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Unit conversions

UNITS

GJ Gigajoule (1 000 000 000 joules)

PJ Petajoules (1 000 000 gigajoules)

GW Gigawatt (1 000 megawatts)

GWh Gigawatt hour (a gigawatt of power used in an hour)

kL Kilolitres (1 000 litres)

Km kilometre (1 000 metres)

kw Kilowatt (1000 watts of electrical power)

M) Megajoule (1 000 000 joules)

Mwe Megawatt electric (1 000 000 watts of electrical energy)
MWh Megawatt hour (1 000 000 watts of power used in an hour)
MWth Megawatt thermal (1 000 000 watts of thermal energy)
TWh Terawatt hour (1 000 000 megawatt hours)



1 Executive summary

Industry

RD&D to lower the cost of electricity and low carbon fuels can help drive the
economic viability of low emissions technologies for alumina digestion, iron and

steelmaking, and mining heavy haulage operations.

Challenge

Australian industry is made up of a diverse range of sectors that play a crucial role in both domestic and
international markets and contribute significantly to GDP, exports and employment. However, it also remains
one of the largest contributors to Australia’s total emissions and energy consumption. The complexity of

industry decarbonisation pathways, driven by differences in individual operation asset configurations, process
requirements, asset lifetimes, site location and technology availability, requires investment across the
distribution or co-location of low carbon fuel production and renewable energy generation infrastructure, and
energy efficiency technologies.

Scope of analysis

This analysis highlights RD&D opportunities that could support the scale-up, de-risking, and deployment of low
emissions technologies, advancing Australia’s decarbonisation efforts across three Industry sub-sectors:

Iron and steelmaking analyses low emission technologies that provide emissions abatement pathways
for iron and steelmaking, an energy and emissions intensive high-temperature heat process. Five
technologies were explored in more detail to identify RD&D opportunities.

Medium-temperature process steam analyses technology options that can provide emissions
abatement pathways, adopting the digestion phase of alumina refining as a use case. Alumina
digestion is a process extracting alumina from bauxite ore and accounts for a significant amount of
medium-temperature process steam emissions in Australia. Four technologies were explored in more
detail to identify RD&D opportunities.

Mining heavy haulage analyses low emissions technology options that can transport significant
volumes of mined materials in open-pit operations. Due to their significant energy consumption, high
emissions intensity, and demanding operational requirements, heavy-duty diesel trucks present as a
decarbonisation challenge for the mining industry. Two technologies were explored in more detail to
identify RD&D opportunities.



2 Industry overview

Research, development and demonstration (RD&D) will be pivotal in informing and driving the change required
to achieve the energy transition and Australia’s net zero ambitions. However, with limited resources and a
broad array of emerging low emissions technologies, Australia faces the important task of strategically and
collaboratively optimising its RD&D efforts to maximise national benefit.

This study, The State of Energy Transition Technologies, highlights RD&D opportunities that could support the
scale-up, de-risking, and deployment of low emissions technologies, advancing Australia’s decarbonisation
efforts. It is not intended to prescribe research strategies for Australia or any individual organisation. Rather,
it serves as a resource to support constructive dialogue and help navigate the energy transition by leveraging
the nation’s RD&D strengths.

2.1 This report

The State of Energy Transition Technologies consists of a Synthesis report and five technical appendices
spanning a range of Australian energy supply and demand related sectors. This report, focused on industry, is
to be considered alongside the other appendices, and aims to evaluate a diverse range of low emissions
technologies to help explore opportunities for RD&D related to specific industrial activities. It leverages global
literature and CSIRO expertise, designing and applying a technology analysis framework to explore RD&D
opportunities.
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2.2 Australia’s industrial energy needs

Australian industry is made up of a diverse range of sectors that play a crucial role in both domestic and
international markets and contribute significantly to GDP, exports and employment. Sectors include mining,
oil and gas extraction, primary metal production, chemical manufacturing, resource processing and other
essential services. Key industrial supply chains include iron and steel, aluminium, other metals, chemicals, and
liquefied natural gas (LNG), which together generate substantial revenue. For example, the Australia Industry
Energy Transitions initiative report states that these five supply chains contribute 17.3% of Australia’s GDP and
generate $236 billion in annual exports.t

While industry plays a vital role in both the national and global economy, it remains one of the largest
contributors to Australia’s total emissions and energy consumption. Heavy industry accounts for 44% of
Australia’s total emissions, while industrial processes consume 44% of Australia’s total energy.! Industry
emissions refers to direct combustion emissions from burning fuels, coal and gas to generate energy for
stationary purposes. For example, to produce energy for industrial heat, steam and pressure and to produce
energy for mobile equipment in mining, manufacturing and construction.!

Industry decarbonisation pathways are complex. Industry investments are often influenced by the current
state and future development of global markets and supply chains. Fluctuations in resource demand, prices,
and competition on an international level can affect where and how much Australia invests. Investment
decisions are also intertwined with company and site-specific decisions. For example, decisions relating to the
long asset lives of existing infrastructure.

Balancing economic growth with net-zero targets will require Australia to make considered investment
decisions that are aligned with the transformative changes expected in Australia’s energy system. Accelerating
the most relevant and cost-effective of technologies will be essential for positioning Australia’s industrial
sector to remain globally competitive in a decarbonised future.

2.3 Scope of this report

Given the breadth and diversity of Australia’s industrial sectors, this report highlights RD&D opportunities
that could support the scale-up, de-risking, and deployment of low emissions technologies related to iron
and steelmaking, mid-temperature process steam, and mining heavy haulage, advancing Australia’s
industrial decarbonisation efforts.

These three subsectors contribute a significant proportion of energy and emissions compared to other process-
based subsectors. They also represent challenging Australian industrial subsectors which present clear
opportunities for ongoing RD&D effort.

The following section provides an overview of the analysis that informed the scope of this report, including a
high-level overview of iron and steelmaking, mid-temperature process steam, and mining heavy haulage.

1 Climateworks Centre and CSIRO (2023) Pathways to industrial decarbonisation: Phase 3 technical report. Australian Industry Energy Transitions
Initiative, Climateworks Centre.



Industry subsector emissions and energy use analysis

To inform the scope of the report, analysis of emissions and energy use was conducted across various industrial
processes. The analysis highlighted that the top the five top emitting industry sectors? in 2022 represented
80% of emissions but accounted for only 59% of total industrial energy use (See Figure 1).

Figure 1: Total emissions and energy use (%) by industry sector (2022)3
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Analysis of key activities within these industrial processes show that high-temperature heat, medium-
temperature process steam and mining heavy haulage contribute to a significant proportion of energy, heat
and emissions intensity compared to other process-based subsectors (see Figure 2). Together, these activities
account for 32% of the industry sector’s total Scope 1 emissions (including fugitive emissions).

2 Industry sectors are typically classified using the Australian and New Zealand Standard Industrial Classification (ANZIC) system, where a business is
assigned to an industry based on its predominant activity. The ANZIC codes for the industry sectors used in this analysis are as follows: 07 Oil and Gas
extraction, 08-10 Metal Ore and Non-Metallic Mineral Mining and Quarrying, 21 Primary Metal and Metal Product Manufacturing, 06 Coal mining and
18-19 Basic chemical, Polymer and Rubber Product manufacturing. ANZIC codes have been excluded from figures for simplicity.

3 Emissions were sourced from the Department of Climate Change, Energy, the Environment and Water’s (DCCEEW) National Inventory by economic
sector.3 Energy use was sourced from DCCEEW's Guide to Australian Energy Statistics.3



Figure 2: Share of emissions and energy use captured by a selection of industry subsectors (2022)3
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A more detailed breakdown of emissions from specific industry activities is provided in the Australian Industry
Energy Transitions Initiative (IET) Phase 1 and Phase 3 reports.* Unlike medium-temperature steam and mining
heavy haulage, high temperature heat has been analysed in the context of iron and steelmaking. According to
ETI emissions estimates, iron and steelmaking accounts for the largest proportion of emissions for high-
temperature heat processes (57%). Given this and its importance to the Australia economy, it has been
identified as a critical high-temperature heat process to focus on for analysis.

Overview of subsectors analysed within the report

Iron and steelmaking

Australia is the world’s largest iron ore exporter, and the iron and steel industry plays a significant role in
the Australian economy by generating export revenue, supporting domestic and international trade and
creating local employment opportunities.

However, this industry is energy intensive, and the high temperature process heat (>800°C) required for
extracting iron ore and converting it to steel is a significant source of CO, emissions. Based on ETI data, blast
furnace-basic oxygen furnace (BF-BOF) steel production released 10.11 MtCOse in 2022.°

To date, emissions abatement is challenged by brownfield asset lifetimes and capital-intensive processing
infrastructure. Investing in the development of low emission technologies will be required to strengthen
Australia’s supply chain, meet rising demands for green steel and remain competitive in global markets.

4 Emissions estimates have been calculated via internal analysis, drawing on figures from the Australian Industry Energy Transitions Initiative Phase 1
& Phase 3 reports:Butler C, Maxwell R, Graham P, Hayward J (2021) Australian Industry Energy Transitions Initiative Phase 1 Technical Report,
ClimateWorks Australia; and Climateworks Centre and CSIRO (2023) Pathways to industrial decarbonisation: Phase 3 technical report, Australian
Industry Energy Transitions Initiative, Climateworks Centre. Note: Energy and emissions breakdowns were only available for a select few subsectors
and processes and as such final estimates are an underestimate ofoverall energy requirements and emissions across the entire industry subsector.

5> Emissions estimates have been calculated via internal analysis, drawing on figures from the Australian Industry Energy Transitions Initiative Phase 1
& Phase 3 reports:Butler C, Maxwell R, Graham P, Hayward J (2021) Australian Industry Energy Transitions Initiative Phase 1 Technical Report,
ClimateWorks Australia; and Climateworks Centre and CSIRO (2023) Pathways to industrial decarbonisation: Phase 3 technical report, Australian
Industry Energy Transitions Initiative, Climateworks Centre. Note: Energy and emissions breakdowns were only available for a select few subsectors
and processes and as such final estimates are an underestimate ofoverall energy requirements and emissions across the entire industry subsector.



Medium-temperature process steam

Medium-temperature process steam is vital to multiple industrial sectors in Australia, including the
digestion phase of alumina refining, food processing, textile manufacturing and other industrial processes
that require heat at a moderate temperature range (100-300°C).

Like iron and steelmaking, medium-temperature industrial processes are energy intensive. Based on ETI data,
the medium-temperature process heat required for alumina digestion released 9.75 MtCO,e in 2022.5

Decarbonising medium-temperature processes is challenging due to the high upfront costs of transitioning
manufacturing plants, their long life span and the difficulty of sourcing thermal energy from low-or zero
emission sources. While there are multiple pathways forward, such as electrification and thermal energy
solutions, with clear opportunities for RD&D to support the transition toward these low emissions
technologies.

Mining heavy haulage

Mining heavy haulage is essential to the operational efficiency and cost and export competitiveness of
Australian mines. It refers to the transport of large volumes (100 to 400 tonnes) of mined materials, including
ore, coal and overburden in open-pit or underground mining operations.

Mining heavy haulage is a key contributor to total mining emissions. Based on ETI data, heavy mining haulage
in iron, bauxite, coal and other metal (copper, lithium, nickel and zinc) mines released 12.57 MtCO,e in 2022.7

To date, the cost of purchasing zero emission trucks and developing supporting infrastructure, such as such as
charging stations, hydrogen refuelling networks, and grid upgrades in remote mining areas, is significantly
higher than maintaining existing diesel fleets. This creates substantial barriers to decarbonisation for this key
aspect of mining operations. Investing in RD&D to support the transition of heavy mining haulage vehicles to
low emission technologies will be critical to reduce the carbon footprint of this subsector.

6 Emissions estimates have been calculated via internal analysis, drawing on figures from the Australian Industry Energy Transitions Initiative Phase 1
& Phase 3 reports:Butler C, Maxwell R, Graham P, Hayward J (2021) Australian Industry Energy Transitions Initiative Phase 1 Technical Report,
ClimateWorks Australia; and Climateworks Centre and CSIRO (2023) Pathways to industrial decarbonisation: Phase 3 technical report, Australian
Industry Energy Transitions Initiative, Climateworks Centre. Note: Energy and emissions breakdowns were only available for a select few subsectors
and processes and as such final estimates are an underestimate ofoverall energy requirements and emissions across the entire industry subsector.

7 Emissions estimates have been calculated via internal analysis, drawing on figures from the Australian Industry Energy Transitions Initiative Phase 1
& Phase 3 reports:Butler C, Maxwell R, Graham P, Hayward J (2021) Australian Industry Energy Transitions Initiative Phase 1 Technical Report,
ClimateWorks Australia; and Climateworks Centre and CSIRO (2023) Pathways to industrial decarbonisation: Phase 3 technical report, Australian
Industry Energy Transitions Initiative, Climateworks Centre. Note: Energy and emissions breakdowns were only available for a select few subsectors
and processes and as such final estimates are an underestimate ofoverall energy requirements and emissions across the entire industry subsector.
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3 General methodology

The State of Energy Transition Technologies report methodology was designed to highlight RD&D opportunities
that could support the scale-up, de-risking, and deployment of low emissions technologies, advancing
Australia’s decarbonisation efforts. The methodology adopts a multi-stage approach (see , where prospective
technology solutions were identified from a broad list through a technology analysis framework. This formed
the basis for identifying RD&D opportunities that could drive impactful technological progress.

The framework uses a structured approach to consistently filter technologies, while retaining flexibility to
adapt criteria to a broad range of sectors and sub-sectors. This helps ensure technologies are fit-for-purpose
and can meet the expected requirements for indicative energy- and emissions-intensive Australian use cases,
while capturing a diverse range of technologies and RD&D opportunities to support Australia’s sectoral and
economy-wide 2050 net zero objectives.

The analysis derives technology specific RD&D opportunities that could address the technical, economic, and
operational requirements of different sector applications. While extremely important, non-technical RD&D is
outside of the scope of this study. This includes research related to policy and regulation, social licence and
participation, communication and engagement and governance to support the energy transition.

The following is a high-level summary of the methodology and framework applied in this report.

Figure 3), where prospective technology solutions were identified from a broad list through a technology
analysis framework. This formed the basis for identifying RD&D opportunities that could drive impactful
technological progress.

The framework uses a structured approach to consistently filter technologies, while retaining flexibility to
adapt criteria to a broad range of sectors and sub-sectors. This helps ensure technologies are fit-for-purpose
and can meet the expected requirements for indicative energy- and emissions-intensive Australian use cases,
while capturing a diverse range of technologies and RD&D opportunities to support Australia’s sectoral and
economy-wide 2050 net zero objectives.

The analysis derives technology specific RD&D opportunities that could address the technical, economic, and
operational requirements of different sector applications. While extremely important, non-technical RD&D is
outside of the scope of this study. This includes research related to policy and regulation, social licence and
participation, communication and engagement and governance to support the energy transition.

The following is a high-level summary of the methodology and framework applied in this report.
Figure 3: Summary of framework

Technology analysis RD&D analysis

Identified use cases

L
4

Primary
technology and
cost analysis

Primary Technology RD&D
technologies landscape opportunities

Broad list of Preliminary
technologies filtering

Key: Input Process Il Outputs
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Inputs

The broad list of technologies was compiled from most recent Australian and global literature and assigned to
key (sub)sectors (see Appendix A.3 for sources). As the level of detail varied across sources, only technologies
that directly contribute to emissions reduction efforts were considered as inputs to the framework.

Use cases were defined based on energy and emissions intensive applications identified for the
sector/subsector. These use cases were developed to ensure technologies were fit-for-purpose for the specific
(sub)sector, and focus on opportunities with the highest abatement impact. These use cases aim to capture a
diverse range of applications where possible to ensure the technologies explored provide a portfolio of
solutions that align with Australia’s sectoral and economy-wide decarbonisation needs.

Technology analysis

The technology broad list was filtered through a two-stage process to explore their suitability for the chosen
use case(s). Filtering has been conducted on a knock-out basis, ensuring that only technologies meeting all
relevant conditions progressed through the analysis. The order of filters is not indicative of a relative
importance of criteria.

e Preliminary filtering: Three criteria were employed to ensure that the technologies offer marked
emissions reductions in the Australian context:

(1) Relevance to Australia;
(2) Technology maturity; and
(3) Abatement potential ®

e Primary technology and cost analysis: Specific criteria were applied to determine each technology’s
suitability for use case applications, followed by levelised cost analysis to provide a relative comparison of the
long-term feasibility of technology options and to support RD&D opportunity analysis.

(1) The specific criteria used to evaluate suitability differed by subsector. For more detail on the criteria
used across each (sub)sector in The State of Energy Transition Technologies reports, please refer to
Appendix A.3.

(2) Levelised cost analysis was conducted for each use case to identify technologies that are relatively
more cost competitive and therefore likely to play a role in advancing Australia’s decarbonisation
efforts. Explicit thresholds were not applied for this filter. Technologies were assessed based on cost
differentials that distinguish those that are projected to be more cost competitive. Given the
difference in methodology and assumptions across technologies, the levelised cost results were used
to gauge the relative cost of technologies under specified assumptions, rather than the absolute cost
of a particular technology. For more detail on the levelised cost analysis methodology, please refer to
the assumptions provided in Technical Appendix: Levelised cost analysis.

At each filter, technologies were assigned one of three ratings (see Figure 4) based on their ability to meet the
criteria. Where conditions or limitations were identified but deemed surmountable for a given technology, a
‘meets criteria with caveats’ rating was applied.

The subset of technologies that met all filtering criteria are described as Primary technologies, and inform the
technology landscape development and RD&D opportunity analysis.

8 Considers Scope 1 emissions arising from the direct use of a technology, as well as Scope 2 (indirect) emissions generated from the production of key
energy inputs. Some Scope 3 emissions are considered on a case-by-case basis. See the relevant section for further detail.
12



Figure 4: Technology assessment rating criteria

” Meets filter criteria Meets criteria with caveats ‘ Does not meet criteria Not assessed further

Technology landscape

Based on the identified Primary technologies, a technology landscape was developed to guide the exploration
of RD&D opportunities. The identified Primary technologies cannot exist in isolation and form one part of a
broader technology landscape that must be developed in parallel. This landscape includes technologies
essential for the deployment or enhanced performance of the primary technologies, described in The State of
Energy Transition Technologies reports as Auxiliary technologies (see Figure 5).

Figure 5: Technology landscape components

Primary technologies directly contribute to emissions reduction within a given sector.

Auxiliary technologies, excluding Energy efficiency solutions, are required for the deployment or enhanced performance
of the primary technology, including but not limited to distribution and fuelling infrastructure, and tools to optimise
operations.

Energy efficiency solutions can reduce energy usage across Primary and/or Auxiliary technologies. These solutions are
cross-cutting, technology agnostic and likely to be applicable across an identified use case.

RD&D opportunity analysis

Following the development of the technology landscape, RD&D opportunities were explored. These RD&D
opportunities reflect broad workstreams that are likely to help scale-up, de-risk and accelerate the deployment
of low emissions technologies.

The analysis is designed to inform constructive dialogue around the role of RD&D in navigating Australia’s
energy transition. As such, the identified opportunities are not exhaustive of all RD&D areas for the
technologies explored. Where possible, cost projections or quantitative targets for technology development
were also identified, informed by model cost projections, literature reviews, and the input of subject matter
experts. Although out of scope, research related to policy and regulation, social licence and participation,
communication and engagement and governance are important drivers for the progression and adoption of
the explored low emission technologies.

Primary technologies were categorised based on their technological maturity and disaggregated into their key
components where relevant (see Figure 6). These maturity groupings informed the analysis of the type of
research efforts required, such as targeted RD&D to overcome technical challenges (emerging, TRL 4-6) or the
demonstration of full-scale, or near-full scale systems (mature, TRL 7-9). Literature and stakeholder experts
were consulted to determine detailed RD&D opportunities related to the identified technology landscape,
spanning primary, auxiliary and energy efficiency technologies.

13



Figure 6: Technology RD&D opportunity overview
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4 Iron and steelmaking

4.1 Executive summary

Iron and steelmaking glossary:
oxyBF: oxygen blast furnace

Advancing Australia’s low-emission iron and steelmaking will BOF: basic oxygen furnace

require targeted RD&D investment in technology demonstrations

NG-DRI: natural gas direct reduced iron
H,-DRI: hydrogen gas direct reduced iron

using Australian ores, complemented by tailored strategies to ESF: electric smelting furnace
reduce energy demand across operations. EAF: electric arc furnace

Technology Landscape: Brownfield and Greenfield pathways for a 2Mtpa BF-BOF steel mill

Iron and steelmaking involve complex processes and long asset lifetimes, requiring both brownfield and
greenfield decarbonisation pathways and investment in both mature and emerging technologies.

Brownfield pathway technologies Greenfield pathway technologies

oxyBF with coal, oxyBF with partial biomass injection NG - DRI, H, — DRI

e Agglomeration

e  Renewable hydrogen production, storage and distribution

e  HBI/DRI handling and transport mechanisms infrastructure
e  Biomass feedstock processing e  HBI/DRI handling and transporting mechanisms

e  Component modelling
BOF e Agglomeration

e  Control systems for slag optimisation ESF, EAF

e  Beneficiation

e  Renewable electricity generation, storage and
transmission infrastructure

e  HBI/DRI handling and transporting mechanisms

e  Slag utilisation techniques

Carbon capture and storage (CCS) — See Carbon Management technical appendix

Energy efficiency solutions

* Carbon capture and utilisation * Waste heat recovery * Sensing and analytics
* Slag and material utilisation * Beneficiation * Advanced digital modelling

RD&D Opportunities

Brownfield pathway technologies

As an established process, RD&D opportunities for blast furnace ironmaking centre on optimising
input/output streams to improve energy and material efficiencies and reduce emissions, and enabling the
use of lower energy- and emissions-intensive ores.

Partial biomass injection as a substitute for coal and coke requires further piloting and demonstration to
investigate the impacts that biomass can have on operations and steelmaking recycling streams.

Optimisation of low carbon alloying materials and inputs, such as direct reduced iron (DRI) and alloys, will
enable greater portions of scrap to be used in basic oxygen furnaces.

Greenfield pathway technologies

Although direct reduction processes have been demonstrated at pilot scales, there is a need to demonstrate
Australian ores in direct reduction processes using natural gas or hydrogen. This includes demonstrating the
beneficiation and agglomeration of Australia’s magnetite and hematite-goethite ores for use in shaft and
fluidised bed reactors, to determine their feasibility.

Full reactor designs require RD&D to optimise the process at commercial scales.

Demonstrating DRI-based production routes with lower-grade Australian ores is essential to fully characterise
technical and operational requirements to accurately inform costs and areas of cost improvement.

RD&D opportunities to reduce the high energy demand of electric arc furnaces (EAFs) include process
optimisation and novel instrumentation to enable data collection.



- e Substituting the chemical energy component of the process with electrical energy to electrify the entire
process.

e CCS RD&D, across the various brownfield and greenfield production pathways is needed to improve its performance and
economics as an auxiliary system.

e RD&D to improve beneficiation to address the increasing impurity content within Australia ores will support improvements
in both the quality and efficiency of iron and steelmaking in Australia.

e Similarly, RD&D into agglomeration of Australian-based ores is required for shaft-based DRI routes.

e Exploring alternatives to coal for carbon supply can be employed in both electric melter types and reduce reliance on fossil
fuels for carburising the metal during steelmaking.

Energy efficiency solutions

e  Given the inherent requirement of carbon in steelmaking processes, optimising materials efficiencies will be critical to
reducing the carbon emissions and waste impacts that are attributed to steel products.

e  Advanced waste heat recovery systems capable of operating under harsh operating conditions and recovering heat from
high-temperature process by-products provide another opportunity to enhance process efficiency, supported by suitable
energy storage systems.

e Digitalisation is expected to play a continued role in improving the energy efficiency of steelmaking operations and
derisking the scale up of emerging systems, and sensors can inform operational strategies to effectively integrate variable
renewable energy into increasingly electrified plants

Levelised Cost Analysis

Brownfield pathway: Relining of a 2Mt/year BF-BOF steel mill

CCS with partial biomass is projected to be the lowest cost BF-BOF pathway in 2050 for brownfield sites, but is only competitive
when a CO, emission cost is applied to the incumbent BF-BOF process.

Brownfield pathway 2025 m2050 mCO,storage ®mCO,'

$1.600 Levelised cost of liquid steel ($/t)
$1,200

$800

- . . -

$-
2025 2050 2025 2050 2025 2050
oxyBF-BOF with partial oxyBF-BOF+CCS Example incumbent: BF-BOF

biomass+CCS

Greenfield pathway: Retirement of a 2Mt/year brownfield BF-BOF steel mill

Emerging technologies, such as natural gas and hydrogen-based direct reduction routes are likely to offer greater long-term
emissions reductions via greenfield asset end-of-life transitions and are projected to be significantly more cost competitive than
incumbent BF-BOF pathways when accounting for a CO, emission cost.

16



Greenfield pathway m2025 ®2050 ®mCO,storage mCO,’
Levelised cost of liquid steel ($/t)

$1,600
$1,200 -18%* -18%*
-204*
30p* 3%
$800
- I l l
$-
2025 2050 2025 2050 2025 2050 2025 2050 2025 2050
NG- H,-DRI+EAF NG-DRI+EAF H,-DRI+EAF Example
DRI+EAF+CCS with biomass incumbent: BF-
BOF

1. CO, cost: A CO, emission cost is applied to each tonne of emissions produced by a particular technology, consistent with the IEA NZE scenario in 2050. See
Levelised cost analysis and Technical Appendix: Levelised cost analysis for assumptions.

4.2 Introduction

Iron and steelmaking is an energy intensive and emissions intensive production process, accounting for
approximately 7-9% of global greenhouse gas emissions.® Australia plays a key role in global steelmaking, both
as a manufacturer of steel through its two steelmaking facilities (Whyalla, South Australia and Port Kembla,
New South Wales) and as a key supplier of inputs into steelmaking processes in the Asia and Pacific region.
This region accounts for over 75% of global steelmaking capacity and is disproportionally responsible for
industry emissions.*®

Today, 70% of global steel production is performed using the integrated blast furnace (BF)-basic oxygen
furnace (BOF) route, which is heavily reliant on coal and other fossil fuels. In Australia, conventional integrated
steelmaking plants typically consists of integrated sintering plants, pelletising plants, and coke ovens to
produce material inputs for the steelmaking process; the BF-BOF equipment for iron and steelmaking; recovery
processes; water treatment and disposal; and casting and rolling to create finished or semi-finished steel
products. Upstream processes of iron ore extraction and beneficiation are generally considered part of the
materials value chain. Carbon plays a pivotal role in the process, serving functions as a reducing agent, fuel
source and alloying element which influences hardness, ductility (i.e., ability to stretch or deform without
fracturing), and tensile strength of the steel product.

As a result of asset lifetimes, steelmakers are required to make long-term investment decisions that will
ultimately shape the decarbonisation pathways of steel plants. Blast furnaces require periodic relining
approximately every 20 years to maintain operational efficiency. The high capital cost incurred by relining
provides a natural point in which technology investment decisions must be made, and where investment in an
alternative technology solution could be more competitive compared to earlier in the existing assets lifetime.!

For assets that are not yet approaching end-of-life, retrofit and optimisation strategies that can make use of
existing infrastructure will play a vital role in decarbonisation pathways. For new build facilities, or when the
BF is retired, steel mills have the opportunity to adopt alternative technologies that present a more effective
way to decarbonise the steelmaking process.

° Deloitte, WWF (2025) Forging Futures: Changing the nature of iron and steel production.

10 Figure derived from the most recent Green Steel Tracker dataset <https://www.industrytransition.org/green-steel-tracker/> (accessed 26 March

2025); Deloitte, WWF (2025) Forging Futures: Changing the nature of iron and steel production.

11 Advisian (2021) Australian hydrogen market study: Sector analysis summary. Prepared by Advisian for the Clean Energy Finance Corporation (CEFC)
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This chapter presents an analysis of low emissions technologies that are technically feasible and cost
competitive, and could support the decarbonisation of the iron and steelmaking subsector for both existing
facilities and new operations. This informs an exploration of RD&D opportunities that could support the scale-
up, de-risking, and deployment of these technologies.

4.2.1 Iron and steelmaking use case(s)

To explore low emissions technologies in the iron and steelmaking subsector, two use cases have been defined,
reflecting brownfield and greenfield pathways (see Table 1). Through the technology analysis framework, the
technologies explored by this study meet select criteria associated with these use cases.

The brownfield pathway is representative of a 2Mt/year brownfield blast furnace-basic oxygen furnace (BF-
BOF) steel mill reaching the end of its blast furnace life. The BF is relined and the BF-BOF process is fitted with
low emissions technologies to allow for low emissions steel production. This pathway leverages existing
infrastructure, reducing upfront costs while delivering incremental emissions reductions.

The greenfield pathway is representative of a 2Mt/year brownfield BF-BOF steel mill reaching the end of its
blast furnace life. Rather than relining the BF, the furnace is retired, and alternative low emissions technologies
are implemented. This pathway offer higher emissions abatement but will oftentimes incur greater CAPEX
costs associated with new technology deployments.

Given the fundamental differences between these pathways, directly comparing the performance of
technologies across them would be misleading. Instead, the development of two use cases allows technologies
to be assessed on a like-for-like basis within each pathway. This approach ensures options are considered
within the appropriate investment and operational context and reflect the distinct decarbonisation strategies
available to industry based on their existing assets.

These use cases are illustrative and presents requirements that technologies must be able to meet to service
Australia’s iron and steelmaking subsector. In reality, operations in Australia feature different production
capacities and will have asset management strategies that align to their operating models.

Table 1: Use case(s) — Iron and steelmaking

Use case(s) Brownfield pathway Greenfield pathway
A 2Mt/year brownfield blast furnace-basic oxygen A 2Mt/year brownfield BF-BOF steel mill is reaching
furnace (BF-BOF) steel mill is reaching the end of its the end of its blast furnace life. Rather than relining
Description: blast furnace life. The BF is relined and the BF-BOF the BF, the furnace is retired, and alternative low
process is fitted with low emissions technologies to emissions technologies are implemented.

allow for low emissions steel production.

4.3 Methodology: Iron and steelmaking inputs and criteria

The methodology is comprised of several steps (see Figure 7). Technology analysis was performed to first
determine prospective technologies with the potential to contribute to decarbonisation across brownfield
and greenfield sites. This underpinned RD&D analysis, designed to identify broad workstreams that could
drive impactful technological progress.

18



Figure 7: Technology and RD&D analysis framework for iron and steelmaking

Technology analysis RD&D analysis
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4.3.1 Broad technology list

The iron and steelmaking process comprises of several steps (Box 1), each of which requires specific
technologies and equipment.

Box 1: Iron and steelmaking process

Steelmaking is the process of converting iron ore (or scrap steel for secondary steelmaking) into steel by removing impurities (such
as nitrogen, silicon, phosphorus, sulphur and excess carbon) and adding alloying elements (such as manganese, chromium and
nickel) to produce steel of various grades.?

Broadly, the conversion of iron ore to steel involves the following steps:

1. Reduction: the iron oxide compounds in iron ore undergo chemical reactions with reducing agents (typically CO and H;
gas) at high temperatures to strip them of oxygen and convert them into metallic, or ‘reduced’, iron.13

2. Smelting: the metallic iron is heated until melted, and any impurities that resisted reduction (typically silica and alumina)
form a floating molten slag which can easily be separated.

3. Refining: excess reduced elements that are dissolved in the molten iron (i.e., carbon, phosphorus, sulphur) are removed.

Two technology lists were developed for iron and steelmaking to explore potential technology configurations
suitable for both greenfield and brownfield (retrofit) facilities. Each configuration has distinct advantages and
challenges and presents varying levels of disruption to conventional manufacturing processes (Figure 8). The
pathway that steelmakers select will depend on the remaining operational lifetime of infrastructure assets,
site-specific constraints, company decarbonisation strategies, and broader economic and operational factors.

Conventional integrated steelmaking processes involve the use of the blast furnace-basic oxygen furnace (BF-
BOF) route to produce steel from iron ore. Blast furnaces require periodic refurbishing (termed ‘relining’)
approximately every 20 years to maintain operational efficiency.

Broadly, steelmakers may consider brownfield technology pathways in which traditional BF equipment is
relined and retrofitted with integrated low emissions technology solutions, or greenfield technology pathways
in which the BF is decommissioned, and the mill switches to alternative technologies. Three brownfield
technology configurations (Table 2) and 11 greenfield technology configurations (Table 3) were considered.

12 Gadd A, Tame N, Liu X, Dukino R (2023) Prospect: Pathways to decarbonization episode seven. The Electric Smelting Furnace. BHP.
<<https://www.bhp.com/news/bhp-insights/2023/06/pathways-to-decarbonisation-episode-seven-the-electric-smelting-furnace> (accessed 21
Janaury 2025); IEA GHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology 2024-02.

13 These reducing gases are produced by the combustion of carbon-containing materials, like coke, natural gas or biochar. Where hydrogen is used as
the reducing agent, this is injected directly as a gas into the pathway’s reduction reactor.
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Figure 8: Iron and steelmaking pathways

IRON MAKING

REDUCTION
0, is removed to generate metallic iron

Coke oven gos*
[H, CHy, €O, €3y, N3]

Metallic iren and impurities are heated until they melt, and the

STEEL MAKING
REFINING

Removes excess reduced elements that are dissolved in the
maolten iron (i.e., C, Ph, 5), to meet steel requirements

SMELTING

‘slag” (impure) portion is separated

| 200°C Off-gas™ :I :
__4, ! . Ny €0, €O, Hil  Slag " i
. T Ll .
COAL Coking COKE | «— Air/0, 1. BF-BOF __,j Hot metal/ :
l : > «— lime Hh!lfpfg irm}_“ 1
| . fluxes N ]
‘ = Blast Furnace (BF) I Off-gas* I
: . *- . Iron ore lumps, pellets, or sinter are reduced and I €0, €0, NO, H;  Slag 1
IRDN ORE | Partial reducing agents melted by heating them in the presence of a carbon I |
LUMP I or @ or bezring materia {typically coke) I A A by,
__________________________________________________ | I
____________________________________________________ o
Sintering SINTER | : : Lime fluxes —» :| <« s; :
froektactel] ] Off-gas 5l I crap
— ] Carban —» a «— .
- ! 2. DRI-ESF-BOF ¥ " (aptional) :
—>
I Lower grade pellets (S65% Fe) 1) ﬂ‘-? K I
IRON ORE > : . 3 A > . . g !
FINES Pelletising | Mote: Shaft furnaces (pictured Iy : Electric Smelting Furnace (ESF) M I
\ T _ here) require pelletised iron fines. h L DRI with high gangus content is melted inthe | I 1
! ¢ Fluidised bed reactors require iron h ESF and the slag separated off d |
'__---_---__---_----_---_---_T--_) ﬁnesl ::-_________________________________________________________Jll |
| Melter-gasifier ! |
]
| * < 1 Or-gas (#, 0} Coal iz fired to produce gassss that || '
| Reducing agents A partially reduce the iron in a I : :
I : : .
| _[ﬂ_ or /@ or @ 3. Smelting reduction T o~ :| M“')' Basic Oxygen Furnace (BOF) I
I Lower grode pellets (65% Fej Iy | Hi 0, is blown into the molten iron metal, ]
i :I 0; —» I sometimes blended with scrap, to burn ]
: | I: _——— :Cgrgﬂ’l_ ?: _——em e === - e T e T T T T T T : - __a_ll_i_ﬂ_ﬂ; l?l_“il_d_f__ - ___"I
I 4. DRI-EAF Iy e |
» : >
: Higher grade pellets (66% Fa) || |
Iy Electric Arc Furnace (EAF)? |
: Direct Reduced Iron (DRI} h The hot iron metal is charged in 2n electric arc ]
. lIran ore pellets are heated, but not melted, with gasses Iy furrmenwiﬁl\fm_s@nrwiﬂlmpar-dlim |
. that cause reduction. : | fluxes, to produce liquid steel. :
;:1::__________:____:______:__:______i:__:__:__::__:__:__::_:__:__:__::__:__:__:__:____:::__:__:____:__:__:__:::::I
]
]
[ | . . —» Electrolysis unit 1
IROM ORE | 5. Electrolytic steelmaking ¥ Elsctrodes are used to separate ron snd cxygen ons, by 1y,
FINES | applying a current acrass an electrolyre. I
L -

. Brownfield pathway . Greenfield pathway

Lauip
STEEL

m Natural gas @ Biomass @Hydrogen' Pulverised coal injection (PCI) ; Electricity

* BF-BOF off-gases (incl. from coking) are generally recycled back into the BF, BOF, and coking oven, and for power generation.
I.  Scrap-based EAF is considered a discrete form of secondary steel making. While not discussed explicitly here, it is captured within the DRI-EAF pathway.
Il. DRI may be converted to hot briquetted iron (HBI) for storage and transport (incl. export), where it may be used as the iron input into the smelting process.
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Brownfield technologies

Three brownfield technology configurations were considered. Each configuration is a low emissions derivation
of the conventional BF-BOF pathway:

e BF (ironmaking): Iron ore lumps, pellets or sinter are reduced to produce hot metal (or ‘pig iron’) by
heating the ore in the presence of a carbon-bearing material in the BF. The carbon bearing material is
predominantly coke, oftentimes blended with less expensive auxiliary reducing agents like pulverised
coal injection (PCI). Limestone is also added as a flux agent, to remove impurities and facilitate slag
formation.

e BOF (steelmaking): Steelmaking takes place in the BOF, or converter, where oxygen is blown into the
hot metal to react with unwanted elements to form slag.

In a conventional BF-BOF steel mill, the single biggest contributor of CO, emissions in this process is the use of
carbon (coke) as the reductant. To reduce emissions, several strategies are being considered to reduce the
carbon intensity of operations, often in tandem: (1) The integration of CCS; (2) Partial substitution of fossil-
based reductants with low emissions alternatives; and (3) Substituting fossil-based energy sources with low-
or zero-carbon heat and electrical inputs.

Though not explored as a discrete pathway, improving the quality of feed to the BF can have material impacts
on emissions reductions by reducing reductant consumption and improving efficiency. These strategies, such
as switching to pellets from sinter, and adopting greater portions of DRI and scrap in BF burden, are highlighted
instead as RD&D opportunities that could support decarbonisation efforts.

Table 2: Technology category descriptions — Steelmaking (brownfield)

Technology configuration  Explanation

BF-BOF

> oxy-Blast furnace-basic e In this configuration, an oxy-blast furnace (oxyBF) with top gas recycling (TGR) is adopted rather

oxygen furnace (oxyBF- than a conventional BF. The oxyBF uses an oxygen stream intake rather than regular air,

BOF) w/ CCS + TGR reducing nitrogen content in the furnace and allowing higher efficiencies to be achieved when
integrated with CCS. The utilisation of TGR, where treated off-gas is treated and recycled back
into the furnace, leads to a reduced coke consumption, subsequently lowering emissions.4

e CCS (via chemical absorption) is integrated into the BF-BOF process to capture CO; from flue
gas, for storage. The oxyBF means that furnace gas contains higher CO and CO; concentrations,
making it highly compatible with CCS.

> oxyBF-BOF, partial e  Biomass is thermally treated and is injected into an oxyBF as bio-charcoal (‘biochar’) as an

biomass replacement w/ auxiliary reducing agent to reduce coke consumption. Though biochar can fully replace

Cccs pulverised coal injection (PCI) in the BF, biochar does not undergo softening or deformation
during the coking process which is required for coke production. As such, only partial
replacement and emissions reduction is feasible in the integrated steel making process.

> BF-BOF, partial H; . Hydrogen is injected into a standard BF as an auxiliary reducing agent to reduce coke

replacement?> consumption. Hydrogen gases cannot fully replace coal, with only partial replacement and

emissions reduction feasible in the integrated steel making process. Beyond optimal limits, the
flow of reducing gases declines.

1 In some configurations the recycled off-gas is also used in the sinter plant as a fuel source

15 This configuration considers pure renewable hydrogen injection; however, as an intermediary solution, the BF-BOF process can be first optimised to
accept Hz enriched gas (i.e., natural gas, coke oven gas, or hot reducing gases).
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Greenfield technologies

11 greenfield technology configurations were considered. These configurations fall across 4 technology
pathways and are expanded, in detail, in Table 3.

e Direct reduction (pathways 1 and 2): Both direct reduced iron-electric arc furnace (DRI-EAF) and DRI-
electric smelting furnace (DRI-ESF)-BOFs are direct reduction pathways. Ironmaking takes place in
the DRI furnace,® where iron ore pellets are directly reduced using a reducing gas rich in H, and CO
to obtain DRI. The carbon footprint of pellet production is significantly lower than that of sinter,
which forms a large portion of the burden in BF-BOF steelmaking routes.'” Unlike in a BF, this process
only performs the reduction step, producing a solid DRI intermediate, necessitating further
processing via an electric arc furnace (EAF) or an electric smelting furnace (ESF).!®

o EAF: EAFs perform both smelting and refining steps, where the reduced iron is charged,
typically together with scrap, carbon-bearing material and lime fluxes, to produce crude steel.
EAFs are highly sensitive to impurities, necessitating the use of higher-grade pellets (generally
>66% Fe content).’ Where lower-grade ore (i.e., <65% Fe BF-grade ore) is used to generate
DRI, power consumption increases significantly, higher slag volumes are produced in the EAF
and iron is easily lost.

o ESF:Hot DRl is charged to the ESF which melts and, where carbon is added, carburises the DRI.
This is then fed to the BOF where it is converted to crude steel. Comparatively, the ESF can
process lower grade ore more efficiently than EAFs, providing an intermediate step between
DRI ironmaking and the steelmaking unit. Because the ESF can melt DRI with a wide range of
impurities and separate off large volumes of slag, this pathway allows for the continued use
of existing steelmaking units and BF-grade ore pellets.

¢ Smelting reduction (pathway 3): Non-coking coal is fired in a melter-gasifier to produce a stream of
reducing gases (H; and CO). These gases are fed to a reduction chamber which partially reduces the
iron ore. The partially reduced ore then passes through to a metal bath where it is fully reduced.
Steelmaking occurs in the BOF.

e Electrolytic (pathway 4): Electrolytic reduction is a nascent approach to steelmaking. This method uses
electrodes to separate iron and oxygen ions by applying a current across an electrolyte which
eliminates the need for coke, lime, and processes where CO; emissions are an inevitable by-product.

Table 3: Technology category descriptions — Steelmaking (greenfield)

Technology configuration Explanation

DRI-ESF-BOF%

> Natural gas DRI w/ CCS e The DRI furnace uses natural gas as the reducing agent, and the process is coupled with CCS.
Compared to BF-BOF plants, in which recirculated flue gasses lead to multiple emissions points

16 The two leading shaft furnace DRI processes are the MIDREX process and the Energiron/HYL ZR process; International Iron Metallics Association
(2018) Direct Reduced Iron (DRI) <https://www.metallics.org/dri.html> (accessed 8 November 2023).

7 Lv W, Sun Z, Su Z (2019) Life cycle energy consumption and greenhouse gas emissions of iron pelletizing process in China, a case study. Journal of
Cleaner Production 233, 1314. doi:10.1016/j.jclepro.2019.06.180

18 |EA GHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology 2024-02.; Gadd A, Tame N, Liu X, Dukino R
(2023) Prospect: Pathways to decarbonization episode seven. The Electric Smelting Furnace. BHP.

19 Shaft furnaces require high grade pelletised ore, however, some variants, such as fluidised beds, allow for the use of lower grade iron ore fines.

20 Though the DRI-EAF pathway includes a configuration in which H»-DRI with biomass EAF charge, a similar configuration was not included for the ESF
(i.e., H2-DRI + ESF with biomass carbon input + BOF). This was due to a lack of available data on biomass charging in the Electric Smelting Furnace, as
understanding of the quantity and role of biochar continues to be developed. However, research is underway to convert biomass into attractive solid
carbon products suitable for industrial applications including ESFs. https://hiltcrc.com.au/projects/biomass-derived-fuels-and-products-for-green-
steel-production/
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and require gas separation steps to capture CO,, DRI plants are less complex and allow for
carbon capture systems to be retrofitted to facilities with less modifications.
Coal is used as the solid carbon input to the ESF.

> Hydrogen DRI

The DRI uses 100% hydrogen?! as the reducing agent, rather than natural gas, and is preheated
(electrically) prior to injection. The hydrogen reaction is endothermic (compared to an
exothermic reducing reaction by carbon monoxide, CO), necessitating pre-heating for the
reaction to proceed.

Coal is used as the solid carbon input to the ESF.

>Ammonia DRI

Ammonia is employed as the sole reducing gas in the DRI process, rather than natural gas.
Coal is used as the solid carbon input to the ESF.

DRI-EAF
> Natural gas DRI w/ CCS

The DRI furnace uses natural gas as the reducing agent, and the process is coupled with CCS,
similar to DRI-ESF-BOF. Compared to BF-BOF plants, in which recirculated flue gasses lead to
multiple emissions points and require gas separation steps to capture CO,, DRI plants are less
complex and allow for carbon capture systems to be retrofitted to facilities with less
modifications.

Coal is used as the solid carbon input to the EAF.

> Hydrogen DRI

The DRI uses 100% hydrogen?? as the reducing agent, rather than natural gas, and is preheated
(electrically) prior to injection, similar to the DRI-ESF-BOF.
Coal is used as the solid carbon input to the EAF.

> Hydrogen DRI, w/
biomass EAF

The DRI uses 100% hydrogen?3 as the reducing agent, rather than natural gas, and is preheated
(electrically) prior to injection, similar to the DRI-ESF-BOF.
Charcoal is used as the solid carbon input to the EAF, to replace coal.

> Ammonia DRI

Ammonia is employed as the sole reducing gas in the DRI process, rather than natural gas,
similar to the DRI-ESF-BOF.
Coal is used as the solid carbon input to the EAF.

Smelting reduction
> Smelting reduction, coal
w/ CCS

The process uses firing coal to reduce the iron oxides and is coupled with CCS.

> Smelting reduction,
hydrogen plasma

Rather than firing coal, the smelting reduction uses hydrogen in a plasma state to reduce iron
oxides. This is done by generating a hydrogen plasma arc between a hollow graphite electrode
and liquid iron oxide.

Electrolytic steelmaking

> High temperature molten
oxide electrolysis (MOE),
>1,500°C

Iron ore is raised to high temperatures of up to 2000°C and an electrical current is passed
through the chamber, causing the high purity molten iron to separate out of a liquid metal
electrolyte and accumulate at the bottom of the chamber by the cathode while oxygen bubbles
out of the electrolyte and accumulates at the at the bottom of the chamber.

Electrons are the reducing agents, and the products of the reaction are pure metal and oxygen.

> Low temperature
electrolysis (or
‘electrowinning’), <110°C

Fine iron oxide particles are suspended in an alkaline electrolyte. When a current is applied
across the electrolyte, iron deposits on the cathode forming a solid iron plate at 110°C.

4.3.2 Primary technology filters

For each use case, technology assessment involved evaluating the identified technologies against two
performance parameters: ‘scalability of production’ and ‘levelised cost’ (Table 4). These performance
parameters, were deemed to be core operational requirements that will enable or limit technology uptake,
particularly given the energy and cost intensive nature of the subsector. The thresholds for scalability were
established based on to the production capacity of incumbent steelmaking processes. Globally, the capacity

21 Here assumed to be low emissions hydrogen generated via renewable-powered electrolysis

22 Here assumed to be low emissions hydrogen generated via renewable-powered electrolysis

2 Here assumed to be low emissions hydrogen generated via renewable-powered electrolysis
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of BF-BOF plants is highly variable,24 though large plants have typical capacities of 4Mt per year and operate
at 80-90% utilisation.25 The lowest cost mitigation technologies able to meet these filters were progressed
for further RD&D opportunity analysis. Further details on the selected parameters are provided in Section 4.4
Technology analysis.

Table 4: Technology filtering criteria — Iron and steelmaking

Subsector Iron and steelmaking

Use cases Brownfield pathway Greenfield pathway
Preliminary filtering Relevance to Australia

criteria

Configuration can be reasonably deployed and assist in decarbonisation efforts under Australian
conditions.

The criterion identifies constraining factors that may limit or prohibit technology adoption in the
Australian context, including geographical constraints, legislation, or incompatibility with key domestic
resources.

Technology maturity

Configuration has a TRL greater than 3. The TRL index can be found in Appendix A.2.

Note: Though abatement potential is not assessed for this subsector, estimates have been provided in this analysis.

Primary technology Scalability

analysis . . . . TS .
Configurations that can technologically meet current production capacities, in terms of plant size and

process inputs.

Levelised Cost of liquid steel (LCOLS) in 2050

Technologies projected to be the most cost competitive by 2050, distinguished by a cost differential in
LCOLS relative to other assessed technologies (in $/t).

4.4 Technology analysis

This chapter outlines the process of identifying Primary technologies for decarbonising Australia’s iron and
steelmaking industry. Following the technology analysis framework process, two technology configurations
emerged as Primary technologies for further RD&D exploration for the brownfield use case: coal-based oxyBF-
BOF w/ CCS and BF-BOF with partial biomass injection.

Four configurations, across two pathways, emerged as Primary technologies for further RD&D exploration for
greenfield use case: DRI-ESF-BOF and DRI-EAF, where the DRI system adopts either natural gas with CCS or
100% hydrogen as the reducing agent. These technologies were able to service the designated use cases and
satisfy all criteria. The other technologies assessed by the framework but not identified as Primary technologies
could still play a role in reducing iron and steelmaking emissions, for specific use cases, and over time RD&D
can lead to new technologies that can be considered. The results of the technology analysis for iron and
steelmaking are provided in Table 5.

24 The Global Energy Monitor (n.d.) Summary Tables. <https://globalenergymonitor.org/projects/global-steel-plant-tracker/summary-tables/>
(accessed 21 January 2025).

%5 Global Energy monitor (2023) Pedal to the Metal: It’s time to shift steel decarbonization into high gear. <https://globalenergymonitor.org/wp-
content/uploads/2023/07/GEM_SteelPlants2023.pdf> ; IEAGHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive
Technology. IEAGHG Technical Report 2024-02.
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Table 5: Technology analysis results — Iron and steelmaking?®

1. Preliminary filtering

Relevance

Technologies to Maturity Ab:tt:::gl‘t
Australia P
Not assessed. All
Pass threshold TRL>3 pathways
relevant.
Blast furnace-basic oxygen furnace (BF-
BOF)
> oxyBF-BOF, coal w/CCs + 9% IRRITENE 0%
top gas recycling (TGR) ’(’c &) absorption CCS) °
> oxyBF-BOF, partial
biomass w/ CCS L5 90%
> BF-BOF, partial H, TRL7 15%

Direct reduced iron (DRI)-electric smelting furnace (ESF)-
BOF

Geo-
dependent
(ccs)

TRL9 (chem

> Natural gas DRI w/ CCS At S e

Data unavailable

> Hydrogen DRI Data unavailable

> Ammonia DRI TRL2

DRI-electric arc furnace (DRI-EAF)

Primary
technology H Not assessed further

Greenfield pathway

LCOLS (2050)

. Meets filter criteria Meets with caveats Does not meet

2. Primary technology analysis

Brownfield pathway

LCOLS
(2050)

Plant capacity

Plant capacity

Reliant on
successful CCS
integration and

deployment.
Subject to biomass

constraints
222kg of biochar
per tonne LS

$1440

Inconclusive. Industry
investment, comparative cost
analysis, and the transitional *

nature of the pathway

indicates economic
prospects.?’

Plant capacity
uncertain and
currently limited.

Plant capacity
uncertain and
currently limited.

As above. *

26 Details for these figures, including sources/assumptions, are found in Table 6 (maturity), Box 3 (Abatement potential), and under Levelised cost analysis / Technical Appendix: Levelised cost analysis (LCOLS).

27 Tata Steel and BlueScope have made commitments towards ESF production routes. Domestically, Fortescue, and BHP, BlueScope and Rio Tinto (jointly) have announced pilot projects. IEAGHG analysis places costs
for this pathway more expensive than natural gas DRI-EAF with CCS, but less expensive than Hz based DRI-EAF, with the pathway attracting producers who wish to incrementally transition their production to the
direct reduction route. IEAGHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology 2024-02.
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> Natural gas DRI w/ CCS

> Hydrogen DRI

> Hydrogen DRI, w/ biomass
EAF

> Ammonia DRI

Smelting reduction

> Smelting reduction, CCS

>Smelting reduction, H,
plasma

Electrolysis

> High temperature
electrolysis (>1500°C)

> Low temperature
electrolysis (<110°C)

Low
tolerance for
Pilbara ores
(hematite);
Geo-
dependent
(Ccs)
Low
tolerance for
Pilbara ores
(hematite);

As above

As above

Geo-

dependent
(Ccs)

TRL9 (chem
absorption CCS)

TRL 6 (DRI)

TRL 2 (DRI)

TRL 4-8

TRL4

90%

85%

95%

80%

100%

100%

100%

Smaller average plant
size, but capacity can
be achieved.

Smaller average plant
size, but capacity can
be achieved.
Subject to biomass

constraints
54kg of biochar per
tonne LS

Inconclusive

Inconclusive. Established
technologies are less
economical than DRI-ESF-BOF
pathway

Inconclusive

Inconclusive

Inconclusive
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4.4.1 Preliminary filtering results

Key information — Preliminary filtering

Two criteria were employed to ensure that the technologies offer marked emissions reductions in the Australian context:

e Relevance to Australia: Technology can be reasonably deployed and assist in decarbonisation efforts under Australian
conditions.
e  Technology maturity: Technology has a TRL greater than 3.

Abatement potential was not assessed for Iron and steelmaking. Please see Box 2: Defining low carbon steelmaking.

Relevance to Australia

Most of the technology configurations across the two use cases meet this criterion as they can be reasonably
deployed in the Australian context. Both CCS-coupled production routes and DRI-EAF, however, were deemed
to meet this criterion with caveats. Explanations are provided below.

CCS-coupled pathways

Pathways reliant on CCS meet the criteria with caveats, as they are dependent on appropriate subsurface
formations for permanent geological storage.

CCS-coupled pathways rely on point-source carbon capture along the production route, which is then
permanently stored in deep, geological formations. This requires the identification of subsurface structures
that possess acceptable injectivity, capacity and sealing characteristics for permanent CO; storage. For further
detail, please refer to the Carbon Management technical appendix.

DRI-EAF

DRI-EAF technology configurations were deemed to meet this criterion with caveats, due to incompatibility
with domestic ore extraction activities and challenges in sourcing and producing high-grade iron ore inputs
required for this process. A combination of technological and operational solutions will be required to
overcome this limitation and continue to meet Australia’s export and steel manufacturing commitments.

Hematite-goethite ores are the dominant iron ore type extracted in Australia, for both domestic iron and steel
production and export.?® Hematite ores mined in the Hamerlsey Basin region (Western Australia) possess an
average iron content of 56-62%.2° EAFs, however, require higher iron ore content (>65%) as high levels of
impurities (gangue) such as silica, alumina, phosphorus and sulphur limit EAF performance and result in excess
electricity consumption, lower yields and increased costs.°

Magnetite, while abundant in Australia, constitutes only 4% of iron ore exports; though it is used in steelmaking
operations in Whyalla, South Australia. Despite a lower naturally occurring iron content (16-50%), the magnetic
properties of magnetite allow it to be more easily processed (or beneficiated), resulting in a product with higher
iron content (65-69.5%) and fewer impurities than hematite-goethite.3! This product is suitable for DRI-EAF.

2896% of Australia’s iron ore exports constituting high-grade hematite. Summerfield, D (2020) Australian Resource Reviews: Iron Ore 2019.
Geoscience Australia, Canberra. http://dx.doi.org/10.11636/9781925848670
29 summerfield, D (2020) Australian Resource Reviews: Iron Ore 2019. Geoscience Australia
30 Nicholas S, Bairat S (2022) Iron Ore Quality a Potential Headwind to Green Steelmaking Technology and Mining Options Are Available to Hit Net-
Zero Steel Targets. Institute for Energy Economics and Financial Analysis. <https://ieefa.org/resources/iron-ore-quality-potential-headwind-green-
steelmaking-technology-and-mining-options-are> (accessed 20 January 2025)
31Geoscience Australia (2023) Australian Magnetite Ore 2023 Factsheet. Department of Industry, Science and Resources. Commonwealth of Australia.
https://www.australiaminerals.gov.au/__data/assets/pdf_file/0004/176116/Australian-Magnetite-Ore-2023-Factsheet.pdf (accessed 20 January
2025)
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To address this challenge, several strategies could be explored.

1. Advanced ore processing: Improved characterisation, sensing, sorting, separation and beneficiation
technologies can enable the step towards high-quality iron feedstocks (see Section 4.6 RD&D
opportunity analysis).

2. Operational shifts: Future mining operations could shift focus towards the extraction of higher-grade
ores (i.e., magnetite) to meet the demands of DRI steelmakers. It should be noted, however, that the
extraction of magnetite is traditionally higher-cost and with different mineralogical complexities
compared to hematite, requiring the development of technologies, methods and infrastructure to
reduce financial and environmental costs.

3. Alternative pathways: The DRI-ESF-BOF pathway is currently being investigated by leading mining and
steel manufacturers as a potential avenue to utilise BF-grade ore pellets in a DRI-based process.*

Technological maturity

The various pathway and configurations for low carbon iron and steelmaking consist of several integrated
technologies of varying maturity. The technology pathways have therefore been assigned a maturity rating
based on the least mature technology component (see Table 6).

For DRI processes, it is the DRI shaft furnace that largely dictates the maturity of these pathways. Of the
reducing agents considered, the use of ammonia (TRL 2) did not meet the maturity criteria of either DRI
pathway (DRI-EAF and DRI-ESF-BOF). Natural gas-based DRI system are commercial and are used in industry
today. Though systems have been developed to operate on 100% hydrogen more recently, technology
readiness of hydrogen-based DRI is still maturing.

The EAF is a mature technology, designed and optimised for use in secondary steel making. It is therefore more
mature than the DRI component of the DRI-EAF configuration.

The ESF is a well-established unit with many applications in metal refining industries, particularly non-ferrous
applications where mitigating yield losses from large slag volumes is routine.3 Despite this, demonstration of
the technology in ironmaking has not been achieved at industrial scale, and there are only three operations
currently adopting the technology for ironmaking globally. The ores used in these operations do not reflect
domestic characteristics and there are still significant challenges to overcome and optimise the ESF for
ironmaking; rendering it a lower TRL compared to the DRI component of the DRI-ESF-BOF pathway.

The maturity of CCS in the BF-BOF pathway is less mature than that for DRI-EAF. This is largely due to the
routing of flue streams which are channelled through multiple technology units where the calorific component
of off-gases is used as internal fuel.3* This creates many small streams of emissions with varying CO,
concentrations across the BF-BOF site, making the capturing of emissions challenging (see Box 1: Iron and
steelmaking process for more information).

32 For example, BHP, BlueScope, and Rio Tinto: BHP (2024) BlueScope, BHP and Rio Tinto select WA for Australia’s largest ironmaking electric smelting
furnace. <https://www.bhp.com/news/media-centre/releases/2024/12/bluescope-bhp-and-rio-tinto-select-wa-for-australias-largest-ironmaking-
electric-smelting-furnace> (accessed 20 January 2025); and Fortescue: Fortescue (n.d.) Fortescue starts works on Green Metal Project. <
https://www.fortescue.com/en/articles/fortescue-starts-works-on-green-metal-project> (accessed 20 January 2025).

33 |[EAGHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology. IEAGHG Technical Report 2024-02; Gadd A,
Tame N, Liu X, Dukino R (2023) Prospect: Pathways to decarbonization episode seven. The Electric Smelting Furnace. BHP.

34 Benavides K, Gurgel A, Morris J, Mignone B, Chapman B, Kheshgi H, Herzog H, Paltsev S (2024) Mitigating emissions in the global steel industry:
Representing CCS and hydrogen technologies in integrated assessment modeling. International Journal of Greenhouse Gas Control 131,.
doi:10.1016/j.ijggc.2023.103963
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Table 6: Technology maturities — Steelmaking

Technology category

Brownfield pathway

BF-BOF

> oxyBF-BOF w/ CCS + TGR BF/oxyBF:

> oxyBF-BOF, partial biomass o  oxyBF (coal): TRL 6 | CCS: TRL 5 (Chemical absorption)3>
replacement w/ CCS o oxyBF (partial biomass): TRL <636 | CCS: TRL 5 (Chemical absorption)

> BF-BOF, partial H; replacement
Greenfield pathway
DRI-EAF

o  BF(partial H,, direct injection): TRL 737

> Natural gas DRI w/ CCS

> Hydrogen DRI

> Hydrogen DRI, w/ biomass EAF
>Ammonia DRI

DRI-ESF-BOF

o NG:CRI6 | CCS: TRL 9 (Chemical absorption); TRL 5 (Physical absorption)
o Ha: TRL 6-7 (100%, shaft furnace), (TRL 8 for 30% blend)38

o Hz: TRL 6-7 (100%, shaft furnace), (TRL 8 for 30% blend)

o  NHs: TRL2

EAF: CRI 6

> Natural gas DRI w/ CCS
> Hydrogen DRI
>Ammonia DRI

Smelting reduction

DRI: As for above.

o NG: CRI6 | CCS: TRL 9 (Chemical absorption); TRL 5 (Physical absorption)
o Hz: TRL 6-7 (100%, shaft furnace), (TRL 8 for 30% blend)

o  NHs: TRL2

ESF: TRL 5-6 (CRI 6 for non-ferrous industries)

BOF: CRI 6

Coal-based smelting reduction; All TRLs are expected to drop 1-2 levels when
considering the integration of CCS due to system complexity and a lack of large scale
demonstrations.

>
Coal w/ €S o HiSmelt/Corex/Finex: TRL 9 | 7-8 with CCS
o Technored: TRL 7-8 | 6 with CCS
o  Flash Smelting reduction: TRL 6 | 4-5 with CCS
> H; plasma TRL 4
Electrolytic steelmaking
> High temperature molten oxide TRLS
electrolysis (MOE), >1500°C
> Low temperature electrolysis (or TRL 45

‘electrowinning’), <110°C

35 Though other capture systems are under investigation, chemical absorption technologies are the most progressed

36 TRL 9 has been achieved by BF operations in Brazil, in which smaller blast furnaces have been desighed to operate with biomass. Globally, maturity
is considered lower due to the lack of established biochar supply chain and larger blast furnaces. It is further lowered when considering an oxyBF with

top gas recycling as opposed to a conventional BF.

37 Hp-enriched gas injection, such as natural gas or coke oven gas, is higher than direct hydrogen injection at TRL 9, though abatement impact is less

(Refer to Box 4)

38 Shaft-based systems (MIDREX, HYL/ENERGIRON) are most mature for hydrogen DRI, however fluidised bed systems (CIRCORED) are under
development and have been pilot tested with 100% hydrogen. Hydrogen-based flash direct reduction (CALIX/ZESTY) is still emerging — TRL 4-5.
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Abatement potential — Not assessed

Box 2: Defining low carbon steelmaking

A number of proposed definitions and approaches to defining low- or zero-carbon steelmaking are under development. Efforts are
underway to harmonise these definitions and product-level emissions accounting internationally.3® Notably, the World Steel
Association is undertaking a mapping and comparison exercise of steel measurement methodologies to inform discussions
including regarding the possibility of a common benchmark threshold.

Definitions for ‘near-zero’ emissions steel production, including direct and indirect emissions, are converging. The IEA%C provides
the following bounds, with similar thresholds being applied a number of standards and initiatives:*!

e 100% iron: 400 kgCO,e/tcrude steel

e 100% scrap: 50 kgCOse/tcrude steel

For ‘low emissions’ steel production, a wider range of methodologies are proposed. The |IEA secretariat proposes defining
technologies where emissions performance is ‘substantially lower than the best available technology performance’, but not yet
achieving near-zero emissions. This is supported by 5 bands, all varying degrees below the performance of the current dominant
production routes.*2

Other approaches include ‘best in class performance’ and ‘performance at or below an average global trajectory to net zero’.

There are also a number of outstanding issues that have been identified by the UN Industrial Deep Decarbonisation Initiative,
including the treatment of CCS (i.e., the certainty and duration of storage) and the permissibility, design and application of custody
models (i.e., the use of emissions reductions certificates/credits).*3

Supplementary analysis: Emissions estimates

Box 3: Abatement potential — Steelmaking

Abatement potential was not used as a filter but has been provided for completeness. The exclusion of this criterion was founded
on several considerations:

e Incremental transition: While many steelmakers have announced plans to transition away from BF-BOF technology,
these plans primarily involve incremental improvements and bridging technologies. This creates a mix of solutions with
differing abatement potentials all of which could feature in a future decarbonised sector.

e Uncertainty of future transition pathways: The future mix of technologies in the iron and steel sector is highly
uncertain, influenced by a range of factors such as policy settings, technological advances, and market dynamics. This
uncertainty makes it challenging to forecast which pathways will ultimately be adopted and at what scale.

e  The carbon challenge: Many iron and steelmaking pathways are reliant on hydrocarbons to generate heat or as a
process input.** While alternative sources, such as biomass or hydrogen, are under development, emissions are likely to
persist. This makes it challenging to establish a non-arbitrary abatement benchmark.

Technologies were categorised by their relevant use case to avoid undue comparisons between retrofitted solutions and new-
build technologies with inherently lower abatement potential.

Table 7 provides estimated direct emissions from each respective pathway. Associated emissions data has been sourced from the
IEAGHG (2024)*> and POSCO’s Port Hedland Green Steel Project Emissions Assessment*® (pelletising emissions, assumed to emit
42kgCO,/tonne pellets and occurred upstream at the mining site in the IEAGHG (2024) source material) and are aligned with the
carbon costs employed in the levelised cost analysis. These estimates include material and input flows for an integrated plant,
including, where relevant, coking ovens, lime production, integrated sinter plant and pathway reactors.

3% Industrial Deep Decarbonisation (2024) Driving consistency in the greenhouse gas accounting system for steel, cement and concrete products:
GUIDANCE FOR PCR HARMONIZATION. < https://www.cleanenergyministerial.org/content/uploads/2024/12/driving-consistency-in-the-greenhouse-
gas-accounting-system.pdf> (accessed 20 January 2025)

0 International Energy Agency (2024) Definitions for near-zero and lowemissions steel and cement, and underlying emissions measurement
methodologies < https://www.iea.org/reports/definitions-for-near-zero-and-low-emissions-steel-and-cement-and-underlying-emissions-
measurement-methodologies> (accessed 20 January 2025)

4 Kim J, Sovacool BK, Bazilian M, Griffiths S, Lee J, Yang M, Lee J (2022) Decarbonizing the iron and steel industry: A systematic review of
sociotechnical systems, technological innovations, and policy options. Energy Research & Social Science. 89:102565.
https://doi.org/10.1016/j.erss.2022.102565
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Indirect emissions were not included due to a lack of available granular data.

Brownfield pathway

Among retrofit options for the BF-BOF configurations, the partial biomass with CCS pathway achieves the highest emissions
reductions (90%).

The oxyBF-BOF with CCS pathways also offers significant reductions through direct capture and by reducing coke usage in the
oxyBF. However, this currently remains a breakthrough technology with the world’s only operational CCS-equipped steel plant
capturing 26.6% of emissions in 2023 (for a DR facility).” This capture rate also falls short of the 59% determined in this analysis.

Partial hydrogen injection into the BF-BOF process offers more modest abatement potential, primarily stemming from
operational constraints which prevent higher injection rates and additional energy demands for hydrogen pre-heating. It can,
however, also be coupled with CCS technology, to yield further emission reductions.

Greenfield pathway
Generally, new-build pathways enable greater emissions reductions compared to retrofit options.

The natural gas-based DRI pathway provides significant reductions in direct CO, emissions and minimises total energy demand.
Coupled with CCS, it achieves up to 90% abatement compared to the BF-BOF reference case.

Employing hydrogen as the reducing agent further reduces direct emissions on the reference case, even when using coal as the
carbon source in the EAF. When replaced with charcoal, a 95% reduction is achieved. The difference between the H,-DRI-EAF
process in which a fossil carbon source and where a biomass carbon source is used, suggests that approximately 9% of emissions
of direct CO, emissions can be avoided when switching to biomass.

A number of pathways also provide the opportunity for minimal emissions when powered by renewable electricity. Assuming the
grid is near-decarbonised, reductions would translate to pathways reliant on electrical inputs.

42 Similar frameworks are also proposed by ResponsibleSteel; LESS and GCCA.

43 Industrial Decarbonization Accelerator (2025) FACTSHEET: Aligning global standards to define low and near-zero emissions materials.
<https://www.industrialenergyaccelerator.org/general/factsheet-aligning-global-standards-to-define-low-and-near-zero-emissions-materials/>
(accessed 20 January 2025)

4 Kim J, Sovacool BK, Bazilian M, Griffiths S, Lee J, Yang M, Lee J (2022) Decarbonizing the iron and steel industry: A systematic review of
sociotechnical systems, technological innovations, and policy options. Energy Research & Social Science. 89:102565.
https://doi.org/10.1016/j.erss.2022.102565

45 |EA (2024) IEAGHG Technical Report 2024-02 Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology. IEA
Greenhouse Gas R&D Programme. <https://ieaghg-publications.s3.eu-north-1.amazonaws.com/Technical+Reports/2024-
02+Clean+Steel+An+environmental+and+technoeconomic+outlook+of+a+disruptive+technology.pdf> (accessed 17 January 2025).

46 POSCO (2024) Port Hedland Green Steel Project — Decarbonisation Project Emissions Assessment
<https://www.epa.wa.gov.au/sites/default/files/PER_documentation2/Appendix%207%20GHG%20Emissions%20Assessment.pdf> and EPA
(Government of Western Australia) (2025) Port Hedland Iron Project — Stage 1, Report 1789
<https://www.epa.wa.gov.au/sites/default/files/EPA_Report/EPA%20report%201789%20Port%20Hedland%20Iron%20Project.pdf>

47 IEEFA (2024) CCUS for steelmaking rapidly losing its lustre. <https://ieefa.org/articles/ccus-steelmaking-rapidly-losing-its-lustre> (accessed 20
January 2025)
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Table 7: Abatement potential — Steelmaking

Technology Emissions from CO, CO; captured Total Abatement Notes
pellet use produced kgCO,/ton LS potential,
%
BF-BOF, coal (Reference case) 23 1837 0 1860
DRI-EAF, natural gas (NG) 53 524 0 578 69%
Brownfield pathway
BF-BOF
> oxyBF-BOF, coal w/ CCS + top gas recycling (TGR) 22 1837 -1102 757 59% 94% capture rate.
> BF-BOF, partial Ha 23 1556 0 1579 15% Assumgs a maX|mum.hydroger1 injection rate of 27.5kgH2/tum, replacing 120kg
PCI. This sees a small increase in coke rate.
> BF-BOF, partial biomass w/ CCS 22 1266 -1101 187 90% g:;zscsko.SQng PClI to charcoal replacement and carbon-neutral biomass

Greenfield pathway

DRI-ESF-BOF
> NG w/ CCS
Data unavailable.
>H>
DRI-EAF
>NG w/ CCS 53 524 -369 209 89% 95% capture rate.
>H: 53 223 0 276 86% 100% H: reduction. Carbon addition to the EAF was assumed to be from coal.
> Hy, w/ biomass EAF 53 47 0 100 959% :clr?;):/:ol-;zl reduction process. Carbon addition to the EAF was assumed to be from

Smelting reduction

Data unavailable. Industry pilots suggest an 20% reduction using
> Coal w/ CCS Hlisarna smelting reduction compared to a conventional BF-BOF plant, 80% Based on a 60,000t/yr melt reduction vessel.
and 80% when coupled with CCS.*

> H; plasma 0 0 0 0 100%

Electrolysis

> High temperature electrolysis (>1500°C) 0 0 0 0 100% Despite, zero direct emissions, indirect emissions from electricity supply will
> Low temperature electrolysis (<110°C) 0 0 0 0 100% apply.

48 TATA Steel (2020) HISARNA Building a sustainable steel industry. <https://products.tatasteelnederland.com/sites/producttsn/files/tata-steel-europe-factsheet-hisarna.pdf>
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4.4.2 Primary technology analysis

Key information — Primary technology analysis

Two criteria were employed to ensure the suitability and feasibility of each technology for the use case applications
determined.

e  Plant capacity: Configurations that can technologically meet current production capacities, in terms of plant size and
process inputs.

e  The Levelised Cost of liquid steel (LCOLS): Explicit thresholds were not applied for this filter. Technologies were assessed
based on cost differentials that distinguish those that are projected to be more cost competitive.

Plant capacity

This filter evaluates the operational production capacity of the various steelmaking pathways, to understand
solutions that can allow for current and future demands for steel to be met. Configurations that can
technologically meet current production capacities, in terms of plant size and process inputs, are deemed to
meet the criteria.

Two factors were considered to qualitatively determine the scalability of steelmaking technologies across the
two use cases: typical plant size and the scalability of process inputs such as electricity and hydrogen. Where
process inputs are considered, this filter investigates the scale of resources required; it does not consider
non-technological considerations such as cost, availability and access. Australia’s domestic capacity for
compatible ore types, particularly DR-grade pellets, is captured under the Relevance to Australia preliminary
filtering criteria.

The majority of Australia’s steel is produced by two large integrated steel mills: Whyalla, South Australia
(1.2Mtpa)* and Port Kembla, New South Wales (3.2Mtpa).>° In 2023, Australia produced about 6 Mt of steel.

Configurations were evaluated, relative to the production capacity of incumbent steelmaking processes.
Globally, the capacity of BF-BOF plants is highly variable,>! though large plants have typical capacities of 4Mt
per year and operate at 80-90% utilisation.>® This is also reflective of Australia’s Port Kembla site. Despite
high coal usage for reduction and heat generation, BF-BOF production is not constrained by input supply.

Brownfield pathway: BF-BOF configurations

For BF-BOF retrofits, configurations are expected to operate with production capacities comparable to
conventional systems (i.e., up to 4Mt of liquid steel). However, input constraints vary by configuration:

oxyBF-BOF with CCS and TGR

42 GFG Alliance (n.d.) About the Whyalla Steelworks. <https://www.gfgalliance.com/whyalla-transformation/about-the-steelworks/> (accessed 21
January 2025).
50 BlueScope (2024) Transforming Port Kembla Steelworks <https://www.bluescope.com/our-steel/case-studies/Transforming-Port-Kembla-
Steelworks> (accessed 20 January 2025)
51 The Global Energy Monitor (n.d.) Summary Tables. <https://globalenergymonitor.org/projects/global-steel-plant-tracker/summary-tables/>
(accessed 21 January 2025).
52 Global Energy monitor (2023) Pedal to the Metal: It’s time to shift steel decarbonization into high gear. <https://globalenergymonitor.org/wp-
content/uploads/2023/07/GEM_SteelPlants2023.pdf> ; IEAGHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive
Technology. IEAGHG Technical Report 2024-02.
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This configuration meets the criteria with caveats. The deployment of carbon capture infrastructure and its
integration will be the largest constraining factor for meeting scalability. CCS processes demand significant
energy demands of ~170kWh/tCO,.>® Though this can be supplied by natural gas, if drawing on electricity,
this could place significant demand on the grid and may necessitate network upgrades to position this
technology as a viable low emissions pathway.

Partial hydrogen

Hydrogen utilisation in the BF-BOF meets the criteria, with caveats. Despite restricted uptake potential in BF
configurations kerbing the potential scale of hydrogen adoption, these pathways may be subject to input
limitations for large-scale hydrogen production.

Hydrogen injection in BF-BOF is limited to 5-10% due to operational constraints.>® Beyond this, the
exothermic CO reduction shifts to an endothermic hydrogen reduction, necessitating significant redesigns.
As such, higher hydrogen shares would require extensive blast furnace redesign to accommodate external
heat sources and altered operational chemistry.>®

For a 4Mt/year production plant, 109kt of hydrogen would be required.’® Electrolysis pathways (see the Low
Carbon Fuels technical appendix) require large amounts of electricity to operate, necessitating grid network
upgrades and scaled renewable generation capacity to meet hydrogen production demands. Meanwhile,
water availability could pose a challenge in arid and water-constrained regions of Australia, whereby
regional-specific area studies are required to determine the feasibility of electrolysis developments.

Partial biomass

Biomass-reliant pathways were deemed to meet the criteria, with caveats. Biomass is a supply limited source
where cost, availability and access will be a factor in deployment (see the Low Carbon Fuels technical
appendix for further information).

Biomass can be employed as a complete replacement for coke and coal in several additional BF-BOF
processes (see, for example, Table 8). The adoption of biomass at an integrated steelmaking facility depends
on its viability as a replacement for PCl as a partial BF reductant. This application offers the highest
displacement potential and impetus for shoring up supply chains. Though coal demand for coke production
is highest, biomass substitution in the BF potential is capped at 2-10%.>” At higher concentrations, the
biomass degrades the mechanical properties of the coke, thereby reducing furnace stability.>®

As per the cost analysis (in the subsequent section), approximately 222kg of biochar is required to replace
traditional carbon sources, per tonne of liquid steel. Yields for biomass to biochar generally range from 12-

53 [IEAGHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology. IEAGHG Technical Report 2024-02

54 As a reference case, Yilmaz et al (2017), found an optimal hydrogen injection rate in replacing 120kg/tum of pulverised coal injection with
27.5kg/tum of hydrogen. Yilmaz C, Wendelstorf J, Turek T (2017) Modeling and simulation of hydrogen injection into a blast furnace to reduce
carbon dioxide emissions. Journal of Cleaner Production 154, 488. doi:10.1016/j.jclepro.2017.03.162.

55 Yilmaz C, Wendelstorf J, Turek T (2017) Modeling and simulation of hydrogen injection into a blast furnace to reduce carbon dioxide emissions.
Journal of Cleaner Production 154, 488. doi:10.1016/j.jclepro.2017.03.162

6 Based on a maximum hydrogen injection rate of 27.5kgH./tuw, replacing 120kg PCI.

57 Please note, the cost analysis only considers biochar as a PCl replacement in the BF, and does not consider alternative methods of biochar
adoption as outlines in Table 8. See also, Suopajarvi H, Umeki K, Mousa E, Hedayati A, Romar H, Kemppainen A, Wang C, Phounglamcheik A,
Tuomikoski S, Norberg N, Andefors A, Ohman M, Lassi U, Fabritius T (2018) Use of biomass in integrated steelmaking — Status quo, future needs and
comparison to other low-CO2 steel production technologies. Appl Energy 213, 384. doi:10.1016/j.apenergy.2018.01.060; Liu Y, Shen Y (2021)
Modelling and optimisation of biomass injection in ironmaking blast furnaces. Prog Energy Combust Sci 87,. doi:10.1016/j.pecs.2021.100952
%8 This is caused by the different thermoplastic qualities possessed by biomaterials compared to coal, and lower thermal degradation temperatures.
Khasraw D, Martin C, Herbert J, Li Z (2024) A comprehensive literature review of biomass characterisation and application for iron and steelmaking
processes. Fuel 368,. doi:10.1016/j.fuel.2024.131459.
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50%, depending on feedstock and process; this would therefore require between 440-1850kg of raw biomass
feedstock.>®

Table 8: Biomass BF-BOF displacement potential®®

Materials Coal demand (kg/ton HM) Bio-charcoal replacement ratio
Cokemaking 300 2-10%

BF injection (PCI) 150 Up to 100%

BF nut coke replacement 45 Up to 100%

BF briquette 10 Up to 100%

Sintering solid fuel 76.5 Up to 100%

Greenfield pathway: DRI-EAF configurations

DR plants typically have a smaller capacity than the BF-BOF process, due to the smaller size of the shaft
furnace.®! Typical DRI plants are smaller than blast furnaces (~1.1 Mt/year) but can scale to 4 Mt/year in
advanced facilities, with this capacity achieved in several locations worldwide.®?

Regarding the various DRI-EAF configurations, the scalability of process inputs may introduce constraints:
Natural gas DRI with CCS
This configuration meets the criteria with caveats.

The deployment of carbon capture infrastructure and its integration will be the largest constraining factor
for meeting scalability. It will also require significant electrical power (124kWh/tCO,), increasing electricity
demands by 60%.%% This could place significant demand on the grid and may necessitate network upgrades
to position this technology as a viable low emissions pathway.

Hydrogen DRI
This configuration meets the criteria with caveats.

Retrofitting natural gas DRI plants for hydrogen requires a volumetric ratio substitution of approximately 3:1
based on the respective energy equivalence of each compound (i.e., 3m* H, replaces 1m3 CH,).%*

As per the cost analysis (in the subsequent section), approximately 240m?3 of natural gas is consumed per
tonne of liquid steel produced via the gas-based DRI-EAF pathway. When replaced and optimised for

59 Safarian S (2023) Performance analysis of sustainable technologies for biochar production: A comprehensive review. Energy Reports 9, 4574.
doi:10.1016/j.egyr.2023.03.111

60 Mathieson J, Rogers H, Somerville M, Jahanshahi S and Ridgeway P (2011) Potential for the use of biomass in the iron and steel industry. In:
Chemeca 2011. Conference Material, September 2011. http://hdl.handle.net/102.100.100/103072?index=1; Fan Z, Friedmann SJ (2021) Low-carbon
production of iron and steel: Technology options, economic assessment, and policy. Joule 5, 829. doi:10.1016/j.joule.2021.02.018; Pandit J, Watson
M, Qader A (2020) Reduction of Greenhouse Gas Emissions in Steel Production. CO2 CRC.
<https://www.resources.nsw.gov.au/sites/default/files/2022-11/report-reduction-of-ghg-emissions-in-steel-industries.pdf>
61 IEAGHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive Technology. IEAGHG Technical Report 2024-02
62 Global Energy Monitor (2024) Global Steel Plant Tracker. Summary Tables, April 2024. Count of Iron & Steel Plants by Production Method in Each
Country/Area & Operating Iron Capacity (TTPA) by Production Method in Each Country/Area. <https://globalenergymonitor.org/projects/global-
steel-plant-tracker/summary-tables/> (accessed 22 November 2024); Midrex Technologies Inc. (2024) 2023 WORLD DIRECT REDUCTION STATISTICS.
Englewood Cliffs, New Jersey, USA. <https://www.midrex.com/wp-content/uploads/MidrexSTATSBook2023.Final_-2.pdf > ; IEAGHG (2024)
63 Cost analysis, based on IEA GHG (2024) sees the natural gas DRI-EAF pathway require 433kWh/tonne of liquid steel. This increases to 705kWh per
tonne of liquid steel when coupled with CCS. IEA GHG (2024) Clean Steel: an Environmental and Technoeconomic Outlook of a Disruptive
Technology 2024-02.
64 Based on the Higher Heating Value, where hydrogen is taken to be 12.7MJ/m3and natural gas (methane) is taken to be 39.8MJ/m3
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1.8 To meet this

hydrogen production, approximately 580m?* of hydrogen is required per tonne of liquid stee
requirement, an increase in gas delivery and storage is required, depending on buffering requirements,
alongside greater renewable electricity capacity to support electrolytic hydrogen production (see the Low

Carbon Fuels technical appendix) and for additional process steps, like hydrogen preheating.®®

For a 4Mt/year production plant, 209kt of hydrogen would be required. This figure is substantially higher
than the BF-BOF, partial hydrogen replacement. To overcome hydrogen constraints in the near-term, shaft
furnaces may be run on natural gas and transitioned to hydrogen feedstock over time as Australia’s capacity
to produce fully low carbon fuels grows.

Hydrogen DRI, w/ biomass EAF

Biomass-reliant pathways were deemed to meet the criteria, with caveats. Biomass is a supply limited source
where cost, availability and access will be a factor in deployment (see the Low Carbon Fuels technical
appendix for further information).

As per the cost analysis, the biomass input totals 54kg per tonne of liquid steel. Yields for biomass to biochar
generally range from 12-50%, depending on feedstock and process; therefore, this would require between
108-450kg or raw biomass feedstock.®’ Similar to the BF-BOF pathway, biomass pathways are subject to
resource limitations with the sustainable supply of biomass will ultimately shaping the scale and role that
biofuels will play in a future energy mix.

In addition, the same limitations for hydrogen DR ironmaking apply as per the above pathway.

Greenfield pathway: DRI-ESF-BOF configurations

For this analysis, ESFs are assumed to operate at smaller scales at ~1.5 Mt/year given their nascency in
processing DRI into hot metal.®® Scalability is also dependent on the availability of reducing agent, which were
assigned ratings by interpolating the DRI-EAF and BF-BOF pathway results.

e Natural gas with CCS: Meets the criteria with caveats, owing to reliance on CCS infrastructure
deployments and high low-carbon electricity demand.

e Hydrogen: Meets the criteria with caveats, owing to increased hydrogen and electricity requirements
(three times the amount of natural gas delivery/storage capacity would be required alongside
sufficient electrolyser capacity).

e Biomass: Meets the criteria, with caveats. Biomass is a supply limited source where cost, availability
and access will be a factor in deployment.

85 Once also accounting for up to 30% hydrogen can be blended into an existing system without process changes; 100% replacement of natural gas
to hydrogen requires minor retrofit. ~0.23MWh of electricity is required for hydrogen pre-heating per ton DRI.
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