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Executive summary

Steelmaking is highly carbon-intensive, accounting for 6% to
9% of global emissions each year. Ironmaking generates up
to 90% of steel emissions under the most common process.

Current decarbonisation options for ironmaking use higher-
grade iron ore feedstocks, including magnetite, or increasing
production via the Direct Reduced Iron (DRI) pathway. While
DRI offers substantial emissions reduction potential, less
than 5% of global iron ore meets the required purity level.

Transformational reductions in ironmaking emissions will
require the development and commercialisation of new
processes capable of producing green iron using lower-
grade ore feedstocks. As the world's largest iron ore
exporter, Western Australia’s (WA) iron ore industry is
actively exploring pathways to support global
decarbonisation of the steel industry and generate local
economic value.

If these technologies are commercialised and supported
with the right policy settings, WA could produce at least
4.5Mt of green iron by 2030, with industry feedback
indicating this nearer term opportunity could be larger. Over
the longer term, WA could supply in excess of 14% of global
green iron by 2050, leveraging established industrial
capability and renewable energy generation potential.

This could reduce global emissions by 1.2% (456Mt of CO,),
nearly equivalent to Australia's current domestic emissions
(465Mt of CO,), generate $74 billion in economic value in
addition to iron ore exports, and support 19,600 additional
ongoing direct jobs by 2050 (excluding construction jobs).

However, WA'’s future position as a globally competitive
green iron producer is not guaranteed. Other regions are
moving quickly to develop green iron capabilities and lower
the cost of low emissions energy generation - the main cost
factor in green iron production.

Meeting WA's 2030 green iron potential could require $37.5
billion in investment from private and public sources:

= $23 billion (62%) in energy infrastructure, including
renewable energy generation, storage, and transmission;

= At least $2.2 billion in upgrading or expanding enabling
infrastructure like ports, roads, and water facilities; and

= $12.2 billion in production facilities for green iron and low
carbon hydrogen.

Long development timeframes mean investment is needed
now, but WA’s fragmented electricity networks, complex
State and Federal approval processes, and the high-cost
environment are slowing investment.

Government and industry need to work together to realise
WA'’s potential and create value-adding opportunities for
one of Australia’s largest exports.

This can be done by developing a green iron industry
strategy for WA, outlining the coordinated actions needed
between State and Federal Government to encourage
investment in first mover projects and reach WA’s 2030
potential green iron potential.

This includes accelerating the construction of low emissions
energy generation in WA, growing WA’s enabling
infrastructure network and fast-tracking the scale-up of new
green iron technologies.

Priority policy actions for 2030 include:

= Expanding state and federal measures to ensure access
to reliable and cost-competitive low emissions energy;

= Developing common-user infrastructure for electricity
transmission, hydrogen transport, and water pipelines to
help unlock economies of scale;

= Expanding research and development (R&D) support,
incentives and grants to fast-track Australian green iron
technology development and commercialisation;

=  Streamlining environmental and planning approvals
across jurisdictions and establishing priority pathways for
activities supporting global decarbonisation;

= Facilitating offtake agreements with potential green iron
importer countries; and

= Supporting international efforts to develop standards for
green iron measurement.

With coordinated action, WA could become a global leader in
green iron production, increasing the economic contribution
of its iron ore resources and contributing to global emissions
reduction.
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STEEL VALUE CHAIN

Steel underpins global growth
and is essential to the energy
transition

Steel is a core building block of modern economies. Steel demand
increases with economic development and growth. It is an essential
input for the production of cars, ships, trains, electrical appliances
and buildings.

In 2023, global crude steel production reached nearly 1.9 billion
tonnes (1,855Mt).! Annual steel production is projected to increase
by 35% from 2020 to 2050.

Supporting the energy transition alone will require an annual
average of 170 million tonnes of steel from 2022 to 2050 -
equivalent to 8% of projected steel production in 2030.2 Steel is
critical to enabling transition technologies, including wind turbines,
electric vehicles, and advanced manufacturing processes.3

Steel is produced globally using iron ore feedstocks in two dominant
pathways:

1. Blast Furnace - Basic Oxygen Furnace (BF-BOF): The primary
method responsible for about 73% of global steel production.

Direct Reduced Iron - Electric Arc Furnace (DRI-EAF): This
process requires very high-grade iron ore feedstocks, which are
in short supply (only 5% of global seaborne ore). It is also the

primary pathway for recycling scrap steel.

12 Energy Transitions Commission (2023) Material and Resource Requirements for
the Energy Transition. 3 Energy Transitions Commission (2022) Making Net-Zero
Steel Possible.

Source: World Steel Association (2021) Energy use in the steel industry; Mandala
analysis.

Global crude steel production by year!
Million tonnes (Mt), annual production 2000 - 2020, forecast production 2020 - 2050

(+35%

\ 19970/ v
2,547 Mt

2,285 Mt
2,175 Mt

1,885 Mt

1,435 Mt

2000 2010 2020 2030 2040 2050

1 Forecasts are informed by IEA (2023) Steel and Aluminium; Mission Possible Partnership (2022)
Steel: Pathways to Net Zero, Net Zero Industry (2024) Net Zero Steel Pathways; and Wood Mackenzie
(2023) Steel decarbonisation to redefine supply chains by 2050.
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https://www.iea.org/reports/steel-and-aluminium
https://dash-analytiq.plotly.host/mpp-steel-net-zero-explorer/
https://netzeroindustry.org/net-zero-steel-pathways-and-countries-results/
https://www.woodmac.com/press-releases/steel-decarbonisation-to-redefine-supply-chains-by-2050/
https://www.energy-transitions.org/wp-content/uploads/2023/08/ETC-Materials-Report_highres-1.pdf
https://www.energy-transitions.org/publications/making-net-zero-steel-possible/#:~:text=Steel%20is%20integral%20to%20the,vehicles%2C%20and%20advanced%20manufacturing%20processes.
https://worldsteel.org/wp-content/uploads/Fact-sheet-energy-in-the-steel-industry-2021-1.pdf

STEEL VALUE CHAIN

There are two dominant steelmaking pathways from iron ore feedstocks with the
BF-BOF pathway the most common (73% of production)

Overview of current iron and steelmaking processes using iron ore feedstock

Ironmaking Steelmaking

All grades of iron ore Blast Furnace Basic Oxygen Furnace!

! !

Carbon and alloying metals

Lower and higher-grade ores, Coking coal acts as a
including hematite, hematite- reductant, removing oxygen,
goethite and magnetite and a heat source, removing
impurities

iron ore only

Higher grade ores, including Natural gas acts as a Scrap steel and aolloymg
. . . . metals (approx. 60% of EAF
hematite, hematite-goethite reductant, removing oxygen .
. feedstock is scrap)
and magnetite

Iron (Fe) content:

55% - 68% Fe » 90%+ Fe > 97%+ Fe

1. Basic oxygen furnaces can also include scrap steel in production.
Source: Benavides et al. (2024) Mitigating emissions in the global steel industry; Center on Global Energy Policy (2021) Low-Carbon Production of Iron & Steel; Geosciences Australia (2018) Iron

Ore; MRIWA (2023) Western Australia’s Green Steel Opportunity; SMS Group (2021) Decarbonization of iron production; World Steel Association (2021) Fact sheet: Energy use in the steel industry;
Mandala analysis. T MANDALA | 6



https://www.sciencedirect.com/science/article/pii/S1750583623001330#:~:text=Globally%2C%2072%25%20of%20steel%20is,via%20the%20DRI%2DEAF%20pathway.
https://www.energypolicy.columbia.edu/publications/low-carbon-production-iron-steel-technology-options-economic-assessment-and-policy/
https://www.ga.gov.au/scientific-topics/minerals/mineral-resources-and-advice/australian-resource-reviews/iron-ore
https://acilallen.com.au/uploads/projects/736/ACILAllen_WAGreenSteel_2023.pdf
https://www.sms-group.com/insights/all-insights/decarbonization-of-iron-production#:~:text=The%20integrated%20Blast%20Furnace%2DBasic,added%20during%20the%20BOF%20process.
https://worldsteel.org/wp-content/uploads/Fact-sheet-energy-in-the-steel-industry-2021-1.pdf

STEEL VALUE CHAIN | PRELIMINARY - FOR DISCUSSION

Australia, particularly Western Australia, is a major source of iron ore globally,
supplying 58% of global iron ore import demand

Volume of Australian iron ore exports by destination Australia’s share of iron ore imports

Million tonnes (Mt) of iron ore and WA share by trade partner, FY 2024 % of iron ore imports supplied by Australia, 2023
874.4Mt

737.9Mt

China Japan Republic Other All countries! China Republic of Korea World Japan
of Korea

99% 100% 97% 97% 99% &—

+ 99% of Australia’s iron ore exports were produced in WA (865Mt in FY24)23
+ 96% of exports are hematite and hematite-goethite, with <4% magnetite*

WA share of Australia's iron ore exports

1 Exports only include ‘iron ore and concentrates.” 2 DFAT (2024) Trade Statistical Pivot Table, State by country and SITC pivot table. 3 WA Dept of Energy, Mines, Industry Regulation and Safety
(2024) Major Commodities Resource Data. 4 WWF Australia (2024) Australia’s Green Iron Key.

Source: Department of Industry, Science and Resources (2024) Resources and energy quarterly: September 2024; DFAT (2024) Trade Statistical Pivot Table, State by country and SITC pivot table;
Department of Energy, Mines, Industry Regulation and Safety (2024) Latest statistics release; UN (2024) UN Comtrade Database; Mandala analysis.
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https://www.dfat.gov.au/trade/trade-and-investment-data-information-and-publications/trade-statistics/trade-statistical-pivot-tables
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Fwww.dmp.wa.gov.au%2FDocuments%2FInvestors%2F2023-24MajorCommoditiesResourceDataFile.xlsx&wdOrigin=BROWSELINK
https://assets.wwf.org.au/image/upload/file_WWF_Green_Iron_Report?_a=ATO2Bcc0
https://www.industry.gov.au/publications/resources-and-energy-quarterly-september-2024
https://www.dfat.gov.au/trade/trade-and-investment-data-information-and-publications/trade-statistics/trade-statistical-pivot-tables
https://www.dmp.wa.gov.au/about-us-careers/latest-statistics-release-4081.aspx
https://comtradeplus.un.org/

STEEL VALUE CHAIN

Iron ore, produced primarily in
the Pilbara, makes a large
contribution to the economy

WA's iron ore industry is an important contributor to the state
economy. For example, iron ore accounted for half of the total value
of WA'’s resource production, half of onsite minerals employment,
and 22% of the WA Government’s general revenue in 2022-23
(equivalent to $S9 billion paid in royalties, payroll taxes and transfer
duties to the WA Government).

WA'’s iron ore industry also contributed 5% of Australia’s economic
add (as measured by gross value add), and provided $72 billion in

direct spending to employees, businesses, community organisations,

and governments. The industry directly employed approximately
51,100 Australians (full-time equivalent) and delivered $21 billion in
federal corporate and fringe benefit taxes.

Approximately $57 billion in indirect economic value was generated
by WA'’s iron ore industry in 2022-23, and the industry supported
357,000 jobs indirectly across the economy.

The industry is globally competitive - driven by its low-cost position
on the global cost curve. This has been achieved through decades of
investments in mine, rail, and port infrastructure and constant
innovation in mining technologies.

Source: CMEWA (2024) 2022-23 Economic Contribution: WA Iron Ore;
Mandala analysis.

Economic contribution of the WA iron ore industry

FY2023

il
$72 billion

Direct spending by the WA iron ore
sector in the Australian economy

51,100 jobs

In the WA iron ore sector on
a full-time equivalent basis

$165,000

Average annual salary of WA
iron ore employees

é@
$57 billion

Indirect spending supported by
the WA iron ore sector
s
357,000 jobs

Supported from spending by
the WA iron ore sector

g
o

$9 billion

Royalties, payroll taxes and transfer
duties paid to the WA Government

99% of Australia’s iron ore exports are from WA, and 96% are from the Pilbara region’

1 DFAT (2024) Trade Statistical Pivot Table, State by country and SITC pivot table; WWF Australia (2024)

Australia’s Green Iron Key; Mandala analysis.

Source: CMEWA (2024) 2022-23 Economic Contribution: WA Iron Ore; Geosciences Australia (2018) Iron;
Australia Minerals (2023) Australian Magnetite Ore Factsheet; Mandala analysis.

MANDALA | 8


https://www.dfat.gov.au/trade/trade-and-investment-data-information-and-publications/trade-statistics/trade-statistical-pivot-tables
https://assets.wwf.org.au/image/upload/file_WWF_Green_Iron_Report?_a=ATO2Ba20
https://www.ga.gov.au/education/minerals-energy/australian-mineral-facts/iron
https://www.australiaminerals.gov.au/__data/assets/pdf_file/0004/176116/Australian-Magnetite-Ore-2023-Factsheet.pdf
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DECARBONISING THE VALUE CHAIN

Steelmaking is emissions

Emissions intensity by steelmaking process

intensive particularly during
the ironmaking phase

Tonnes (t) of CO, per tonne of crude steel’

Nearly all (98%) iron ore is used in steelmaking.! Steelmaking is

emissions-intensive and generates around 6-9% of global emissions

each year, and 7% of global emissions in 2023.2 This is more than

the total CO, emissions generated by the European Union in 2023.3 Blast Furnace -

This will drive increasing demand for green steel in the short term. ?Ba:i;g;;/gen Furnace

2.3t

Ironmaking is the most emissions-intensive part of the value chain
(up to 90% of emissions), particularly if using a Blast Furnace.# This
reflects the use of coking coal in the Blast Furnace to generate the

high temperatures required to melt away ore impurities, compared T

to the natural gas used in a Shaft Furnace. However, the Shaft ..
F d . ht . ired t ) " Ironmaking is the
urnace does not reach temperatures required to remove impurities. most emissions-

intensive part of

Decarbonising ironmaking has the potential to substantially
the value chain (up

contribute to global emissions reduction. Under current production

. . - to 90% of
pathways, there are two ways to reduce ironmaking emissions: Shaft Furnace - 770
. _ _ Electric Arc Furnace 1.4t emissions)
1. Using higher-grade ores, such as magnetite or high-grade (DRI-EAF)
hematite, reduces the amount of coking coal or gas required. For
example, some magnetite products can deliver around a 10%
reduction in net lifecycle emissions.® Additionally, assuming a
1% increase in average iron ore content in the BF-BOF process
will result in a 1.6% reduction in CO, emissions.®
Increasing the proportion of iron produced via the existing DRI 1 Government of Canada (2024) Iron ore facts. 2 IEA (2023) CO2 emissions in 2023; IEA (2023) Steel; World Steel
(Shaft Furnace) pathway could have a material emissions Association (2024) World Steel m Figures 2024; Mandala_analysis. 3 Our World in Dat_a (2020), CO2 emissions. 4
) ) o ) MRIWA (2023) Western Australia’s Green Steel Opportunity Report. 5 CITIC/The Crucible Group (2022) Greenhouse
reduction impact; however, it is not currently applicable to the emissions and magnetite iron ore “from pit to product.” 6 Government of Western Australia (2023) Western
Australia iron ore profile; World Steel Association (2022) Steel Facts; World Steel Association (2023) Fact sheet: MANDALA | 10

majority of glObal and WA iron ore supphes. Steel and raw materials; Mandala analysis. 7 Emissions intensity varies based on iron ore grade. Minerals Research

Institute of Western Australia (2023) Western Australia’s Green Steel Opportunity. Mandala analysis.



https://natural-resources.canada.ca/our-natural-resources/minerals-mining/mining-data-statistics-and-analysis/minerals-metals-facts/iron-ore-facts/20517
https://www.iea.org/reports/co2-emissions-in-2023
https://www.iea.org/energy-system/industry/steel
https://worldsteel.org/data/world-steel-in-figures-2024/#world-crude-steel-production-%3Cbr%3E1950-to-2023
https://ourworldindata.org/co2-emissions
https://acilallen.com.au/uploads/projects/736/ACILAllen_WAGreenSteel_2023.pdf
https://www.watc.wa.gov.au/media/lbopz4i3/wa-iron-ore-profile-march-2023.pdf
https://worldsteel.org/wp-content/uploads/worldsteel-book-final-2022-1.pdf
https://worldsteel.org/wp-content/uploads/Fact-sheet-raw-materials-2023.pdf
https://mriwa.sharepoint.com/:b:/s/FinalReports/EdwYm6j0EIpHp-aQ0gFPsLIBqsLqFGI5hNVKtvNcpPcbRg?e=EcRcao

DECARBONISING THE VALUE CHAIN

A major reduction in
ironmaking emiSSionS reqUireS % of seaborne iron ore by % iron content
development Of new pI‘OCGSSeS Across Vale, Rio Tinto, Fortescue and

BHP, the average iron ore mined in 2016

Global iron ore supply based on iron (Fe) content

The vast majority of global iron ore supply (97%) is not suitable was 61% iron content and 6.5%
feedstock for the existing lower-emission DRI-EAF pathway, given impurities!

its high impurity levels and lower iron content.' Over recent years, ‘

the average purity of iron ore has been in decline globally. For 51%

example, in 2006, the average iron content mined by major
producers was above 62% with 5% impurities, compared to 61% with
6.5% impurities by 2016.!

Current Direct Reduced Iron processes
require very low impurity (gangue)
levels, typically 3% or less, and
generally contain a high iron content
of at least 67%

Most (96%) of WA’s iron ore exports are considered low to mid-
grade hematite and goethite, with the balance (<4%) comprising

higher-grade (but not DRI-grade) magnetite concentrate products.
Australia’s average iron content in exported ore was 62% in 2023-
24, with only 3% of exported Pilbara ore exceeding 65% iron.2

While the higher impurity levels in lower-grade iron ore are
manageable in conventional steelmaking, decarbonisation pathways
are not yet commercially viable for lower-grade feedstocks.3 The
industry is taking two key approaches to address this challenge.
First, there is an effort to develop high-grade deposits, although the
potential for growth here is limited.* Second, technologies are being
developed to use lower-grade feedstocks. These efforts are
ongoing, and no new processes are commercially viable or cost-

competitive at scale. Government support is needed to scale and
ensure the commercial feasibility of these technologies. <60% Fe 60-64% Fe 64-66% Fe >66% Fe

1 Minerals Council of Australia (2021) Best in Class: Australia’s Bulk Commodity 1 Minerals Council of Australia (2023) Best in Class: Australia’s Bulk Commodity Giants.
Giants. 2 Department of Industry, Science and Resources (2024) Resources and Source: Geoscience Australia (2019) Iron Ore 2019; BHP (2023) Pathways to decarbonisation; Mission

energy quarterly: September 2024; Minerals Council of Australia (2022) Best in Possible Partnership (2022) Making net-zero steel possible; CME (2024) Green metal statecraft, MANDALA | 1
Class. 3 MRIWA (2023) Western Australia’s Green Steel Opportunity Report. 4 Mandala analysis.

Geoscience Australia (2023) Iron ore.



https://minerals.org.au/wp-content/uploads/2023/01/Best-in-Class-Australian-Iron-Ore-2021.pdf
https://d28rz98at9flks.cloudfront.net/134851/134851_00_0.pdf
https://www.bhp.com/news/bhp-insights/2023/06/pathways-to-decarbonisation-episode-seven-the-electric-smelting-furnace
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Steel-possible-steel.pdf
https://climateenergyfinance.org/wp-content/uploads/2024/11/CEF_Green-Metal-Statecraft_FINAL.pdf
https://minerals.org.au/wp-content/uploads/2023/01/Best-in-Class-Australian-Iron-Ore-2021.pdf
https://www.industry.gov.au/publications/resources-and-energy-quarterly-september-2024
https://minerals.org.au/wp-content/uploads/2023/01/Best-in-Class-Australian-Iron-Ore-2021.pdf
https://acilallen.com.au/uploads/projects/736/ACILAllen_WAGreenSteel_2023.pdf
https://www.ga.gov.au/scientific-topics/minerals/mineral-resources-and-advice/australian-resource-reviews/iron-ore

DECARBONISING THE VALUE CHAIN

Australian industry is
developing new green iron
processes for WA iron ore

There is no internationally agreed definition for 'green iron'. For the
purposes of this report, and in line with the proposed definition for

green steel under the International Energy Agency’s Breakthrough
Agenda, green iron refers to iron produced in a near-zero emissions
manner.!

CME members and other research and industry bodies are exploring

pathways to decarbonise ironmaking using WA iron ore. These

processes are at various stages of technological readiness, and none

are commercially viable at an industrial scale or cost-competitive
with established production pathways.

Most of the prospective pathways will require a two-step process to
use WA iron ore feedstocks, as opposed to the current one-step
processes. The most prospective pathway involves modifying Shaft
Furnace technologies to replace natural gas with low carbon
hydrogen, though natural gas could be used as a transition pathway
towards green ironmaking.2 However, to make this process
compatible with lower-grade ore, the reduced iron must also be put
through an Electric Smelting Furnace (ESF) to remove impurities.

A one-step electrolysis pathway is in the early stages of
development. Here, an electric current generated by low-emissions
energy is used to reduce ore to iron. However, it is expected to take

a decade to advance this research to a TRL of 9.3

1 1EA (2024) Breakthrough Agenda Report. 2 MRIWA (2023) Western Australia's
green steel opportunity; Calix (2024) KS5 Pilot Plant Study Report. 3 Mission
Possible Partnership (2022) Making net-zero steel possible.

Potential greeniron pathways

Technology readiness level (TRL) range - 1: basic concept to 9: fully operational’

= Reliable, low cost, low

Low carbon hydrogen emissions energy
replaces natural gasin Hydrogen? 6-8 = Low carbon hydrogen
the shaft furnace availability

n i i 3
Shaft Furnace Electric smelting furnace

= Reliable, low cost, low

Low carbon hydrogen emissions energy
%«, reduces iron in a steady Nl 5-6 . L bon hyd

stream (adapting existing ydrog ol carbon yarogen

technology) availability

Fluidised Bed = Electric smelting furnace

An electric current is
used to remove oxygen Electricity 3-6
from iron oxide ore

= Reliable, low cost, low
emissions energy

Biomass is blended with = Reliable, low cost, low
iron ore and heated by . emissions energy
Biomass 4 . -
gases released_from = Biomass feedstock availability
Microwave biomass and microwaves = Electric smelting furnace

Furnace

1 Technology readiness levels (TRLs) are a benchmarking metric for technologies ranging from basic concept

(TRL 1) to a working system that has performed successfully across the full range of expected operating

conditions (TRL 9). 2 Hydrogen is assumed to be produced through electrolysis using low emissions energy. Until

low carbon hydrogen is readily available, shaft furnaces using natural gas may be a transition pathway. 3 Shaft

furnaces need pellets, and processing hematite into pellets would add a carbon-intensive step to production.

Source: Calix (2024) KS5 Pilot Plant Study Report; Fortescue (2024) Low temperature electrochemical reduction;

BHP (2024) Climate transition action plan; Rio Tinto (2024) Decarbonising steelmaking; Mandala analysis. MANDALA | 12


https://arena.gov.au/assets/2024/03/Calix-Zesty-Tech-%E2%80%93-Zero-Emissions-Iron-and-Steel-KS5-Pilot-Plant-Study-Report.pdf
https://arena.gov.au/assets/2024/06/Fortescue-MIH2-Poster-Lowtemp-DRI.pdf
https://www.bhp.com/-/media/documents/investors/annual-reports/2024/240827_bhpclimatetransitionactionplan2024.pdf
https://www.riotinto.com/en/news/stories/decarbonising-steel-making
https://www.iea.org/reports/breakthrough-agenda-report-2024
https://www.mriwa.wa.gov.au/minerals-research-advancing-western-australia/focus-areas/green-steel/green-steel-resources/
https://arena.gov.au/assets/2024/03/Calix-Zesty-Tech-%E2%80%93-Zero-Emissions-Iron-and-Steel-KS5-Pilot-Plant-Study-Report.pdf
https://3stepsolutions.s3-accelerate.amazonaws.com/assets/custom/010856/downloads/Making-Net-Zero-Steel-possible-steel.pdf

DECARBONISING THE VALUE CHAIN

Australian industry is developing new green ironmaking technologies suitable for
WA iron ores, with most involving a two-step process

Potential green iron pathways

Coking coal acts as a reductant

Blast Furnace

¥ BF-BOF and heat source to remove + Coal g Pigiron
E < impurities in the blast furnace oa
xS
x I
3 <
(&) N i
a atural gasisused as a Shaft Furnace
VAL reductant in the shaft furnace TS 2 + Natural gas
] ® Oxygenreduction T @ mpurityremoval
' Shaft Low carbon hydrogen replaces ! | . . I
|
| Furnace natural gas as a reductant (iron : : Slla’:t Srl:)rn::e E— E— ElectFr:::ar:::ltmg Eemmmmm— Pigiron :
i (hydrogen) ore must be pelletised) | 1 yarog e
|
S Most prospective! | |
> ' .
< : :
% Fluidised  -OW carbon hydrogen reduces ! Fluidised Bed Electric Smelting - :
= Bed iron in a steady stream (adapting : + Hvd F Pig iron ,
E e existing technology) , yarogen urnace .
|
- l .
- Bi is blended with i i |
'E Microwave lomass IS biended with iron ore I Microwave Furnace Electric Smelting . |
] and heated by gases released I ) > Pig iron
—  Furnace ; . . [ + Biomass Furnace :
o rom biomass and microwaves i :
o : 2-step ironmaking process ,

Electrolysis

A single-step process where an
electric current is used to remove
oxygen from iron oxide ore at

low temperature

Electrolyser

Iron ore

+ Electricity

1. Hydrogen is assumed to be produced through electrolysis using low emissions energy. Until low carbon hydrogen is readily available, shaft furnaces using natural gas are a suitable transition
pathway as they use less emissions than a blast furnace. 2. Shaft furnaces need pellets, and processing hematite into pellets would add a carbon-intensive step to production.
Source: Calix (2024) KS5 Pilot Plant Study Report; Fortescue (2024) Low temperature electrochemical reduction; BHP (2024) Climate transition action plan; Rio Tinto (2024) Decarbonising steelmaking;

Mandala analysis.

g4 Pigiron /DRI
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https://arena.gov.au/assets/2024/03/Calix-Zesty-Tech-%E2%80%93-Zero-Emissions-Iron-and-Steel-KS5-Pilot-Plant-Study-Report.pdf
https://arena.gov.au/assets/2024/06/Fortescue-MIH2-Poster-Lowtemp-DRI.pdf
https://www.bhp.com/-/media/documents/investors/annual-reports/2024/240827_bhpclimatetransitionactionplan2024.pdf
https://www.riotinto.com/en/news/stories/decarbonising-steel-making
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WA’S EXPORT OPPORTUNITY

WA has several natural advantages which underpin its potential green iron
competitiveness

Drivers of competitive advantage for conventional and green iron production

WA'’s natural advantages

Product Conventional

Iron ore }\;d

World's largest exporter
Reliable access to iron ore

2 Wind N

12,000 kms of coastline and Perth is
one of the windiest capital cities in

Reliable, low cost, low emissions the world

energy "
% ”ﬁ* Solar &8

Amongst the highest irradiance
levels in the world

Low-cost coal

) ) ) . O
Location Co-location with steel production gnodlorc:(;[lnorr: V:;'rtg lgrv]v ir:éisésir; ?fnoerrﬁé Land Bel
driver (and low cost labour) g ydrogenp One-third of the Australian continent
pathways) : : )
- with low intensity land use and low
BAA ‘% population density

Source: WA Government (2024) Western Australia Iron Ore Profile May 2024; WA Govt (2022) Wind energy generation fact sheet; WA Government (2024) Western Australia’s Renewable Hydrogen

Strategy 2024-30; WA Government (2021) Western Australian Renewable Hydrogen Strategy; RMI (2024) Green Iron Corridors: Transforming Steel Supply Chains for a Sustainable Future; Mandala
analysis. - MANDALA | 15



https://www.watc.wa.gov.au/media/wxehzmmd/wa-iron-ore-profile-may-2024.pdf
https://www.wa.gov.au/system/files/2022-06/Wind%20energy%20generation%20factsheet.pdf
https://www.wa.gov.au/government/publications/western-australias-renewable-hydrogen-strategy-2024-2030
https://www.wa.gov.au/system/files/2021-01/WA_Renewable_Hydrogen_Strategy_2021_Update.pdf
https://rmi.org/green-iron-corridors-a-new-way-to-transform-the-steel-business/

WA GREEN IRON POTENTIAL

WA could export at least

Indicative value of potential WA iron exports

S4bn of green iron by 2030

Sbn export revenue by product type, 2030 and 2050 - Iron ore - Green iron

and S170bn by 2050
With a new green iron industry, the total value of WA’s iron exports could increase by $108 billion (66%)

As countries search for low carbon alternatives to steelmaking, between 2030 and 2050, driven !oy the higher prices qf green iron.. Under this scenario, iron ore exports
would decline as ores are used in green iron production but remain a key feature of the WA economy.

demand for cost-competitive green iron will rapidly increase. WA’s

iron ore reserves, mature mining operations and renewable energy o
potential are strong foundations for a competitive green iron w *
industry. $272bn

Assuming supportive policy settings, it is estimated that WA has the
potential to produce at least 4.5Mt of green iron in 2030, ramping
up to 218Mt in 2050 (14% of global supply). This could generate $4
billion and $170 billion of export revenue in 2030 and 2050

respectively.

WA is expected to continue to export the iron ore that it does not
use in green iron production. This ore may be used to support the
green iron production in other jurisdictions.

Assuming constant iron ore production in the state (893Mt per year),
the value of iron ore exports is expected to decline between 2030 to
2050 (from $160 billion to $102 billion), as WA iron ore is used as an
input in domestic industry instead of being sold offshore. This

estimate would change with changes in global demand for iron ore. 2030 2050

Developing a commercial green iron industry has the potential to not
only drive substantial growth in export value but also safeguard the
economic contribution of the iron ore sector by guaranteeing

v

Assumed WA iron ore production is constant at 893Mt per year?

Note: See appendix for methodology. Export value measures the total revenue generated (quantity of product

demand. Assuming iron ore production stays constant to 2050, a WA sold multiplied by price). 1 Assumes constant price of iron ore (5180 per tonne); Estimated price of greeniron is
. . . @ . $934 per tonne in 2030, falling to $779 per tonne in 2050. 2 Assumes iron ore sales volumes are constant from
greeniron 'ndUStry would use approxmately 37% of WA iron ore FY28 to 2050, using FY28 forecast from Department of Jobs, Tourism, Science and Innovation (2024) Western

supply. Australia Iron Ore Profile - August 2024. MANDALA | 16



https://www.watc.wa.gov.au/media/ekgftdpg/waironoreprofileaugust2024.pdf

WA GREEN IRON POTENTIAL

WA green iron production

Comparison of annual emissions by source

.y .
Cou ld Offset AUStralIa S entl re Mt CO, emissions in 2023 and potential reduction from a WA green iron industry in 2050
domestic emissions % of global emissions

7% 4% 1% -1%

Steelmaking generated approximately 7% of global emissions in
2023." This equates to almost 20% of the remaining global CO,
budget, in a scenario where the world has a 50% chance of limiting 2,600Mt
global warming to less than 1.5°C.2 However, the steel sector is not
on track to achieving net zero, with total emissions still rising.3

In 2023, around 58% of steel production emissions were generated
from the overseas processing of Australian iron ore into steel,
equivalent to 4% of global emissions.4

1,500Mt

As the world’s largest iron ore exporter, Australia is at the forefront
of global supply chains. Local production of green iron would allow
WA to contribute to global emissions reduction efforts in a

significant way. 465Mt

If WA supplied 218 Mt of green iron in 2050, it would be equivalent to

reducing global emissions by 1.2% - equal to Australia’s current

domestic emissions, or nearly 20% of steel value chain emissions.®

The urgent commercialisation of green iron technologies that use A56Mt

WA'’s lower-grade ores will help capture early demand for green iron )

products and support WA producers to contribute to the Global steel emissions Overseas.pro.cessmg Australlg s.domestlc Potentlial emissions
o . . of Australian iron ore2 emissionss reduction from WA

decarbonisation of overseas ironmaking. . A

greeniron (2050)

11EA (2023) CO2 emissions in 2023; IEA (2023) Steel; World Steel Association

(2024) World Steel in Figures 2024; Mandala analysis. 2 Mission Possible Note: Potential emissions reduction assumes WA green iron production replaces blast furnace iron production.

Partnership (2021) Net-Zero Steel: Sector transition strategy. 3 IEA (2023) Steel: Source: IEA (2023) Steel; World Steel Association (2024) World Steel in Figures 2024; Mandala analysis. 2

Overview. 4 ARENA (2024) Strategic priorities: support the transition to low ARENA (2024) Strategic priorities: support the transition to low emissions metals. 3 Department of Climate

emissions metals. 5 World Steel Association (2023) Sustainability indicators 2023; Change, Energy, the Environment and Water (2023) Australia’s emissions projections 2023. 4 World Steel

Mandala analysis. Association (2023) Sustainability indicators 2023; Mandala analysis. MANDALA | 17



https://www.iea.org/energy-system/industry/steel
https://worldsteel.org/data/world-steel-in-figures-2024/#world-crude-steel-production-%3Cbr%3E1950-to-2023
https://arena.gov.au/about/strategic-priorities-2/strategic-priorities-support-the-transition-to-low-emissions-metals/
https://www.dcceew.gov.au/climate-change/publications/australias-emissions-projections-2023
https://worldsteel.org/wp-content/uploads/Sustainability-indicators-report-2023.pdf
https://www.iea.org/reports/co2-emissions-in-2023
https://www.iea.org/energy-system/industry/steel
https://worldsteel.org/data/world-steel-in-figures-2024/#world-crude-steel-production-%3Cbr%3E1950-to-2023
https://www.energy-transitions.org/wp-content/uploads/2021/12/MPP-Steel_Transition-Strategy.pdf
https://www.iea.org/energy-system/industry/steel
https://arena.gov.au/about/strategic-priorities-2/strategic-priorities-support-the-transition-to-low-emissions-metals/
https://worldsteel.org/wp-content/uploads/Sustainability-indicators-report-2023.pdf

WA GREEN IRON POTENTIAL

A WA green iron industry
Economic activity (GVA) of a potential WA green iron industry

COUld generate $74bn In Sbn, forecast annual economic activity (GVA) in 2024 dollars, 2025 to 2050
economic value by 2050 Sy

75 A
A green iron industry in WA has the potential to generate $74 billion 70 -
in additional economic activity by 2050, measured in gross value add 65 -
(GVA), averaging nearly $18 billion per annum from 2030 to 2050.
This is nearly four times larger than WA'’s current manufacturing 60 A
industry, and nearly the size of Australia’s existing iron ore industry 55 -
(S97 billion in GVA in FY24).! =0 4
While global demand for WA's iron ore will continue, green iron
presents an opportunity for Australia to capture additional economic 45 1
benefits by moving up the value chain. 40 -
A WA green iron industry is forecast to support an additional 19,600 35 -~
ongoing direct jobs by 2050,2 equivalent to 25% of WA'’s current 30 - $27bn
manufacturing workforce.3 During the development and building of
green iron facilities and enabling infrastructure, such as low 25 1
emissions energy generation, the green iron industry will also create 20 A
significant employment opportunities in construction and related i
industries. LS
: " 10 A S$7bn
New industry development presents long-term opportunities for WA
communities, particularly in regional and remote areas. For example, 5 1 S0bn $1bn M
low emissions energy infrastructure development can create new

income streams, employment, and equity and social infrastructure 2025 2030 2035 2040 2045 2050
opportunities for Traditional Owners.

1WA Government (2024) Western Australia Economic Profile: June 2024; ABS (2024) Note: Gross Value Added (GVA) refers to the economic value created by an industry, calculated as the value of

Gross Value Add (GVA) by Industry. 2 Employment forecasts based on Net Zero output minus the intermediate inputs. This GVA figure represents estimated annual GVA for green iron

Australia (2023) Downscaling - Employment impacts. 3 ABS (2024) Labour Force - production only and does not consider the value or costs of enabling infrastructure investment such as MANDALA | 18
Employed persons. renewable energy infrastructure.

Source: Western Australia Government (2024) Western Australia Economic Profile - June 2024; Mandala analysis.



https://www.wa.gov.au/system/files/2024-07/waeconomicprofilejune2024.docx#:~:text=The%20WA%20Government%20State%20Budget,2.0%25%20in%202024%2D25.
https://www.wa.gov.au/system/files/2024-07/waeconomicprofilejune2024.docx
https://www.abs.gov.au/statistics/economy/national-accounts/australian-system-national-accounts/latest-release#data-downloads
https://www.netzeroaustralia.net.au/wp-content/uploads/2023/04/Downscaling-Employment-impacts.pdf
https://www.abs.gov.au/statistics/labour/employment-and-unemployment/labour-force-australia-detailed/latest-release#data-downloads
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WA GREEN IRON POTENTIAL: INFRASTRUCTURE OVERVIEW

Establishing a green iron industry will require active investment across the green
iron production lifecycle

Illustrative green iron production lifecycle, hydrogen-based DRI-ESF production pathway

= |mports
=» Domestic product transport
=P Exports

RENEWABLE ENERGY
GENERATION

DESALINATION
PLANT

DRI AND ESF FACILITIES <8
~ HYDROGEN
PRODUCTION FACILITY Yoo L
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WA GREEN IRON POTENTIAL: INVESTMENT REQUIREMENTS

Achieving WA’s green iron potential by 2030 with a two-step process could
require at least $37.5bn in capital investments by government and industry

Indicative capital expenditure required in WA to produce green iron under a two-step pathway

Sbn by capital expenditure item, two-step hydrogen-based DRI-ESF production pathway, 4.5Mt green iron, 2030 Il Energy infrastructure [l Other enabling infrastructure [l Production

) $37.5bn
S23bn of investment (62%) could be
required in energy generation,
storage ($20.1bn) and transmission
infrastructure ($2.9bn)
l $3.7bn
$201bn 7777777777777777777 $15bn (10%)
(8%)
Developing two additional port berths
could cost S660m, however if a new
port is required it could require up to
S6bn in additional investment®
Renewable Transmission Desalination plant? Road, bridge and Hydrogen DRI-ESF plant4 Total

energy generation infrastructure! port upgrades3 facility4
and storage!

Notes: Estimates are based on using a two-step low carbon hydrogen DRI-ESF process to meet WA's 2030 green iron potential. This reflects the likely requirements of green ironmaking using WA iron ore and the cost of

infrastructure development in WA in the immediate term. 1 Based on the average costs per building Tkm of transmission line from the Pilbara Transmission Project. 2 Estimated based on the water required to produce WA’s green iron

potential supply in 2030 and the capital expenditure per gigalitre of water produced from the Dampier Seawater Desalination Plant; additional cost for water pipeline is estimated based on the cost of the Burrup seawater pipeline. 3

Estimated from the cost of the Lumsden Point port, rail and road infrastructure upgrades. 4 Given the limited publicly available data and nascent nature of the technology, the cost of an EAF is used as a proxy for the cost of an ESF.

Both involve the passage of electricity between electrodes to heat ores. 5 Based on estimates of the cost of the proposed Balla Balla port development. Source: Minerals Research Institute of WA (2023) Western Australia’s Green

Steel Opportunity Report; Wang and Walsh (2024) South Australian Green Iron Supply Chain Study; Rio Tinto (2023) Rio Tinto to invest in Pilbara desalination plant; WA Government (2003) Burrup seawater pipeline construction

under way; Infrastructure Australia (2023) Lumsden Point development; Main Roads Western Australia (2024) Great Northern Highway and Pinga Street; WA Government (2024) Pilbara Energy Transition Plan; CSIRO (2024) GenCost

2023-24 report; RMI (2019) The disruptive potential of green steel; Fortescue (2020) Pilbara Generation Project; Vogl et al., (2018) Assessment of hydrogen direct reduction for fossil-free steelmaking; Ship technology (2017) Balla

Balla Infrastructure Project; Mandala analysis. MANDALA | 21



https://www.mriwa.wa.gov.au/news-and-events/western-australias-green-steel-opportunity-report-now-released/
https://www.energymining.sa.gov.au/__data/assets/pdf_file/0011/1006985/66ed5bccec444ce135c4d0697da4f4450da87002.pdf
https://www.riotinto.com/en/news/releases/2023/rio-tinto-to-invest-in-pilbara-desalination-plant
https://www.wa.gov.au/government/media-statements/Gallop%20Labor%20Government/Burrup-seawater-pipeline-construction-under-way-20031003
https://www.infrastructureaustralia.gov.au/sites/default/files/2024-01/231222%20Lumsden%20Point%20Development%20-%20Evaluation%20Summary_FINAL_FOPUBLICATION.pdf
https://www.mainroads.wa.gov.au/projects-initiatives/all-projects/regional/great-northern-highway-and-pinga-street/
https://www.wa.gov.au/organisation/energy-policy-wa/pilbara-energy-transition-plan
https://www.csiro.au/en/research/technology-space/energy/gencost
https://rmi.org/wp-content/uploads/2019/09/green-steel-insight-brief.pdf
https://cdn.fortescue.com/docs/default-source/announcements-and-reports/pilbara-generation-project.pdf?sfvrsn=4cf16332_1#:~:text=The%20Pilbara%20Generation%20Project%20complements,efficient%20Iron%20Bridge%20Magnetite%20Project.
https://www.sciencedirect.com/science/article/pii/S0959652618326301
https://www.ship-technology.com/projects/balla-balla-infrastructure-project/?cf-view

WA GREEN IRON POTENTIAL: ACTION PLAN

This will require targeted government action to accelerate low emissions energy
generation, grow enabling infrastructure and scale technologies

Summary of the required green iron industry policy

There is a need for a holistic, clear and targeted approach that supports and incentivises industry and government to address technological, commercial, regulatory
and infrastructure barriers

Accelerate low emissions energy generation Grow WA'’s enabllng infrastructure network Fast-track scale up of technologies

Develop shared transmission Develop additional desalination plants Fund green iron R&D and
infrastructure and supporting pipelines commercialisation
= Provide targeted grants = |ncrease port capacity = Promote Foreign Direct Investment
= Streamline regulatory process = Widen select roads = Expand the Research & Development Tax

Incentive (RDTI)

= Facilitate offtake agreements

= Coordinated regional development

= Ensure competitiveness
= Develop skilled worker pipeline

= Address green iron production in carbon
measurement

This can be achieved through a green iron strategy for WA that includes the actions identified in the following 2030 Action Plan
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WA GREEN IRON POTENTIAL: ACTION PLAN

These actions have been mapped to a 2030 Action Plan for WA [1/2]

ACCELERATE

GROW ENABLING
INFRASTRUCTURE

GENERATION

Barrier

o Fragmented energy network

High costs of renewable
energy generation

Complicated regulatory
process

Large amounts of water
needed for green hydrogen

Limited import capacity for
required supplies

Lack of appropriate routes
from port to production sites

Difficulty in efficiently
navigating tenure and
heritage requirements

2030 Action Plan

Direct existing financing mechanisms to support common-user transmission infrastructure in WA.
Address future transmission infrastructure needs of a green iron industry across WA (Pilbara/NWIS, SWIS and
Goldfields).

Significantly increase funding available through the Powering the Regions Fund for renewables projects that lower the
cost of green metals projects.

Establish a priority assessment pathway for projects that can reduce net global emissions, particularly in Strategic
Industrial Areas.
Clarify and streamline approval requirements across the State and Federal governments.

Include desalination plants as part of priority pathways for green energy and emissions reduction projects.
Develop common-use water and hydrogen pipelines to support future desalination plants and hydrogen production.

Derisk business cases and progress investment in additional port capacity in the Pilbara and Mid West, including the
addition of one berth at Lumsden Point Port and activation of proposed port development at Balla Balla, Anketell or
Oakajee.

Identify core routes for transport of large modular materials needed for the construction of production plants.
Prioritise funding for widening roads and upgrading bridges along these routes.

Develop a regional approach to project development that streamlines land access and tenure-related processes.

Implement agreements with Traditional Owners to manage site access, heritage protection and economic opportunities
for local communities.
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WA GREEN IRON POTENTIAL: ACTION PLAN

These actions have been mapped to a 2030 Action Plan for WA [2/2]

FAST-TRACK SCALE UP OF TECHNOLOGIES

Barrier

Capital-intensive projects
with uncertain longer-term
returns

Iron ore for existing tech
pathways is limited

Production technology
remains nascent

Skilled worker shortages

Commerciality of greeniron
across international markets

2030 Action Plan

Prioritise green iron within existing programs (Powering the Regions, ARENA, Future Made in Australia, etc.) and
expand funding criteria to include larger demonstration projects

Ensure availability of grant funding for feasibility and FEED studies to encourage continued timely investment in
commercial scale projects.

Specify investment in green iron production and related infrastructure as a priority investment area by Treasury.
Support industry (through funding and agency networks) to collaborate with overseas companies and research
institutions.

Increase the current cap on the RDTI and extend the eligible activities to incorporate the research and prefeasibility
phases through to larger-scale commercialisation phases.

Facilitate long-term offtake agreements between aspiring iron producers and interna