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e Optimization framework combines GA
sizing with hourly MILP dispatch for
green steel.

e Medium-grade ore analysed through
hydrogen DRI with electric smelting.

e Hourly matching strongly influences
hydrogen emissions and system cost.
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ABSTRACT

The steel industry accounts for 8% of global greenhouse gas emissions and is central to industrial decarbon-
ization. Most green-steel assessments focus on hydrogen direct reduction with electric arc furnaces, which
require high-grade ores. However, major iron ore producers, including Australia, the world's largest exporter,
supply predominantly medium-grade ores that cannot be processed efficiently in this route. This study addresses
this gap by assessing whether medium-grade ores can support competitive green-steel production. We develop an
integrated optimization framework that links hydrogen supply, storage, and continuous steelmaking under
variable renewable resources, applied to the hydrogen direct reduced iron-electric smelting furnace-basic oxygen
furnace route tailored to medium-grade ores. The results show that an optimised mix of wind and solar power,
supported by moderate grid supply, can lower production costs. The current cost gap of roughly 400 USD t™!
relative to conventional blast furnace steel can be closed through a combination of technology learning, carbon
prices similar to the European Union Emissions Trading System, and targeted support that declines over time.
Hourly temporal matching and limits on hydrogen-emission intensity have a strong influence on electrolyser
utilisation, renewable overbuild, and the levelised cost of steel. A moderate emission threshold near 3 kg CO:
kg 'Ha, combined with hourly matching, captures most attainable abatement while avoiding the marked cost
escalation associated with stricter limits. These findings clarify how ore quality, renewable-resource profiles, and
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hydrogen-system constraints interact to determine the feasibility of green steel production, and they offer
guidance for regions planning large-scale hydrogen-based industrial systems.

1. Introduction

The iron and steel sector is a major source of industrial greenhouse
gas emissions [1], making it one of the largest industrial contributors to
climate change [2]. The dominant production route (BF-BOF), blast
furnace (BF) combined with basic oxygen furnace (BOF), relies heavily on
metallurgical coal and is inherently carbon-intensive. In contrast, the
DRI-EAF route, direct reduced iron (DRI) route coupled with electric arc
furnaces (EAF), offers a lower-emission alternative. However, the DRI-
EAF route requires high-grade iron ore to operate efficiently (Fig. 1).
Moreover, techno-economic constraints prevent EAFs from fully
meeting primary steel demand [3].

Australia plays a pivotal role in the global steel value chain, sup-
plying nearly 40% of the world's iron ore exports, predominantly from
the Pilbara region [4]. However, this iron ore is typically of medium
grade [5,6]. Medium and lower grade ores represent roughly 85% of
global iron ore exports, and several major producers and consumers
operate under similar resource constraints. This prevalence supports the
broader relevance of studying hydrogen-based steelmaking routes
adapted to medium-grade ores (Table 1 and Fig. 1¢). In addition several
of these producers possess high-quality wind and solar resources,
implying that the policy and system-design insights developed here
could be transferable to other jurisdictions pursuing green steel.

The global shift toward low-emissions steel creates both risks and
opportunities for Australia. A transition led by high-grade DRI-EAF
plants in major consuming regions could reduce demand for Australia's
medium-grade ores [18]. At the same time, Australia's wind and solar
resources provide favourable conditions for domestic production of
green hydrogen and green steel [19-22]. Recent macroeconomic
modelling also shows that relocating green steel production to
renewable-rich regions may be more cost-effective than importing
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Australian case.
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Fig. 1. a) Overview of primary steelmaking routes, visualizations adapted from [28,36]. The small pie charts on top visualize the compatible iron ore grades (after
beneficiation). The resulting greenhouse gas emissions are visualized at the bottom, with the upper emission range in case of DRI-EAF and DRI-ESF-BOF to account
for natural gas reduction and the lower values for green hydrogen DRI [26]. b) Global iron ore production by country. ¢) Seaborne iron ore export grouped by iron ore
quality [16,26]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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implications for trade patterns and industrial competitiveness [23].
With highly favourable solar and wind resources Australia is well-
positioned to shift from raw material exporter to low-emissions steel
producer [24].

One promising technology is the electric smelting furnace (ESF), which
can process medium-grade ores without the purity constraints of EAFs.
In this route (DRI-ESF-BOF), hydrogen is used to reduce lower quality
ores to DRI, which is then refined in an ESF and processed to steel in a
BOF [25-28]. The reduction stage is fuel-flexible. DRI can be produced
today with natural gas and later transition to hydrogen as supply
decarbonises, including mixed-reductant operation, while the down-
stream ESF-BOF train remains unchanged. This staged pathway can
lower near-term cost barriers but leaves a significant emissions residue
that policy must explicitly bound. This retains the scale and metallur-
gical control of conventional steelmaking while eliminating coal and
enabling integration with renewable electricity [29]. The route is
currently being explored by multiple major industrial players [30].
Despite this growing industrial interest, the DRI-ESF-BOF route remains
at an early stage, with no full-scale demonstration already in operation
and persistent technical challenges ranging from refractory durability to
process integration [21,26,31]. The academic literature remains limited,
with most techno-economic analyses focusing on high-grade DRI-EAF
systems [32,33], and only a few examining ESF-based reduction or ore-
grade effects [27,28]. Recent work by Paymooni et al. [34] and Xue et al.
[35] has analysed “ESF-based” systems with an emission abatement and
process modelling focus, while treating energy supply as an exogenous
parameter.

Despite the strategic importance of green hydrogen for decarboniz-
ing hard-to-abate sectors such as steel and ammonia production, the
global hydrogen industry faces significant challenges. A large number of
announced projects have been delayed or cancelled due to economic and
technical barriers [20,37]. Worldwide, many initiatives have been
shelved due to high production costs, limited access to funding, and
insufficient hydrogen demand. In the European Union, for example,
green hydrogen deployment is falling significantly behind 2030 targets
for both domestic production and imports [38-40], and thereby
undermining steel decarbonization targets.

A major obstacle to large-scale green steel production is the inter-
mittency of renewable electricity, which complicates the continuous
operation required by the DRI shaft furnace and the ESF. Variability in
hydrogen supply can reduce system efficiency, accelerate electrolyser
degradation, and increase storage requirements [41]. Without energy
storage or firm renewable supply, green hydrogen production may
instead rely on grid electricity, potentially undermining its emissions
profile [15,16]. The evolution of hydrogen regulations adds further
constraints, as standards for temporal correlation between renewable
generation and hydrogen production can reduce electrolyser utilisation
and increase system cost [42,43].

Hydrogen certification frameworks are being developed in the Eu-
ropean Union, United States, China, and Australia. However, there is a
significant misalignment regarding the requirements on temporal
matching, additionality, and geographic correlation [44]. In Australia,
the “Future Made in Australia” strategy and the Guarantee of Origin
(GO) scheme have been introduced, establishing certification mecha-
nisms for hydrogen. The scheme comprises two instruments: the
Renewable Electricity Guarantee of Origin (REGO), which provides
time-stamped tracking of renewable electricity inputs, and the Product
Guarantee of Origin (PGO), which certifies emissions intensity of com-
modities like hydrogen and green steel. Together, they enable trans-
parent differentiation of renewable hydrogen. Under the current GO
design, temporal correlation is satisfied on an annual basis. REGOs are
time-stamped but no start date is specified for mandatory hourly cor-
relation or full additionality requirements [45,46].

In the United States, the Inflation Reduction Act offers a tax credit of
up to USD 3 per kilogram of low-carbon hydrogen under Section 45 V,
conditional on lifecycle emissions thresholds.
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Temporal matching is annual until 2029 and hourly from 1 January
2030 and coupled to additionality and deliverability provisions [47,48].

The European Union, through the Renewable Energy Directive (RED II)
and delegated acts, mandates that hydrogen, classified as Renewable Fuel
of Non-Biological Origin (RFNBO), achieve at least a 70% emissions
reduction relative to conventional hydrogen. The delegated acts specify
monthly temporal correlation until 31 December 2029 and hourly cor-
relation from 1 January 2030. Additionality requirement and
geographic correlation also apply [49,50].

In China, the Medium- and Long-Term Plan for Hydrogen Energy
Industry Development (2021-2035) and the 15th Five-Year Plan support
green hydrogen and green steelmaking [51]. As of the end of 2024,
China is not only on track to exceed its 2025 green hydrogen deployment
target but also leads globally in hydrogen production and consumption,
while accounting for more than half of installed electrolyser capacity
and around 90% of manufacturing output [38]. To provide common
standards and avoid high emissions, the China Hydrogen Alliance
established an initial ‘clean hydrogen’ threshold of 4.9 kg CO5 kg ™! H,
[51]. However, the regulatory framework is evolving rapidly, and rules
regarding temporal matching remain under development. In 2025 the
National Energy Administration launched a hydrogen pilot programme
covering priority areas across the value chain, from large-scale elec-
trolysers (>100 MW) to transportation and storage and low-carbon
transformation of energy-intensive industries [52]. Meanwhile, rising
demand from electric vehicle manufacturers and other industrial users
continues to drive interest in low-emissions steel [53].

Despite the urgency of these challenges, a critical gap remains in the
literature. Most techno-economic assessments prioritize the DRI-EAF
route, which inherently assumes the availability of high-grade ores
and often models hydrogen supply under simplified annual constraints.
Existing ESF- and OSBF-focused studies and reviews largely concentrate
on metallurgical feasibility, process integration, or static cost compari-
sons, treating energy supply, renewable variability, and hydrogen
availability as exogenous inputs. While recent studies have begun to
address the cost implications of green hydrogen certification, they rarely
integrate the specific thermodynamic and economic realities of pro-
cessing medium-grade ores via the ESF route, within a high-resolution
energy-system framework. Consequently, the combined non-linear
impact of ore quality, renewable variability, and strict hourly tempo-
ral matching on system design remains unknown. Understanding this
intersection is vital for major producers like Australia, where the feasi-
bility of green steel hinges on reconciling abundant medium-grade re-
serves with increasingly stringent international compliance standards.

The study investigates the following research question:

e How do operational constraints on hydrogen production, such as
hourly matching and emission-intensity limits, influence system
design, cost, and emissions for hydrogen-based steelmaking using
medium-grade ores?

We address the existing research gaps by:

Designing an integrated DRI-ESF-BOF optimization framework. We
introduce a nested optimization structure for sizing and dispatch that
simultaneously captures non-linear economies of scale and strict
hourly dispatch constraints. This overcomes the limitations of stan-
dard linear models, enabling precise trade-off analysis between
capital intensity and operational flexibility.

Establishing a novel quantitative link between temporal matching
stringency and steel production costs. By mapping the non-linear
escalation of abatement costs against hourly grid-withdrawal
limits, we identify conditions where strict certification renders
green steelmaking from medium-grade ore economically unviable.
e Defining the techno-economic architecture of the DRI-ESF-BOF
pathway. By integrating the energetic constraints of continuous
baseload operation with Australia's unique medium-grade ore
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reserves and renewable profiles, we quantify the distinct storage and
overbuild requirements necessary to compete with fossil-based in-
cumbents. This provides a high-resolution blueprint for the world's
largest iron ore exporter that is currently absent in the literature.

Cost sensitivities and future cost scenarios to 2050 are included to
evaluate the role of technology learning. By analysing a route tailored to
Australia's ore characteristics and renewable context, the study provides
insights relevant to regions planning hydrogen-intensive industrial
systems.

2. Methods

This study analyses the interactions between renewable supply,
hydrogen production constraints, and the techno-economic feasibility of
hydrogen-based steelmaking using medium-grade ore. A multi-objective
optimization framework combines a genetic algorithm (GA) for system
sizing with a mixed-integer linear programming (MILP) formulation for
hourly dispatch. The framework captures the coupling between design
and operation and quantifies the trade-offs between levelised cost of
steel (LCOS) and the emission intensity of hydrogen production.

2.1. Optimization framework

Optimizing decarbonised steel production requires simultaneous
capacity sizing of system components and assuring the optimal opera-
tion of the plant to produce steel at the lowest possible cost. This needs
to consider volatility of the renewable energy production, use of the
storage and also changing electricity prices.

The optimization problem contains the conflicting objectives to
lower LCOS and reduce emissions by relying less on the electricity grid.
Traditional MILP [54] based operational frameworks are very effective,
however struggle with non-linearities, binary constraints and multi-
objective optimisations [55]. To solve this challenge, we propose an
optimization framework consisting of two loops, which can be seen in
the Supplementary, Fig. 1 [56,57].

2.1.1. Outer loop: Capacity sizing (genetic algorithm)
The outer sizing loop consists of a genetic algorithm (GA) [58]
searching over the vector x:

X = {PPV\, PWindv PElectrolyser-, PBESS-, EBESS«, EHZ—stomge}- (1)

where P denotes the power capacity of photovoltaic (PV) plant, wind,
electrolysers and Li-ion battery energy storage system (BESS), and E
denotes the corresponding energy capacities of the BESS and the
hydrogen storage system. The GA explores the solution space to generate
a Pareto front, minimizing two conflicting objectives: the LCOS and the
specific carbon emission intensity of the produced steel [59]. Note that
emission accounting is implemented as a post-dispatch fitness metric in
the outer loop rather than a hard constraint in the inner MILP. This
ensures that the dispatch remains economically optimal for a given
system size, while the GA evolves the physical capacity of renewables
and storage to structurally minimize grid reliance. We use the non-
dominated Sorting Genetic Algorithm (NSGA) III implemented in the
pymoo python library to do the outer loop optimization. The evolu-
tionary process is configured with a population size of 100 and runs for
70 generations, totalling 7000 design evaluations. This budget was
established via sensitivity analysis, ensuring Pareto front stabilization
and hypervolume convergence.

2.1.2. Inner loop: operational dispatch (MILP)

The inner optimization loop solves the hourly dispatch for each
vector x proposed by the outer loop over one year, using a MILP algo-
rithm. This formulation is necessary to capture the non-linear effect of
battery replacement costs on LCOS, which varies significantly with the
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timing of reinvestment. We extrapolate the annual cycling rate to
determine the specific replacement year and apply a piecewise linear
discount factor using Special Ordered Sets of Type 2 (SOS2). Further-
more, binary constraints prevent simultaneous grid import and export,
ensuring physical feasibility and accurate emissions accounting. Feasi-
bility constraints include energy balances, storage state-of-charge and
power limits and electrolyser load. We use the pyomo library in python
for optimization and Gurobi 12.0.3 as the solver. More information on
the optimization model is provided in the Supplementary.

The MILP evaluates each size set and optimises the LCOS for each
given vector. The LCOS is calculated by dividing the total costs con-
sisting of initial investment cost Inv, operation and maintenance costs
O&M;, component replacement Crepl; and grid electricity costs Coridj by

the production of liquid steel Pyg.

m_comp n=20
Inv+ Y
j i=1
n=20
Z Prs
(140"

i=1

O&M;j+Crepr j+Cg,id].
(1+r)f

LCOS = (2)

In addition to LCOS, the emission intensity of the produced hydrogen
efy, is calculated based on grid emission factor ef 4, grid withdrawal
Pgiq and hydrogen production Pyp,.

8760
€ grid (] Z Pgrid,t
ef iy = 8760t:1 &)
> Puy
=1

After the optimization the LCOS of the solution and the emission
factor is given back to the genetic algorithm to select a new set of sizes
for the next generation. With this methodology a Pareto front [55] of
optimal LCOS against emission intensity is created.

2.1.3. Steel production model

The model represents hydrogen-based reduction of medium-grade
Pilbara ores followed by electric smelting and basic-oxygen refining.
Due to the higher gangue content of medium-grade ore, the DRI-ESF-
BOF route is used, consistent with previous techno-economic studies
[28,31,35,60]. Hydrogen consumption in the shaft furnace is set to 59.4
kg Hzt ! DRI, to represent a process with iron ore of medium grade. This
incorporates a moderate excess with respect to the stoichiometric
quantity needed [27,28]. A scrap share of 0.13 t scrap t ! liquid steel is
included to reflect industry practice in primary routes [61].

Economic operation of a steel plant requires large scale. The case
study fixes 2 Mtpa liquid steel production. The model converts this to
constant hourly material and energy demands as a constraint for the
MILP optimization. The nominal steel production capacity per hour
P nom is based on the yearly steel production Prs and the capacity factor
cf of the plant and is expressed as:

PLS . 1

Pisnom = 4
LS,nom 8760 C_f ( )

The required quantities of iron ore can be calculated considering the
necessary mass ratios of iron ore per DRI 7, pri, DRI per hot metal
Toriyam, hot metal per liquid steel rpgizs and the scrap ratio ryrq, as
shown in Eq. (5).

T'prIjLS = (1 - T”scmp)*r ore/DRJ*T DRJ/HM*T’HM/LS 5)

The electricity demand in the smelting furnace Eggr is modelled as a
constant consumption with

Egse = Pis nom™*€xsr (6)

where egg is set at 0.5 MWh t ! liquid steel, which accounts for smelting
energy, slag formation, and associated thermal losses and lies within the
range reported for smelting routes handling medium-grade feeds [35].
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The steel plant operates continuously, considering a capacity factor
of 90% to account for shutdowns and maintenance. In the energy model
itself start-ups and short outages are outside the scope and implicitly
absorbed by contingency factors in cost and availability. BOF oxygen,
fluxes, and minor fuel utilities are accounted financially inside O&M
costs, but do not enter the electricity and hydrogen balances.

2.1.4. Energy supply model

Meeting the hydrogen demand of approximately 13 t h™! and the ESF
load requires a large diversified electricity portfolio consisting of dedi-
cated utility-scale PV, onshore wind farms, and the grid. Hourly PV and
wind production are simulated for 2024, while the grid covers residual
demand subject to the operational constraints defined in Section 2.1.5
and analysed in Section 3.1. Hourly solar radiation data, ground tem-
perature, windspeed and humidity for the Perth area were obtained from
Open-Meteo [62]. The choice of location aligns with a planned ESF pilot
plant [30]. This location combines existing infrastructure with prox-
imity to Pilbara ore. Its renewable profile is also more globally repre-
sentative than the Pilbara's extreme solar conditions. The PV plant uses
monocrystalline modules with single-axis tracking and energy yields are
calculated using the PV-1ib python package [63]. Model choices like the
DC/AC ratio, temperature model and fixed losses are reported in the
Supplementary, Section 4.

Hourly wind speeds are taken from NASA Power reanalysis [64]. The
conversion to hub-height speeds, air-density adjustment, the power-
curve model and energy yield calculation are documented in the Sup-
plementary, Section 5.

Grid electricity backfills deficits not met by PV, wind, and storage.
We assume sufficient transmission capacity to ensure continuous steel
plant operation, as connection studies are out of scope. Hourly whole-
sale prices are taken for the WEM/SWIS market in 2024 [65]. De-
velopers may commonly hedge price risk using power purchase
agreements. However, such data are not publicly available and still
reflect underlying market value to a material degree [66]. Accordingly,
the analysis uses observed wholesale prices with certificate and network
adders as the most transparent price input. Further, we include network
fees, to account for transmission, losses and grid infrastructure [67].
Because the required PV and wind capacities must likely be placed
outside of the perimeter of the steel production site, the same network
charges are applied to dedicated RES deliveries over the grid.

A utility scale Li-ion BESS enables load shifting and allows the
electrolyser to operate with renewable energy even during periods of
low renewable availability. The AC-AC round-trip efficiency is 85%
[68], representing the mean lifetime efficiency to implicitly account for
degradation, with SOC bounds 15-95% to preserve lifetime [69]. End-
of-life is assumed at 8000 full equivalent cycles [70]. A cycle-counting
degradation check is retained to trigger replacements in the cost
stream, and the replacement time influences the levelised cost through
discounting of the annual cashflows. To maintain operational charac-
teristics over the project life and face the capacity fading problem,
augmentation is required. We restrict the analysis to a single simulation
year because ensuring the necessary temporal correlation between
renewable generation and wholesale electricity prices is strictly required
but unavailable for long horizons due to recent structural market
changes. Furthermore, multi-decadal optimization presents a prohibi-
tive computational burden. Consequently, capacity augmentation is
represented inside the O&M costs [71].

Proton-exchange membrane (PEM) electrolysis is selected for its
load-following capability, commercial maturity, and proven integration
in renewable energy systems. High-temperature electrolysis is not
included in this analysis as lifetime and cost projections remain highly
uncertain. It is however acknowledged as a promising future option for
cost reduction. The electrolyser is modelled with constant specific
electricity consumption, justified by the plant's modular architecture.
We select a representative mean lifetime value rather than a beginning-
of-life specification to implicitly account for degradation. At low net
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load, modules are switched off to keep operating stacks near their effi-
cient design range, rather than throttling all stacks. The model applies a
deterministic stack replacement after 10 years [72].

To ensure continuous steel production, the system includes pres-
surised above-ground storage. Geological storage, like salt caverns in the
Pilbara, or depleted oil/gas fields near Gingin and Dongara, can be
lower-cost at large scale, but require site-specific geotechnical assess-
ment and pressure admissibility studies [73-75]. To maintain trans-
ferability and limit site-specific uncertainty, geological options are
excluded and we apply vessel storage cost assumptions for an operating
range of 3-50 bar [56]. The outlet electrolyser pressure is assumed to be
30 bar, with a centrifugal compressor downstream to increase the
storage pressure to 50 bar [56,76,77]. The energy demand for this
compression is integrated into the plant's total electricity balance to
ensure rigorous energy accounting. More detailed description of the
storage constraints can be found in the Supplementary, Section 6.

2.1.5. Hydrogen emission accounting

Temporal correlation between renewable generation and hydrogen
production is enforced at different resolutions. The main analysis uses
hourly matching, and sensitivities explore monthly and annual match-
ing. Certificate retirement follows Australia's large-scale generation
certificate prices [78]. Emissions attribution applies the 2024 Western
Australia (SWIS) emission factor of 570 g CO- kWh’l, derived from the
aggregation of Scope 2 and Scope 3 emissions [19,79]. In scenarios that
include the Hydrogen Production Tax Incentive, the refundable tax
offset is applied as a per-kilogram credit to the verified renewable
hydrogen volume and subtracted from the hydrogen cost after the cost
stream is calculated. The credit does not alter how the dispatch and
optimal plant operation is computed [46].

2.2. Economic modelling

The input assumptions on equipment cost and other techno-
economic parameters can be found in the Supplementary, Section 2.

There is a broad range of equipment cost observed across literature
and different projections on future cost development. Moreover, cost
estimates are often presented at different levels of detail and range from
the Bare Erected Cost alone to more comprehensive figures that include
hidden and indirect expenses up to the Total As-Spent Cost (TASC) level.
To ensure consistency and improve the accuracy and practical relevance
of our analysis, we harmonize all cost data to a common basis and use
TASC as the reference metric [80]. Cost reductions are difficult to pre-
dict, and learning rates depend on the growth of cumulative global ca-
pacity. We model equipment cost C, from a baseline Cy using a one-
factor learning curve, where the learning rate LR is defined as the per-
centage of cost reduction per capacity doubling. The new cumulative
capacity is nominated n, while the baseline is represented by ng. The cost
Equation considering technology learning can be written as:

Cn — Co*(l _ LR)Zng("/"O) (7)

Substantial shares of the LCOS are caused by investment costs related
to electricity and hydrogen supply. We therefore apply Eq. (7) on the
renewable energy production, battery storage and electrolysers at the
TASC level and run a broad sensitivity analysis. The learning rates used
are shown in Table 2.

3. Results

The results chapter is organized in three parts, analysing first the
temporal matching of electricity production and consumption (Section
3.1). Based on these findings we analyse the cost composition, impact of
technology learning and competitiveness against alternative steel-
making routes (Section 3.2). The chapter concludes by examining
hydrogen emission thresholds and the implications for policy design



M. Stolte et al.

Table 2
Cost reduction per capacity doublings.
PV Wind BESS PEM
Electrolyser
Cost reduction per capacity 21%* 4%° 11%P° 17%"° [83,84]
doubling LR [81] [81] [82]
Notes

a [81] IEA, World Energy Outlook 2024, 2024.

b [82] Schmidt O. et al., Nat. Energy, 2(8), 17110, 2017.

¢ [83,84] Biihler L., Most D., Int. J. Hydrog. Energy, 89, 105-116, 2024; Weeda
M., Detz R. J., TNO Report, 2022.

(Section 3.3).
3.1. Hydrogen temporal matching

We constructed a Pareto front, which represents the set of solutions
where improving one objective worsens the other, to capture the trade-
off between minimizing green steel production costs and maximizing
emission reductions by limiting grid electricity withdrawal.

We repeated this optimization applying different temporal matching
constraints for grid energy usage, from hourly up to yearly matching
(Fig. 2a). The results show that hourly matching renders LCOS highly
sensitive to grid withdrawal. When only few percent of the electricity
supply can be taken from the grid the LCOS increases very steeply.
Moving to monthly or yearly accounting the LCOS curve flattens and is
much less sensitive to low grid withdrawal. The reason for the flatter
curve for monthly and yearly accounting is that the lower granularity
does not catch the actual grid interactions. We use the 1.9% grid with-
drawal point as the reference case, representing the maximum grid share
that satisfies the Australian hydrogen emission threshold of 0.6 kg CO,
kg~! H, (Fig. 2a and b). Comparing the accounted grid emissions
withdrawal with the actual grid exchanges on an hourly basis, it emerges
that the temporal matching requirement has a large influence on how
much of the emissions are actually accounted. While for hourly ac-
counting the real and accounted grid exchanges both amount to 1.9%,
moving to monthly and yearly accounting, the actual grid exchanges
increase to 18.2% and 18.3% respectively. This means that monthly or
annual accounting catches less than 11% of actual grid withdrawal. For
this reason we base the following analyses on hourly accounting.

a) Pareto front and temporal matching
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3.2. Analysis on cost and technology competitiveness

Reducing grid electricity withdrawal raises steel production costs
(Fig. 3), primarily due to the need for overbuilt renewable infrastructure
to ensure year-round hydrogen and electricity supply for the DRI and
steel plant.

The biggest sensitivity toward grid withdrawals can be observed at
external electricity contributions of less than 5%, where it becomes
increasingly expensive to cover the most unfavourable and prolonged
shortage periods. Even small amounts of grid withdrawal at these stages
can substantially reduce the need for oversizing renewable generation
and storage. For the lowest grid withdrawal and based exclusively on
self-produced renewable electricity LCOS above 1500 USD t~! are
reached. These costs fall markedly as grid withdrawal rises, approaching
a level of around 850 USD t~!. Comparing these prices to fossil-based
steelmaking routes, a significant cost gap occurs which is analysed in
Fig. 5.

An analysis of the cost composition shows that capital costs for the
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Fig. 3. Levelised cost of steel composition along the Pareto front, using today's
cost assumption, excluding incentives. Costs are grouped into steelmaking,
hydrogen supply and electricity supply.
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DRI and steel plants, along with non-energy OPEX (brown areas),
remain constant across grid withdrawal levels. This is caused by the
modelling assumption to keep a continuous steel production all year
round.

Costs directly associated with hydrogen production, including elec-
trolyser investment cost, OPEX, replacements, and storage, are moder-
ately sensitive to grid withdrawal levels. Especially the storage sizes
increase significantly when looking at lower grid withdrawals. However,
most sensitivity is caused by the electricity production for electrolysis
and usage in the smelting furnace. While the optimal results for grid
withdrawal below 1% show renewable generation capacities of more
than 5 GW, it is reduced to 2 GW at the 28% grid withdrawal Pareto
point. While BESS costs remain comparatively small, grid-related costs
are substantial. These include not only the generation costs of external
electricity but also transmission fees, applicable even to self-produced
renewable electricity.

It emerges that the biggest cost factor is not the steel plant invest-
ment costs, causing less than 20% of LCOS. Therefore we focus further
analysis on expenses for hydrogen and electricity supply.

To reach lower LCOS and cost competitiveness significant technol-
ogy learning and cost reduction is necessary. Fig. 4 shows how cumu-
lative capacity increases in capital-intensive components translate into
lower steel costs, with component prices declining through deployment-
driven learning effects, as described in Section 2.2. To maintain
computational tractability within the nested optimization framework,
we jointly evaluate capacity doublings for PV, wind, and BESS. This
grouping reflects the strong economic correlation between these tech-
nologies, which are all driven by the broader global energy transition.
The corresponding equipment cost can be found in the Supplementary,
Section 2. Starting from today's cost assumptions (upper left cell), the
model yields an LCOS of 877 USD t~!, which decreases to 667 USD t™*
under the most ambitious capacity expansion scenario. To contextualize
these capacity increases, the capacity increases according to IEA World
Energy Outlook 2024 announced pledges scenario [81] are shown in
Fig. 5 b).

While both technology learning in electrolysers and in electricity
generation and storage lead to LCOS reduction, their effects are highly
asymmetric. This asymmetry arises because global installed capacity of
electrolysers is still at a very early stage, allowing for much larger
multiplications of cumulative deployment than in the more mature
components PV, Wind, and BESS. As a result, cumulative estimated

a) LCOS sensitivity

(]
(%]
o x4 768 752
(&)
-
28 x16- 727 713
o >
Q o
g s
% x64- 750 727 705
2u
®
2 x256- 728 705 684
= ]
(& )
x1024- 712 688 667
x1 x4 x16

Cumulative capacity increase
(PV, Wind, BESS)

Applied Energy 410 (2026) 127563

learning in PEM electrolysers has roughly four times the leverage of cost
reductions in the PV, Wind and BESS investments. For example, when
the renewables supply chain is held at today's scale (bottom axis x0),
successive PEM capacity-increases drive the LCOS premium down by
19%. By contrast, the expected capacity increase until 2050 along the
renewables supply chain without electrolyser learning, trims the LCOS
by only 5%. Combining learning in both component groups yields the
greatest absolute gain of 24%.

Benchmarking LCOS in Fig. 3 and Fig. 4 reveals that even in the most
cost-optimised scenarios, green steel remains extremely costly. These
results indicate that technology learning on the renewable energy and
hydrogen side alone is unlikely to close the full cost gap against fossil
based steel. Complementary levers such as carbon tax, or other targeted
policy support are still required to achieve cost parity. To assess the
policy interventions required for cost competitiveness, we modelled the
cost gap relative to BF-BOF steel, being the most widely used primary
steel production route.

Fig. 5 investigates the cost gap between hydrogen based steel and
traditional steel production, which today amounts to almost 50%. For
the 2025 case we selected the lowest cost of steel, which still respects the
green hydrogen emission threshold of 0.6 kg CO, kg~! Ha, leading to a
grid withdrawal of 1.9% and an LCOS of 1006 USD t~!. The total cost
gap of this scenario amounts to more than 400 USD t 1. The Australian
head start tax credit for green hydrogen reduces this gap by 75 USD t 1,
covering 17% of the cost gap. The remaining 80% need to be filled by a
carbon tax or carbon certificate schemes like the European Union
Emissions Trading System (EU ETS), further incentives, or premiums for
green products desired by customers. Even though Australia does not
have a carbon tax in place, we took EU ETS level prices to visualize the
effect.

Panel c traces the evolution of the cost gap from 2025 to 2050. In the
2050 scenario in Panel b, cost reductions of electricity and hydrogen
production bring down the cost of green steel to 650 USD t !, which
means a cost gap of approximately 20%. The two technologies are
separated by a remaining cost gap of 136 USD t *. At this technological
stage, no additional hydrogen incentives are applied. In this scenario a
carbon price of 68 USD t ! COz, lower than current prices of the EU ETS,
would be enough to make the green steel cost competitive. Under higher
carbon price trajectories, such as those projected in upper-range EU ETS
estimates, green steel reaches competitiveness significantly earlier.

The long-term competitiveness of green steel depends not only on
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Fig. 4. a) Minimum levelised cost of steel looking at the effect of cumulative capacity increases, where PV, wind, and BESS are scaled simultaneously. Each cell
contains the lowest-cost point on the Pareto front for the respective capacity increase scenario. The LCOS values reflect the techno-economic assumptions detailed in
the Methodology chapter and exclude incentives. b) To reference when the capacity thresholds are achieved, we visualize the predicted capacity doublings by the IEA

WEO 24 “announced pledges” scenario.
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web version of this article.)

absolute cost reductions but also on its position relative to alternative production routes under different carbon price trajectories. Fig. 6 maps
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this relative competitiveness, highlighting the conditions under which
hydrogen-based DRI-ESF-BOF steelmaking could become the lowest-
cost route compared to BF-BOF and natural gas-based steel produc-
tion. Under current prices BF-BOF is the cheapest technology.
Comparing this to natural gas-based steel production a carbon price of
approximately 60 USD t~! CO is needed to make the natural gas-based
solution competitive. Excluding natural gas among the options a carbon
price of more than 200 USD t ! CO, is required to make green steel close
the cost gap.

The cost gap decreases over time, however, under the given as-
sumptions even in 2050, if no carbon price or incentive scheme is in
place, green steel will not be the cheapest option. However, due to the
technology learning from electrolysis technology and renewables the
needed carbon price is quickly approaching levels to what is projected in
terms of future carbon prices. Natural gas appears to be a transitional
solution, in several mid-range scenarios it is the most cost-effective
option, although it leaves around 40% of emissions unabated.

3.3. Effect of hydrogen emission limits on system design and marginal
abatement cost

Establishing credible carbon intensity thresholds for green hydrogen
is critical to ensure climate integrity while maintaining economic
feasibility. When thresholds are set too stringently, the cost of avoiding
an additional tonne of CO: rises sharply, leading to excessive infra-
structure requirements and prohibitive costs. If thresholds are too
lenient, however, the emissions benefits relative to natural gas or grey
hydrogen are undermined. Fig. 7 illustrates this trade-off by linking grid
withdrawal levels to marginal abatement cost (MAC) under today's cost
assumptions, providing a basis for defining thresholds that achieve
substantial emission reductions at reasonable cost.

Fig. 7a shows the marginal abatement cost as a function of grid
withdrawal percentage for the 2025 scenario, based on the Pareto front
generated by the optimization model. The MAC represents the addi-
tional cost incurred to reduce carbon emissions of electricity withdrawal
by one extra tonne compared to the neighbouring point on the curve.

a) Marginal abatement cost
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The definition of hydrogen emission limits is critical to LCOS, given that
hydrogen production accounts for approximately 90% of the plant's total
energy demand. Stricter limits on low-carbon hydrogen production
consequently require low grid withdrawal percentages.

At low grid withdrawal levels, meaning scenarios relying mostly on
dedicated renewable generation, MAC is very high and exceed 1000 USD
per tonne COz for grid-withdrawal below 2%. This is due to the fact that
emissions are already strongly limited, and any further reduction re-
quires disproportionately high investment and operational trade-offs.
Conversely, at higher grid withdrawal levels, the marginal abatement
costs decrease significantly. In scenarios with around 5-15% grid
withdrawal, MAC values approach the range of current carbon removal
costs, represented by the grey shaded area in the plot. These scenarios
align more closely with realistic near-term decarbonization targets.

Different low-carbon hydrogen emission thresholds exist across a
variety of countries and their practical impact is visually presented in
Fig. 7a along the Pareto front. The associated subsidy levels are shown in
Fig. 7b. Importantly, the absolute value of the subsidy cannot be
considered in isolation and it must be interpreted alongside the strict-
ness of the emission threshold and the temporal matching requirements
discussed in Section 3.1. Australia enforces very stringent implicit grid
withdrawal limits which, under the grid emission factor of 570 g CO:
kWh ™1, permit only 1.9% grid usage. However, requirements in terms of
additionality and temporal correlation are weak, since electricity from
existing renewable plants and annual matching are still accepted
[45,46]. The EU sets a less strict threshold of 3.38 kg CO2 kg™ 'Hz, cor-
responding to around 9% grid withdrawal, but couples this with stricter
temporal matching from 2030 and stricter additionality rules. In the
United States, the Inflation Reduction Act defines a wide range of
emission thresholds and incentives, being slightly less stringent than
Australian levels, but enforce strict temporal matching from 2030.

4. Discussion

This study shows that the feasibility of green steel production from
medium-grade ore is strongly influenced by the interaction between
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renewable supply variability, hydrogen production constraints, and
continuous plant operation. By integrating process-level data from
emerging pilot studies into a 2 Mtpa system framework, this analysis
explicitly links isolated technical insights to the requirements of large-
scale industrial operation.

4.1. System-level implications for green steel deployment

Australia aims to retain leadership in iron ore exports while
capturing more value in low-emissions products. National strategies and
the emerging Guarantee of Origin framework seek to certify low-carbon
hydrogen and enable trade in green commodities. Given uncertainties
surrounding large-scale hydrogen exports, integrating hydrogen use
within higher-value products such as DRI or green steel represents a
pathway that aligns with existing logistics and reduces exposure to long-
distance hydrogen transport. This pathway aligns industrial policy with
climate objectives and reduces reliance on uncertain hydrogen transport
value chains.

Achieving competitiveness in such products depends primarily on
electricity price and carbon intensity. Even with technology learning,
green steel from medium grade ores remains above BF-BOF costs,
without either significant cost reductions in power and electrolysis or
explicit carbon pricing and targeted support. Carbon pricing trajectories
strongly influence the competitiveness frontier between hydrogen-based
and BF-BOF steelmaking. Simulations indicate that carbon prices at
levels comparable to the EU Emissions Trading System would be enough
to close the cost gap between hydrogen-based and conventional BF-BOF
steel production before 2045. Nevertheless, near-term parity remains
challenging without additional support. When accounting for both
projected technology learning and EU ETS-level carbon pricing, we
calculated a remaining cost gap of 125 USD t ™! liquid steel in 2030,
which reduces to 38 USD t~! in 2040. This remaining gap would need to
be covered by further subsidies or accelerated technology cost re-
ductions to achieve full competitiveness.

Due to the currently high cost, natural gas-based DRI represents a
plausible transitional route and was found to be the most cost-efficient
configuration across a broad range of carbon prices and technology
cost assumptions. Comparing these operating concepts exposes a clear
trade-off. While the NG-based route offers lower capital intensity and
less exposure to renewable intermittency, it lacks the structural flexi-
bility to adapt to the shifting competitiveness frontier and carbon pric-
ing. While reducing iron ore with natural gas can deliver moderate
emissions reductions relative to BF-BOF and utilize existing assets, they
still leave 30-40% of process emissions unabated. Additionally, reliance
on natural gas introduces exposure to fossil fuel price volatility and
geopolitical supply risks. Crucially, from a policy perspective, wide-
spread adoption of NG-based steel risks locking in carbon-intensive
infrastructure and delaying investment in truly zero-emission alterna-
tives. Natural gas-based pathways require careful consideration, as
widespread adoption could prolong emissions and delay investment in
zero-carbon routes.

Hourly temporal matching strongly reduced realised system emis-
sions by aligning hydrogen production with renewable availability.
Annual matching understates real emissions by allowing electrolysers to
treat the grid as free storage, shifting stress and emissions to the power
system and obscuring the value of storage and curtailment. Hourly ac-
counting corrects this by aligning hydrogen production with periods of
renewable availability and by revealing when grid power is scarce or
carbon-intensive. While in the EU and USA hourly accounting will start
from 2030, Australia's GO scheme has introduced timestamped certifi-
cates but does not yet mandate hourly correlation, creating a gap with
key export markets and with the physical realities of system operation.

Pairing hourly accounting with a moderate emission threshold
avoids the prohibitive marginal abatement costs observed at very low
grid withdrawals. Our results show MAC escalating beyond 1000 USD
t™! CO> when grid use falls below roughly 2%, while most of the
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abatement is already captured at modest withdrawals. If the threshold is
too high, greenhouse gas abatement against fossil fuel based steel be-
comes negligible. If it is set too low, the already present cost barrier
becomes prohibitive. The results indicate that a threshold around 3 kg
CO: kg~ 'Hz, combined with hourly matching, captures most achievable
abatement without forcing disproportionate overbuild. This corresponds
to about 9% grid withdrawal in Western Australia's current context and
delivers credible emissions reduction without forcing excessive over-
build. This combination aligns with key export markets, preserves
climate integrity, and supports early deployment. As renewable and
storage costs fall with deployment, the cost-optimal design will shift
toward higher shares of dedicated renewables and lower grid with-
drawals, further reducing hydrogen-related emissions over time.

4.2. Limitations

This analysis is grounded in the Australian context, leveraging its
abundant renewable resources, large land availability, and proximity to
Asian markets. While Australia represents a relevant case as the leading
iron ore exporter and an early adopter of hydrogen policy, repeating the
analysis across jurisdictions would increase robustness. Regional dif-
ferences in electricity prices, regulatory environments, or industrial
infrastructure could affect both technical feasibility and economic out-
comes. While absolute costs are specific to the Australian context, the
identified non-linear trade-offs between emission thresholds and system
design are universal. In regions with higher grid carbon intensity (e.g.,
India), admissible grid withdrawals would be lower, potentially
increasing renewable overbuild. Conversely, regions with superior
renewable resource quality or consistency might achieve higher elec-
trolyser utilisation with lower storage requirements.

Several techno-economic assumptions introduce uncertainty. The
cost and performance characteristics of Electric Smelting Furnaces are
still largely unknown. Contrary to equipment related to energy supply
we did not apply technology learning on the Steel plant investment
costs. These parameters should be updated as more detailed technical
data become available. Our model assumes conservative investment cost
estimates and constant steel production, potentially overlooking flexi-
bilities that could reduce energy costs. Additionally, we did not include
hydropower plants or offshore wind farms, which could enhance the
stability of electricity production around the year. These choices may
underestimate potential options for energy firming and emissions miti-
gation. Furthermore, temporal resolution is limited to hourly timesteps
over one year. Shorter intervals or multi-year simulations could reveal
additional dynamics affecting storage needs, specifically regarding
inter-annual resource variability and long-term degradation pathways,
which are currently approximated via mean-lifetime parameters.

Future work should assess competitiveness across diverse regional
contexts and extended planning horizons, incorporate dynamic steel
plant operations, and explore hybrid or transitional technology routes.

5. Conclusions

This study evaluates the techno-economic feasibility of hydrogen-
based steel production from medium-grade ores, focusing on the inter-
action between renewable variability, temporal correlation re-
quirements, emission thresholds, and technology learning. Under
current conditions, green steel from medium-grade ores exhibits an
absolute cost gap of more than 400 USD t ! of liquid steel relative to BF-
BOF production. Projected cost reductions in electrolysers and renew-
able generation narrow this gap substantially by 2050. Carbon prices at
levels comparable to the EU ETS eliminate the remaining cost gap before
2045. However, fostering short-term deployment would require addi-
tional support of about 125 USD t ! in 2030, declining to around 38 USD
t™! by 2040. These results indicate that long-term cost-competitive
green steel from medium-grade ores is challenging but attainable as
energy-system costs fall and cumulative deployment increases.
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High-granularity accounting, such as hourly matching, plays a cen-
tral role in determining realised emissions because it reflects renewable
variability and storage use, prevents the systematic underestimation of
grid-related emissions that arises under annual averaging, and ensures
that incentives drive genuine decarbonization. Pairing hourly account-
ing and additionality with a moderate hydrogen emission threshold
balances climate integrity and feasibility. Our results indicate that
thresholds that force very low grid withdrawals lead to prohibitive
marginal abatement costs, whereas a threshold near 3 kg CO: kg™ 'H:
achieves most of the abatement at far lower cost and aligns producers
with key export markets. Addressing technical bottlenecks such as re-
fractory durability and optimizing dynamic plant operation remain
priorities for future research to ensure the economic feasibility of these
systems across diverse regional contexts.
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