings highlighting the importance of
secondary steelmaking in the second half of the century”2?, es-
pecially for countries in the first and second waves of steel pro-
duction with growing scrap stocks.

Despite these common features, the pace of the transition away
from coal-based steel is much slower in Transition with Lock-in.

In 2050, the majority of primary steel is still produced through this
pathway (500 Mt yr™"), whereas limiting the lock-in in Fast Transition
halves it to 250 Mt yr™. Notably, China and India dominate the global
dynamics of the Fast Transition scenario (Fig. 3b,c) driven by their
near-term BF-BOF investments, which far exceed those of other regions
(Extended DataFig. 2).

In China, avoiding further BF relinings in Fast Transition acceler-
ates the shift to hydrogen- and scrap-based production. Compared
to Transition with Lock-in, BF-BOF output declines by more than
halfby 2040, while scrap-EAF and H2-DRI-EAF production rises from
170 Mt yr to 390 Mt yr* combined (Fig. 3b). This faster shift tem-
porarily reduces total steel output by approximately 100 Mt yr™*
compared to Current Policies between 2035 and 2050. This results
from the model’s endogenous price elasticity of steel demand: as
rising carbon prices increase steel prices, demand temporarily falls
compared to the baseline (Methods). While politically challenging,
this aligns with observed trends of slowing demand and persistent
overcapacity in China***2, Whether Chinese steel production remains
highinthe shortterm (asin Transition with Lock-in) or declines more
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a Cumulative CO, emissions from steel production between 2025 and 2070
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Fig. 4 | Cumulative CO, emissions from steel production and the economic
benefit of avoiding the steel lock-in. a, Cumulative CO, emissions from steel
production for Current Policies, Transition with Lock-in and Fast Transition, with
regional breakdowns. The connecting segments between scenarios represent
the CO, emissions reductions achieved in each region, with numerical values
shown below each bar in black (in GtCO,). Average abatement costs for these

T
India

reductions are given above each segment. b, Economic benefit of avoiding the
steel lock-in, comparing the additional costs for transforming the steel sector in
Fast Transition relative to Transition with Lock-in (solid bars) with the equivalent
cost of achieving the same level of mitigation in other energy sectors (hatched
bars). Methods provides details.

rapidly will depend on how industrial and trade policies evolve in
response to changing domestic demand and increasing trade barriers
on Chinese steel exports.

InIndia, redirectinginvestments away from new BF-BOF projects
enables an early shift to NG-DRI-EAF and avoids a full coal lock-in. In
Fast Transition, recently announced BF-BOF plants are replaced by
NG-DRI-EAF capacity (Fig. 3c). Without this early shift, BF-BOF plants
built in 2030 would operate until 2065, locking in about 70 Mt yr™
of coal-based steel exposed to rising carbon prices (Supplementary
Note 3 and Supplementary Fig.4). Seizing this narrow investment win-
dow limits stranded asset risk and aligns new capacity with long-term
decarbonization goals.

The economic benefit of averting the steel
carbonlock-in

By 2070, cumulative steel sector emissions exceed 110 GtCO, in Current
Policies (Fig. 4a), around half of whichis already committed by existing
and planned BF-BOF capacity (58 GtCO,; Fig. 2). The Fast Transition
scenario shows this canbe avoided: cumulative emissions are reduced
by 73 GtCO,, a 60% decrease relative to Current Policies. China and
India together account for 43 GtCO, of avoided emissions, reflecting
the impact of their near-term investment decisions.

Transition with Lock-in shows that a 1.5 °C-consistent path-
way remains achievable despite continued coal-based steel invest-
ments. In this scenario, cumulative emissions are reduced by 50
GtCO, at moderate average abatement costs below US$150 tCO,*in
most regions. The Global North is an exception, with average abate-
ment costs of US$337 tCO, ™" mainly driven by higher energy costs
(Extended Data Fig. 3 and reflected in the shadow prices shown in
Supplementary Figs. 5-8).

Early action in Fast Transition delivers an additional 18 GtCO, of
reductions atanaverage abatement cost below US$110 tCO, ™, reducing
cumulative emissions to 42 GtCO,. Avoiding further coal-based invest-
ments therefore both limits the lock-in and reduces economic costs,
asdeeper steel sector decarbonizationis achieved more economically
per ton of CO, abated.

The case for early action strengthens further when comparing
steel sector decarbonization costs to the costs of alternative miti-
gation options (Fig. 4b). Using the carbon price as a measure of the
marginal abatement cost available in other sectors (Methods), we
find that achieving comparable emission reductions in other sectors
(primarily through additional BECCS; Extended Data Fig. 4) would
cost nearly US$1 trillion and US$400 billion in China and India—
almost twice the additional steel sector costs. Early action in steel
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Fig. 5|Indian steel sector investment needs. a, Steel sector investments
per 5-year model period in Current Policies, Transition with Lock-in and Fast
Transition. The breakdown of bars shows the fraction of investments required

for different types of steel plant and for other supply-side investments: solar PV
and electrolysers. b, The nominal (non-discounted) arithmetic average of annual
investments for each scenario. CAPEX, capital expenditure; CC, carbon capture.

decarbonization is therefore a cost-effective strategy for achieving a
1.5 °C-consistent pathway.

India’s early-action window for redirecting steel
investments

India faces the most consequential near-term investment decisions
of any steel-producing region. Early action in Fast Transition reduces
India’s cumulative steel sector emissions by 22 GtCO, compared to
Current Policies (Fig. 4a).

Most announced BF-BOF projects have not yet begun construc-
tion, creating a narrow window this decade to redirect investments
towards lower-emission technologies. Fast Transition seizes this
opportunity by redirecting US$50 billion of near-term investments
(2026-2030) from planned BF-BOF capacity towards NG-DRI-EAF
(Fig. 5a). Total investments over this period reach US$80-90 billion
across scenarios, but the allocation differs substantially. In Fast Transi-
tion, new capacity investments shift almost entirely towards DRI-EAF
plants and scrap-EAF, whereas this window is missed in Transition with
Lock-in, delaying the steel sector transition and locking in additional
coal-based capacity.

Achieving the full 22 GtCO, emissions reductions requires a sec-
ond investment phase, transitioning DRI production from natural
gas to hydrogen. As carbon prices rise, low-emission hydrogen DRI
becomes cost-competitive with NG-DRI, requiring around US$160
billion between 2041 and 2045 in Fast Transition, dominated by elec-
trolysers and solar photovoltaic capacity for green hydrogen produc-
tion (Fig. 5a). This concentration represents an upper bound, as the
model assumes DRI plants operate on either natural gas or hydrogen
exclusively. In practice, DRI plants can blend an increasing fraction of
hydrogen with fossil gas, enabling agradual transition as low-emission
hydrogen availability and costs improve, which would spread invest-
ment needs more evenly over time.

Annual steel sector investments averaged over 2030-2045
therefore provide a more realistic indicator of finance requirements
(Fig. 5b). Fast Transition requires US$17.3 billion yr, compared with
US$12.4 billion yr™ in Transition with Lock-in and US$13.6 billion yr™
in Current Policies. The additional US$3.7 billion yr™ stems primarily
from hydrogen production infrastructure investments (electrolys-
ers and solar photovoltaics (PV)) needed to switch DRI operations
from fossil gas to hydrogen. Accounting for operating costs of solid
and gaseous fuels does not affect this cost comparison substantially
(Extended Data Fig. 5). Combined with the early redirection of US$50

billion towards new DRI-EAF capacity, these investments could place
India’s steel sector on a cost-effective pathway consistent with the
1.5°Ctarget.

However, the feasibility of arapid DRI transitionin Indiais highly
sensitive to financing conditions. As in many emerging economies,
higher weighted average costs of capital (WACC) than in the Global
North*™* can increase the annual costs to service capital-intensive
investments in steel plants, electrolysers and associated PV capacity
(Extended Data Fig. 6). Increasing the WACC from 5% to 12% nearly
doubles peak annual financing costs to US$35 billion yr” by 2050 in
Fast Transition, compared to US$24 billion yrin Current Policies.
These annual financing requirements are comparable in magnitude
tothetotal financing support mobilized under India’s green hydrogen
policy framework (approximately US$60 billion) (ref. 46).

Financing conditions become especiallyimportantifthe NG-DRI
bridge isbypassed in favour of hydrogen DRI: the large upfrontinvest-
ments in electrolysers and PV capacity increase peak financing costs
to nearly US$50 billion at a WACC of 12%, highlighting the trade-off
between reduced fossil dependence and higher near-term financ-
ing needs. These results suggest financing conditions are a key con-
straint for early steel decarbonization, and reinforce the need for
climate finance instruments that reduce WACC by de-risking these
capital-intensive investments in emerging economies.

Discussion

If current investment trends in coal-based steel capacity continue,
the steel sector risks consuming up to 20% of the remaining carbon
budget for limiting warming to 1.7 °C. However, this outcome is far
frominevitable:alarge share of thislock-inrisk can be avoided through
timely investment shifts.

Across our mitigationscenarios, three robust features characterize
the steel transition: (1) a phase-out of coal-based primary steelmak-
ing, (2) an early scale-up of DRI-EAF production and (3) increasing
scrap-based production, although its maximum market share remains
subject to uncertainty (Methods). These features persist under a
stricter 1.5 °C and a 2 °C-compatible trajectory (Supplementary Note
1) and when increasing BF-BOF mean lifetime to 40 years (Supple-
mentary Note 4 and Supplementary Fig. 9). By contrast, CCS retrofits
for both NG-DRI-EAF and BF-BOFs play a limited role. This divergence
fromsome previousintegrated assessment models®* > and bottom-up
studies®** is discussed in detail in Supplementary Note 5 and arises
from a system-wide trade-off between CCS deployment and negative
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emissions under limited carbon storage capacity (Supplementary Fig.3
and Supplementary Notes1and2), as well as the limited capture rates
of 73% for BF-BOF-CCS (Supplementary Table 1).

The regional distribution of the potential steel carbon lock-in is
highly uneven. Of the 73 GtCO, difference between the Current Policies
and Fast Transition scenario, 43 GtCO, originate from India and China,
reflecting their dominance in recent and planned BF-BOF investments.
Avoiding the lock-inin these regions could deliver valuable emission
reductions, particularlyinal.5 °C overshoot scenario.

In India, Fast Transition hinges on redirecting US$50 billion this
decade from BF-BOF towards hydrogen-ready NG-DRI-EAF. However,
the feasibility of arapid shift towards DRI-EAF steelmaking faces three
important obstacles: technology scale-up, financing conditions and
energy supply constraints. First, few DRI-EAF plants operate today,
and they are concentrated in Europe, the USA, the Middle East and
North Africa. Scaling DRI at the pace envisioned in Fast Transition
(nearly 50 Mt yr* produced in 2030) would require substantial tech-
nology transfer and industrial cooperation with these regions, and
anticipating potential bottlenecks, such as skilled worker shortages
or manufacturing capacity.

Second, DRI-EAF plants are more capital-intensive than BF-BOF
plants*® and require upfront investment commitments of billions of
dollars'®*. Increasing the WACC from 5% to 12% nearly doubles peak
annual financing costs to US$35 billionyr™, further increasing to US$50
billionyr™if India leapfrogs directly to H,-DRI (Extended Data Fig. 6).

Finally, Indiaspecifically has limited fossil gasresources and relies
onimported liquefied natural gas (LNG), whichis currently expensive*’.
While price uncertainty remains high, NG-DRIadoption could be uneco-
nomical without sustained lower gas prices or targeted policy support.

Emerging economies may be able to leapfrog directly to
hydrogen-based DRI, avoiding the NG-DRI transition altogether. In
India, recent auctions under the National Green Hydrogen Mission
hinted at lower-than-expected prices for green hydrogen-based ammo-
nia® suggesting that hydrogen-based steelmaking could become a
viable option earlier than previously anticipated. A direct transition
to hydrogen would additionally reduce the risk of stranded natural
gas infrastructure and avoid delaying hydrogen supply chain devel-
opment and learning effects®**. Trade policies such as the EU’s Car-
bon Border Adjustment Mechanism (CBAM) could further reshape
incentives. By raising the cost of emissions-intensive steel exports,
CBAM would improve the relative competitiveness of DRI-EAF pro-
duction—particularly hydrogen based**—while strengthening the
economic case for avoiding further lock-in of coal-based steel capac-
ity for emerging economies. Whether individual countries can seize
this opportunity will depend on the pace of renewable deployment,
financing conditions and country-specific barriers (for example, India’s
cross-subsidy system in the power sector®>*®) that determine the fea-
sibility of this transition.

International climate finance and technology transfers could
play a decisive role in diffusing DRI-EAF technologies to the wider
Global South. Multilateral climate funds, such as the Clean Technol-
ogy Fund, or greendevelopment programmes such as the Just Energy
Transition Partnerships®°® can de-risk DRI-EAF investments through
concessional loans, grants or guarantees. Clean technology transfers
are equally essential® as most patents for key technologies (DRI shaft
furnaces, EAF, electrolysers) remain concentrated in a few industrial-
ized countries. A dedicated steel ‘climate club’ could facilitate such
transfers®**2, Over the medium term, instruments such as green
hydrogen contracts for difference® can support the scale-up of green
hydrogen-based steelmaking.

The coming decadeis adecisive window for global steel decarboni-
zation. A pathway remains open to avoid locking ina new generation of
coal-based steel plants, but this investment window is narrowing as new
capacity comes online and existing plants undergo relinings. Our find-
ingssuggest thatsteelislessa‘hard-to-abate’ sector thanasector facing

a‘hard-to-abate barrier’ that can be overcome at relatively moderate
costs through timely investment decisions. Withalock-inrisk of 58-114
GtCO, at stake, establishing DRI-EAF as the dominant primary route
for new capacity additions this decade is one of the highest-leverage
climate policy opportunities available.
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Methods

REMIND model

Inthis study, we extend the integrated assessment model REMIND with
atechnology-explicit steel production model (below). This allows us
to explore cost-efficient transformation pathways for the steel sector,
assessing how different technological options could contribute to the
transformation of the sector.

We use a version of the REMIND model®* based on the release ver-
sion 3.5 (https://github.com/clarabachorz/remind/tree/steel-LockIn).
REMIND is a global model which divides the world into 12 regions and
uses a Ramsey-type macroeconomic growth model combined with a
detailed and technology-rich energy system. The model maximizes
intertemporal welfare for each region based onanested CES (constant
elasticity of substitution) production functioninatree structure (‘CES
tree’), with a detailed representation of the three energy demand sec-
tors: buildings, transport and industry. Each demand sector translates
final energy inputsto energy services outputs, whichinturn, together
with generic capital and labour, contribute to economic production
(gross domestic product).

Emissions frombothenergy and non-energy processes are tracked
and penalized withan endogenous carbon priceimplemented asatax.
In climate policy scenarios, the carbon price is iteratively adjusted so
that cumulative emissions meet prescribed carbonbudgets compatible
with certain levels of global warming.

Scenarios

The service demand trajectories for the buildings, transport and
industry sectors rely on scenario assumptions on global political and
economic development. Those are synthesized in narratives called the
shared socio-economic pathways (SSPs)® and commonly used in the
integrated assessment model community. All scenariosin this study are
based onthe SSP2 scenario. The policy scenarios we develop to explore
thesteellock-in use the Current Policies baseline scenario, where only
currentlyimplemented climate policies are preserved, and no further
efforts are made to mitigate climate change: there are no additional
climate policies and no prescribed carbon budget.

Country groups

REMIND models 12 regions in this study, but we group some of them
for simplicity in these results. Global North refers to the United Nations
Framework Convention on Climate Change (UNFCCC) Annex 1 coun-
tries grouped with the other countries of the former Soviet Union.
Other Asiarefers to the grouping of Southeast Asian countries, South
Korea and North Korea but excludes China and India, which are mod-
elled asindividual regions.

Cost basis
All costs reported in this paper, if notindicated otherwise, are in 2017
USdollars.

REMIND steel implementation

The novel REMIND steel production model is a technology explicit,
linear model. It connects to the energy-system module of REMIND,
which provides final energy used by steel production processes, and
to the CES (constant elasticity of substitution production function)
tree (Supplementary Fig. 10), which determines material demand,
thatis, theamount of material produced by the model. This means that
the steel sector presents an exception with respect to the CES tree: its
primary production factors are not final energy demands, but mate-
rial demands and the translation of final energy demands to material
demands is calculated outside of the nested CES function.

Steel demands
Steel demand from the CES tree. The ‘steel’ node is one of four CES
production factors contributing to the ‘industry’ node of REMIND, next

tothe ‘cement’, ‘chemicals’and ‘other industry’ nodes, with an elastic-
ity of substitution. To represent the substitution dynamics between
primary and secondary steel, the ‘steel’ nodeisitselfthe output of a CES
function, with the inputs ‘primary steel’ and ‘secondary steel’. These
nodes are linked to the outflows of the processes in the steel model.
Steel demands are therefore price sensitive and react to changes in
production prices.

Baseline steel demands. The CES tree is calibrated to meet pre-
scribed steel demands over time in the Current Policies scenario.
The methodology for deriving these prescribed demand trajectories
is described in detail in Pehl et al.*®. Historical demands are based
on historical production data from the World Steel Association.
Projections into the future are based on a simple stock-and-flow
model, which regresses future per capita in-use steel stocks as a
logit function of time in each region, following the methodology in
Pauliuk et al.?%. A lifetime model derives inflows and outflows into/
fromthein-use stock. Steeltradeisincluded as an exogenous assump-
tion in this model, with historical relative trade shares assumed to
remain constant into the future, with corrections ensuring global
market clearing.

Secondary steel constraints. Two upper bounds constrain theamount
of secondary steel productionin each region.

First, theamount of secondary steel production must not exceed
the amount of available scrap in each region. For this, 90% of the
outflow of the in-use stock is assumed to be collected and available
forrecycling®” s,

Second, the share of secondary steelin the total steel production
must not exceed 70%, due to quality constraints of recycled steel.
This limit aligns with the share of secondary steel observed in the
USA today®. This upper limit additionally reflects current quality
constraints associated with the accumulation of tramp elements in
steel scrap, in particular copper?’°. Sectors requiring high-quality
steel sheets, suchas the automobile industry, are therefore limited in
their ability to rely on scrap steel”. Improved scrap segregation and
recycling practices may relax this constraint in the longer term”, but
it remains binding today, supporting the use of a 70% upper bound
inthis study.

Process-based production model

Technology graph. The main current and future technologies in steel
production arerepresented in amulti-stage production model. The lay-
outisdepictedinSupplementary Fig.10, including each technology’s
material inputs and outputs. The model includes an integrated steel
planttechnology representing the blast furnace-basic oxygen furnace
(BF-BOF) route and an electric arc furnace, and the precursory direct
reduction furnace, resolved as individual technologies. Some tech-
nologies can switch between operation modes, which differ in terms
of material and energy inputs, without changing the capacity stock:
electricarcfurnaces canbe fed withscrap or with direct reducediron,
whiledirect reduction furnaces can be fed with natural gas or hydrogen.
Afulllist of processes with their techno-economic parametersis given
inSupplementary Table1.

Capacity stock. Eachtechnology’s production capacity is represented
with a capacity stock model. It is parameterized with specific CAPEX
for capacity additions, fixed operational expenditures and a mean
lifetime for the stock depreciation model. Specifically, the share of

4
surviving plants at an age x given amean lifetime Lis1 — (é) .

The capacity factor, thatis, the ratio of production to production
capacity, is fixed and not just an upper bound, such that further unused
capacities are not allowed by the model. However, optionally, a given
share of the standing capacity can be allowed to retire early.
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Energy and material inputs. REMIND differentiates five types of final
energy:solid, liquid, gaseous, electricity and green hydrogen. The for-
mer three can stem from either fossil, biogenic or synthetic secondary
energy sources (except for synthetic solids, which are not represented),
but the steel model does not differentiate between secondary energy
sources in its use. The prices for the material inputs of iron ore, DRI
pellets and scrap are exogenous and constant for all regions and time
steps. They are given in Supplementary Table 2.

Energy prices, such as electricity or hydrogen, are endogenous
outputs of the REMIND optimization. These values correspond to the
shadow prices of the respective energy balance equations and there-
fore represent the marginal cost of supplying one additional unit of
the energy carrier in the optimal solution.

Historical energy demands and energy efficiency improvements.
The specific energy demands in Supplementary Table 1are literature
values, usually referring to the best available technology (BAT). Real
operating plants have different values and are typically less efficient.

The historical energy demand of steel production is obtained
from the International Energy Agency’s world energy balances’. His-
torical energy efficiencies are derived by dividing this demand by
historical production.

Future energy efficiencies are then assumed to converge towards
theliterature values givenin Supplementary Table1at arate following
an exponential decay of base 0.9804 from 2020, such that the excess
over BAT is halved by 2055.

All historical capacity for primary steelmaking is assumed to be
from the BF-BOF or DRI-EAF-NG route. This is a simplification, espe-
cially in India, where primary steel is also produced via coal-based
DRI. Coal-based DRIkilns cannot be retrofitted to operate with natural
gas or hydrogen and fully rely on coal, making their dynamics similar
to the BF-BOF route. In our calibration, we account for the higher
energy demand and emissions of coal-based DRIin the historical data,
such that the model’s ‘BF-BOF route’ in India should be interpreted as
an aggregate of BF-BOF and coal-DRI. This aggregation allows us to
capture the lock-in and energy demand associated with coal-based
primary steel, even though we do not model coal-DRI as a separate
technology. Coal-DRI also plays a minor role in India’s planned future
capacity additions, such that this simplification only affects the already
standing capacity.

The historical efficiency penalty (defined as the ratio of observed
energy use to BAT levels) is applied to DRI furnaces at a reduced rate
of 60%. This prevents the model from unrealistically achieving large
energy efficiency gains by switching from BF-BOF to DRI in regions
with low historical efficiency.

Emissions. Emissions accounting is based on final energy use:
fossil-based final energy carriers have implied emissions factors given
in Supplementary Table 3. For biogenic and synthetic gases/solids/
liquids and for electricity and green hydrogen, these emissions fac-
tors are zero. Upstream emissions, such as electricity grid emissions
and mining emissions, are not accounted for in the steel sector butin
other sectors.

Local emissions are needed to derive the carbon capture potential.
Tothisend, the fossil emissions factors are also applied tosolids, liquids
and gases of biogenic and synthetic origin.

Carbon capture in the steel sector. Carbon capture technology
based on amine scrubbing can be retrofitted to blast furnaces and
natural-gas-based direct reduction furnaces. This means that the
techno-economic parametersin Supplementary Table 1are given only
for the capture technology, excluding the furnaces themselves. No cost
distinctionis made between greenfield and brownfield technology. All
costs and inputs are given per ton of captured CO, (the specific CO,
materialinputisthustheinverse of the capturerate). The heatinput of

thereboileris assumed to be from gas burners, with 90% of the result-
ingreboiler heating emissions being directly captured in the plant.

Captured carbon is passed to REMIND’s carbon management
module, which decides endogenously whether to sequester it (carbon
capture and storage—CCS) or use it as a feedstock for e-fuels (carbon
capture and use—CCU).

Unrepresented technologies. Casting and rolling, and their energy
demand, are not explicitly represented in the model, as their energy
requirements are independent of the chosen production route.
Technologies with a low technology readiness level are not
included, as their techno-economics are too uncertain foracompara-
tive analysis. This applies in particular to molten oxide electrolysis.

Locked-in and committed emissions. In this study, we define
‘locked-in” or ‘committed’ emissions by building on the initial defini-
tions used by Davis et al.”” and Tong et al.”. Specifically:

(1) We define emissions as ‘committed’/‘locked-in’ when they
arise from existing or already planned CO,-emitting assets
and can only be avoided through (1) early retirement or (2)
substantial additional investments outside normal invest-
ment cycles or conventional operation (including CCS
retrofits or feedstock substitution). These typically entail
significant additional costs.

(2) We further distinguish this from an additional ‘lock-in risk’,
which refers to emissions that are not yet committed but may
become committed through continued investments in fossil
technologies in a given policy scenario.

The definitions are summarized in Supplementary Table 4.

Steel plant data analysis. We use plant-level datafrom the Global Iron
and Steel Plant Tracker from the Global Energy Monitor (June 2025 ver-
sion)®. The dataset reports unit-level data for both steel plants and iron
plants (DRIfurnaces and BFs) and includes information on production
route, operatingstatus, steel and iron capacity, start dates, retirement
dates and, if available for blast furnaces, relining dates.

For the analysisin Fig.1, we use the steelmaking dataset to derive
historical and announced BF-BOF capacity additions by region. The
announced capacity additions dataare also used to constrain near-term
capacity additions in REMIND by setting lower bounds on BF-BOF
capacity additions: depending onthe scenario design, thislower bound
is either set to all new plants (announced and under construction) or
only under construction plants (Supplementary Table1). According to
GEM, plants are classified as ‘announced’ rather than ‘under construc-
tion’ if they are ‘Capacity that has been announced in corporate or
governmental planning documents but has not begun construction’.

Figure 2 combines the steelmaking and ironmaking datasets to
estimate the magnitude of the potential carbon lock-in from existing
and planned capacity. Using a custom analysis code (Code availabil-
ity), we match each BOF steel plant to its respective blast furnace(s).
If a plant has multiple blast furnaces, the total steel capacity is dis-
tributed among blast furnaces in proportion to their respective iron
production capacity.

Using the reported last relining date (or if not available, the
start date of the steel plant or of the blast furnace), we estimate blast
furnace-specific end dates under different relining assumptions (no
further relining or relining for young BFs). From this, we can calculate
what fraction of steel capacity is retired at what time. We follow Vog|
etal.” forblast furnace campaign life assumptions: 20 years before the
firstrelining and an additional 15 years before the second.

From this projected retirement estimation, we can calculate the
standing BF-BOF capacity over 2020-2070 for each relining case. This
isthentranslated to CO,emissions by assuming a capacity factor of 0.8
and an emissions factor of 2.3 tCO, per t steel for existing plants, and
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2tCO, per t steel for new plants. The resulting annual and cumulative
emissions from BF-BOF plants are shownin Fig. 2.

Average abatement cost calculation. We calculate the average abate-
ment cost from the ratio of the net-present value (NPV) difference in
cumulative steel system costs to the NPV of avoided emissions. This
metric also adjusts for steel demand changes between scenarios.

The average abatement cost for moving from a higher-emissions
scenario (1) to a lower-emission scenario (2), over a total period of T
years, is defined in equation (1):

NPV (Costzadj (t) — Cost; (t))

AAC = NPV (Emissions; (£) — Emissions, ()’ W
with
A O
=a+n

wheretistimeinyears andr, the discountrate, is assumed to be 5% in
this study, in line with market interest rates’. Emissions,(t) are the steel
sector CO, emissions of scenario n in year t, while Cost,(t) is the total
steel system cost of scenario n in year t. Cost’¥(¢) is the total steel
system cost of scenarion, combined with anadditional termaccounting
for steel production differences between the two scenarios considered,
atall (), as seeninequation (2).

adj

Cost,,’ () = System costs (¢) + ((Steel production, ()

V)

. PS[E&] Ps(eel
—Steel production, (£)) x M) ,

2

where PS¢l (¢) is the price of steel in scenario n and in year ¢, and Steel
production,, (¢) the steel produced inscenarioninyeart.

Value of avoided emissions in Fast Transition. To assess the economic
value of avoiding the steel lock-in, we compare the additional costs
required in the Fast Transition (FT) scenario, compared to Transition
with Lock-in (TwLI), for two different mitigation strategies:

(1) reducingemissions directly in the steel sector by reducing the
lock-inand

(2) achieving equivalent emissions reductions in other energy
sectors, at the lowest possible cost.

Forstrategy (1), this cost TC, corresponds to the additional cumula-
tive steel system costs in FT compared to TwLi (equation (3)):

TC; = NPV (Cost;y" (6) — Costry (8)), €)

with the NPV and all other symbols defined as in the section above.

For strategy 2, the cost TC, represents the system-wide cost of
compensating the additional emissions in TWLI by abating an equiva-
lent amount of CO, elsewhere in the energy system. In REMIND, the
carbon price gives the marginal cost of abating an additional ton of CO,
acrossalleconomicsectors coveredin agiven time step. We therefore
estimate TC, by multiplying the emissions difference between FT and
TwLIby the average carbon price of the two scenarios inthe same time
step ¢, as seeninequation (4):

TC, = NPV(Cp,, () x (Emissionsgr (¢) — Emissionsr, (1)),  (4)

where Cp,,(?) is the average carbon price in FT and TwLI. Using the
average carbon price corresponds to approximating the marginal
abatement cost curve between the two scenarios as linear, reflecting
increasing marginal abatement costs as additional emissions reduc-
tions arerequired.

Emissions reductions occurring ‘elsewhere in the energy sys-
tem’ are endogenously determined by the model and occur primarily
in the energy supply sector and by increasing BECCS deployment
(Extended DataFig.4).

Limitations. Several modelling assumptions and other uncertainties
should be considered when interpreting our results.

The REMIND steel sector implementation does not include
endogenous technological learning, so capital costs of steel tech-
nologies remain constant over time. However, endogenous learning
is represented for other key technologies, including electrolysis,
solar photovoltaics and wind turbines. As a result, the cost of, for
example, hydrogen-based steel can decline endogenously over time
through reductions in low-emission hydrogen cost. In addition,
energy efficiency improvements are included for all modelled steel
production technologies on a regional basis, based on historically
observed trends.

Additionally, relining events are represented as additional invest-
ment costs that extend the mean BF-BOF plant lifetime to 35 years,
without explicitly capturing potential efficiency upgrades associated
with these refurbishments.

We do not modelinternational trade foriron and steel and instead
assume broadly stable trade patterns—alternative scenarios with, for
example, increased steel exports from China or a reshaping of trade
flows with the expansion of hydrogen DRI are not explored.

Finally, our analysis focuses on supply-side mitigation and does
not explore demand-side interventions such as material efficiency,
substitution or lifetime extension of steel products, which could fur-
ther reduce investment needs and emissions.

Data availability

The Global Energy Monitor data used for the steel plant-level analysis
areavailable online (https://globalenergymonitor.org/projects/global-
iron-and-steel-tracker/). All other data used for this work, including
the REMIND scenario data, can be accessed via Zenodo at https://doi.
org/10.5281/zenod0.19372559 (ref. 75).

Code availability

The REMIND model version used for this work is available via GitHub
at https://github.com/clarabachorz/remind/tree/steel-Lockin. The
analysis code, including the scenario data, is available via Zenodo at
https://doi.org/10.5281/zenod0.19372559 (ref. 75).
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Global steel production
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Extended Data Fig. 1| Global annual steel production. The numbers indicate key transition points in the policy scenarios (Transition with Lock-in and Fast Transition).
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Extended Data Fig. 2| Annual steel production for the remaining regions. All other regions modelled, which make up the production total in Fig. 3a, are shown here.
a,b,c,d, Annualsteel productionin the Global North, Latin America and Other Asia, Middle East and North Africa and sub-Saharan Africa.
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Average abatement costs: Current policies to Transition with Lock-in
(discount rate: 5 %, dates: 2025 - 2070 )
Region

Other Asia & Latin America
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Sub-Saharan Africa
200 China
Middle East & Africa

Global North

00
Cost

Energy

Average abatement cost (USD/tCO2)

Non-energy

Cumulatlve emlsswn dlfference (GlCoZ)

Extended Data Fig. 3 | Average abatement cost for going from Current Policies allenergy costs for the steel system, such as hydrogen, fossil gas, coal, electricity)
to Transition with Lock-in. The average cost of abatement over 2025-2070 is and non-energy (solid bars). Details for the average abatement cost calculation
given per region and for two cost categories: energy (transparent bars, includes are givenin Methods.
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Emissions difference by sector between TwLi and FT
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Extended Data Fig. 4| Emission difference by sector between Transition with Lock-in and Fast Transition. Positive values indicate sectors with higher emissions in
Transition with Lock-in compared to Fast Transition, while negative values indicate sectors that offset these additional emissions.
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Other energy yearly costs (fossil fuels and biomass) for the steel sector (excluding carbon pricing)
in India
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Extended Data Fig. 5| Additional annual steel sector costs in India from the remaining operational expenditure. The remaining operational expenditure is energy
costs from solid and gaseous fuels (there are no liquid fuels used in the steel sector). The colours show the different fuel types for each scenario. The CO, pricing is
excluded from the costs shown here.
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India: Annuity payments for primary steel investments
Annualized payments for investments made between 2026-2050.
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Extended Data Fig. 6 | Annuity payments required to service primary steel DRl operation, and in solar photovoltaic (solar PV) capacity for electrolysis and
investments in India, for Current Policies and Fast Transition. Annual capital other electricity demands. The left-hand column shows annuity payments for
payments are shown for varying weighted average costs of capital, covering Current Policies. The middle and right-hand columns show annuity payments for
investments made between 2026 and 2050 for primary steel production Fast Transition: the middle column shows the default results, in which DRI plants
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ofiron plants combined with an electric arc furnace — DRI-EAF, and associated hand column shows the annuity payments if DRI plants immediately operate with
infrastructure). Thisincludes investments in electrolysers for hydrogen-based green hydrogen.
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