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Our Commissioners come from a range of organisations  
– energy producers, energy-intensive industries, technology 
providers, finance players and environmental NGOs – which 
operate across developed and developing countries and 
play different roles in the energy transition. This diversity of 
viewpoints informs our work: our analyses are developed 
with a systems perspective through extensive exchanges 
with experts and practitioners. The ETC is chaired by Lord 
Adair Turner who works with the ETC team, led by Faustine 
Delasalle (Vice-Chair), Ita Kettleborough (Director), and Mike 
Hemsley (Deputy Director). 

The ETC’s Material and Resource Requirements for the 
Energy Transition was developed by the Commissioners 
with the support of the ETC Secretariat, provided by 
Systemiq. This report constitutes a collective view of the 
Energy Transitions Commission. Members of the ETC 
endorse the general thrust of the arguments made in this 
publication but should not be taken as agreeing with every 
finding or recommendation. The institutions with which 
the Commissioners are affiliated have not been asked to 
formally endorse this report. 

Accompanying this report, the ETC has developed a  
series of Material Factsheets for key materials (cobalt, 
copper, graphite, lithium, neodymium and nickel), available 
on the ETC website. 

This report looks to build upon a substantial body of 
work in this area, including from the IEA, IRENA, and ETC 
knowledge partners BNEF and RMI.

The ETC team would like to thank the ETC members, 
member experts and the ETC’s broader network of 
external experts for their active participation in the 
development of this report. 

The ETC Commissioners not only agree on the importance 
of reaching net-zero carbon emissions from the energy 
and industrial systems by mid-century but also share a 
broad vision of how the transition can be achieved. The 
fact that this agreement is possible between leaders from 
companies and organisations with different perspectives 
on and interests in the energy system should give 
decision-makers across the world confidence that it is 
possible simultaneously to grow the global economy and 
to limit global warming to well below 2°C. Many of the 
key actions to achieve these goals are clear and can be 
pursued without delay.  
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www.youtube.com/@ETC_energy
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emissions by mid-century, in line with the Paris climate objective of 
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The ETC’s Barriers to Clean Electrification series focuses on identifying the key challenges facing the transition  
to clean power systems globally and recommending a set of key actions to ensure the clean electricity scale-up  
is not derailed in the 2020s. This series of reports will develop a view on how to “risk manage” the transition – 
by anticipating the barriers that are likely to arise and outlining how to overcome them, providing counters to 
misleading claims, providing explainer content and key facts, and sharing recommendations that help manage risks. 
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Major ETC reports and working papers

Sectoral focuses provided detailed 
decarbonisation analyses on six of 
the harder-to-abate sectors after the 
publication of the Mission Possible  
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As a core partner of the MPP, the ETC 
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aviation, shipping, and trucking. 

 

Global 
Reports 

Sectoral and 
cross-sectoral 

focuses

Geographical 
focuses 

Keeping 1.5°C Alive 
Series (2021–2022) 
COP special reports 
outlining actions 
and agreements 
required in the 
2020s to keep 
1.5°C within reach.

Barriers to Clean 
Electrification 
Series (2022–2024) 
recommends 
actions to overcome 
key obstacles to 
clean electrification 
scale-up, including 
planning and 
permitting, supply 
chains and power 
grids.

Unlocking the First Wave of 
Breakthrough Steel Investments 
(2023) This ETC series of reports 
looks at how to scale-up near-zero 
emissions primary (ore-based) 
steelmaking this decade within 
specific regional contexts: the UK, 
Southern Europe, France and USA.

Canada’s Electrification 
Advantage in the Race to 
Net-Zero (2022) identifies 
5 catalysts that can serve 
as a starting point for a 
national electrification 
strategy led by Canada’s 
premieres at the province 
level.

China 2050: A Fully 
Developed Rich 
Zero-carbon Economy 
(2019) Analyses China’s 
energy sources, technol-
ogies and policy 
interventions required to 
reach net-zero carbon 
emissions by 2050.  

A series of reports on the 
Indian power system, 
outlining decarbonisation 
roadmaps for India’s 
electricity supply and heavy 
industry.

Setting up industrial 
regions for net zero 
(2021–2023) explore the 
state of play in Australia, 
and identifies opportunities 
for transitioning to net-zero 
emissions in five 
hard-to-abate supply 
chains.

Mission Possible 
(2018) outlines 
pathways to reach 
net-zero emissions 
from the 
harder-to-abate 
sectors in heavy 
industry (cement, 
steel, plastics) and 
heavy-duty 
transport (trucking, 
shipping, aviation).

Making Mission 
Possible (2020) 
shows that a 
net-zero global 
economy is 
technically and 
economically 
possible by 
mid-century and will 
require a profound 
transformation of 
the global energy 
system.

Making Mission 
Possible Series 
(2021–2022) 
outlines how to 
scale-up clean 
energy provision to 
achieve a net-zero 
emissions economy 
by mid-century.

Financing the 
Transition (2023) 
quantifies the 
finance needed to 
achieve a net-zero 
global economy and 
identifies policies 
needed to unleash 
investment on the 
scale required.
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Material and Resource Requirements for the Energy Transition4























Most importantly, it is crucial to understand that any impacts on land and water to build and operate a clean energy system 
will be significantly less than the adverse impacts that will arise from temperature rises above 1.5°C and beyond 2°C in the 
absence of a rapid energy transition by 2050. 

This section therefore covers in turn:

➀	 Land and water requirements to operate and maintain a clean energy system. 

➁	 Material and mineral requirements compared with globally available resources.

➂	 The new system vs. the old: a dramatically reduced impact on the global environment over the long-term.

1.1 Land and water requirements for a clean energy system
 
Total land and water requirements for the global energy system are small compared to other major uses such as 
agriculture. This section outlines land and water requirements to build and maintain a clean energy system, compared to a 
fossil fuel energy system. 

•	 Land requirements for a zero-carbon energy system are much larger than for a fossil fuel based system, but are small 
relative to agricultural use and total available land – likely less than 2% of land dedicated to agriculture. In many cases 
low-carbon energy can be sited on working agricultural land. 

•	 Water requirements for metals mining, cleaning solar panels, nuclear power generation, carbon capture and 
electrolysis for hydrogen could be as much as 1.5–2 times larger than a fossil fuel energy system, but requirements are 
around 50 times lower than for agriculture.

The required land and water for mining the materials needed to build clean energy technologies is discussed in more 
detail in Chapter 4.

It is also worth remembering the adverse impacts climate change would have on land and water, which would be avoided 
with the energy transition. These impacts, outlined in Section 1.3 below, would likely be significantly worse than the 
requirements to build and operate a clean energy system – whether from water scarcity or available land.8

1.1.1 Land requirements for a clean energy system 

Exhibit 1.2 sets out the land requirements for a net-zero energy system compared with a fossil fuel system and global 
agriculture use. Key points are: 

•	 Land requirements for wind and solar, including power generation for direct electricity use, green hydrogen 
production, and direct air carbon capture (DACC), account for around 0.4–1.1 million square kilometres of land9 – 
around 1% of global land use and an area of land slightly less than current urban areas.10 Importantly, the impact on 
global biodiversity or agriculture is much less than this would imply, given that: 

	◦ Much solar photovoltaic (PV) can be placed on rooftops or on desert and other land which is unsuitable for 
agriculture – around 40% of solar PV installations in 2021 were on rooftops.11 

	◦ Wind farms compete only minimally with agricultural land use, and solar farms can also be combined with some 
agricultural activity and biodiversity.

•	 The largest land requirements for renewable energy – and the biggest potential adverse impact on biodiversity – 
derives not from wind and solar deployment, but from bioenergy production. But sustainable use of bioresources 

8	 For example, the IPCC estimates that one-quarter of the world’s natural land now experiences longer wildfire seasons, and that at 2°C of warming land that is currently 
used for livestock and crops “will increasingly become climatically unsuitable”. Extreme agricultural drought over North and South America, Eurasia and the Mediterranean 
could be up to three times as likely at 2°C of warming. Carbon Brief (2022), In-depth Q&A: The IPCC’s sixth assessment on how climate change impacts the world.

9	 We have conservatively assumed only utility-scale ground-mounted solar is used. The direct land requirements of onshore wind are minimal. The range depends on both 
the scale of onshore wind and solar PV uptake, and the extent of clean electrification – see ETC (2021), Making clean electrification possible; Our World in Data (2022), 
Land use of energy sources per unit of electricity; UNECE (2021), Lifecycle assessment of electricity generation options; IEA (2022), Solar PV tracking report.

10	 Urban areas occupy around 1.5 million km2. Our World in Data (2019), Land use.
11	 IEA (2022), Approximately 100 million households rely on rooftop solar PV by 2030. 
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need not exceed the land already dedicated to those resources today, implying no net increase: 

	◦ The ETC believes that almost all future bioenergy use could be met from waste and residues, with minimal 
additional energy crop use. This implies future land use for bioenergy would not go beyond existing levels, which 
totals 0.5–2.5 million km2.12

	◦ Bioenergy development must still be carefully managed within sustainability limits and used only in applications 
where alternative zero-carbon technologies are not available.

•	 Thus, new additional land use from the energy transition would only be around 0.4–1.1 million km2, comparable to the 
0.2–0.4 million km2 used for the fossil fuel energy system.13 

•	 However, both energy systems are very small compared with the 51 million km2 devoted to agriculture, of which 
41 million km2 directly (i.e. grazing land) or indirectly (i.e. arable land used for animal feed) supports meat and 
dairy production. This is a much greater driver of adverse land use impacts, including being the primary driver of 
deforestation.14

•	 Deforestation is predominantly driven by agriculture,15 and biodiversity losses are overwhelmingly driven by land-use 
change for food production, or by climate change impacts induced by use of fossil fuels.16

At the global level, there are therefore no significant land resource constraints on the ability to build a massively bigger 
electricity system based primarily on wind and solar. 

However, in certain countries, constraints across land, wind and solar availability will make it impossible to rely solely (or 
even primarily) on domestic wind and solar resources to deliver required electricity supply. Conservative estimates of 
“available” land for wind and solar amount to 0.5–5 million km2 globally,17 in excess of the requirements above – but with 
potential pinch-points at a more local or regional level in resource-constrained or densely poplated countries such as 
Nigeria or Bangladesh.

In such cases, countries will need to rely either on domestic nuclear power, on the continued use of fossil fuels with carbon 
capture and storage (CCS), or on the import of zero-carbon power from other countries, whether in the form of electricity 
(via high-voltage direct current lines), hydrogen, or other energy carriers.

12	 The ETC has covered the topic of bioresources extensively in ETC (2021), Bioresources within a net-zero economy, including an outline of a sustainable scale of future 
use of bioresources, alongside the actions required for responsible supply and the trade-offs between different forms of land use, their mitigation potential, and their 
impacts on nature and biodiversity.

13	 Estimated based on Our World in Data (2022), Land use of energy sources per unit of electricity; Allred et al. (2015), Ecosystem services lost to oil and gas in North America.
14	 ETC (2023), Financing the transition: Supplementary report on the costs of avoiding deforestation.
15	 ETC (2023), Financing the transition: Supplementary report on the costs of avoiding deforestation.
16	 Jaureguiberry et al. (2022), The direct drivers of recent global anthropogenic biodiversity loss; IPBES (2023), Models of drivers of biodiversity and ecosystem change.
17	 Estimated based on available wind and solar resources and assumptions around availability of land for electricity generation – see Deng et al. (2015), Quantifying a 

realistic, worldwide wind and solar electricity supply.
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There is therefore no fundamental shortage of raw materials to support a complete global transition to a net-zero 
economy, while supporting economic growth powered by greatly increased electricity consumption.

However, for some materials, current estimated reserves are insufficient to meet the levels of demand expected for both 
the energy transition and other sources of demand. Reserves might need to expand by up to 30% for copper, 70% for 
nickel, and 90% for silver to meet total expected demand between 2020–50.

Turning resources into reserves is not expected to be a major challenge. A combination of economic incentives, 
technological developments and increased exploration all tend to lead to expansions in estimated reserves over time 
[Exhibit 1.8]. However, reserves for some materials are located in sensitive and costly locations, such as tropical regions 
with high biodiversity, and timelines for developing new mines can take 15 or more years. 

 

Box A: Defining material reserves and resources 
Assessment of future material requirements need to consider both current estimates of global resources and 
reserves of materials [Exhibit 1.7]:33

•	 Mineral Resources are natural concentrations of minerals that are, or may become, of potential economic 
interest. Resources can include inferred, indicated and measured quantities – with increasing level of 
geological knowledge and confidence.

•	 Mineral Reserves are the currently economically and technically extractable part of resources. Reserves can 
be sub-divided into probable and proved reserves.

Both resources and reserves are dynamic, and tend to increase over time – even as production depletes existing 
stocks. Historically, price incentives driving more exploration and improved exploration and extraction technologies 
have led to an expansion in estimated reserves and resources across most minerals and metals. This can be seen 
clearly for copper, nickel and lithium in Exhibit 1.8.

33	 Definitions adapted from: British Geological Survey/Minerals UK/NERC (2023), What is the difference between resources and reserves for aggregates?; US Geological 
Survey, Mineral reserves, resources, resource potential, and certainty; Boliden (2023), Mineral resources and mineral reserves.

Resources and reserves depend on geology, 
technology and economics

SOURCE: Adapted from British Geological Survey/Minerals UK/NERC (2023), What is the difference between resources and reserves for aggregates?
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During the transition, these local environmental impacts could be on the same order of magnitude as maintaining the 
current fossil fuel based system, although they will differ in severity and nature in specific locations (see Chapter 4 for a 
detailed discussion). This is because while a clean energy system requires at most around 0.3 billion tonnes of materials 
each year, extracting them requires moving up to 13 billion tonnes of waste rock [Exhibit 1.10] – an amount roughly similar 
to the current global copper system.38 However, two points should be kept in mind:

•	 The current fossil fuel system relies on the extraction of 15 billion tonnes of coal, oil and gas39 – together with 2 billion 
tonnes of waste rock and tailings from coal mining.40

•	 Of these, around 4 billion tonnes are internationally traded over thousands of kilometres41 – whereas waste rock and 
tailings from mining are typically moved at most a few kilometres within a mine site.

Further, there will be a clear environmental benefit of a reduction in air pollution from avoided combustion of fossil fuels: 

•	 Mining and combustion of fossil fuels leads to the emission of nitrogen oxides and fine particulate matter that results 
in illness and millions of premature deaths each year, predominantly driven by coal mining and coal-fired power 
generation.42 Combustion of bioenergy also leads to emissions of nitrogen oxides and particulate matter, though 
overall volumes of bioenergy combustion will be significantly smaller than fossil fuel combustion today. 

•	 Life cycle analyses show that wind, solar and nuclear electricity generation has an impact on human deaths that is 
1000x lower than coal and 100x lower than gas.43 

•	 In the case of electric vehicles, the significant weight of batteries means that non-exhaust emissions (mainly from 
brake, tyre and road wear) from the driving of vehicles will still remain even as the road transport fleet is electrified.44 
However, the scale of this issue is much smaller than the impacts on human health from combustion of fossil fuels.

In addition, the key point is that today’s energy system, based on the continuous extraction and consumption of fossil fuels 
would lead to these environmental impacts occurring every year in perpetuity. 

In comparison, the material extraction required to build a clean energy system will be, to a large extent, one-off. The 
materials extracted will be deployed in durable technologies which, over the long-term will be significantly recycled, as 
explained in Chapter 2. This means that mining needs for the energy transition will greatly reduce in coming years.

1.4 Summary
 
Analysis of global cumulative resource requirements shows that there are no fundamental long-term barriers to  
building a zero-carbon energy system, which can support widespread global prosperity in a sustainable way. However, 
there may need to be short-term trade-offs and open discussions around land use or water consumption in particularly 
resource-constrained countries or regions.

Over the long-term, any trade-offs across land use, water consumption or material requirements for a clean energy system 
are more than manageable when compared to the existing fossil fuel or agricultural systems [Exhibit 1.11] – as well as 
reducing emissions to avoid climate change and its associated impacts on resources and the environment.  

The key issues are therefore not the long-term feasibility or desirability of a clean energy system, but:

•	 The challenge of ramping up materials supply fast enough to decarbonise the global economy at the pace required. 
This is considered in Chapters 2 and 3. 

•	 The challenge of ensuring mining for key materials occurs in a sustainable and responsible way which manages and 
minimises local environment impacts. This is considered in Chapter 4. 

38	 Nassar et al. (2022), Rock-to-metal ratio: A foundational metric for understanding mine wastes.
39	 IEA (2022), Coal 2022; IEA (2022), Oil market report – December; IEA (2022), Gas market report, Q4.
40	 ICMM (2022), Tailings reduction roadmap.
41	 BP (2022), Statistical review of world energy.
42	 There is a range of estimates of global deaths attributable to fossil fuel particulate emissions, see e.g., McDuffie et al. (2021), Source sector and fuel contributions to ambient 

PM2.5 and attributable mortality across multiple spatial scales, which estimates approximately 1.1 million premature deaths annually, or Vohra et al. (2021), Global mortality 
from outdoor fine particle pollution generated by fossil fuel combustion: Results from GEOS-Chem, which estimates around 8.7 million premature deaths annually.

43	 Our World in Data (2022), What are the safest and cleanest sources of energy?
44	 OECD (2020), Non-exhaust particulate emissions from road transport; Harrison et al. (2021), Non-exhaust vehicle emissions of particulate matter and VOC from road traffic: A review.

Material and Resource Requirements for the Energy Transition28

















Comparing the Baseline Decarbonisation scenario with planned supply suggests that:

•	 Steel and aluminium supply will grow broadly in line with increased demand to 2030, with a large and growing 
percentage of the supply of both coming from “secondary” (i.e., recycled material) – reflecting high existing end-of-life 
recycling rates for both materials.49

•	 Recycling is also important for copper, but recycled supply from clean energy technologies plays a minimal role before 
2030, as with other key battery materials (graphite, lithium, cobalt, nickel), since very few EVs will have reached end 
of life by then.

•	 Although planned supply for many materials is expanding, it still falls short of demand in six key materials – copper, 
graphite, lithium, nickel, cobalt and neodymium which are highlighted as the energy transition materials at greatest 
risk in Exhibit 2.5.50

There will also be demand for specific chemicals driven by the deployment of CCS, both for industrial point sources and for 
direct air carbon capture. This is discussed in Box B.

49	 Current end-of-life recycling rates for steel and aluminium are around 75% and 70%. Fraunhofer ISI (2022), A dynamic material flow model for the European steel cycle, 
and MPP (2022), Making Net-Zero Steel/Aluminium Possible.

50	 We do not include silver in this group of materials of concern given the very high share of non-energy transition demand for silver, from which demand-shifting is 
possible, alongside potential to increase secondary supply.

The short-term challenge: Estimated supply growth for key 
materials is insufficient to meet rapidly rising demand by 2030

EXHIBIT 2.5

Annual demand and supply in 2030 (Baseline Decarbonisation scenario) 
Million metric tonnes

NOTE: The ETC’s Baseline Decarbonisation scenario assumes an aggressive deployment of clean energy technologies for global decarbonisation by mid-century, but materials intensity 
and recycling trends follow recent patterns. 1Supply only shown for natural graphite – it is likely that synthetic graphite could close most of the remaining supply gap.

SOURCE FOR ENERGY TRANSITION DEMAND: SYSTEMIQ analysis for the ETC.

SOURCE FOR NON-ENERGY TRANSITION DEMAND: Copper – BNEF (2022), Global copper outlook; Nickel – BNEF (2023), Transition metals outlook, Lithium, Cobalt, Neodymium –  IEA 
(2021), The role of critical minerals in clean energy transitions.
SOURCE FOR PRIMARY SUPPLY: Copper, Nickel – BNEF (2023), Transition metals outlook, and assuming recycled copper from non-energy transition sources is 10% of primary supply;  
Graphite Anodes, Lithium, Cobalt – BNEF (2022), 2H Battery metals outlook; Neodymium – estimated assuming continued CAGR in rare earth oxide production from 2010–21, through to  
2030, with neodymium making up 17% of total supply.

Recycled supply 
from energy 
transition

Energy Transition 
Demand - Baseline

Non-Energy 
Transition Demand

Estimated 
mine supply 

Supply - 
Secondary (from 
other sources)

20302022

7.0

3.8

1.1

-45%

20302022

0.43

0.25

0.17

-40%

20302022

0.77

0.51

0.12

-30%

20302022

0.12

0.09

0.05

-30%

20302022

5.8

4.6

3.3

-15%

20302022

40

34

25

-10%

Graphite Anodes1 Cobalt Lithium Neodymium Nickel Copper
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2.3 The potential for efficiency and recycling 
 
Pressure on the primary supply of materials can be significantly reduced over the long-term by increasing efficiency and 
reducing total material requirements, and by increasing recycling and thus the share of demand which is met by secondary 
supply. The impacts of these actions would become evident over different time horizons: 

•	 Over the short term, actions to improve materials and technology efficiency have the strongest impact on reducing 
material demand, helping to close supply gaps to 2030, with potential greatest in battery materials. 

•	 Over the mid-to-long term, shifting to next-generation technologies and scaling recycling can together significantly 
reduce primary material requirements, leading to falling primary demand from the mid-2030s onwards. 

•	 Secondary supply will play a major role in meeting demand from the late-2030s onwards for key materials such as 
cobalt, graphite and lithium.

Exhibit 2.7 sets out the technological trends and actions which will make it possible to reduce primary material demand via 
both the technical innovation and recycling levers.
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These, and other actions across the full spectrum of materials and technologies, would significantly reduce material 
requirements. In particular: 

•	 Steel: Where cumulative energy transition related steel demand between 2023–50 could fall from around 4,900 Mt to 
3,700 Mt (a 25% reduction), predominantly as a result of reduced requirements in wind and solar installations.

•	 Aluminium: Cumulative requirements could fall from 950 Mt to 730 Mt (20% reduction), mainly driven by lower 
aluminium use in overhead cabling and mountings for solar panels.

•	 Copper: Cumulative demand could fall from 600 Mt to 420 Mt (30% reduction), driven by a combination of reduced 
use in grids, a reduced build-out of wind and solar installations, and lower copper intensity in electric vehicles.

In addition, and crucially, they would significantly reduce the likelihood and severity of supply gaps this decade. For the 
key materials with the biggest supply risks, improved technology performance and management, faster declines in material 
intensity, and substitution to alternative materials and technologies offer significant potential [Exhibit 2.9]:

•	 Lithium: A shift to sodium-ion batteries beyond 2030, combined with faster battery energy density improvements and 
slower growth in battery pack sizes leads to a 40% reduction in demand by 2050, with demand in that year cut from 
around 940 kt to 570 kt. 

•	 Cobalt and nickel: The rapid rise of LFP batteries displaces significant demand from cobalt- and nickel-rich battery 
compositions, reducing future materials demand projections, especially over the short term to 2030. Faster battery 
energy density improvements and slower growth in battery pack sizes also help mitigate demand increases.

•	 Copper: Larger wind turbines, more efficient solar panels, and better siting and management, can help generate 
more terawatt hours of electricity with less copper. Improvements in grid management and digitalisation, reducing 
redundancy requirements, and improving smart demand management can also help reduce the scale of the grid  
build-out required and its demand for copper.
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Demand from the energy transition can be reduced 
through technology and materials efficiency

EXHIBIT 2.9

Annual total demand
Thousand metric tonnes

NOTE: The ETC’s Baseline Decarbonisation scenario assumes an aggressive deployment of clean energy technologies for global decarbonisation by mid-century, but materials 
intensity and recycling trends follow recent patterns. The High Efficiency scenario assumes accelerated progress in materials and technology efficiency. Non-energy transition 
demand is held constant across all scenarios. The efficiency levers are only applied to demand for the energy transition. 

SOURCE FOR ENERGY TRANSITION DEMAND: Systemiq analysis for the ETC. LFP = Lithium-Iron-Phosphate; NMC = Nickel-Manganese-Cobalt.

SOURCES FOR NON-ENERGY TRANSITION DEMAND: Lithium – IEA (2021), The role of critical minerals in clean energy transitions; Cobalt – Ibid.; Nickel – BNEF (2023), 
Transition metals outlook; Copper – BNEF (2022), Global copper outlook 2022-40.
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Some of these trends are already taking place, driven by high prices and continuous innovation [Exhibit 2.10]:

•	 The ongoing shift to low-cobalt nickel-manganese-cobalt (NMC) and cobalt-free LFP batteries has driven down 
forecasts of future cobalt demand in 2030 by over 50%.56

•	 In certain cases, when copper prices are high enough and project specifications allow it, switching to aluminium for 
power cables has taken place – reducing copper demand by 200–500 kt each year between 2005–18.57

Finally, as an illustration of the potential for a very different style of low-carbon power generation system, Box C outlines 
the trade-offs between land use, material requirements and costs associated with an increased use of nuclear power.

56	 BNEF (2022), Long-term electric vehicle outlook.
57	 BNEF (2020), Copper and aluminium compete to build the future power grid.
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2.3.2 Increased recycling – small potential to 2030 but very large by 2040s   

By 2050, its plausible that the majority of new demand requirements from clean energy technologies could be met through 
secondary supply. But over the short-term to 2030, less than 10% of demand from the energy transition is likely to be met 
through recycling. This is because: 

•	 Existing end-of-life recycling rates are currently low and will take time to increase: Current levels of recycling 
vary significantly across materials, with aluminium, steel and copper quite widely recycled, as well as certain highly 
valuable metals such as platinum [see Box D and Exhibit 2.12]. Many key battery materials, however, have low 
recycling rates; this is especially the case for lithium, where low collection and technical challenges make recovery of 
lithium difficult or prohibitively expensive and mean less than 1% is recycled at end of life.61

•	 Timescales for stock turnover of clean energy technologies: Secondary supply can only be scaled up as clean 
energy products reach end of life. This means that much of the lithium, copper or silicon in use in batteries, grids and 
solar panels that is sold in the coming years will not become available for decades. 

Over the long term, however, there is significant potential to improve recycling and waste management rates for a range 
of products and processes, with a major impact on the volume of primary supply required, but only from 2040 onwards 
[Exhibit 2.13]. Accelerating recycling on its own will not be sufficient to close supply gaps in 2030.

 
BOX D: The current status of recycling
Although many comparisons are made with recycling from electronic waste, clean energy technologies tend to 
be large, industrial machinery – making the potential for recycling much more comparable to recycling from heavy 
industry where collection rates are high, such as for grid infrastructure or vehicles.62

Two key factors underpin high recycling levels: high value/prices for materials, and the existence of  
business-to-business models. As soon a system shifts to consumer-facing models more individual incentives  
need to be aligned, making recycling more challenging.63

Copper, aluminium and steel are commonly recycled – for example, secondary supply of Aluminium is around 35% 
of total supply currently [Exhibit 2.12, LHS].64 However, current recycling rates for lithium and rare earth elements 
(including neodymium) are very low – technical efficiency improvements are needed alongside a concerted effort 
to improve end-of-life collection.

For batteries, three factors are key to recycling effectively: the battery chemistry (which dictates embedded value 
of materials), the recycling approach (which determines recovery rates and operating costs), and the location of 
recycling [Exhibit 2.12, RHS].

Battery recycling capacity is already expanding rapidly – to the point where over-capacity is possible, with 750 
kt p.a. of recycling capacity expected in 2030 but supply of only around 320 kt p.a. of scrap available as battery 
manufacturers push to reduce waste during production.65

There is also strong potential to increase secondary supply of materials from non-energy transition sources of 
material use. This is especially the case for copper, where approximately 460 Mt of copper are currently in use 
across the already-built power system, transport, buildings, appliances and more.66 For example, there could be up 
to 30 Mt of copper in existing power plants,67 a large fraction of which could be recovered as coal- and gas-fired 
power plants are decommissioned. 

Improvements in the collection and recycling of copper at end of life within clean energy technologies could result 
in secondary supply growing to reach over 7 Mt by 2050, meeting over 40% of total energy transition demands. 
But if more copper could be recovered from existing sources and recycled or re-used, incentivised by high prices 
and/or regulation, an even higher fraction of future demand for copper could be met from the existing stock of 
copper in the wider economy.

61	 Lander et al. (2021), Financial viability of battery recycling.
62	 Wang et al. (2018), Copper recycling flow model for the United States economy; Hagelüken and Goldmann (2022), Recycling and circular economy – towards a closed 

loop for metals in emerging clean technologies.
63	 Hagelüken and Goldmann (2022), Recycling and circular economy – towards a closed loop for metals in emerging clean technologies.
64	 MPP (2022), Making net-zero aluminium possible.
65	 Bloomberg (2022), The next big battery material squeeze is old batteries.
66	 Copper Alliance (2022), Copper Recycling.
67	 Kalt et al. (2021), Material stocks in global electricity infrastructures – An empirical analysis of the power sector’s stock-flow-service nexus.
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Example: primary demand for nickel can be reduced by new 
battery chemistries, reducing nickel intensity of alkaline 
electrolysers, and more recycling

EXHIBIT 2.17

NOTE: The ETC’s Baseline Decarbonisation scenario assumes an aggressive deployment of clean energy technologies for global decarbonisation by mid-century, but materials 
intensity and recycling trends follow recent patterns. The High Efficiency Scenario assumes accelerated progress in material and technology efficiency, while the High Recycling 
Scenario assumes much greater recycling of clean energy technologies. The Maximum Efficiency and Recycling scenario brings the assumptions in High Efficiency and High 
Recycling together. 

SOURCE: Systemiq analysis for the ETC; US Geological Survey (2023), Mineral commodity summaries.
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2.3.4 Further potential demand reductions through energy productivity

Additionally, there is likely to be significant potential to further reduce future material demands through actions which 
go beyond technological innovation, material efficiency and recycling, by improving the efficiency of energy (e.g. by 
reducing electricity demand through appliance efficiency) and service consumption (e.g. by shifting more journeys to 
shared public transportation). 

The ETC are covering this question in detail in coming months, but earlier analysis suggested that final energy demand in 
2050 could be reduced by up to 30%.76 

Some of the biggest potential opportunities, which the ETC is investigating this year, include: 

•	 The potential to greatly improve energy efficiency of both existing building stock (e.g., retrofits to improve insulation 
and the replacement of gas boilers with heat pumps) and new builds (e.g., through materials efficiency). 

•	 Shifts in consumer behaviour (e.g., car sharing, public transportation) and better urban design can lower individual 
passenger vehicle ownership. 

•	 Various investments across the industrial sectors to electrify, develop energy/heat storage solutions, and improve the 
energy efficiency of motors, machinery and equipment. 

76	 Final energy demand could range from around 495 EJ in 2050, down to around 355 EJ if strong actions is taken to improve energy productivity. ETC (2020), Making 
mission possible. The ETC’s detailed report on energy productivity is forthcoming in Q1 2024. 
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To illustrate the potential impact on materials, if the total fleet of EVs could be reduced by around 10% in 2050 (to around 1.3 
billion vehicles), this could reduce cumulative lithium demand to 2050 from 22 Mt down to around 20 Mt – having knock-on 
impacts on annual demand-supply gaps, total life-cycle emissions of material extraction, and any local environmental impacts.

Clearly, if such actions were taken there could be further decreases in materials demand from clean energy 
technologies, beyond the efficiency and recycling measures outlined here. The potential for energy productivity will be 
covered in an upcoming ETC report.

2.4 Reserves and supply gaps with efficiency and recycling improvements  
 
If the raw material demand reductions potentially available from greater materials and technology efficiency and increased 
recycling can be achieved, this will improve both the relationship between:

•	 Cumulative potential demand and known reserves.

•	 The balance between likely demand and planned supply in the next decade. 

Yet even with maximum potential demand reductions, a significant expansion of supply will be essential for some key materials.

2.4.1 Impact on reserve adequacy   

Chapter 1 compared currently assessed reserves and resources versus cumulative potential demand under the Baseline 
Decarbonisation scenario. Exhibit 2.18 shows the impact of achieving the Maximum Efficiency and Recycling scenario on 
reserve scarcity, and identifies three groups of materials:

•	 No reserve scarcity concerns: where even under the Baseline Decarbonisation scenario, cumulative primary 
materials demand is well below currently estimated reserves. This group includes aluminium, neodymium, steel, 
uranium and others.

•	 Significant demand reduction to below current reserves: These include lithium and cobalt, where under the Baseline 
Decarbonisation scenario, cumulative demand was either close to reserves (lithium) or significantly in excess (cobalt), 
but where improved efficiency, material substitution (e.g., cobalt-free batteries) and recycling can reduce primary 
demand well below reserves.

•	 Demand reduction but still exceeding current reserves: This group includes copper, nickel and silver where cumulative 
demand would still exceed currently assessed reserves even with strong action on efficiency and recycling. This implies 
increased exploration or development is needed to drive an expansion in exploitable reserves – or a major expansion in 
efficiency and recycling beyond what is expected.
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Efficiency and recycling levers can mitigate total resource 
requirements for lithium and cobalt, but reserves would still 
need to expand for copper, nickel and silver

EXHIBIT 2.18

1 Graphite reserves/resources refer to natural graphite, do not include synthetic graphite. 

NOTE: The ETC’s Baseline Decarbonisation scenario assumes an aggressive deployment of clean energy technologies for global decarbonisation by mid-century, but materials 
intensity and recycling trends follow recent patterns. The Maximum Efficiency and Recycling scenario assumes accelerated progress in material and technology efficiency, and 
recycling clean energy technologies, thereby reducing requirements for the primary (i.e., mined) supply of materials.
Reserves are the currently economically and technically extractable subset of estimated total global resources in the earth’s crust. 
 
SOURCE: Systemiq analysis for the ETC.
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2.4.2 Impact on supply gaps to 2030   

Exhibit 2.15 shows how the Maximum Efficiency and Recycling scenario compares with planned supply growth to 2030 for 
all materials. Exhibit 2.19 focuses on the supply/demand balance in 2030 for the six key materials which are likely to  face 
significant supply constraints in the Baseline Decarbonisation scenario. 

In the case of nickel and copper, strong action to reduce total demand for materials, coupled with a small increase in 
secondary supply from energy transition technologies, could lead to a complete closure of the projected supply gaps in 
2030. However, there may still be shortages for supply of high-purity nickel sulphate, the key refined input for battery 
cathodes [Box F].

However, supply gaps would remain for graphite, lithium, cobalt and neodymium:

•	 In the case of graphite, the risks associated with supply gaps is somewhat lower, as production of synthetic graphite 
(alongside natural graphite, which is mined) can ramp up quite quickly. 

•	 For neodymium, the potential supply gap is small and there is increased potential for electric vehicles and wind 
turbines to shift to entirely rare-earth free motors, although these would require accelerated development.77

77	 See e.g. US Department of Energy (2019), Advanced wind turbine drivetrain trends and opportunities; Adamas Intelligence (2023), Implications: Tesla announces next 
generation rare-earth-free PMSM.
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2.4.3 The supply scale-up challenge    

Even with Maximum Efficiency and Recycling, there will be a gap between 2030 demand and currently planned 
supply for some materials, and if Maximum Efficiency and Recycling is not achieved, these gaps will be larger and 
more widespread. Significant increases in primary supply are therefore essential – the energy transition will require an 
expansion in metals mining. 

Together, the analysis suggests that six key materials pose the greatest risks to the energy transition because of possible 
shortages of supply [Exhibit 2.21]:

•	 Copper: Mined output would need to rise from around 22 Mt up to at least 30 Mt in 2030. There are a range of projects 
that have completed earlier development stages and could begin production soon (e.g., La Granja, Resolution) but more 
are likely to be required.81 Achieving such an increase will be challenging due to: long timescales for mines to come 
online, declining production from existing mines, declining ore grades, and disrupted supply from drought and local 
unrest in South America.82 Further risks exist due to the widespread need for copper, which means that strong action on 
efficiency and recycling would need to take place across all clean energy sectors in order to have the significant impacts 
in our Maximum Efficiency and Recycling scenario. However, there may also be further potential for thrifting, efficiency 
and expanded recycled supply from non-energy transition sectors – reducing potential supply gaps.

•	 Lithium: Mined output would need to increase from 120 kt up to potentially over 750 kt at most in 2030. Current supply 
forecasts reach 510 kt,83 so a further expansion beyond what is currently planned would be required – likely from 
both hard rock mining in Australia and China, from brines in South America, and maybe new direct lithium extraction 
approaches. New mining projects have tended to begin production faster than other commodities,84 raising some hope 
that this expansion can take place rapidly. Supply of high-purity refined lithium carbonate/hydroxide could also be a 
concern [Box F].

•	 Nickel: Mined output would need to increase from 3.3 Mt to at least 3.5 Mt by 2030, but potentially up to over 5 Mt. 
Such an increase should be feasible, especially given the rapid expansion in supply from Indonesia in recent years. 
There could also be potential to shift demand away from the steel sector, easing potential supply constraints. However, 
supply of higher quality refined class 1 nickel, and battery-grade nickel sulphate, could be challenging [Box F].85 

•	 Cobalt: Supply may only need to expand slightly, from 220 kt up to 260 kt, although there is a wide range of potential 
demand in 2030. Most future supply would come from DRC, which poses risks due to ongoing disruptions in eastern 
regions, although additional supply may also come from Australia, Canada and Indonesia.

•	 Graphite: Supply of natural graphite may need to expand from 1.1 Mt up to over 4 Mt. Most existing supply of natural 
graphite comes from China, but there are a large number of new projects planned across the USA and East Africa.86 
However, there is also strong potential to expand synthetic graphite production quite rapidly, helping to close the 
supply gaps outlined here – and providing some uncertainty around the scale of expansion required for natural 
graphite.

•	 Neodymium: Supply of neodymium may need to expand from current levels of around 50 kt up to 90 kt in 2030. 
This should be feasible, with large expansions in supply expected in China (the largest current supplier), as well as 
Myanmar, Australia and the USA.

For nickel, neodymium, cobalt and graphite, there is both scope for a significant increase in supply, and also for demand to 
shift away from these materials, incentivised by high prices. However, in the case of copper and lithium, there is a real risk 
that rapid growth in demand outpaces projected increases in supply – which would lead to tight markets and high prices 
through to 2030. 

81	 See e.g., BNEF (2022), Global copper outlook 2022-40; S&P Global (2022), The future of copper.
82	 Ibid.
83	 BNEF (2022), 2H Battery metals outlook.
84	 IEA (2023), Energy technology perspectives; IEA (2021), The role of critical minerals in clean energy transitions.
85	 BNEF (2022), 2H Battery metals outlook.
86	 S&P Global (2022), Feature: More projects needed globally to combat future graphite deficit.
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