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1. Introduction

The transition from fossil fuel-based electricity to solar and wind energy is well underway.
Electrification of transport via electric vehicles and of heating via heat pumps is rapidly gathering
momentum. But what about the decarbonisation of heavy industry, such as metals, chemicals,
cement, and aviation fuel?

Ultra-low-cost solar (ULCS) offers a potentially transformative solution for reducing emissions in
these hard-to-abate industrial sectors. This study develops a cross-sectoral framework to assess
the integration of ULCS into energy- and emission-intensive heavy industries. ULCS-enabled
decarbonisation pathways are evaluated across multiple mechanisms, including direct
electrification, renewable hydrogen and electro-fuels, high-temperature heat, and solar-powered
carbon removal. Each pathway is quantified using three key metrics: emissions reduction potential
(Mt CO.-elyear), electricity demand from low-carbon transitions (TWh/year), and required PV
capacity (GW).

The results suggest that ULCS-driven industrial decarbonisation could result in about 500
TWh/year of new electricity demand, which is twice current national consumption and supports the
development of a 200-300 GW PV market in Australia. The associated emission reduction
potential is 62.5 Mt CO-e/year, accounting for 14% of national greenhouse gas emissions.
Furthermore, Australia holds the world’s largest iron ore reserves and the second-largest bauxite
reserves. If current exports of these resources were instead processed domestically using ULCS,
the new electricity demand would rise to 3000 TWh/year, unlocking a 1500 GW-scale PV market.
Table 1 summarises the prospects of integrating ULCS into Australia’s major heavy industries.

Table 1 Mapping ULCS prospects for decarbonising Australia’s heavy industries

Sector Primary emission Mechanism t_)f ULCS Key metrics
sources integration
= Blast furnace-basic = Emission reduction: 11 Mt
oxygen furnace (BF- = Green electricity for COz-elyear
BOF) process, reliant hydrogen-based direct = Electricity use: 17
Iron and on coke as chemical reduced iron (H2-DRI) and TWh/year (domestic), 2300
steel reductant and high- electric arc furnaces (EAF) TWhlyear (export)
temperature heat = Green electricity for molten  ® PV market: 8-10 GW
source oxide electrolysis (MOE) (domestic), 1050-1300 GW
(export)
= Fuel combustion in = Emission reduction: 30 Mt
alumina refining . Greep electricity/hydrogen COz-glyear
= Electricity use in for h|gh-temperature heat = Electricity use: 74 .
Aluminium aluminium smelting anq §team in alumina TWh/year (domestic), 270
and alumina = Graphite electrode refining N TWhlyear (export)
consumption » Green electricity for * PV market: 35-40 GW
electrolytic smelting (domestic), 120-150 GW

(export)
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» Green electricity/hydrogen = Emission reduction: 6.5 Mt

" Process emissions from for high-temperature heat COz-elyear
carbonate. _ in rotary kilns = Electricity use: 33
Cementand ~ decomposition = Green electricity for carbon ~ TWh/year
lime = Fuel combustion capture, utilisation, and = PV market: 15-20 GW
emissions from rotary storage
kilns
» Green hydrogen for the = Emission reduction: 4 Mt
= Hydrogen production Haber-Bosch process CO2-elyear
A : via steam methane = Electrochemical nitrogen ~ * Electricity use: 26
rhmonia reforming (SMR) and reduction (NRR) reaction TWhlyear
coal gasification = PV market: 12-15 GW
= Electro-fuels synthesised = Emission reduction: 9 Mt
using green hydrogen and COz-elyear
carbon captured from direct ® Electricity use: 288
Aviation = Jet fuel combustion air capture and industries TWhlyear
= Hydrogen fuel cells * PV market: 130—-165 GW

= Electrification

. . = Emission reduction: 2 Mt
» Ammonia-fuelled engines

= Marine fuel oil and fuel cells glg;ﬁ/c);’z/aase' 36
Shippin i . ] .
g combustion Hydrogen fuel cells TWh/year

" Electrification = PV market: 16-20 GW

2. Sectoral analysis of ULCS-driven industrial decarbonisation

This section examines three representative heavy industries, i.e., iron and steel, alumina and
aluminium, cement and lime, to demonstrate how the integration of ULCS can drive deep
decarbonisation across Australia’s industrial sectors.

2.1. Iron and steel

Australia produced 5.6 Mt of crude steel in 2022, with three-quarters from the blast furnace-basic
oxygen furnace (BF-BOF) route and the remaining one-quarter from electric arc furnaces

(EAF) using recycled scrap. The BF-BOF route has a high emission intensity of 2.2 t CO. per t of
steel, as coke is used both as the chemical reductant and the high-temperature heat source for
iron ore reduction. According to the Climate Change Authority, this sector contributed 11 Mt of
CO2-e Scope 1 emissions in 2021-22, accounting for 2.5% of national emissions.

Decarbonisation of steelmaking is centred on two emerging technology routes: hydrogen-based
direct reduced iron with electric arc furnaces (H.-DRI + EAF) and molten oxide electrolysis (MOE).
In both cases, coke is replaced either by renewable hydrogen or renewable electricity. The Ho-DRI
+ EAF route requires 3.5 MWh of electricity per t of liquid steel, while the MOE route has been
reported to consume 4 MWh of electricity per t of crude steel. At an electricity intensity of 3.5—4
MWh/t, decarbonising Australia’s domestic steelmaking would require 17 TWh/year of electricity,
corresponding to 8—-10 GW of PV capacity. Australia holds 29% of the world’s iron ore reserves,
estimated at 58,000 Mt. In 2024, Australia produced 930 Mt of iron ore containing 580 Mt of iron
content, more than 90% of which was exported. If these exports were processed domestically into
green steel using ULCS, it would require 2300 TWh/year of electricity, creating a 1050-1300 GW
PV market.

2.2. Aluminium and alumina

Australia’s aluminium industry, including bauxite mining, alumina refining, and aluminium smelting,
emits about 30 Mt CO»-e annually, accounting for 7% of national emissions. The two core
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processes, alumina refining via the Bayer process and aluminium smelting via the Hall-Héroult
process, are highly emission-intensive. In Australia, alumina refining contributes 12 Mt CO.-e/year,
with 9.1 Mt from digestion, 1.5 Mt from calcination, and 1.3 Mt from electricity use. Aluminium
smelting contributes 14.6 Mt CO»-e/year from electricity use and 3 Mt CO.-e/year from carbon
anode consumption, releasing both CO, and perfluorocarbons.

Decarbonisation options for alumina refining include electrification, hydrogen combustion, or hybrid
approaches. The digestion and calcination processes require 11.5 GJ/t (3.2 MWh/t) of thermal
energy. By contrast, decarbonising aluminium smelting depends on the transition to renewable
electricity. All four smelters in Australia are connected to the National Electricity Market and will
therefore decarbonise as the grid transitions to high-renewable futures. Additionally, replacing
carbon anodes with inert anodes offers a material decarbonisation solution. About 2.5 MWh and
15.75 MWh of electricity are required to produce 1 t of alumina and aluminium, respectively.
Australia’s annual production includes 100 Mt of bauxite, 20 Mt of alumina, and 1.5 Mt of
aluminium. Full decarbonisation of domestic alumina and aluminium production would require 74
TWh/year of electricity, corresponding to a 35—-40 GW PV market. Australia holds 12% of the
world’s bauxite reserves, estimated at 3500 Mt. About 40% of bauxite and 85% of alumina are
exported to international markets. If all exports were processed domestically using ULCS, it would
require 270 TWh/year of electricity, supporting the development of a 120-150 GW PV market.

2.3. Cement and lime

Australia’s annual production of cement and lime is approximately 9.6 Mt and 1.5 Mt, respectively.
Cement and lime production emit about 4.7 Mt COz/year and 1.8 Mt COz/year. Scope 1 emissions
comprise two main sources: (i) process emissions, resulting from the decomposition of limestone
(CaCOs3; = CaO0 + COy) at high temperatures, accounting for 60% of total CO, emissions; and (i)
fuel combustion emissions, resulting from the burning of fossil fuel to generate high-temperature
heat, accounting for 28% of total CO, emissions. Scope 2 emissions, i.e., indirect emissions from
electricity use, contribute to the remaining 12% of total CO, emissions.

Carbon capture, utilisation, and storage are regarded as a viable option for mitigating carbon
emissions from limestone decomposition. The CO- capture technologies currently under
development include: monoethanolamine (MEA) absorption, oxyfuel, chilled ammonia process
(CAP), membrane-assisted CO; liquefaction (MAL), calcium looping with tail-end configuration
(CAL Tail-End), and calcium looping with integrated configuration (CAL Int.) These technologies
have different energy requirements, ranging from 1.63-7.08 MJ per kg of CO- captured (Voldsund
et al., 2019), equivalent to about 0.5-2 MWh per t of CO- captured. For instance, the MEA
absorption process consumes about 2 MWh per t of CO» captured, with 78% of this energy used
for steam generation and 22% for electricity consumption, e.g., CO, compression. In

comparison, direct air capture consumes about 2—3 MWh per t of CO; captured, with 90% for
thermal energy and 10% for electricity (Yafiee et al., 2024). For cement and lime industries, a net-
zero transition scenario is developed in this study based on three measures: (i) capturing process-
related CO. emissions from cement and lime production; (ii) converting captured CO into synthetic
aviation fuel, combined with green hydrogen produced via water electrolysis; and (iii) electrifying
high-temperature thermal generation currently supplied by fossil fuel combustion. Together, these
measures have the potential to mitigate 6.5 Mt CO./year emissions. The total energy requirement
for this transition would be 33 TWh/year, requiring a 15-20 GW PV market.

3. Economic feasibility of ULCS-driven decarbonisation

Heavy industries are typically highly energy-intensive. For example, Australia’s Economic
Fairways modelling (Wang et al., 2023) indicated that energy accounts for 62% of green steel
costs, comprising renewables 32%, energy storage 10%, and electrolysers 19%. Similarly, a HILT
CRC study (Rahbari et al., 2025) suggested that energy accounts for 57% of total costs in
optimised FBH.DRI-smelter-BOF configurations for Australia’s low-grade iron ore refining. For the
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MOE route, a techno-economic analysis (Humbert et al., 2024) estimated that electricity accounts
for about half of operating costs.

Australia’s ULCS target aims to improve PV efficiency to 30% while reducing costs to $0.3/W,
approximately 20% of today’s PV cost ($1.5/W). At current costs, the Economic

Fairways modelling estimated the levelised cost of solar-driven green steel at $1000-2000/t, with
solar accounting for 25-31% of total production costs. In comparison, the cost of conventional BF-
BOF steel production in Australia was estimated at $820/t (Hasanbeigi, A. et al., 2024). Cost
reductions driven by ULCS could help bring green steel close to cost parity with conventional BF-
BOF steelmaking. However, the current cost of producing green hydrogen via water electrolysis for
the H.-DRI+EAF process remains high. Electrolysers must therefore operate at high duty cycles to
ensure economic viability, which requires energy storage to stabilise solar power. Additionally,
differences in equipment life may lead to depreciation cost disparities between the BF-BOF and the
H>-DRI+EAF routes.

4. Conclusion

This study highlights the transformative potential of ULCS in driving the deep decarbonisation of
hard-to-abate industrial sectors. The mechanisms of ULCS integration have been identified, where
their emission reduction potential, electricity demand, and required PV capacity to support
industrial transformation are quantified. Some industries, e.g., green steelmaking, could reach
cost-competitiveness with conventional fossil fuel-based processes if the ULCS target is achieved.
We recommend that government and industry support both the ULCS target and broader efforts to
accelerate economy-wide decarbonisation by leveraging Australia’s abundant solar and land
resources.

Key findings include:

e ULCS provides a scalable solution for economy-wide decarbonisation through direct
electrification, renewable hydrogen and electro-fuels, high-temperature heat, and solar-
powered carbon removal.

e Mapping ULCS-driven decarbonisation pathways identifies an emission abatement
opportunity of 62.5 Mt COa/year, equivalent to about 14% of Australia’s national emissions.

e ULCS-enabled industrial decarbonisation could drive new electricity demand of about 500
TWh/year for domestic use and about 2500 TWh/year for exports, together unlocking a
1500 GW-scale PV market in Australia.
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