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Carbon sits at the 
centre of today's 
energy and 
materials systems 

Carbon as feedstock (embedded)

Carbon as energy (combusted)

CO₂ released at 
point of source

CO₂ released 
during production or 
at end-of-ife

Carbon is the core component of the fossil fuels and material feedstocks that 
underpin todayʼs energy and materials systems. When these carbon-based resources 
are combusted or transformed to produce energy, heat, mobility, and materials, they 
release carbon dioxide (CO₂). Achieving net zero requires both reducing the carbon 
entering the system and actively managing the residual carbon that remains.
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INNOVATIONS FOR NET-ZERO ENERGY AND MATERIALS SYSTEMS
Molten Oxide Electrolysis and Electrowinning
 

Three steps towards net-zero energy and materials systems

What is Molten Oxide Electrolysis and Electrowinning?
Molten oxide electrolysis (MOE) and electrowinning use electricity as the primary driver of iron ore conversion for 
steelmaking, providing an alternative decarbonisation pathway alongside hydrogen-based routes and CO₂ capture. MOE 
uses high temperatures to convert iron ore into liquid iron, while electrowinning uses lower temperatures to convert iron 
ore into solid iron.

Key takeaways
Molten oxide electrolysis (MOE) and 
electrowinning offer complementary 
alternatives to existing steel 
decarbonisation routes, decoupling 
depenence upon the global scale-up and 
cost reductions of CCUS and 
electrolysers. This can help de-risk the 
transition, particularly in regions where 
CO₂ storage is unavailable.
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emissions

B CMolten oxide electrolysis 
(MOE) and electrowinning 
can potentially outperform 
existing decarbonisation 
routes where clean 
electricity reaches prices 
below $65/MWh. 

Deployment remains 
early-stage, with projects 
still at pilot scale and 
widespread 
commercialisation unlikely 
before the early-to-mid 
2030s, with further 
innovation required. 

Molten Oxide Electrolysis and Electrowinning
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A MOE and electrowinning offer complementary alternatives to existing steel 
decarbonisation routes

Steel accounts for ~7% of global emissions, and demand is projected to grow ~35% by 2050

Steel production remains predominantly fossil-based4; low-carbon alternatives are emerging of 
which MOE and Electrowinning are an electrified alternative to the iron-making step decoupled 
from the need for clean hydrogen and CCUS.

MOE and electrowinning have high performance on energy intensity and emissions, but are still 
at a low technology readiness level.7,8

Global CO₂ emissions by sector1 (2024) Steel demand outlook (Mt/y)2

Drivers of demand growth:3

Infrastructure construction 
in emerging-markets

Deployment of clean 
energy infrastructure

Manufacturing of 
machinery, automotive, and 
consumer durable goods 
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BF-BOF carbon 
capture with CCUS

DRI-EAF with green 
hydrogen 

MOE/ 
Electrowinning

17 GJ/t
(12 GJ/t fossil + 5 GJ/t electricity) 

Energy intensity

0.25 (CCS) tCO₂/t steel

Emissions intensity

5

15 GJ/t
(9 GJ/t H₂ + 6 GJ/t electricity) 0.08 tCO₂/t steel 6

14-15 GJ/t
(steel) 0.08 tCO₂/t steel 4-6

Technology readiness level9
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B MOE and electrowinning can outperform existing decarbonisation routes 
where clean electricity costs are low 

MOE and electrowinning could outcompete other low carbon variations 
if electricity costs are at or below $65/MWh, almost half the cost of CCUS route13

C Some projects have entered pilot stage, with commercialisation unlikely before 
end of 2030

Pilot projects are emerging across both routes, but they are small in scale (~0.3–80 kt/year) 

Different steel decarbonisation routes have different requirements12,13

Sensitivity analysis of the levelised cost of heat $/t steel at different electricity prices11 $/MWh 

Geographies in the global 
“Sunbeltˮ e.g. India likely 
to have very low cost fully 
clean power systems
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(370$/t steel)

BF-BOF carbon capture with 
CCUS

Requires CO₂ networks and 
storage sites, to make CCUS 
viable.

DRI-EAF with green hydrogen 

Requires low-cost green 
hydrogen, driven by declining 
costs of electrolysers and 
low-cost clean electricity supply.

Raised ~$420m, MOE Critical Metals plant in Brazil 
nearing commercial production, demonstrated at 
~1,600°C with clean power.14

Volteron project, demonstrating direct electrolysis to 
produce blast-furnace-grade products at ~110°C, 
compatible with intermittent power.15

Raised ~$186m to scale clean iron electrowinning, 
producing ~99% pure iron, compatible with 
intermittent renewable power.17

Raised ~$10m seed, demonstrating a membrane-free 
electrochemical process at ~250–300°C, compatible 
with intermittent power.18

These pilots are at ~5–8% of 
typical commercial scale (~1 Mt/year)20

Molten oxide electrolysis & 
electrowinning

Requires low-cost clean 
electricity, often with 
near-constant supply.

DemonstrationCompany Annual 
capacity

Launch/
target year

Molten Oxide
Electrolysis

Electrowinning

Electrowinning

N/A

40-80
kt/year

0.3
kt/year

2026

2027
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Electrowinning
0.5

kt/year
2026
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MOE and Electrowinning: Electrifying steel production

MOE and Electrowinning can:

Three priorities to scale MOE and Electrowinning

Offer a pathway to decouple steel decarbonisation from the global 
scale-up and cost reductions of both CCUS and electrolysers.

They can therefore help de-risk the transition, particularly in regions 
where CO₂ storage is unavailable.

 

Reduce overall fossil fuel use 
in steelmaking 

Targeted innovation  
to improve 
performance

Continue innovation to prove stable 
operation and equipment durability 
(including high-temperature 
materials/anodes for MOE). 
Standardise designs and build supply 
chains and delivery capability to help 
replicate projects at scale and move 
from technology readiness 4–5 toward 
commercial deployment by the early 
2030s.

Key actionsKey playersKey priorities

Clean power 
supply and grid 
infrastructure

Secure low-cost clean electricity at 
industrial scale, with grid connections 
and capacity for high-load processes. 
This includes streamlined permitting for 
new renewable generation, investment 
in transmission and distribution, and 
market frameworks that enable 
long-term power purchase agreements 
to provide price stability for 
capital-intensive projects.

Robust carbon 
pricing & demand 
side market creation

• Technology 
developers

• Steel producers
• Investors 

• Grid operators
• Governments
• Power producers

• Governments
• Regulators
• Steel producers 

Robust carbon pricing (≥ $100/tonne) 
and carbon boarder adjustment 
mechanisms can help close the cost 
gap and create predictable demand for 
clean steel. Public procurement, 
long-term offtake and 
contracts-for-difference which include 
MOE and electrowinning technologies 
can de-risk early projects and reduce 
OPEX risk.
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Electrification will drive the global transition to net zero, powering cleaner industries, 
homes and transport. But even in a world where electricity dominates, carbon 
molecules will play a remaining role in producing essential fuels and materials.

This innovation brief is part of the Carbon in an electrified future series. Each brief 
highlights a key technological innovation that can drive electrification, circularity, or 
sustainable carbon sourcing across three steps towards net-zero emissions energy 
and materials systems.

Explore more in the other briefings:

Sodium-ion batteries
Diversifying beyond 

lithium-ion with a scalable 
alternative

Further reading: Also in this Innovation Brief Series
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