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evolving landscape of the en-
ergy transition.

Excavation worries

The International Energy Agency (IEA)

estimates a 6-fold increase of energy

transition-related mineral demand be-

tween 2020 and 2040 in their 2050

net-zero emissions (NZE) pathway.1

Both the availability of these minerals

and the considerable environmental

and social impacts related to mining,

from biodiversity loss to human rights

violations, are raising concerns among

policy makers and the public.2,3 Some

of the consequences of mineral de-

mand for the energy transition have

been addressed in prior research,1,3–5

but a comparison against current

mining activities for the fossil-fuel-

dominated energy system has not

been made.

It is not possible to draw conclusions

about the mining-related impacts

of the energy transition based solely

on mineral demand, because very

different mining activities are required

for each mineral.1,5 This requires a

translation of material demand to min-

eral ore extraction based on factors

such as ore grade, mineralogy, depth,

and mine location.5 Ore grade is the

most influential, explaining 68.9% of

the extraction differences for 25 min-

erals in a previous study.5 Ore grade

also largely determines the amount of

water and energy used, the volume of

process reagents required, and land

disturbed and is subject to mineral-

specific and uncertain ore grade

declines.6,7

The comparison between energy transi-

tion-related mining and fossil fuel

extraction is further complicated by

conceptual differences. While the

refinement of mined coal (known as

run-of-mine) into production-ready

coal and the refinement of minerals

from ore are similar, there is a signifi-

cant difference when we consider the
dissipative nature of fossil fuels

compared to the stocks of materials

that persist for a longer time in the tech-

nologies of the energy transition.2 This

means that the high demand for min-

erals through the energy transition is

of a (temporary) stock building nature,

while fossil-related extraction is contin-

uous and dissipative. In the longer

term, the decommissioning of end-of-

life renewable generation provides op-

portunities for reuse or recycling. This

can mitigate demand of primary pro-

duced minerals for new renewable

installations.1,8

We show that,while newminingdevelop-

ments (in general) can have significant

environmental consequences,1,3,6,7 the

concern that the energy transition will

require a large expansion in overall,

global mining activity compared to to-

day’s energy system is unfounded. This

is true both in the long-term and,

crucially, also during the build-up phase

of the energy transition.

We assess the scale of mining activities

during the energy transition by calcu-

lating mining activities based on three

factors: (1) annual mineral and coal de-

mand calculated from capacity addi-

tions and coal production according to

the IEA NZE scenario (the scenario

with the highest assumed mineral de-

mand for energy transition technolo-

gies),1 (2) ore grades that translate ma-

terial demand into mineral extraction

and for coal extraction ratios for run-

of-mine coal to production-ready-coal

(focusing on mining volumes specif-

ically instead of the whole mining and

refining process), and (3) current recy-

cling rates to quantify secondary pro-

duction of minerals (see the overview

in the supplemental information section

1.14).

We also consider the effect of a sub-

stantial improvement in recycling and

the potential for uncertain ore-grade

decline. We excluded byproduct min-

erals to avoid double counting. We
used a high-resolution model for esti-

mating the minerals required for core

technologies, solar photovoltaic (PV),

wind power, and on-road (electric

vehicle; EV) battery capacity, since

these represent the majority of mate-

rial demand for energy transition

technologies described in the NZE

scenario.1,9 We also estimated the

ore extraction of additional energy

transition technologies and electricity

network additions (other technologies

and infrastructure). The recycling sce-

nario ‘‘current recycling’’ assumes

static recycling rates until 2050, and

‘‘substantial improvements in recy-

cling’’ assumes a steady increase of

conventional and technology-specific

recycling rates until 2040 to indicate

the range of potential of recycling

improvement (for data and methods,

please see the supplemental informa-

tion section 1).

Extraction for coal compared to

energy transition minerals

Our results show that coal continues to

dominate ore extraction for the overall

NZE scenario energy system until the

early 2030s, after which demand for

core technologies solar PV, wind po-

wer, on-road battery, and other energy

transition technologies overtake coal

(see Figure 1A). In this NZE scenario,

coal production declines from 97% of

total ore extraction to 22% by 2050,

while capacity additions for core tech-

nologies increase sharply before reach-

ing a peak in 2045 (see Figure S5A in

the supplemental information). How-

ever, the total mass of ore extraction

for core technologies over time experi-

ences a large decrease compared to a

continuation of current coal produc-

tion. Ore extraction is largest for EVs,

growing 55 times from 2021, compared

to 13 and 9 times for solar PV and wind

power, respectively. Over time, EV bat-

tery production significantly increases

in its share of the overall core technol-

ogy extractions, from 44% to 87%.

Ore extractions can be significantly

reduced with substantially improved
Joule 7, 2403–2413, November 15, 2023 2409
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Figure 1. Comparison of ore extraction in IEA NZE scenario and sensitivity of substantially improved recycling and potential ore grade decline

(A) Annual IEA NZE ore and coal run-of-mine extraction for core technologies (solar PV, wind power, on-road battery) and other technologies and

infrastructure defined by the IEA,1 and coal based on extraction ratios for run-of-mine coal to production-ready coal. Estimates for the material

requirements of other technologies and infrastructure are defined by the IEA1 and are less certain than those for core technologies.

(B) 2021 actual and NZE run-of-mine coal extraction vs. estimated 2040 ore extraction for core technologies (solar PV, wind power, on-road battery) and

other technologies and infrastructure mineral demand considered by the IEA NZE,1 "including uncertainty for ore grade decline (copper, nickel and

zinc) and substantially improved recycling for core technologies".
aOther technologies and infrastructure: electricity networks, EV motors, H2.
bOther: hydro, bioenergy, CSP, geothermal, grid storage, and nuclear.
cActual 2021 coal use was higher than in the NZE scenario as the world saw additional coal use and did not meet the NZE trajectory.
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recycling from 2035 onwards with a to-

tal reduction in 2050 of 2,100 Mt (core

technologies recycling) (Figure 1A and

supplemental information sections 2

and 3 for further details).

In terms of specific materials required,

copper accounts for 80% of total PV

ore extraction for current recycling

rates (Figure 2A). Wind power requires

a more diverse set of elements with

copper, iron, and zinc driving approxi-

mately 90% of extractions and rare

earth elements (REEs) together account

for approximately 10%. Toward 2050,

the share of iron and remaining ‘‘other’’

materials (consisting of various metals,

silicon, and graphite) declines, and the

share of zinc and REE ore extraction in-

creases (Figure 2B). EV-related ore

extraction is dominated by copper
2410 Joule 7, 2403–2413, November 15, 2023
(60%–70%), followed by nickel (20%–

30%) (Figure 2C). Overall, iron,

aluminum, copper, graphite, silicon,

and nickel represent the largest mineral

extractions (Figure 2D). Of the total ore

extraction related to the core technolo-

gies, 60%–70% is associated with cop-

per demand and 10%–30% with nickel.

The remaining 4 of the top 6 metals

are lithium, iron, zinc, and aluminum.

Right-sizing mining activity

expectations

We find that the energy transition

will very likely result in an overall

decreasing scale of mining activities

globally. This suggests that the popular

discourse claiming unprecedented in-

creases in mining activities for the en-

ergy transition requires important

nuance.2 Namely, the unprecedented
increase in mining activities for energy

transition technologies stressed in pre-

vious research1,4,10 is put into perspec-

tive by an even bigger decline in mining

activities for fossil fuels, especially coal.

The mass of minerals demanded for the

energy transition technologies is a

fraction of the mass of coal produced

in the current fossil-dominated energy

system (see supplemental information

section 2.2 for further details), which

would arguably further increase in a

business-as-usual scenario due to

increasing global energy demand.

There are several uncertainties that

may increase or decrease our overall

estimate. However, these would likely

not impact our main finding. We

demonstrate these uncertainties in Fig-

ures 1A and 1B by varying recycling
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Figure 2. Technology-specific ore extraction per mineral annually and in the peak year in the current recycling scenario

(A–C) Ore extraction for the top 4 minerals for (A) solar PV, (B) wind power, and (C) on-road battery.

(D) Solar PV, wind power, and on-road battery total annual ore extraction for the top 6 minerals.

(E) The difference between minerals required and the ore extracted in the peak ore extraction year (2045) for the different technologies.
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rates and potential ore grade declines.

These could have an impact on abso-

lute results but do not impact the

conclusion as our estimates for overall

ore extraction by 2040 would remain

well below 2021 coal extraction levels.

However, less ambitious energy transi-

tion pathways with lower reductions in

coal production, such as in the IEA

stated policies scenario (STEPS), would

likely result in at least equal mining ac-

tivities in 2040 compared to current

mining activities in the NZE scenario

(see supplemental information section

2.6 for further details).

Other uncertainties include other ma-

terial extraction considerations other

than ore grades and extraction ratios

for run-of-mine coal, such as novel

extraction approaches including deep-

sea mining (see supplemental infor-

mation section 2.4 for further discus-

sion). Further, additional fossil-related

material extraction from oil and gas

could be considered, but these fossil

fuels cannot be compared to metal

ore extraction in the same way coal min-

ing can. Oil and gas extraction, along

with its infrastructure, is similarly associ-

ated with major land impacts, move-

ment of material, and environmental

burdens (see supplemental information

sections 3.2, 3.3, and 3.4 for more).

With the expected shift in mining, these

impacts and burdens are subject to the

changing geographical distribution of

mining activities, as well as changes in

the concentration of mining activities

in the energy transition.

Mining activities for core technology

expansions in the IEA NZE scenario

will likely surpass the declining scale

for fossil energy toward the middle of

the century (see supplemental informa-

tion sections 3.1 and 3.2 for further re-

sults and analysis). As such, despite
2412 Joule 7, 2403–2413, November 15, 2023
the decreasing scale of overall mining

activities, substantial energy transi-

tion-related mining activities remain.

Previous work is based on a limited

and location-specific case comparison

of mining for wind vs. coal energy and

found that substitution of 1 GW of

coal-based electricity production with

wind power would reduce required

mining significantly. It also omits EV

batteries, which we find to be the

largest driver of mining activities in the

NZE scenario.2

Given the level of ore demand, EV

batteries warrant special focus for ma-

terial reductions. Options for reduction

include modal shifts toward electric

bikes, public transport, and walking,

among others.9 This would reduce ma-

terial demand related to all EV compo-

nents (including EV motors), while

reducing the need for such extensive

electricity network infrastructure ex-

pansions. A second pathway is to reuse

or repower end-of-life batteries, which

could lengthen the lifetimes of EV bat-

teries and thus reduce primary ore de-

mand or reduce ore extraction require-

ments for other battery applications.11

However, this would decrease the

amount of material available for recy-

cling. Finally, over a longer time frame,

novel technologies could drastically

lower battery-related mineral demand

for nickel and copper in particular,

but the mineral intensity of next-gener-

ation battery chemistries remains un-

certain and could even increase de-

mand for some battery minerals. For

example, solid-state battery chemis-

tries could increase lithium demand

by up to 28%.11

The most important metals for overall

ore extraction in the energy transition

are copper and nickel due to the combi-

nation of their large-scale use and rela-
tively low ore grades. Future copper

demand is most influential as it requires

the highest ore extraction for core tech-

nologies, along with an estimated 40%

of the demand for electricity network

additions.1 The high demand for cop-

per and nickel can be reduced via recy-

cling, but technology-specific methods

are required, particularly in EV battery

capacity since these metals are

embedded in the battery pack. Here,

it is also likely that innovations will

reduce material demands further as en-

ergy densities are found to continue to

improve over time.1 The majority of

copper for solar PV and wind power

can already be recycled through con-

ventional recycling methods.11,12

The proven potential of recycling de-

commissioned energy transition tech-

nologies highlights the possibility of

managing the stocks of minerals in so-

ciety, whereas a fossil energy system

has a continuous need for mining to

extract dissipative fossil fuels. This dif-

ference indicates that a post-transition

renewable energy system can be main-

tained with a fraction of the ongoing

mining activities of a fossil energy

system.

This is not to say the focus should be

on the supply-side production of

new energy technologies alone. As

mentioned, demand-side measures

will be essential, especially modal shifts

to walking, cycling, and public trans-

port, which can limit the overall amount

of materials required in society for

transportation services. Further, build-

ing retrofits can lower the materials

required for renewable energy and

ensuring high participation rates of

EV owners in the electric grid storage

market can lower materials require-

ments for stationary electricity storage.

Special policy attention is needed to
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prioritize the recovery and recycling of

materials in this stock-based future en-

ergy system, especially for copper and

nickel.

It is important to ‘‘right-size’’ expecta-

tions of the scale of mining so that pop-

ular arguments surrounding energy

transition mining activities are not

used as a reason for delay. Fears of an

ever-increasing scale of mining activ-

ities in the energy system are un-

founded. However, even though the

overall scale of mining activities will

likely decrease, efforts will be needed

to limit the amount of material required

for societies’ energy services while

ensuring the responsible sourcing of

these materials.
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Löf, O. (2019). Mineral grades: an important
indicator for environmental impact of
mineral exploitation. Miner. Econ.
32, 49–73.
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