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Abstract
Geopolitical tensions and conflicts can disrupt energy markets, threatening international energy
supply security and imposing financial stress on energy-intensive industries reliant on imported
fossil fuels. Exploring the challenges and opportunities associated with supply diversification is
crucial for understanding the potential for hard-to-abate industry decarbonization under the risk
of future energy price shocks. In this context, we investigate the role of green hydrogen as a viable
and sustainable alternative to natural gas applications in iron and steel manufacturing. We first
quantify how the integration of green hydrogen into the existing infrastructure can complement
stringent climate action ambitions in reducing CO2 emissions over the next five decades. We find
that green hydrogen acts as a transitional technology, enabling a gradual shift towards
electrification of heat supply while bridging the gap until low-carbon steel technologies become
commercially feasible. Furthermore, we assess the benefits of timely green hydrogen investments in
mitigating the economic repercussions of unforeseen natural gas price surges. Overall, this study
underscores the potential of green hydrogen in decarbonizing the iron and steel industry while
promoting energy independence, but it also highlights its contingency on sufficiently ambitious
climate policies and adequate technological advancements.

1. Introduction

The pursuit of low-carbon technologies and sus-
tainable alternatives to fossil fuels represents a crit-
ical challenge in today’s energy-intensive economy.
Achieving ambitious international climate goals sig-
nificantly depends on the decarbonization of the
iron and steel industry. This sector contributes to
roughly 7% of global greenhouse gas emissions due
to its extensive energy requirements and substantial
dependence on fossil fuels [1, 2].

Scientific research into emission reduction
strategies for iron and steel production has brought
to light important technological hurdles associated
with direct decarbonization. These challenges pre-
dominantly relate to the reduction processes and

high-temperature heat generation,making the related
industries known as ‘hard-to-abate’ [3].

In response to these challenges, green hydrogen
has emerged as a viable solution for the indirect elec-
trification of iron and steel production. The advent of
clean hydrogen calls for substantial transformations
in the structure of industrial fuel supply and associ-
ated costs, particularly for replacing coal and coke.
This shift requires significant investments in techno-
logical advancements and infrastructure expansion.
Current discussions on hydrogen adoption primarily
focus on its technological maturity and market viab-
ility, with a wide range of studies conducted on cost
analyses across different deployment strategies [3–
8]. Assuming the best current green hydrogen prices
of approximately $4 per kilogram, replacing coal in
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steelmaking could increase the cost of producing one
ton of steel by about 30% [9].

An alternative perspective arises when consid-
ering the substitution of natural gas—the second-
largest fossil fuel consumed in the primary steel
industry—with hydrogen. Natural gas is extensively
used in iron-making, which accounts for themajority
of emissions in the steel production process. It serves
as an additional energy source in blast furnace (BF)
burners and as a reducing agent in direct reduced iron
(DRI) plants. Furthermore, natural gas is employed
in steel-making for temperature regulation in basic
oxygen furnaces (BOF), for high-temperature gener-
ation in electric arc furnaces (EAF), and for additional
thermal treatment processes [10].

Numerous studies have assessed the feasibility of
adapting existing natural gas infrastructure for hydro-
gen supply. This adaptation typically does not require
modification to process equipment for low to moder-
ate hydrogen shares in the gas mix. Even for higher
hydrogen shares, the necessary interventions are gen-
erally limited and involve low risk. Additionally, there
are opportunities for synergistic development of grid
infrastructures for hydrogen delivery to industrial
hubs [11–14]. Although natural gas contributes less
to greenhouse gas emissions in the steel sector com-
pared to coal, research has highlighted its role as
a transitional energy vector. Dual-fuel steel plants
are increasingly being considered to replace obsolete
mills at the end of their life cycles, aiming to reduce
emissions and prepare for the anticipated greater
availability and economic competitiveness of hydro-
gen in the future [15]. These considerations position
natural gas as a critical element in the steel industry’s
strategy tomeet increasingly stringent environmental
targets.

Furthermore, compared to phasing out coal, the
transition from natural gas to hydrogen is expected
to result in a relatively modest increase in steel prices.
Stricter carbon regulations could raise the costs of
fossil-based alternatives, making the relative price
increase from hydrogen replacement even less sig-
nificant. With conservative estimates projecting that
green hydrogen prices will fall to $2 per kilogram by
2030 [9], the potential rise in steel production costs
could be mitigated by gains from avoided emissions,
improved regulatory compliance, and enhancedmar-
ket positioning. Consequently, substituting natural
gas with hydrogen emerges as a practical and advant-
ageous solution for pioneering the adoption of a clean
fuel in the energy mix of iron and steel production.

Among the key economic considerations for
adopting green hydrogen in iron and steel production
is its potential to decouple energy supply from fossil
fuel prices, which are heavily influenced by interna-
tional trade dynamics and geopolitical events. Unlike
coal, natural gas prices are highly volatile, creating
greater operational risks for steel producers. This

volatility is especially concerning because the supply
chains of energy-intensive goods like steel are partic-
ularly vulnerable to energy price shocks [16].

Yet, previous studies have not comprehensively
investigated the role of energy shocks—defined as
sudden and substantial disruptions or fluctuations in
the availability, supply, or cost of energy resources—
and the financial consequences of failing to take pre-
ventative measures, particularly for steel producers
in countries with high energy dependence. In such
regions, today’s heat production heavily relies on
imported natural gas, making their economies vul-
nerable to the international fuel markets. The recur-
rent volatility in energy prices has underscored a
widespread undervaluation of the benefits of energy
diversification within policy frameworks [17].

This article offers an exhaustive analysis of green
hydrogen’s role as a clean alternative to natural gas
applications in the global iron and steel manufac-
turing sector, leveraging the repurposing of exist-
ing infrastructure. The research explores the trade-
off between replacing natural gas consumption and
enhancing resilience to energy price fluctuations.
Employing the World Induced Technical Change
Hybrid (WITCH) model [18, 19], a well-established
Integrated Assessment Model (IAM), we evaluate
alternative pathways of hydrogen adoption within
the iron and steel industry’s fuel mix for heat pro-
duction. This evaluation recognizes green hydrogen’s
dual benefits in reducing emissions and increasing
energy security for the sector.

Our findings indicate that adopting low-carbon
hydrogen can facilitate the transitional period
towards full electrification in primary steel produc-
tion, acting as a convenient bridge technology to
decarbonize heat generation. Beyond environmental
advantages, the shift towards hydrogen has a role in
securing the energy infrastructure, diversifying the
fuel portfolio and hedging against fossil fuel market
disruptions.

2. Methods

2.1. Model overview
This study conducts an environmental and economic
analysis using the WITCH model. This IAM com-
bines a top-down representation of the economywith
a bottom-up representation of the energy sector for
each of 17 macro-regions in which the world is sub-
divided. Solutions optimize each region’s intertem-
poral utility, based on per capita final good con-
sumption, through different economic and energy
investment and consumption decisions [18, 19]. Our
analysis focuses on the energy sector, incorporating
advancements and deployment of technologies for
green hydrogen production and the extraction, trade,
and consumption of natural gas.
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Table 1. Scenario architecture. The remaining carbon budget
quantifies the cumulative global CO2 emissions from 2020 until
2100 [22] consistent with a given temperature target. The choice
of shock magnitude values is based on historical data [23], and
quantifies the relative gas price increase with respect to a
counterfactual gas price happening in the given shock year.

Dimension Description Operationalization

Climate policy

Current pledges No carbon budget
constraint

2 ◦C target RCBa = 1150
GtCO2

1.5 ◦C target RCBa = 650
GtCO2

Shock period
Early shock Shock in 2030
Mid shock Shock in 2040
Late shock Shock in 2050

Shock magnitude
Low shock Price+50%
Medium shock Price+100%
High shock Price+300%

a RCB: Remaining Carbon Budget.

We design a scenario framework to examine the
economic impact of energy shocks on primary steel
production over a 50 year period from 2020 to 2070.
Scenarios are defined by a combination of dimen-
sions and presented in table 1, including the timing
of shocks (tshock), which segments the study period
into early (2030), mid (2040), and late (2050) phases.

The magnitude of shocks (pshock) is based on
historical price spikes from geopolitical events, cat-
egorized into low (50% increase), medium (100%
increase), and high (300% increase) levels relative to
baseline prices. This approach draws from Federal
Reserve analyses of oil price shocks in the 20th
century; notably, the price doubling post-1978 and
quadrupling after 1973 due to Middle-Eastern con-
flicts, including the Iranian Revolution and the OPEC
embargo [20, 21].

Climate policy frameworks of scenarios are char-
acterized by different carbon budget constraints:
a ‘business as usual’ scenario adhering to current
climate targets without a specific budget, a 2 ◦C
target limited by an 1150 Gtons CO2 budget to
maintain temperature rises below 2 ◦C from pre-
industrial levels, and a 1.5 ◦C target with a 650 Gtons
CO2 budget. A bisection algorithm translates these
budgets into equivalent carbon taxes to achieve the
desired climate objective [22].

The policy framework reflects the global level of
climate action ambition; the period andmagnitude of
the shock account for the uncertainty in timing and
severity of an energy crisis, potentially triggered by
unpredictable geopolitical events.

2.2. Steel industry demand and production
For a detailed sectoral analysis, we develop a spe-
cific module for tracking the steel industry dynam-
ics, disentangling this sector from the broader final

goods production function of themodel.We base our
demand model on the steel intensity of use hypo-
thesis, as described in equation (1), which correlates
the intensity of use IU with the GDP per capita of
each region GDP

POP , POP being population levels. This
relationship is defined through regression coefficients
αi and regional adjustment Dc applied for calibra-
tion purposes [24–26], as explained in supplementary
note 1.

IU(t,n) = α0 +α1

(
GDP(t,n)
POP(t,n)

)
+α2

(
GDP(t,n)
POP(t,n)

)2

+α3 t+
n−1∑
C=1

αc Dc. (1)

The projected global demand for crude steel is
exogenous and considered inelastic to changes in steel
prices, and therefore to any increase in fuel costs asso-
ciatedwith clean hydrogen technologies. Focusing the
analysis solely on substituting natural gas with hydro-
gen implies only a marginal green premium, which is
the additional cost of choosing low-carbon alternat-
ives over conventional technologies, due to the relat-
ively minor role of natural gas as an energy source in
iron and steel manufacturing compared to coal and
coke [9].

We derive national production capacities from
the most recent data provided by the Global Energy
Monitor’s Global Steel Plant Tracker project, calculat-
ing each region’s share of total manufacturing based
on current, under-construction, and planned facilit-
ies over a 50 year time horizon [27]. Regional produc-
tion shares are then estimated using a linear annual
distribution of each country’s cumulative capacity
relative to global steel production, which is explained
in more detail in equations (S2)–(S5) of supplement-
ary note 2. Given the inertia involved in the planning
and construction of steel mills, these projections offer
a realistic estimate of future output, reflecting anti-
cipated developments in the sector over the coming
decades.

2.3. Modelling of primary steelmaking
technologies and energy supply
We simulate the operation of BF-BOF and DRI-
EAF production routes, the two most common man-
ufacturing processes for primary steel from iron
ore [28], incorporating key technological and fin-
ancial metrics from IEA industry reports [10, 29].
The model reflects differences across manufacturing
routes in energy inputs and intensity, affecting the
fuel requirements per tonne of steel. Material meta-
bolism analysis provides estimates for heat and elec-
tricity demand for each technology [30].

The competition between natural gas and hydro-
gen as heat sources is assessed based on their rel-
ative cost per kWh, assuming negligible retrofitting
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and development costs compared to fuel costs due
to strategic reassignment of industrial hubs operat-
ing with gas-hydrogen fuel blends [31, 32]. In the
model, the energy costs incurred by steelmakers are
the product of the quantity of each energy source
used times its respective unit cost. The unit cost of
natural gas is determined by the dynamics of global
market supply and demand, with additional mark-
ups due to regional differentiation and the effect of
a carbon price when present [19]). The unit cost of
green hydrogen reflects the capital and operational
expenses associated with its production. Investment
costs are calibrated to align with data from the
IEA Hydrogen Report [33] up to 2020. The evolu-
tion of electrolyzer unit investment costs is driven
by endogenous technological change, decreasing as
global cumulative capacity expands (see the WITCH
Hydrogen section in the supplementary material of
[34]). Operational costs include expenditures on
green electricity, determined endogenously by sup-
ply and demand, as well as operation and mainten-
ance, assumed to remain constant at 4% of capital
expenditures. Given the endogenous nature of costs,
the model enables the exploration of different long-
term trajectories for hydrogen’s commercial viability,
consistent with different climate policy assumptions.

Across different climate scenarios, higher car-
bon prices make natural gas more expensive and
green electricity relatively cheaper. This can shift
the iron and steelmaking energy mix and influence
related investment decisions. Endogenous technolo-
gical learning further accelerates the replacement of
natural gas with hydrogen.

To better understand the cost implications of
different scenarios and to validate the underlying
model’s assumptions, we compute the levelized cost
of hydrogen (LCOH). Thismetric represents the aver-
age cost of producing and using one kilogram of
hydrogen. LCOH serves as a convenient measure for
evaluating the economic viability of hydrogen across
time periods, regions and scenarios, and facilitates the
comparison with existing literature (supplementary
note 4).

2.4. Integration of energy shocks
A plausible link between international tensions
and volatility in oil and natural gas prices is
established through historical observations. We
account for the impact of sudden increases in gas
prices FUEL_PRICEgas on steelmakers’ fuel costs
COST_FUELgas by developing an equation that con-
siders shock parameters (tshock and pshock) and trade
balances (equation (2)). We calculate the impact of
price surges on imported resources during a shock
by analyzing the difference between total fuel con-
sumption Q_FUELgas and exported fuel Q_OUTgas.
This approach highlights the asymmetric effects of
energy crises, as detailed in supplementary note 3

(equations (S6)–(S8)). Regional adjustments to gas
prices p_markupgas remain unaffected, as they only
reflect local infrastructural costs.

COST_FUELgas (t,n) = FUEL_PRICEgas (t,n)

×
(
1+ pshockgas (t,n)t=tshock

)
×
(
Q_FUELgas (t,n)

−Q_OUTgas (t,n)
)

+ p_markupgas (t,n)

×Q_FUELgas (t,n) (2)

2.5. Unpredictability of energy shocks
By default, regions optimize their decisions inter-
temporally with perfect foresight in an open-loop
Nash equilibrium. To prevent agents from taking
preventive action against the precise year and mag-
nitude of the upcoming energy shock, we consider
‘myopic’ runs. In these runs, the solution is fixed to
its non-shocked counterfactual until tshock - 1, with
optimization occurring only from tshock onwards.
This adjustment is needed to capture the unpredict-
able nature of future large-scale international disrup-
tions. As a result, we assume no proactive changes to
the energy mix or technological assets are made in
anticipation of the shock, and energy diversification
depends solely on national energy policies.

3. Results

3.1. Decarbonization potential of green hydrogen
Our analysis focuses on projections from2020 to 2070
for global long-term optimization of the coupled
climate-energy-economy system. The results show
the dynamics of energy supply and demand, track
CO2 emissions from fossil fuel combustion, indus-
trial processes, and land use, and support the explor-
ation of alternative carbon pricing mechanisms set
according to desired cumulative emissions targets (see
table 1).

Here, we extend the iron and steel industry repres-
entation within the model, introducing the techno-
logical competition between BF-BOF and DRI-EAF
production routes (supplementary figure 1), as well as
global steel market consumption and supply trends.
We calibrate the extended model using historical data
from the World Steel Association (figure 1(a)). With
most of the existing and planned iron and steel man-
ufacturing capacity concentrated in Europe and Asia,
the model projects that Eurasia will maintain its pos-
ition as the primary hub for steelmaking over the
next 50 years [35]. The uneven distribution of crude
steel production, with China, Europe, Japan–South
Korea, and India collectively representing more than
75% of total output, is analyzed through the lens
of natural gas trade. Trade balance indicates energy

4



Environ. Res. Lett. 20 (2025) 024021 N Leuratti et al

Figure 1. Shares of crude steel production among leading steel manufacturing countries and their dependence on imported
natural gas. (a) Crude steel production in megatons over 50 years, with a focus on leading producers: China, Japan, South Korea,
India, and Europe. Historical data in blue comes from the World Steel Association. (b) and (d). Energy dependency, represented
as the net import of natural gas in terawatt-hours (TWh, (b)) and as the ratio of imported to total natural gas consumption (%,
(d)) for each region. Countries in darker blue are net importers, whereas darker green denotes net exporters. (c) Regions ranked
by natural gas imports, noting that three of the four largest steel industries (Europe, Japan–South Korea, and China) are among
the top three.

dependence in the industry, given natural gas’s crit-
ical role in steel manufacturing (refer to figures 1(b)–
(d)). The largest net natural gas importers—China,
Europe, and Japan–South Korea—depend heavily on
external supplies for their domestic consumption.
Their energy dependence, coupled with extensive
crude steel production, makes these countries par-
ticularly vulnerable to gas market fluctuations and
highlights opportunities for transitioning to alternat-
ive fuels.

We focus on the natural gas demand for iron-
making and steelmaking in energy-dependent coun-
tries (supplementary figure 2) and examine the com-
petition between gas and hydrogen under varying
climate policy stringency. Although current climate
pledgesmay not sufficiently promote hydrogen adop-
tion in industry, regions with ample renewable energy
resources to produce green hydrogen are likely to
respond swiftly to carbon pricing mechanisms (see
figure 2). Furthermore, the model’s estimations con-
firm the pivotal shift from the BF-BOF method of
primary steelmaking to the DRI-EAF route [35], sig-
naling increased electrification in the steel industry’s
energy mix. The growing share of DRI-EAF plants
indicates a reduction in fossil fuel intensity, contrib-
uting alongside the integration of hydrogen as a cru-
cial element in the sector’s decarbonization pathway.

Among the primary steel producers, Europe is
estimated to satisfy 79% of its steelmaking nat-
ural gas demand with hydrogen by 2040 under
a 2 ◦C target and 88% under a 1.5 ◦C target.
China—responsible for over half of the global crude
steel production—shows a more gradual but even-
tually similar decarbonization. By 2050, hydrogen is
projected to supply 89% of China’s steelmaking nat-
ural gas demand under a 2 ◦C target and 92% under a
1.5 ◦C target (figure 2(a)). The increasing adoption of
hydrogen in these regions and the transition fromBF-
BOF to DRI-EAF may lead to nearly complete substi-
tution by 2060 in various climate scenarios, irrespect-
ive of the carbon budget.

However, Japan and South Korea exemplify coun-
tries where development is constrained by renewable
energy availability, and even substantial policy inter-
ventions may result in delayed hydrogen adoption in
the industry. The regional deployment of renewable
energy capacity presented in supplementary figure 3
is therefore affirmed as an essential factor for scaling
up the production of green hydrogen. This is further
evidenced by the smaller relative decrease in LCOH
in Japan and South Korea compared to Europe and
China, due to slower technological learning.

Our projections for the levelized costs of hydro-
gen align with the expected ranges reported in the
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Figure 2. Trajectories of decarbonization in primary steelmaking natural gas consumption for China, Europe, and Japan–South
Korea under various climate scenarios. (a) The proportion of hydrogen in the energy mix for the iron and steel industry’s heat
supply. (b) Yearly CO2 emissions from heat generation through natural gas in crude steel production, measured in megatons.

literature and underscore the interplay between costs,
time and and climate policy ambition. For short-
term projections (2030), we estimate LCOH values
between $2.8 and $4.8 per kilogram. The lower end of
this range alignswith conservative literature estimates
of $2 per kilogram for 2030, while the upper end is
consistent with current estimates of $4 per kilogram.
Long-term projections (2050) indicate a decline in
LCOH,with values ranging from$1.7 to $3.4 per kilo-
gram (supplementary table 2). Stricter climate targets
are generally associated with higher LCOH values due
to a greater need for accelerated investments in green
hydrogen production and renewable energy deploy-
ment, especially in the short term. Nonetheless, over
the long term, stricter climate targets lead to larger
drops in LCOH, in most cases leading to values below
those of current pledges, as technological change and
economies of scale lower production costs. These
trends reflect the trade-offs between short- and long-
term costs of ambitious climate policies, as well
as the synergistic impact of technological advance-
ments and policy-driven investments in accelerat-
ing the transition to green hydrogen and renewable
energy.

By 2050, under a 2 ◦C target, the shift in fuel sup-
ply is expected to yield cumulative emission reduc-
tions of 2048 megatons of CO2 for China, 857 mega-
tons for Europe, and 12 megatons for Japan–South

Korea (figure 2(b)). Our analysis suggests that hydro-
gen could reduce global direct emissions from the
steel industry by 4%, contributing to the 2050
target of 54% direct reduction from the sector for
a decarbonization trajectory in line with the Paris
Agreement [10].

This result has significant implications, as it con-
siders only the introduction of green hydrogen as the
first clean and cost-effective alternative for natural gas
applications. The gradual adoption of hydrogen in the
sector could serve as a bridging solution, facilitating
sector integration and potentially generating spillover
effects that could further reduce CO2 emissions from
coal consumption through H-DRI. Additionally, the
implementation of other mitigation strategies, such
as carbon capture, utilization, and storage, bioenergy,
and electrification through molten oxide electrolysis,
is expected to play a complementary long-term role
in the iron and steel industry, contributing to the
achievement of emission reduction targets.

3.2. Mitigation of economic risks from energy price
shocks
Incorporating unexpected energy shocks in the scen-
arios above allows for an analysis of the economic
disruptions faced bymajor steel producers when sud-
den increases in natural gas prices cause unforeseen
fuel expenditures to energy-importing countries.

6
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Figure 3. Economic impact of energy shocks on fuel expenditures for the steel industry. (a)–(c) The cost of inaction for
steelmakers, expressed in billions USD (2005), to secure natural gas supply during an energy shock without reducing
manufacturing output in China (a), Europe (b), and Japan–South Korea (c).

The impact of a gas price shock on countries
varies depending on their energy trade balances,
with surcharges proportional to the amount of
imported fossil fuels in their energy mix. The
steel industry is particularly susceptible to such
shocks, as 70% of global crude steel produc-
tion is located in regions with significant energy
dependencies.

We evaluate the ‘cost of inaction’, defined as the
economic setbacks steelmakers face when they delay
or fail to invest in energy security strategies to mit-
igate the effects of energy shocks. The discrepancy in
fuel expenses between the non-shocked counterfac-
tual scenario and the shocked scenario indicates the
potential financial repercussions of a sudden energy
crisis. Figure 3 shows that the risk from premature or

significant shocks is intensified by the lack of a timely
diversification of the heat supply.

In scenarios that limit global temperature to
2 ◦C and 1.5 ◦C, the improvement in resilience to
shocks through hydrogen adoption becomes appar-
ent. This is especially noticeable once the share of
alternative fuels exceeds 80%, at which point the eco-
nomic impact is limited to a minimal fraction of the
industry’s value.

The benefits of avoided fuel expenditures under
gas price shocks come at a cost: the cumulative
investments in green hydrogen technologies prior
to those shocks. Figure 4 demonstrates the correl-
ation between the benefits and costs of preventive
action. Increasing the stringency of climate targets
ensures higher financial commitments for hydrogen

7
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Figure 4. Interplay between financial impacts of energy crises and preemptive investments in hydrogen technologies. (a)–(c), An
inverse relationship is observed between the capital allocated for developing hydrogen supply and the additional fuel costs
incurred by steelmakers during an energy market shock in China (a), Europe (b), and Japan–South Korea (c).

adoption and consequently for energy diversification,
thereby mitigating the economic fallout of energy
crises in regions dependent on natural gas imports.
The distribution of investment flows over time also
matters in determining the steelmaking industry’s

ability to withstand market disruptions: speeding up
investments boosts the industry’s resilience against
future financial risks (supplementary figures 4–6
and supplementary table 1). Overall, figure 4 high-
lights the possibility of reallocating funds towards the

8
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development of reliable and clean hydrogen infra-
structure for a more sustainable and resilient steel-
making sector. This cost transfer could offset poten-
tial expenditures on natural gas procurement that
steelmakers would otherwise incur when exposed to
shock-induced high fuel prices.

4. Discussion

Implementing hydrogen as a sustainable heat gener-
ation method could act as an interim solution for
decarbonization before other low-carbon steel tech-
nologies become a viable strategy, contingent on suf-
ficient renewable energy capacity and the implement-
ation of effective carbon pricing policies.

Proactive policymaking can mitigate the costs
associatedwith inaction during sudden energy shocks
by investing early in the development of a secure
and resilient energy infrastructure. Reducing reli-
ance on natural gas can provide long-term economic
benefits for energy-importing countries and facilitate
the decarbonization of emission-intensive, hard-to-
abate industries. This transition can support energy-
dependent countries in achieving strategic energy
autonomy, a key priority on their national agendas to
address risks related to debt and inflation. As energy
diversification through sustainable technologies pro-
gresses, hydrogen is likely to be increasingly recog-
nized as a crucial measure for diminishing the impact
of international geopolitical dynamics on the energy
sector and critical industries.

Limitations stem from the inherent uncertainties
in modelling long-term scenarios. On the one hand,
a full shift towards electricity-based manufacturing
in the steel industry over the next decades might
be overly optimistic. In such scenarios, fossil fuel
dependency from heat generation might be underes-
timated, and hydrogen would play an even bigger role
as a bridge fuel towards green steelmaking. On the
other hand, projecting global steel demand based on
past correlations with GDP per capita may be blind
to unexpected saturation points or price elasticity of
green steel demand, potentially reducing future crude
steel consumption. However, the ongoing need for
maintenance and replacement of steel components in
public infrastructure couldmaintain demand at a rel-
atively stable level, with energy consumption changes
primarily dependent on efficiency improvements and
fuel substitution. Future research could expand the
exploratory approach initiated with this work.

Overall, this research highlights the combined
environmental and economic benefits of green hydro-
gen in decarbonizing the iron and steel industry,
and the role of stringent climate policies in foster-
ing its timely adoption. Prioritizing hydrogen invest-
ments over the coming decades can help industries
and policymakers reduce the impact of global fuel
markets on heat generation costs, mitigating some

of the economic risks linked to geopolitical instabil-
ity. The adoption of hydrogen in steelmaking could
serve as a model also for other high-emission indus-
tries like cement and petrochemicals, which face sim-
ilar environmental and economic challenges due to
their dependence on fossil fuels [29, 36]. Also in these
cases, this strategy could offer the societal benefit of
decarbonizing hard-to-abate sectors while enhancing
energy independence and resilience to geopolitical
tensions.

Data availability statement

All data that support the findings of this study are
included within the article (and any supplementary
files).

Acknowledgment

The authors sincerely thank the anonymous review-
ers for their insightful comments and constructive
feedback, which provided a valuable contribution
to enhancing the quality and clarity of this manu-
script. The publication costs (APCs) are paid by Delft
University of Technology.

ORCID iDs

Nicola Leuratti https://orcid.org/0009-0006-5401-
5293
Giacomo Marangoni https://orcid.org/0000-0003-
3994-380X
Laurent Drouet https://orcid.org/0000-0002-
4087-7662
Linda M Kamp https://orcid.org/0000-0001-
9992-9220
Jan Kwakkel https://orcid.org/0000-0001-9447-
2954

References

[1] Napp T, Gambhir A, Hills T, Florin N and Fernell P S 2014 A
review of the technologies, economics and policy
instruments for decarbonising energy-intensive
manufacturing industries Renew. Sustain. Energy Rev.
30 616–40

[2] Ren L, Zhou S, Peng T and Ou X 2021 A review of CO2

emissions reduction technologies and low-carbon
development in the iron and steel industry focusing on
China Renew. Sustain. Energy Rev. 143 110846

[3] Fan Z and Friedmann S 2021 Low-carbon production of
iron and steel: technology options, economic assessment and
policy Joule 5 829–62

[4] Capurso T, Stefanizzi M, Torresi M and Camporeale S 2022
Perspective of the role of hydrogen in the 21st century energy
transition Energy Convers. Manage. 251 114898

[5] Chapman A et al 2019 A review of four case studies assessing
the potential for hydrogen penetration of the future energy
system Int. J. Hydrog. Energy 44 6371–82

[6] Pflugmann F and De Blasio N 2020 Geopolitical and market
implications of renewable hydrogen: new dependencies in a
low-carbon energy world Harvard Kennedy School – Belfer

9

https://orcid.org/0009-0006-5401-5293
https://orcid.org/0009-0006-5401-5293
https://orcid.org/0009-0006-5401-5293
https://orcid.org/0000-0003-3994-380X
https://orcid.org/0000-0003-3994-380X
https://orcid.org/0000-0003-3994-380X
https://orcid.org/0000-0002-4087-7662
https://orcid.org/0000-0002-4087-7662
https://orcid.org/0000-0002-4087-7662
https://orcid.org/0000-0001-9992-9220
https://orcid.org/0000-0001-9992-9220
https://orcid.org/0000-0001-9992-9220
https://orcid.org/0000-0001-9447-2954
https://orcid.org/0000-0001-9447-2954
https://orcid.org/0000-0001-9447-2954
https://doi.org/10.1016/j.rser.2013.10.036
https://doi.org/10.1016/j.rser.2013.10.036
https://doi.org/10.1016/j.rser.2021.110846
https://doi.org/10.1016/j.rser.2021.110846
https://doi.org/10.1016/j.joule.2021.02.018
https://doi.org/10.1016/j.joule.2021.02.018
https://doi.org/10.1016/j.enconman.2021.114898
https://doi.org/10.1016/j.enconman.2021.114898
https://doi.org/10.1016/j.ijhydene.2019.01.168
https://doi.org/10.1016/j.ijhydene.2019.01.168


Environ. Res. Lett. 20 (2025) 024021 N Leuratti et al

Center for Science and International Affairs (available at:
https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:
37372510)

[7] Liu W et al 2021 The production and application of
hydrogen in steel industry Int. J. Hydrog. Energy 46 123

[8] Rissman J et al 2020 Technologies and policies to
decarbonize global industry: review and assessment of
mitigation drivers through 2070 Appl. Energy 266 114848

[9] Kurrer C 2020 The potential of hydrogen for decarbonising
steel production European Parliamentary Research Service
(available at: https://www.europarl.europa.eu/RegData/
etudes/BRIE/2020/641552/EPRS_BRI(2020)641552_EN.
pdf)

[10] IEA 2020 Iron and steel technology roadmap International
Energy Agency (available at: https://www.iea.org/reports/
iron-and-steel-technology-roadmap)

[11] IRENA 2022 Green hydrogen for industry: A guide to policy
making International Renewable Energy Agency (available
at: https://www.irena.org/publications/2022/Mar/Green-
Hydrogen-for-Industry)

[12] Pluvinage G 2021 Mechanical properties of a wide range of
pipe steels under influence of pure hydrogen or hydrogen
blended with natural gas Int. J. Press. Vessels Pip. 190 104293

[13] Cerniauskas S, Junco A J C, Grube T, Robinius M and
Stolten D 2020 Options of natural gas pipeline reassignment
for hydrogen: cost assessment for a Germany case study Int.
J. Hydrog. Energy 45 12095–107

[14] Durakovic G, Crespo del Granado P and Tomasgard A 2023
Powering Europe with north sea offshore wind: the impact
of hydrogen investments on grid infrastructure and power
prices Energy 263 125654

[15] Hieminga G, Dantuma E and Stellema T 2023 Hydrogen
sparks change for the future of green steel production ING
Bank N.V. - Economic and Financial Analysis Division
(available at: https://think.ing.com/articles/hydrogen-
sparks-change-for-the-future-of-green-steel-production/)

[16] Chiacchio F , De Santis R , Gunnella V and Lebastard L 2023
How have higher energy prices affected industrial production
and imports? European Central Bank Economic Bulletin
Issue 1/2023 (available at: https://www.ecb.europa.eu/press/
economic-bulletin/focus/2023/html/ecb.ebbox202301_
02~8d6f1214ae.en.html)

[17] Scholten D 2018 The geopolitics of renewables - An
introduction and expectations The Geopolitics of Renewables
61 (Lecture Notes in Energy) (Springer)

[18] Bosetti V, Carraro C, Galeotti M, Massetti E and Tavoni M
2006 A world induced technical change hybrid model Energy
J. 27 13–37

[19] Emmerling J et al 2016 The WITCH 2016 model-
documentation and implementation of the Shared
Socioeconomic Pathways Nota di Lavoro 42.2016 Fondazione
Eni Enrico Mattei (https://doi.org/10.22004/ag.econ.240748)

[20] Graefe L 2013 Oil shock of 1978–79 Federal Reserve Bank of
Atlanta (available at: https://www.federalreservehistory.org/
essays/oil-shock-of-1978-79)

[21] Corbett M 2013 Oil shock of 1973–74 Federal Reserve Bank
of Boston (available at: https://www.federalreservehistory.
org/essays/oil-shock-of-1973-74)

[22] Forster P et al 2023 Indicators of global climate change 2022:
annual update of large-scale indicators of the state of the
climate system and human influence Earth Syst. Sci. Data
15 2295–327

[23] Le Roux J , Szörfi B andWeißler M 2022How higher oil prices
could affect EURO area potential output European Central
Bank Economic Bulletin Issue 5/2022 (available at: https://
www.ecb.europa.eu/press/economic-bulletin/focus/2022/
html/ecb.ebbox202205_04~f296647c4b.en.html)

[24] Wårell L 2014 Trends and developments in long-term steel
demand – The intensity-of-use hypothesis revisited Resour.
Policy 39 134–43

[25] Dohrn R and Krätschell K 2014 Long-term trends in steel
consumptionMiner. Econ. 27 43–49

[26] Crompton P 2015 Explaining variation in steel consumption
in the OECD Resour. Policy 45 239–46

[27] Global Energy Monitor 2023 Global Steel Plant Tracker
(available at: https://globalenergymonitor.org/projects/
global-steel-plant-tracker/)

[28] WSA 2023World Steel in Figures 2023World Steel
Association (available at: https://worldsteel.org/data/world-
steel-in-figures-2023/)

[29] IEA 2020 The challenge of reaching zero emissions in heavy
industry International Energy Agency Reports (available at:
https://www.iea.org/articles/the-challenge-of-reaching-zero-
emissions-in-heavy-industry)

[30] Li X, SunW, Zhao L and Cai J 2018 Material metabolism and
environmental emissions of BF-BOF and EAF steel
production routesMiner. Process. Extract. Metall. Rev.
39 50–58

[31] Mukherjee U, Hagi U, Prabhakaran P and Fowler M 2019
Transitioning electricity systems: the environmental benefits
and economic cost of repurposing surplus electricity in
non-conventional end users Int. J. Hydrog. Energy
44 12891–906

[32] Zhang H, Chen Y, Liu K and Dehan S 2022 A novel power
system scheduling based on hydrogen-based micro energy
hub Energy 251 123623

[33] IEA 2023 Global Hydrogen Review 2023 International Energy
Agency Reports (available at: https://www.iea.org/reports/
global-hydrogen-review-2023)

[34] Müller-Casseres E et al 2024 International shipping
in a world below 2 ◦C Nat. Clim. Change
14 600–7

[35] Swalec C and Grigsby-Schulte A 2023 Pedal to the Metal
2023: It’s time to shift steel decarbonization into high gear
Global Energy Monitor Reports & Briefings (available at:
https://globalenergymonitor.org/report/pedal-to-the-metal-
2023-time-to-shift-steel-decarbonization-into-high-gear/)

[36] Fennell P S, Davis S J and Mohammed A 2021
Decarbonizing cement production Joule
5 1305–11

10

https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37372510
https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37372510
https://doi.org/10.1016/j.ijhydene.2020.12.123
https://doi.org/10.1016/j.ijhydene.2020.12.123
https://doi.org/10.1016/j.apenergy.2020.114848
https://doi.org/10.1016/j.apenergy.2020.114848
https://www.europarl.europa.eu/RegData/etudes/BRIE/2020/641552/EPRS_BRI(2020)641552_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/BRIE/2020/641552/EPRS_BRI(2020)641552_EN.pdf
https://www.europarl.europa.eu/RegData/etudes/BRIE/2020/641552/EPRS_BRI(2020)641552_EN.pdf
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.iea.org/reports/iron-and-steel-technology-roadmap
https://www.irena.org/publications/2022/Mar/Green-Hydrogen-for-Industry
https://www.irena.org/publications/2022/Mar/Green-Hydrogen-for-Industry
https://doi.org/10.1016/j.ijpvp.2020.104293
https://doi.org/10.1016/j.ijpvp.2020.104293
https://doi.org/10.1016/j.ijhydene.2020.02.121
https://doi.org/10.1016/j.ijhydene.2020.02.121
https://doi.org/10.1016/j.energy.2022.125654
https://doi.org/10.1016/j.energy.2022.125654
https://think.ing.com/articles/hydrogen-sparks-change-for-the-future-of-green-steel-production/
https://think.ing.com/articles/hydrogen-sparks-change-for-the-future-of-green-steel-production/
https://www.ecb.europa.eu/press/economic-bulletin/focus/2023/html/ecb.ebbox202301_02~8d6f1214ae.en.html
https://www.ecb.europa.eu/press/economic-bulletin/focus/2023/html/ecb.ebbox202301_02~8d6f1214ae.en.html
https://www.ecb.europa.eu/press/economic-bulletin/focus/2023/html/ecb.ebbox202301_02~8d6f1214ae.en.html
https://doi.org/10.5547/-EJ-VolSI2006-NoSI2-2
https://doi.org/10.5547/-EJ-VolSI2006-NoSI2-2
https://doi.org/10.22004/ag.econ.240748
https://www.federalreservehistory.org/essays/oil-shock-of-1978-79
https://www.federalreservehistory.org/essays/oil-shock-of-1978-79
https://www.federalreservehistory.org/essays/oil-shock-of-1973-74
https://www.federalreservehistory.org/essays/oil-shock-of-1973-74
https://doi.org/10.5194/essd-15-2295-2023
https://doi.org/10.5194/essd-15-2295-2023
https://www.ecb.europa.eu/press/economic-bulletin/focus/2022/html/ecb.ebbox202205_04~f296647c4b.en.html
https://www.ecb.europa.eu/press/economic-bulletin/focus/2022/html/ecb.ebbox202205_04~f296647c4b.en.html
https://www.ecb.europa.eu/press/economic-bulletin/focus/2022/html/ecb.ebbox202205_04~f296647c4b.en.html
https://doi.org/10.1016/j.resourpol.2013.12.002
https://doi.org/10.1016/j.resourpol.2013.12.002
https://doi.org/10.1007/s13563-014-0046-8
https://doi.org/10.1007/s13563-014-0046-8
https://doi.org/10.1016/j.resourpol.2015.06.005
https://doi.org/10.1016/j.resourpol.2015.06.005
https://globalenergymonitor.org/projects/global-steel-plant-tracker/
https://globalenergymonitor.org/projects/global-steel-plant-tracker/
https://worldsteel.org/data/world-steel-in-figures-2023/
https://worldsteel.org/data/world-steel-in-figures-2023/
https://www.iea.org/articles/the-challenge-of-reaching-zero-emissions-in-heavy-industry
https://www.iea.org/articles/the-challenge-of-reaching-zero-emissions-in-heavy-industry
https://doi.org/10.1080/08827508.2017.1324440
https://doi.org/10.1080/08827508.2017.1324440
https://doi.org/10.1016/j.ijhydene.2019.03.173
https://doi.org/10.1016/j.ijhydene.2019.03.173
https://doi.org/10.1016/j.energy.2022.123623
https://doi.org/10.1016/j.energy.2022.123623
https://www.iea.org/reports/global-hydrogen-review-2023
https://www.iea.org/reports/global-hydrogen-review-2023
https://doi.org/10.1038/s41558-024-01997-1
https://doi.org/10.1038/s41558-024-01997-1
https://globalenergymonitor.org/report/pedal-to-the-metal-2023-time-to-shift-steel-decarbonization-into-high-gear/
https://globalenergymonitor.org/report/pedal-to-the-metal-2023-time-to-shift-steel-decarbonization-into-high-gear/
https://doi.org/10.1016/j.joule.2021.04.011
https://doi.org/10.1016/j.joule.2021.04.011

	Green hydrogen in the iron and steel industry increases resilience against shocks in energy prices
	1. Introduction
	2. Methods
	2.1. Model overview
	2.2. Steel industry demand and production
	2.3. Modelling of primary steelmaking technologies and energy supply
	2.4. Integration of energy shocks
	2.5. Unpredictability of energy shocks

	3. Results
	3.1. Decarbonization potential of green hydrogen
	3.2. Mitigation of economic risks from energy price shocks

	4. Discussion
	References


