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Abstract

Green steel – produced using hydrogen and electricity from renewable energy sources – provides both the

means to decarbonize steel manufacturing, and a way to facilitate growth of the international hydrogen

industry. Australia, with its abundant renewable resources and ample iron-ore deposits, is in an excellent

position to participate in this opportunity. We highlight the synergies between the Australian iron-ore

industry and the production of green-hydrogen from renewable energy sources. We identify high-potential

areas for green steel production by cross-referencing regions of current and future iron-ore extraction

against areas of high economic potential for hydrogen production. From these, we select two regions, the

Pilbara region of North-Western Australia and the Eyre Peninsula in South Australia, for more detailed

case studies.

The analysis highlights the advantages of well-optimised generation mix (in terms of wind, solar,

battery, grid-connection and salt cavern storage, etc.) in decreasing storage requirements and the resulting

production costs. We also demonstrate that green steel production costs could be reduced further if the

system could use grid electricity to balance onsite renewable power by participating in the electricity spot

market and operating flexibly.

Keywords: Green steel, Green hydrogen, Resource economics

1. Introduction

As a net-energy exporter with ample renewable energy resources and deep expertise in international

trade, Australia seeks to leverage its competitive advantages to become a major player in the emerging

hydrogen industry [9]. However, there are costs and technical challenges in direct hydrogen export to

overcome before this potential can be realized. A potential opportunity to help to start this industry
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may be through the export of embodied hydrogen, employed in the production of secondary products.

In particular, hydrogen can be used to replace coking coal in steel production. Green steel (i.e. steel

produced using hydrogen from renewable sources as the reducing agent) shows particular promise for the

trade of embodied hydrogen from Australia [27, 11]. Australia is the world’s largest producer of iron

ore, exporting over 835 Mt—around 36% of global production—in 2019 [20]. Many centres of iron ore

production are also host to excellent renewable wind and solar resources [14, 25]. Importantly, the presence

of mining operations in these areas increases the economic potential for renewable projects by supplying

the necessary infrastructure for energy generation, such as powerlines and transportation networks.

Implemented successfully, production of green steel has the ability to add value to Australian trade,

reduce global greenhouse emissions, and future-proof Australian exports against international carbon-based

tariffs. The purpose of this paper is to outline the potential opportunities for green steel production and

export in Australia, and highlight the competitive advantage offered by Australia’s renewable resources.

Production of green steel involves different processing pathways to conventional steel-making methods.

The reduction of iron ore via smelting in a conventional blast furnace is replaced by a two-step process in

which the ore is first reduced in a hydrogen-based shaft furnace, after which the reduced iron is then cast in

an electric-arc furnace. For green steel, the energy for both processes is provided from renewable sources:

as green hydrogen in the shaft-furnace reduction and as electricity for the electric-arc casting. Successful

green-steel projects requires the combination of quality renewable energy resources with abundant iron-ore

deposits.

This paper assesses the factors contributing to Australia’s potential for green steel production and

identifies key regions of interest for this nascent industry. Using locations from Geoscience Australia’s

mineral resources databases [8], we highlight regions of current and future iron ore production suitable

for the production of green steel (Section 3). These regions are cross-referenced against areas of high

potential for hydrogen production identified by Geoscience Australia’s Hydrogen Economic Fairways Tool

(HEFT) [25, 15].

After initial screening, we select two high potential locations for further temporal analysis with hourly

wind and solar data: the Pilbara region of North-Western Australia; and the Eyre Peninsula in South

Australia. These two regions have been selected as they present illustrative examples of green steel

production potential from both off-grid and on-grid energy sources. Both locations possess significant

renewable resources and abundant iron ore reserves, and have recently been listed as prospective hydrogen
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hubs [13] by the Federal Government. Furthermore, both locations have their own unique geological

advantages: the Pilbara has access to large-scale low-cost salt cavern storage; whereas the Eyre Peninsula

has access to the National Electricity Market with increasing renewables curtailment.

Using a detailed Mixed Integer Linear Programming (MILP) model designed to find the optimal mix

of renewable energy sources for green steel production, we present results estimating the levelized cost

of green steel production in both regions (Section 4). The results of the analysis quantify the benefit

of these unique features and highlight the advantages of a well-optimised wind and solar generation mix

in the region – decreasing production costs by reducing the need for additional energy storage and grid

electricity for renewable “firm-up” and “balance of plant” purposes.

2. Australian iron ore

Australia leads the world in both deposits and production of iron ore, with 51,709 Mt economically

proven in 2020 [21]. Most of this is found in the Pilbara banded iron formations and channel iron deposits

that are rich in hematite (Fe2O3) and goethite (FeOOH) (Figure 3). Magnetite (Fe3O4), on the other

hand, accounts for 41% of Australia’s iron ore deposits. These are found in areas with smaller, magnetite-

dominated deposits, such as the Eyre Peninsula in South Australia and the Yilgarn in Western Australia

(Figure 3). In 2020, the Pilbara region’s commercially proved resource base was estimated to be at 36,220

Mt. (70% of total). The Pilbara ores, which are characterised by hematite–goethite, have a comparatively

high grade (58–65% Fe) and gangue containing 3–4.8% Si, 1.4–2.4% Al2O3, and up to 0.1% P. Separating

ferrous from non-ferrous minerals in such ores, however, is technically challenging. In general, the Pilbara

produces direct shipping ores (DSO), which are crushed to lump and fines before being shipped with little

or no beneficiation. When beneficiation is used, it usually compensates for the mining of lower-grade iron

ores, allowing BF-BOF steelmakers to maintain target concentrate purities [17].

To compare, South Australia’s commercially proved resource base was estimated 5,755 Mt in 2020.

(11% of total). 89% of this is magnetite. Magnetite-dominated banded iron formation deposits are typical

low-grade ore bodies with a Fe content of 15–40%. (Davies and Twining, 2018). The magnetic separation

of magnetite, on the other hand, allows for effective beneficiation. For example, magnetite operations

in South Australia aim to generate high-purity concentrates of 65–70% Fe with gangue containing 2.3–5

percent Si, 0.15–1.9% Al2O3, and up to 0.02% P [10]. Today, Magnetite concentrates from Eyre Peninsula

operations are being pelletized and utilised in the Whyalla BF-BOF steel mill, or exported as sinter fines

[16].
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3. Regions of high potential for green steel production

In this section, existing databases describing i) the extent of Australia’s current iron ore deposits and

production pathways [5], are cross-referenced with ii) an assessment of the regions of high potential for

future hydrogen production [25].

a) b)

Figure 1: Capacity-factor maps [25] for a) Photovoltaic solar; b) Wind power (150m hub-height). Note differences in scale
between plots.

a) b)

c) d)

Figure 2: Examples [25] of infrastructure-distance maps: a) distance to the nearest water source (wastewater or seawater);
b) pipeline distance to export ports; c) distance to road transportation; and d) distance to rail. Maps derived from [6], [3]
and the Open Street-Maps database [18]

Australia hosts significant iron ore deposits in all of its states and territories, with the exception of

the Australian Capital Territory [5, 8]. The vast majority of Australian iron-ore production comes from

the state of Western Australia, which contains approximately 92% of Australia’s economic demonstrated

resources [20]. The bulk of Western Australian iron ore is produced from a region in the North-West,

known as the Pilbara. The Australian state with the second-highest concentration of iron ore deposits is

South Australia. A significant number of these deposits are located in the Eyre Peninsula on the southern
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coast, bordered by the Great Australian bight. The locations of significant iron ore deposits are shown

as circles on Figure 3 [8]. Expanded views of the Pilbara and Eyre Penisula are given in Figure 3b and

Figure 3c respectively.

a)

b) c)

Figure 3: High potential regions for the production of farm-gate and off-grid hydrogen from solar, wind and hybrid (wind &
solar) sources, and locations of iron ore deposits in Australia (upper) and the Pilbara region of Western Australia (lower).
Deposit locations are based on [8]. The size of the symbol reflects deposit size category.

Figure 3 also shows the distribution of regions across Australia that are economically favourable for

Green Hydrogen production. These “Economic Fairways” have been identified using the HEFT recently

developed by Geoscience Australia and Monash University [24, 25]. The HEFT analysis accounts for both

the quality of the renewable energy source (as seen in Figure 1), the availability of local infrastructure

(road, rail, water and power as illustrated in Figure 2) as well as plant economics when assessing the

potential for hydrogen production. Here, we assume that the hydrogen produced is consumed locally, and

that the plant is connected to both the closest road (for construction and site access) and the nearest

transmission line (as a source of backup power). We consider three different sources of renewable energy

- solar only, wind only and a hybrid system with 50% wind and solar power.
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The results of our analysis given in Figure 3 show a striking alignment between the distribution of high

potential regions for hydrogen production and existing centres of mining activity. At first it may appear

counter intuitive that surface renewable resources (solar and wind) are associated with regions of mineral

extraction. However, this correspondence stems not from geology, but available infrastructure. Australia

is blessed with ample areas of high-quality renewable resources. However, it is also vast and sparsely

populated, and many regions lack easy access to power and roads. Large mining operations, such as iron

ore, provide an economic incentive to develop electricity transmission and transportation infrastructure

(roads and rail lines). Hence in Australia, the most economically favoured sites for renewable energy

production (solar power in particular) often lie close to centres of mining activity.

4. Green steel production model

Here, we employ a site-based model to conduct a more detailed evaluation of the economics of green-

steel production in particular regions. In Section 5 this model will be used to assess off-grid green steel

production in the Pilbara region, and on-grid production at the Eyre Peninsular.

To assess the potential for green steel production at specific sites, we have developed a Mixed In-

teger Programming (MIP) model: ‘Melbourne/Monash University Renewable Energy Integration Lab‘

(MUREIL)-Steel.” MUREIL-Steel is based on an earlier model, MUREIL-Ammonia, designed to assess

the production potential of green ammonia [26]. Like MUREIL-Ammonia, MUREIL-Steel is able to eval-

uate the impact of the temporal operational flexibility of electrolysers and the refining process on the

optimal design of the a green-steel production system based on hourly wind and solar data. Figure 4

presents a schematic outline of the major components in the MUREIL-Steel model.

The model assumes that electricity for powering Polymer Electrolyte Membrane(PEM) electrolysers,

the Hydrogen Direct Reduction (HDR) furnace and the Electric Arc Furnace (EAF) for steel manufacturing

can be supplied by onsite wind, solar photo-voltaic or a hybrid system. This system may be supported by

a 2, 4 or 6-hour Battery Energy Storage System (BESS) as well as a hydrogen buffer tank and geological

storage. Cost-optimal designs are calculated among these generation and storage options to produce green

steel at a daily output of 1000 tonnes. The model also considers the possibility that electricity can also

come from the grid directly for balancing wind and solar PV in South Australia.

Input assumptions are critical to techo-economic modelling. The average annual wind and solar capac-

ity factors in 2019, which indicate renewable resources quality for the two selected locations are retrieved

from the Renewables.ninja model described by [19, 22]. The discount rate is assumed to be 10 per cent.
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Most of the facilities are assumed to have an economic life of 25 years, whereas PEM stacks lifetime is

assumed to be 80,000 hours of operation. Other key technology capital expenses are taken from the AEMO

ISP 2022 [1] Inputs and Assumptions Workbook and BloombergNEF [7], as summarised in Table 2. A

Specific Energy Consumption (SEC) of 4.48 MWh/t of liquid steel was calculated for all generation sce-

narios. For 24/7 operation on 100% Hot Briquetted Iron (HBI), the production of one tonne of liquid steel

requires approximately 1500 kg of iron ore pellets. Here, it is assumed that 72 kg of hydrogen is needed

per tonne of liquid steel [27].

Table 1: 2022 key cost assumptions employed in the MUREIL-Steel Model.

Component Cost (AUD)

PEM electrolysers $1796 /kW
Wind $1991 /kW
Solar PV $1058 /kW
Battery Energy Storage System (2h) $902 /kW
Battery Energy Storage System (4h) $1377 /kW
Battery Energy Storage System (6h) $1500 /kW

H2 tank (with compressor) $20 /kWh
H2 geological storage (with compressor) $4 /kWh
Electric Arc Furnace $300 /ton crude steel per annum∗

Hydrogen Direct Reduction shaft $370 /ton crude steel per annum∗

Transmission grid charges $20 /MWh
Iron ore (pellets) $140 /ton crude steel (adjusted)
Non-fuel OPEX $100 /ton crude steel
Grid electricity in SA Based on hourly spot market prices in

2019 for renewables firm-up

∗Cost based on nameplate capacity, i.e. annual capacity at 100% operation.

Table 2: 2030 key cost assumptions employed in the MUREIL-Steel Model.

Component Cost (AUD)

PEM electrolysers $638 /kW
Wind $1848 /kW
Solar PV $796 /kW
Battery Energy Storage System (2h) $548 /kW
Battery Energy Storage System (4h) $759 /kW
Battery Energy Storage System (6h) $985 /kW

H2 tank (with compressor) $18 /kWh
H2 geological storage (with compressor) $3.6 /kWh
Electric Arc Furnace $270 /ton crude steel per annum∗

Hydrogen Direct Reduction shaft $333 /ton crude steel per annum∗

Transmission grid charges $18 /MWh
Iron ore (pellets) $140 /ton crude steel (adjusted)
Non-fuel OPEX $100 /ton crude steel
Grid electricity in SA Based on hourly spot market prices in

2019 for renewables firm-up

∗Cost based on nameplate capacity, i.e. annual capacity at 100% operation.
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Figure 4: Schematic outlining the major components considered by the MUREIL-Steel model.

According to [23] , the electrolyser consumes two thirds of the energy, with the electric arc furnace

(EAF) and the ore heating processes as further large energy users. Energy consumption of the shaft is

minimal, due to the use of recovered heat from the condenser, as illustrated in Figure 2.

The above values only consider iron- and steelmaking without the further energy demand in the pel-

letizing process as well as in secondary metallurgy, casting and rolling. Pelletizing is required for magnetite

processing, but not processing of haematite ores. Pelletizing and rolling in particular require additional

inputs in the form of both fuel and electricity [28, 23].

Flexible Electric Arc Furnace operation is currently practical and in use to process scrap metal feedstock

within Australia [e.g. 4]. With grid connection, EAFs can be rapidly started and stopped, allowing the

steel mill to vary energy consumption according to electricity prices or onsite variations in renewable

energy generation.

If the electrolyser is sized larger than required for operation at 100 per cent capacity factor, flexibility

can be added into the system to cope with renewable variability and to take advantage of price fluctuations

in the spot market. Hydrogen from storage then opens up the possibility to offer positive reserve power

by reducing the electrolyser load when electricity prices are high.

With these operation constraints, optimal sizing of the onsite wind, solar PV, electricity storage,

hydrogen buffer and the HDR-ERF system are simultaneously determined by the MIP model to meet a

production goal of 1000 tonnes of liquid steel per day. The levelised costs of liquid steel is then derived

based on the production volume, the plant costs (of the optimised system components), their operational

expenditures, and the iron ore costs, etc.
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5. Discussion of production-model results

Here we use the production model to assess the green steel production in two different locations using

different power sources. We compare the results from (i) wind only, (ii) solar photovoltaics (solar PV)

only and (iii) hybrid wind-solar systems for the Pilbara in Western Australia. We also consider what effect

participating in the electricity grid may have on the economics of production by considering a fourth case

study (iv) hybrid wind-solar systems with grid access at the Eyre Peninsula in South Australia. South

Australia is a particularly attractive electricity market due to a high penetration of renewable resources and

extended periods of low (and often negative) electricity prices. Results from the MUREIL-Steel analysis

are presented in Figure 5. The figure shows the relative contribution of individual components to the

overall least-cost of steel production in the selected regions.

For steel production in the Pilbara region, wind alone powered system is very expensive due to signif-

icant overcapacity and curtailment. Because of the high seasonality of the wind resources in the Pilbara

region, it would require significant seasonal salt cavern storage to meet the temporal production target.

While solar PV powered system is about 20% cheaper than wind in the Pilbara, a significantly larger

amount of battery storage is required to enable the system to operate during the night.

The model further indicates the advantages of a well-optimised generation mix of wind and solar to

increase plant capacity factor and to reduce the overall production costs for both the Pilbara and the

Eyre Peninsula. Due to the plant’s ability to respond to energy supply by balancing demand from both

smelting and hydrogen generation, a relatively small amount of additional battery storage and hydrogen

storage is required for mixed wind and solar projects.

In addition to production from off-grid renewable resources, an optimised electricity system can facil-

itate green steel production. Our analysis in South Australia suggests that green steel production may

be more competitive, if it can participate in the spot market by operating flexibly. However, it should

be noted that this analysis assumes that the additional demand provided by the plant does not alter the

electricity price (i.e., the plant acts as a price taker only).

6. Conclusions

Flexible green steel production enabled by the Hydrogen Direct Reduction/Electric Arc Furnace sys-

tem presents significant economic opportunities for Australia. Many current iron-ore mining centres are

also particularly suited for hydrogen production from renewable resources, due to enabling power and

9



0

200

400

600

800

1000

1200

1400

Pilb
ara  (w

ind only)

Pilb
ara  (s

olar o
nly)

Pilb
ara  (w

ind + so
lar)

EP  (w
ind only)

EP (so
lar o

nly)

EP  (w
ind+solar)

EP (w
ind+solar

+grid
)

US
D/

to
n 

Liq
ui

d 
St

ee
l

Iron ore pellets and other OPEX
HDR shaft & EAF
PEM electrolyser
Salt cavern for WA; tank for SA
Grid balancing for SA
Battery
PV
Wind

Figure 5: Levelised costs of steel production in the Pilbara (Western Australia), and the Eyre Peninsula (South Australia)
with 100% Direct Reduced Iron (i.e. no recycled steel).

transportation infrastructure built to service existing mining operations.

Here, we have presented case studies considering a more detailed analysis of green steel production

in two of these areas: the Pilbara region in north-western Australia; and the Eyre peninsular in South

Australia. Our analysis considers how the practical application of the HDR-EAF system will be influenced

by the volatility of energy prices, the design of the spot markets, as well as the steel and scrap markets and

other technical concerns. The modelling results indicate that a whole-of-system planning approach that

co-optimises power system capacity expansion with green steel production would benefit both sectors.

Future study will estimate to what extent electricity consumption for flexible steel manufacturing will

effect the spot market. The “price-taker” assumption in this study is based on the expectation that

increasing wind and solar electricity production will be deployed onto the grid [1]. In addition, it should

be noted that there might be other revenue streams for flexible steel manufacturing, such as providing

Frequency Control Ancillary Services [12], participating in the wholesale demand response market [2], etc.

These considerations will be further scrutinised in later studies.
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