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A B S T R A C T

The transition from fossil fuels to renewable energy systems involves enormous decreases in materials, mining, and political risk. Since renewable systems need no
fuel, they depend on trade only for the acquisition of materials and components during construction. Once the system is operating, no trade is required to sustain it.
Therefore renewable energy production is not exposed to the political risks that plague fossil fuel production and shipments, such as interdiction, embargo, civil war,
labor actions, and other disruptions. Despite such benefits, an emerging perspective in the US public discourse makes the opposite case, arguing that a buildout of re-
newable electricity would exacerbate supply risks, mining intensity, and import dependence. This paper’s findings challenge such assertions. We demonstrate that in-
stalling just 1 GW of wind capacity to replace coal on a grid like that in Texas reduces total mining by 25 million tonnes over 20 years. Even if the world increased 12-
fold the annual global production of all rare earths, lithium, cobalt, and even copper, the metals produced would comprise just 3% of 2020 world coal production.
Over two decades, five times more power would be produced by mining an equivalent amount for wind rather than coal. Since transition materials requirements are
so comparatively small, reduced international trade volumes mean a large measure of political risk falls away. Current practices for securing energy systems that re-
quire constant fuel deliveries thus offer little relevance for renewables.

1. Introduction

The transition to renewable power generation is providing a major
benefit in the form of reduced risks to the US energy supply. These im-
provements are based not just on reduced emissions of greenhouse
gases, but on the ongoing replacement of the old energy system, depen-
dent on constant extraction and trading of fossil fuels, with a new sys-
tem that requires mining and trade only for its long-lived capital equip-
ment.

Ultimate declines in volumes of extracted materials could be enor-
mous. Below we examine a hypothetical coal-to-wind shift in the Texas
electricity market, finding that mining required to build and install suf-
ficient wind capacity to generate on average 1 GWh per hour for
20 years is equal to the amount of coal mining required to generate 1
GWh per hour for less than four years. This includes not just extraction
of ores, but all the earth moved in the mining and refining process.

Declines in trade and associated political risk also appear signifi-
cant. Renewable systems depend on trade only for acquisition of manu-
factured components and raw materials for manufacturing those com-
ponents. Once the system is operating, no trade is required to sustain it.
Therefore, renewable energy production is not exposed to the political
risks and other problems that plague fossil fuel production and ship-
ments, such as interdiction, embargo, civil war, labor actions, and other
disruptions. Waning dependence on the global fossil fuel trade thus re-

duces threats to the continuity of energy supplies, a substantial benefit
for importing countries. Current obsessions with risky geographies like
strategic chokepoints will lose relevance. As US President Jimmy Carter
presciently observed in 1979, renewable energy cannot be embargoed.
[1]

Despite such clear benefits, an emerging perspective in American
public discourse makes the opposite case, arguing that a US buildout of
renewable electricity would increase risks to supply, increase mining
intensity, and damage national energy security by exacerbating US de-
pendence on imported minerals subject to embargo or transit risk.[2–7]

The aim of this perspective paper is to investigate common asser-
tions such as these. Specifically, we compare quantities of mined and
traded materials required by renewable systems with those based on
fossil fuels. We also investigate the risks an energy transition imposes
upon the continuity of the US energy supply. We tackle these questions
in two ways. First, we perform a qualitative examination of “energy se-
curity” risk factors. Our findings suggest that, while “transitioned” sys-
tems do face threats from various quarters, risk exposures affecting fos-
sil fuel systems are far more numerous and potentially catastrophic. As
a result, stockpiling commodities is less relevant for transitioned sys-
tems than for fuel-based systems. Second, we present a multi-faceted
quantitative examination of mining volumes required for coal and wind
power. We find that, while wind generation infrastructure requires
large quantities of mined materials, the volumes excavated are a frac-
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Table 1
Coal production versus that of transition commodities. Note differences in
units for coal versus the others.

2020
production

Units Source

Coal 7,742 millions of tonnes BP 2021
Cobalt 128 thousands of tonnes BP 2021
Lithium 86 thousands of tonnes of lithium content BP 2021
Graphite 907 thousands of tonnes BP 2021
Rare

earths
268 thousands of tonnes of RE oxide

equivalent
BP 2021

Copper 20,000 thousands of tonnes USGS
2021

tion of those associated with coal (Table 1). We demonstrate that the re-
placement of coal-fired generation with wind provides immediate re-
ductions in mining output which are compounded over time, even if
some coal is retained as backup when wind is unavailable.

1.1. Declining geopolitical risk, declining anti-competitive trade practices

How might geopolitical risk to national energy security be reduced
by transitioning to energy systems that rely on imported materials?

First, let us conceptualize geopolitical risk and energy security. We
denote geopolitical risk as the risk associated with tension and competi-
tion between states. Geopolitical risk extends to competition over nat-
ural resources and the locations in which they are found. Competition
among states and technologies can disrupt commodity trading in the
same way that it can disrupt international relations. [8,9] Our defini-
tion of energy security for this paper is a simple one: continuity of en-
ergy supply.[10]

Divergences in geopolitical risk between fossil fuels and transition
minerals can be illustrated by comparing outcomes of hypothetical em-
bargos on cobalt and oil. A halt to oil exports from a major pro-
ducer—perhaps via a closure of the Strait of Hormuz—would raise
gasoline prices. Owners of oil-dependent vehicles and machinery would
face immediate spikes in operating cost, which, if prolonged, would
spill into national economies as price inflation. Oil shortages during
wartime could result in emergency measures such as rationing.

A similar halt to cobalt exports would bring very different out-
comes. Owners of battery powered vehicles and other cobalt-using stor-
age systems would experience no effect on operating performance or
costs. While cobalt prices would almost certainly spike much higher,
those prices would affect manufacturing costs of future capital equip-
ment and capacity installations. Higher cobalt prices would also incen-
tivize recycling and recovery of cobalt from old batteries, as well as al-
ternate chemistries. The International Energy Agency recently came to
a similar conclusion. [11]

In fact, metals and materials for the energy transition have already
been subjected to price spikes, political manipulation and embargo, ef-
fects of which have impacted costs of manufactured components. Tran-
sition metals may be more susceptible than fossil fuels to manipulative
trade practices because known reserves are more geographically con-
centrated.

Even so, anti-competitive practices have been—and remain—much
less effective in disrupting renewables systems than the fossil fuel system.
That is because transition metals are not fuels. They are raw materials
for manufacturing capital equipment that produces and stores electric-
ity for decades. Fuels are provided by the ambient atmosphere.

In other words, security requirements for “fuel intensive” energy
systems based on constant supply of combustible commodities are far
more onerous, expensive, and risk-prone than protection for “capital in-
tensive” renewable systems based on long-lived equipment that har-
vests energy from sunlight and currents of air and water.

Switching to renewable systems therefore unburdens consumers
from dependence on continuous fuel shipment over supply lines that

must remain uninterrupted at all costs. Fossil fuel supply chains may
stretch for thousands of miles over land and sea, facing constant risks
from technical systems failure, human intervention, and natural phe-
nomena1. These supply chains are enormous. Trade in oil, gas and
coal—shipped around the world in massive quantities every hour of
every day—represent between five and 10 percent of total international
trade by value, while crude oil, gas and petroleum products amounted
to 29 percent of all seaborne trade tonnage in 2017.[12] Even a small
failure can have extreme consequences. In 2009, for instance, a Russ-
ian-Ukrainian dispute over natural gas pricing led to a cut in home
heating fuel that left 11 Europeans dead.[13]

The potential for catastrophic damage from a breach in fossil fuel
supply is so great, that purposefully causing such a breach—preventing
a country from importing fuel—is a key wartime military strategy.
Guarding against fuel blockades is a crucial element of national de-
fense.[14]

Eliminating combustible fuel would therefore reduce the need for
governments to amass strategic fuel stockpiles, and, perhaps, to provide
military protection for seaborne shipments. The United States spends
more than $100 billion per year so that US troops can secure oil exports
from the Persian Gulf.[15]

In short, the geopolitics of fossil fuel extraction and supply do not
apply to renewables, which is a manufacturing and construction busi-
ness. Current “energy security” thinking based on the oil trade will need
thoroughgoing changes before it can be applied to renewables.

The remainder of this paper proceeds as follows. Section 2 reviews
the geopolitical risks faced by renewable systems against the allega-
tions in popular discourse. We explain how structural differences be-
tween fossil fuel and renewable systems negate such arguments, while
undermining the relevance of government stockpiles in mitigating risk.
Section 3 pivots the focus to comparative mining volumes for coal and
wind. We quantify expected reductions under a hypothetical replace-
ment of coal with wind.

2. Geopolitical risks affecting ‘transitioned’ energy systems

The risks arrayed against transitioned systems are real, but quite dif-
ferent from those affecting fossil fuel systems. Some are well known.
Electrifying transport is likely to widen societal exposure to hacking, al-
though the most successful example of such a hack (Ukraine 2015)
caused little disruption.[16] Fossil fuel transport systems are also vul-
nerable, as demonstrated by the 2021 ransomware shutdown of the
Colonial Pipeline in the United States. Hydrogen fuel systems based on
natural gas conversion would continue to leverage trade infrastructure
like pipelines and storage, leaving them exposed to risks facing fossil
fuel systems.

Further, freedom from fuel dependence may insulate consumers
from risk, but that risk avoidance does not apply to renewables investors
and manufacturers. Risk exposures are most prevalent during manufac-
turing and construction phases, before energy production begins.
Therefore, businesses dependent on deliveries of materials and compo-
nents are exposed to price volatility in raw materials, just as they are in
the fossil fuel system, for instance, when steel prices rise. Rising busi-
ness costs therefore affect future consumers of renewables since busi-
nesses typically pass along those costs.

Inflexible policymaking on the renewables transition could exacer-
bate these risks. For instance, if conventional power plants are forcibly
retired on a rigid schedule, price swings and supply risks for transition
metals could inflate costs of future electricity generation. The short run
demand curve for those materials would become inelastic, and utilities
could be forced to buy more expensive systems.

1 For a useful breakdown of energy supply risks by category and type, see:
[10]
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Prolonged mining outages or shortages could result in job losses or
even business failure in affected industries. It is possible that the energy
transition itself could be delayed—resulting in climate damage—if severe
outages shifted consumers away from clean energy. In other words, the
“transition” part of the energy transition, where consumers scale up
their first-time acquisition of clean technology, is riskier than the end
state, when demand for capital equipment levels off.

The disruption and rearrangement of international trade carries fur-
ther risks and benefits. Countries now dependent on fossil fuel imports
will probably experience geopolitical gains from untethering them-
selves from that dependence. Gains may be tempered if imports migrate
from fossil fuel commodities to electricity via cross-border grid connec-
tions, which would still be subject to risks.

Transition fallout is probably greatest for major fossil fuel exporting
countries, which will undergo damaging declines in income, geopoliti-
cal stature and perhaps political stability. Since these risks are covered
elsewhere[17–20] we ignore them here, except to point out that lucra-
tive rents from oil and gas exports will never be matched by far smaller
mineral export rents. By one estimate, the global market for transition
metals in 2040 will not even reach 10% of the value of the 2016 oil
market, despite it underpinning the dominant global energy supply.
[21]

This paper acknowledges that the energy transition will cause harm-
ful effects. By increasing demand for numerous metals and metalloids,
the transition will be beset by high levels of mining waste and toxic pro-
cessing, even abusive labor practices. Lack of transparency, a constant
issue across extractive industries, is even more pronounced in transition
materials.[22]

Raw materials requirements for solar and wind plants (concrete,
steel, aluminum, copper, and glass for solar and wind plants) are far
greater than those for conventional power plants, per unit of electricity
produced. Renewables are exposed to decreasing ore quality, which in-
creases mining costs and energy requirements.[23] A full lifecycle
analysis of renewables would also include factors beyond materials re-
quirements to include vast land use footprints and decommissioning
challenges2.

But on a volume or economic value basis, the transition’s require-
ments are small in comparison with the enormous scale of fossil fuel ex-
traction and trade that is being replaced. The downsizing of trade alone
will mitigate risks to energy supply continuity. These improvements
will be further augmented by factors such as minerals recycling and
substitution, alternate chemistries and technologies, and the inevitable
increase in supply diversity.

2.1. Unpacking warnings about ‘critical minerals’ and risk

A far different perspective is emerging in the popular discourse, par-
ticularly in the United States. Several articles have argued that the en-
ergy transition would actually heighten geopolitical risks to energy se-
curity. The alleged effects of transitioning away from fossil fuels in-
clude increased dependence on mining, an increase in the volume of
material consumed, and enhanced exposure to international supply
chains vulnerable to disruption and manipulation.

Consider the following statements:
“When electricity comes from wind or solar machines, every unit of
energy produced, or mile traveled, requires far more materials and
land than fossil fuels.”[2]
“[W]hile essentially all hydrocarbons we use are produced domesti-
cally, nearly all of the green ‘energy materials’ are produced over-
seas. And many of those critical minerals are sourced from problem-
atic or troubled places such as Russia, Mozambique, Papua New

2 As of late 2020, wind turbine blades were unrecyclable, while recyclable so-
lar panels and batteries often ended up in landfills.

Guinea, and the Philippines. Chile, recently rocked by citizen upris-
ings, has the world’s greatest lithium resources.”[3]
“Eager green advocates never mention how their plans will impact
America’s import dependencies and geopolitical interests. Global oil
and gas supply chains will be replaced with equally critical but big-
ger mineral supply chains.”[4]
“The solar panels, wind turbines, and batteries needed to replace
fossil fuels and nuclear energy over a 10-year period to produce the
8.2 billion megawatt hours of power for America’s annual electric-
ity-equivalent needs under the [Green New Deal] would require an
unprecedented increase in mining for raw materials.” [5]
“[The energy transition] means a shift away from liquids and gases
whose extraction and transport leave a very light footprint on the
land and are transported easily, cheaply and efficiently, and toward
big-footprint mines, the energy-intensive transport of massive
amounts of rocks and other solid materials, and subsequent chemi-
cal processing and refining.”[6]
“In the event of an acute international crisis, [China] would likely
use its leverage to further geostrategic aims by imposing critical
mineral embargos. Considering the United States derives roughly
80% of its [rare earths] from China, these would likely be cata-
strophic for the economy…”[7]
Portions of such statements may be accurate—land requirements

are large and materials are likely to be imported, for instance. But the
overall message is that retaining fossil fuel-dominated energy systems is
preferable on the basis of exposure to political risk from hostile supply
countries, and on the basis of reduced materials requirements. This in-
accurate message is being purveyed—and accepted—in US policymak-
ing circles3. [27]

2.2. Should governments stockpile transition materials?

An emerging response in US policymaking and advisory circles is
that supply risks require “reshoring” mining and minerals refining to
the United States, as well as amassing government stockpiles of “criti-
cal” minerals in the manner of the US Strategic Petroleum Reserve, or
SPR.[28,29]

Executive orders from President Trump in 2017 and 2020 cite
“strategic vulnerabilities” of US import reliance on minerals with sup-
ply chains prone to disruption, although most of the concern was aimed
at applications other than power generation.[30,31] US strategic com-
petition with China is stimulating these demands. A 2013 paper from a
US manufacturing trade group called for amassing strategic reserves for
19 critical minerals.[32] The SPR is being suggested as the model for a
US minerals stockpile. “Congress played a huge role in setting up the
Strategic Petroleum Reserve,” said Alaska Sen. Dan Sullivan in a 2020
hearing in the US Senate. “We really need to get on this and I think the
SPR, with the energy sector, is a great analogy for strategic critical miner-
als.”[33]

When it comes to imports of fuels like oil, strategic stockpiles make
sense. Running out when it counts—during a war—can be catastrophic.
As Kelanic argues, “Losing access to oil can jeopardize a state’s most im-
portant goal: maintaining its survival in the international system.”[14]
In fact, oil denial strategies are attractive because they allow an adver-
sary to be defeated without destroying its military.

Does the same strategic calculus apply to transitioned energy sys-
tems? No. That is because renewable energy systems have a key differ-
ence that separates them from fossil fuel systems. Renewable energy

3 Some articles have even argued against the environmental rationale behind
the transition to wind and solar power, and to electric vehicles. See, for example
[24]. These critiques have been debunked. NREL’s 2013 meta-analysis finds no
basis for such claims [25] while the reduced emissions across the full lifecycle of
EVs, even in high-emissions power markets like India and China, has been con-
firmed in various scientific analyses. For a recent study, see [26].
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takes the form of flows which are captured by long-lived infrastructure.
Fossil fuels are stocks that can be traded and stored but used just once.
Energy from sunlight or from moving air cannot be exhausted or dis-
rupted.[18]

Stockpiling of raw materials used in renewables manufacturing is
therefore not like stockpiling oil. Rather, it is more like stockpiling steel
and other materials used to manufacture extraction equipment in the
oil, gas, and coal industries. So, a denial of access to, say, gallium,
would affect the ability of US manufacturers to produce thin-film solar
panels in the same way that a trade blockade on steel would make oil
drilling rigs more costly to produce. Gallium unavailability might be
catastrophic for a few companies but would not prevent existing solar
panels from functioning.

Thus far, the US government has not stockpiled these commodities
other than for defense purposes.[32,34] Stockpiles of mineral ores or
solar panels would address a different set of risks (i.e. indirect risks)
than the direct risks—rendering vehicles inoperable—that validate
stockpiles of oil. Hoarding raw materials would more sensibly be done
by manufacturers seeking cheap insurance. In the case of the 2010 rare
earths embargo described in section 2.5, Japanese companies were
forced by the government to stockpile minerals at peak prices, exacer-
bating the supply crunch.[35]

2.3. Are there enough materials for the energy transition?

The roughly 14 metals and metalloids used in energy transition
components are the same ones used in other high-tech products. They
include lithium and cobalt, along with platinum group elements like
gallium, tellurium, and indium4 used in thin-film PV solar panels, [27,
28] and some of the rare earth elements5. Most of the materials needed
for renewables are more common, such as copper, steel, aluminum,
glass, graphite, carbon fibers and polymers, and silver.[39] The same
metals are widely used in automotive, electronics, and information and
communications industries, where demand usually outstrips that of the
energy sector.[36]

Reserves of these metals are plentiful but output is dominated by
relatively few mining, refining and trading firms.[21,36] Many metal
ores are found in the United States, but the largest concentrations are
elsewhere, as are most mining and processing operations6. (Figs. 1 and
2)

One area of concern has been future supply of raw materi-
als—especially cobalt—for batteries required to back up renewables

4 Elements in the “platinum group” (platinum, palladium, iridium, ruthe-
nium, rhodium and osmium) are used in fuel cells, hydrogen electrolysis and
hydrogen-based electric mobility, along with long-term electricity storage and
power-to-gas technologies. [36]

5 Elements in the rare earths group used in the energy transition (yttrium,
neodymium, dysprosium, praseodymium, terbium, europium, cerium and lan-
thanum) are found in some types of batteries, photovoltaic systems, wind tur-
bines, and in some advanced electric motors and generators. [36]

6 The US government in 2020 was backing seven rare earths production and
processing facilities: Uranium producer Energy Fuels Inc., which plans to
broaden its processing to include rare earths; the Lynas Corp./Blue Line Corp.
processing ventures in Texas; MP Materials mining operation in California; Nio-
Corp Developments’ mine in Nebraska; Rare Earth Element Resources Ltd. mine
in Wyoming; Texas Mineral Resources Corp.’s rare earths mining in West Texas
and Colorado processing plant; and Materion/UCore Rare Metals Inc.’s Alaska
mining and processing venture. See: “Rare earths projects under development in
U.S.” Reuters, April 22, 2020; https://www.reuters.com/article/us-usa-
rareearths-projects-factbox/factbox-rare-earths-projects-under-development-
in-u-s-idUSKCN2241L6

Fig. 1. Geographic distribution of most transition minerals is more concen-
trated than that of oil. Exceptions are tellurium and copper, while silver is only
marginally more concentrated. Source. [21]

Fig. 2. Metal export revenues as a portion of GDP is relatively minor in most
reserves holders. Exceptions include DR Congo, Cuba, Madagascar and Zambia.
Note high alerts for political stability in Zimbabwe and DR Congo. Source: [21]

and power electric vehicles.7. Nearly two-thirds of the world’s cobalt is
mined in the Democratic Republic of Congo or DRC, a poor and unsta-
ble country (rated “very high alert” in Fig. 2). Cobalt supply is among
the most concentrated and vulnerable to manipulation and risk,
whether in extraction, processing or manufacturing. Lithium is more
widespread but faces huge potential demand growth (discussed in sec-
tion 3.1). Nickel is another widely used metal, but use in batteries is
tiny compared with nickel demand in stainless steel.[42]

Demand for other metals, particularly rare earths neodymium and
dysprosium used in batteries and magnets, has been subject to projec-
tions of very high growth under scenarios that limit atmospheric carbon
accumulations to 450 ppm. However, reserves appear to be sufficient.
The reserves-to-production ratio for rare earth reserves was 464 years
in 2020, compared with a more worrying 43 years for copper and
54 years for cobalt8. (Fig. 3)

It is likely that commodity supply will prove challenging. Long-term
build-out of renewable power systems will coincide in coming years
with replacement of retiring first-generation capital equipment. In-
creased demand for base metals as well as critical materials could raise
costs. [43] Long lead times for new mine development could temporar-
ily restrict supply and slow investment. However, since transition mate-
rials are permanent—not combusted like fuels—they can be reused and
recycled continuously. Recycling of retired components will limit de-
mand for virgin materials and exposure to foreign supply chains. [11]

Risk perceptions also appear to be driven by uncertainties due to
lack of data on transition metals. While organizations such as BP have
begun publishing production data, information on disrup-
tions—including volume and duration—is unavailable, making risks
difficult to conceptualize or measure. By contrast, risks around the fos-

7 The most common current battery type is lithium-ion with two main
chemistries: nickel-manganese-cobalt and nickel-cobalt-aluminum.[40] Both
rely heavily on lithium and cobalt. Alternate chemistries reduce or avoid one or
both metals, including vanadium redox flow batteries, which are less energy
dense but avoid problems with flammability and capacity decline.[41]

8 See BP Statistical Review 2021 for rare earths and the United States Geologi-
cal Survey 2020 for copper.
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Fig. 3. Reserves/production ratios given in years for the top four producers of
rare earths, lithium, cobalt and copper. If a displayed country’s share of global
production of a given metal is below 1%, its share for that metal is added to the
“Rest of World” column. The R/P ratio for rare earths metals is 1,182 in Rest of
World and 7,923 in Russia. The R/P ratio for US lithium production is 833.
DRC is Democratic Republic of Congo. (Source: BP 2021, USGS 2021).

sil fuel systems are well known and have inspired robust data and re-
sponse systems.[44]

2.4. Fuel security vs. Commodity security

Given the list of countries in Fig. 2, it’s easy to see why potential for
supply disruptions warrants close inspection by importing govern-
ments. China has a third of global rare earths reserves, a quarter of sele-
nium, and a fifth of tellurium. China’s advantage extends to a major
stake in refining and exports of metals from ores mined elsewhere, such
as lithium, cobalt and manganese.[21] However, China’s dominance in
refining is likely to dissipate as minerals processing continues to ex-
pand.9

China is not only a major mining and processing power, but it is also
the No. 1 manufacturer of solar panels, and a big producer of wind tur-
bines and batteries. Since the United States and China are strategic
competitors, dependence upon manufactured components—already
subject to trade dispute—adds further risk.

These factors raise valid concerns about the potential for embargoes
and formation of minerals cartels. Since supply is more concentrated
than fossil fuels, accessing these materials is more likely to come via im-
ports, which—all else constant—increases political risk. A dominant
producer or future cartel could constrain production of one or more
transition metals in the manner of the 1973 Arab oil embargo, where,
for a few months, a handful of export countries cut oil production and
halted shipments to the United States.

But this line of analysis inappropriately transposes oil market risks
onto renewables. The Arab oil embargo is a case in point. Four coun-
tries cut oil production by 5% per month in a tight market, which trig-
gered gasoline shortages, price spikes and nearly a decade of economic
hardship for oil importers. The shock forced governments into a
decades-long scramble to reassert control over their energy supply.
Meanwhile, exporting countries reaped enormous increases in wealth.
Saudi Arabia’s oil income leaped 40-fold between 1965 and 1975, from
$655 million to $26.7 billion10.

But the disruption of far larger fossil fuel supply systems is not a use-
ful counterfactual for illustrating the probable outcomes of a metals em-
bargo. A more appropriate example is the Chinese rare earths embargo
of 2010.

9 As in petroleum refining, minerals refining poses low barriers to entry and
can attract new participants. As that happens, the leverage of the dominant
player is reduced.
10 Not all of the increase was due to higher prices. Higher output was also a

factor. [45] See “Table 4: Cost and Profitability of Middle East Oil.” See also
[46]

2.5. Lessons from the 2010 rare earths embargo

In 2010, the Chinese government imposed a two-month halt to ex-
ports of rare earths metals to Japan. The embargo’s main impact was on
neodymium and dysprosium, two rare earths blended into high-
performance magnets and batteries used in hard drives, mobile phones,
wind turbines and electric vehicles.

In their examination of the embargo’s effects, Sprecher et al. found
magnetic components subject to “prices flying wildly out of control”
driven by a 10-fold spike in neodymium prices. However intervening
forces returned neodymium prices to near-normal levels in the follow-
ing months, even before China lifted its trade restrictions.[35]

Four responses boosted supply. First, mining firms launched new
neodymium production in Canada, South Africa, and Kazakhstan,
which produced rare earths by 2013.[35] Second, increased recycling
provided replacement sources. Third, smugglers exported illicit cargoes
equal to a quarter of China’s official production.[47] Fourth, as China
did not limit exports to other countries, non-Japanese importers re-
routed supplies to Japan.[35]

A fifth effect—flexibility in manufacturing—reduced demand. Some
manufacturers turned to replacement metals or non-magnet technolo-
gies, while others altered magnet formulations to use less neodymium.
Overall, the supply disruption recovered with “remarkable rapidity.”
[35]

The speed at which the Chinese embargo failed points up the diffi-
culty of constraining mineral exports for coercive ends. China’s share of
rare earth production fell dramatically, from some 96% of global supply
in 2010 to 52% in 2020.[48,49] The embargo was a strategic mistake.
China found its market power curtailed by greater competition and liq-
uidity. China’s experience should caution against overstating supply
threats. In fact, when a Chinese rare earth industry association sug-
gested in 2019 that US defense firms could see rare earths supplies cur-
tailed,[50] another round of “reshoring” proposals was launched in the
United States.11.

An additional factor reducing political risk is the lack of rents. Com-
pared with oil, the export of transition metals is likely to be far less eco-
nomically significant to national economies. As such, temptations for
political manipulation should decline. Of the 18 countries with most of
the reserves, Manberger et al. found only five with potential to generate
rents above 5% of GDP: DRC, Chile, Cuba, Madagascar and Zambia.
[21] Minerals rents will probably never approach the fraction of
GDP—or the impact on governance, trade and international rela-
tions—afforded by oil in Saudi Arabia (28% of 2018 GDP), Kuwait
(42%) or Iraq (45%). Rent effects might be more comparable to oil’s in-
fluence in Ecuador (oil rents were 7% of 2018 GDP), Ghana (5%) or
Papua New Guinea (3%).[51]

As a result, minerals offer diminished rationale for a new Carter
Doctrine of US strategic alliances with export states, based on protect-
ing commodity supply lines and maritime chokepoints. Minerals are not
fuels. A break in supply continuity has no effect on energy output. Min-
eral export states will probably never acquire the strategic clout of ma-
jor oil producers.

To sum up, emerging perspectives in the public discourse on renew-
ables overlook major differences in the properties and uses of the mate-
rials at issue. With raw materials, one can be simultaneously “import
dependent” and less exposed to supply interruption. Since disruptions
of raw materials are less harmful to national security than fuel disrup-

11 Among the proposals: The US Department of Commerce proposed acceler-
ated permitting and production of critical minerals in the US; the US and Aus-
tralian defense departments announced production increases in rare earth mag-
nets; and various legislative proposals emerged in the US Congress aimed at se-
curing mineral supply chains. See: Grace Hearty, “Rare Earths: Next Element in
the Trade War?” Center for Strategic and International Studies issue brief, Au-
gust 20, 2019; https://www.csis.org/analysis/rare-earths-next-element-trade-
war
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tions, renewables’ supply chains do not require the same level of state
protection. The reduced risk and rents associated with mineral exports
should also render anti-competitive trade practices less attractive12.

3. Change in mining volumes from the transition from coal to
renewable power

We now turn to mining volumes, another theme that has been mis-
represented in the popular discourse. Mining intensity across power
generation types varies greatly. At the low end, nuclear power is the
least invasive, given the enormous energy density of nuclear fuel. Coal
resides at the upper end of the mining intensity spectrum, with renew-
ables in between. Our findings show that an energy transition that re-
placed coal with renewables would deliver a large decline in physical
mining even though wind and solar plants themselves require far more
materials per unit of power generated13.

Here we provide two calculations to demonstrate the mining dispar-
ities. The first contrasts current coal production volumes with those of
transition commodities. The second estimates the net decline in mining
from a replacement of coal capacity with wind.

3.1. Example 1: Transition metals production relative to coal

The fossil fuel energy system is wholly reliant on extracting fuels
from the earth’s subsurface. Extraction of coal is the largest in terms of
mined volumes and surface disturbed. In comparison, production vol-
umes for transition minerals are tiny. Global volumes for copper and
most other transition metals and materials, irrespective of end use, was
less than 22 million tonnes in 2020, whereas coal production in 2020
was 7.7 billion tonnes. In other words, the world produced roughly 350
times more coal in 2020 than transition materials. (Oil production in
2020 was 4.2 billion tonnes, 190 times more.) (Table 1, Fig. 4)14

What if the world decided to replace coal-fired power with wind and
solar? About a third of the coal produced was destined for purposes
other than power generation, which leaves 5.2 billion tonnes of coal for
the power sector. Given that 35% of global electricity was generated by
coal and 9% was generated by wind and solar in 2020, wind and solar
would need to almost quintuple to displace coal. (We account for short-
term variability and grid constraints in Annex 2.)

Such a massive buildout of wind and solar would require a sustained
increase in mining over several years, depending on how quickly one
wanted to act. Matching the pace of 2020′s global wind and solar ca-
pacity growth of 237 GW would be insufficient. At that constant rate,
wind and solar power would never fully replace coal-fired electricity
because, at some point, new renewables capacity would be offset by re-
tired capacity.15. Doubling the 2020 rate of wind and solar installation
would suffice. By 2031, wind and solar would generate more electricity
than coal did in 202016.

12 Protectionism and other anti-competitive trade practices may be more of a
concern for manufactured components than for raw materials. The US-China
trade dispute over Chinese solar panels, including the US imposition of import
tariffs amid accusations of abusive labor practices, is one such example. More
are considered in Hajdukiewicz, Agnieszka, and Bożena Pera. 2020. "Interna-
tional Trade Disputes Over Renewable Energy—the Case of the Solar Photo-
voltaic Sector" Energies 13, no. 2: 500. https://doi.org/10.3390/en13020500.
13 A 2013 paper by Vidal et al. showed that wind facilities required up to 15

times more concrete, 90 times more aluminum, and 50 times more iron, copper
and glass than fossil fuels or nuclear energy. [52]
14 See [53]: Cumulative demand for lithium in the 2°C scenario is up to 52 mil-

lion tonnes through 2050, which can be covered by average annual production
of 1.7 million tonnes.
15 Source: BP Statistical Review 2021 and authors’ calculations, provided in

Annex 1.
16 Note that recycling of minerals will be crucial. If recycling was not possible

and the lifespan or capacity factor of a plant does not increase, significant min-
ing is required every year just to compensate for the retired plants.

Fig. 4. Coal production in 2020 was 350 times greater than that of energy tran-
sition materials, suggesting the possibility of big declines in mining from a tran-
sition from coal to renewables. Increasing mining for transition metals by a fac-
tor of 12 still results in output that is just 3.3% that of coal. Note that a 12-fold
increase in mining could be insufficient to cover requirements for lithium (in
lithium-ion batteries) through 2050. Under one high-demand scenario from the
World Bank (see [53]) lithium production would need to increase by a factor of
around 24, from 86,000 tonnes in 2019 to almost 2 million tonnes per year by
2050. Even if it is possible to increase lithium production this much, require-
ments for transition metals would still be dwarfed by current coal production.
(Source: BP 2021; USGS 2021; World Bank 2017).

But a doubling of transition metals production would barely register
against the scale of 2020 coal mining. As Fig. 3 shows, even a 12-fold in-
crease in metals use along with a 24-fold increase in lithium17 still
comes nowhere close to the massive scale of yearly coal output.

These calculations do not capture the full scale of the coal-vs-
renewables materials differential. The tally above is a snapshot, illus-
trating the comparative magnitude of materials consumed in a single
year. It does not account for the far larger effects of stocks vs flows. The
7.7 billion tonnes of coal stocks mined in 2020 were also combusted in
2020 or soon thereafter. That coal must be replaced in 2021 and in
every subsequent year until the plants burning it are decommissioned.
By contrast, the transition metals mined in 2020 were not combusted,
but were utilized in capital equipment that will produce power for
decades—with zero further mining for the life of that equipment.

3.2. Example 2: Mining reductions from a coal-to-wind transition

Our next example estimates how the replacement of 1 GWh of coal-
fired electricity with wind power would affect total mining over
20 years. Here we include overburden from mining and waste from re-
fining raw ores into metals. We also include requirements for a base
metal, steel.

Calculations provided in the annex show that one GW of wind gen-
eration capacity requires about 218,000 tonnes of various metals. Most
of that is iron and steel, at 208,000 tonnes, followed by 5,500 tonnes of
zinc, 4,500 tonnes of copper and 240 tonnes of rare earths.

But metals quantities are a small part of the mining story. Metals
mining is waste-intensive. The amount of earth that must be moved to
build a GW of wind capacity is far greater than the ultimate tonnage of
refined metals. We compiled “mining-to-product” ratios that estimate
total earth moved and waste generated per unit of finished metal. These
ratios range from 5.4:1 for iron to 1,100:1 for rare earths. The calcula-
tions include stripping ratios of ore mined to earth moved, as well as
purity of ore grades, and metal lost in the smelting process.

By the time processing is finished, a huge amount of earth is dis-
placed and waste created—more than 6.2 million tonnes—in the pro-
duction of the 218,000 tonnes of finished metals used in a single GW of
nameplate wind capacity. Annex 1 provides our methodology for these
estimates.

17 among the high end in growth forecast [53] for some metals and more than
enough to quickly replace coal
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Converting nameplate wind capacity into actual electricity out-
put—to equalize it with the coal power output—requires adjusting for
the capacity factor that is restricted by geography. For the Texas mar-
ket, where wind’s average capacity factor is 35%, mined tonnage would
have to nearly triple.18 Therefore, total tonnage mined and moved to
provide average hourly wind generation of 1 GWh for 20 years is
around 17.7 million tonnes.

How does that compare with coal? US coal plants, on average, burn
509 tonnes of coal per GWh of power output.19 For coal plants generat-
ing on average 1GWh per hour, that amounts to 4.5 million tonnes of
coal a year or 89 million tonnes over 20 years, the minimum lifespan
for a wind generator.

Therefore, the mining requirement to install sufficient capacity of
wind to generate on average 1GWh per hour for 20 years is equal to just
under four years (1,445 days) of coal mining for the equivalent amount
of electricity production. In another way of looking at it, if an electric
utility mined 89 million tonnes for wind instead of for coal, it would
produce five times more electricity over 20 years.

In a system like the Texas electricity market, adding just 1 GW of
wind capacity to substitute for coal-fired generation would reduce net
mining requirements by 25 million tonnes, or 28%, over 20 years. Our
calculations, including estimates for backup generation and wind
power curtailments are in Annex 2.

We recognize that these estimates do not cover the full lifecycles of
either wind turbines or coal plants, their associated transport and man-
ufacturing infrastructure, or end-of-life decommissioning.20 We hope
that our initial comparisons encourage more exacting assessments by
other scholars.

Finally, we also suspect that mining requirements for renewables in
the United States would compete less favorably with those of natural
gas, the No. 1 US power generation fuel since 2016. However, bench-
marking wind against extraction requirements for gas fuel, transport in-
frastructure and generating plants would be substantially more difficult
and beyond the scope of this perspective paper, which aims to chal-
lenge an emerging consensus around supply risks and mining intensity
in the energy transition.

4. Conclusion

The energy transition from fossil fuels to renewables will require
enormous amounts of materials to manufacture the batteries, wind and
solar arrays, transmission lines and other components of these systems.
Required materials are among the same inputs used in other high-tech
products: steel, copper, lithium, and cobalt; platinum group elements
like gallium, tellurium, and indium, and some rare earths. It is also true
that constructing low-density renewable energy installations also con-
sumes far more materials than does construction of high energy density
fossil fuel power plants with equivalent output.

Even so, widespread suppositions in the popular discourse stating
that transitioning requires an “unprecedented increase in mining for
raw materials” or “bigger supply chains” are false. We have demon-

18 Average hourly capacity factor of the ERCOT market between 2012 and
2019. Note that the ERCOT market is more favorable than other markets. For
example, Germany’s average capacity factor for wind is 19%.
19 Coal consumption from EIA. See https://www.eia.gov/totalenergy/data/m

onthly/index.php#electricity. In the U.S. in 2019, 959,507 GWh were gener-
ated using 538,495,000 short tons of coal (i.e. 488,487,812 tonnes), which re-
sults in approximately 509 tonnes/GWh.
20 Coal also produces enormous amounts of waste, which we do not consider in

this paper. Besides mining overburden and waste, coal combustion produces
prodigious amounts of coal ash. One tonne of ash is produced by burning of four
to eight tonnes of coal. The US produced nearly 118 million tonnes of coal ash
in 2014, the country’s second largest waste material after household refuse.
See: Coal Ash by the Numbers, Chemical and Engineering News, Feb. 15, 2016;
https://cen.acs.org/content/dam/cen/94/7/09407-cover-graphic.pdf

strated that a transition from coal to wind involves an enormous de-
crease in mined materials. The quantitative differences arise because
transition metals and minerals are not fuels, like coal, that are mined
24–7-365 only to get burned up by the shipload, day in, day out. Transi-
tion minerals are raw materials for capital equipment that has a mini-
mum operating lifetime of 20 years. In many cases, the inputs can be re-
cycled once the equipment’s useful life is done.

Even if the world increased 12-fold the annual global production of
all rare earths, lithium, cobalt, and even copper, the mined tonnage
would be just 3% of world coal production in 2020. Over 20 years, five
times more power would be produced by mining an equivalent amount
for wind rather than for coal. That is because “stock” energy systems
based on fuel combustion require nonstop extraction of commodities,
while capital-intensive “flow” systems require mining only for their
long-lived capital equipment. Fuel is harvested from sunlight and cur-
rents of air.

Our hypothetical installation of 1 GW of wind capacity on the Texas
grid to replace coal reduces total mining by around 25 million tonnes
over 20 years. As we outline in Annex 2 below, these reductions are tak-
ing place in the real world. Large-scale infiltration of wind onto the
Texas grid has already delivered a substantial decline in net mining.

At its core, the energy transition involves a huge structural shift. The
world is replacing an old industry dependent on constant extraction,
trading, and combustion, with a new industry based around manufac-
turing and construction. These are substantial distinctions, but they re-
main unrecognized and often misunderstood among analysts and poli-
cymakers.

Once renewable infrastructure is in place, mining is finished. The
subsequent reduction in materials requirements means that the renew-
ables business is destined to be far smaller than the fossil fuel trade.
Since there is no need for fuel, international energy trade volumes will
decline steeply as fossil fuels are replaced. Since fewer goods are chang-
ing hands—and since construction materials are less subject to political
manipulation than combustible fuels—a large measure of political risk
falls away. Embargoes, strategic chokepoints and anti-competitive
trade practices do not hold the same threat potential. Current para-
digms for assessing the security of fossil fuel-based energy sys-
tems—honed over the last fifty years—offer little relevance for the en-
ergy transition.

Arguments to the contrary detailed in section 2.1 appear to be based
on flawed analysis or conflict of interest. Since transition technolo-
gies—with their smaller trade and profit attributes—are supplanting
the far larger fossil fuel industry, the rise in “energy security” alarmism
may stem from a wish to maintain the more profitable status quo.

Shortages and anti-competitive trade practices are inevitable in the
energy transition. But such problems do not constitute valid reasons for
policymakers to delay or reconsider the transformation process. Lack of
mineral availability is far less damaging to a society than a shortage of
combustible fuel. Responses should recognize the distinction. Most
shortages can be effectively addressed through market responses.

Energy security concerns will not disappear. But governance and
oversight paradigms require more thoughtful reformulation if they are
to help smooth the transition and prepare society for its less familiar
structural characteristics.

5. Annex 1: Methodology for sections 3.1 and 3.2

Above we present two brief scenarios comparing mining of coal ver-
sus mining for wind power. In Annex 1 and 2, we provide detail on
methods used to produce these estimates. Annex 1 details our calcula-
tions on mining. Annex 2 accounts for backup generation for the inter-
mittent wind that replaces coal in Section 3.2.
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6. Methodology for mining estimates in Section 3.1

In Section 3.1, we estimated that a doubling of the 2020 pace of
global wind and solar power installation would be sufficient to replace
global coal power by 2031. The resulting ramp up in renewables instal-
lations would result in a large net decrease in consumption of mined ma-
terials.

Our calculations start with data from the BP Statistical Review of
World Energy 2021 and focus on aggregated global electricity genera-
tion. In 2020, 9,421 Terawatt-hours of electricity were generated by
coal, whereas wind power generated 1,591 TWh and solar 856 TWh.
Therefore, coal provided 35% of the world’s 26,823 TWh of electricity
consumed that year. Wind and solar together provided 9%.

To fully replace coal, wind and solar would have to generate 11,868
TWh—the sum of 2020 coal and wind/solar generation.

Step two involved calculating the average capacity factor for wind
and solar. Global wind capacity grew in 2020 by 111 GW to reach 733
GW, while global solar capacity increased by 127 GW to reach 708 GW.
We assumed the combined wind and solar capacity addition (of 238
GW) was added constantly throughout the year. We also assumed that
global seasonal wind and solar capacity factors remained constant
throughout the year. These assumptions allowed us to derive the aver-
age hourly capacity factor for wind and solar by dividing the total aver-
age hourly generation by average capacity in 2020 and in 2019. This
gives us a global wind capacity factor of around 0.27 and a global solar
capacity factor of around 0.15.

If these capacity factors remain constant in the future21 and future
growth remains proportional to the increases in 2020 (i.e., growth of
111 GW for wind and 127 GW for solar), it would require around 6,420
GW of wind and solar capacity combined to generate at least 11,868
TWh of electricity, which would be sufficient to replace the electricity
generated from coal in 2020.

If we assume that renewables capacity is retired after 25 years,
merely maintaining the 2020 pace of adding 111 GW of wind and 127
GW of solar capacity in every future year would be insufficient to ever
build enough capacity to generate 11,868 TWh. That is because retire-
ments and added capacity would even out in 2045, with wind and solar
only generating 10,707 TWh (with total installed capacity of 2,769 GW
for wind and 3,167 GW of solar).

Doubling the rate of wind and solar capacity additions allows re-
newables to replace coal as early as 2031. But as demonstrated above, a
doubling of renewables installations implies a doubling of annual 2020
transition metals consumption from less than 22 million tonnes to just
over 43 million tonnes. The doubled tonnage is still 120 times smaller
than the 5.2 billion tonnes of coal consumed in the power sector in
2020.

Meanwhile, annual coal consumption in the global power sector de-
clines from 5.2 billion tonnes in 2020 to zero by 2031, implying an av-
erage net decline in consumed materials of 430 million tonnes per
year22.

Of course, this scenario compares coal with final consumption of
only the so-called transition minerals: copper, lithium, cobalt, graphite,

21 The assumption on future capacity factors for wind and solar is ambiguous.
All else equal, capacity factors should decrease over time because locations with
the highest capacity factors should be utilized first. However, this ignores tech-
nological advancements that tend to increase capacity factors, as well as re-
gional differences in capacity development and quality of wind/solar resource.
For example, while the capacity factors for a mature wind producer like Ger-
many are decreasing for onshore wind, the advent of offshore wind (i.e., a new
technology) serves to increase them. In addition, the best location for onshore
wind in Germany is significantly worse than an average wind location in south-
ern Argentina. As a result, assuming a constant global capacity factor seems rea-
sonable.
22 i.e. a linear annual decline in coal consumption of 472,727,273, minus the

42,778,000 tonnes of transition metals = net decline of 429,949,273 tonnes

and rare earth metals. It does not include base metals or other materi-
als, nor does it include mining and refining waste.

7. Methodology for estimating mining requirements for wind in
Section 3.2

In Section 3.2 we estimated how mining tonnage on a net basis
would be affected by the replacement of 1GWh of coal-fired electricity
with wind power. We assumed a time horizon of 20 years, the mini-
mum lifespan for a wind turbine. This estimate looked not just at metals
required for wind, including steel, but also included all earth moved in
the process, including overburden from mining and waste from refining
raw ores into metals.

The first step in determining what we describe as the “mining-to-
product” ratio was to gather the raw material requirements for a MW of
wind capacity, followed by an examination of the mining and refining
processes.

A typical direct-drive “permanent magnet synchronous generator”
or PMSG wind turbine requires around 4,500 kg copper, 5,500 kg zinc,
and 240 kg rare earths per MW. (Fig. 5) On top of that, each MW re-
quires around 208 tonnes of iron ore and steel to build towers of up to
160 m in height, which support blades roughly 60 m long.23. We note
that use of metals and rare earths varies across wind turbine designs.
Some use electromagnets based on magnetic steel and copper windings.
However, for this exercise we assume all of our hypothetical turbines
are PMSGs with large rare earth magnets. Thus, a wind turbine requires
around 218 tonnes of processed metals per MW, or 218,000 tonnes per
GW of nameplate capacity.

The above tonnages only describe the metal requirement. These esti-
mates do not include the full amount of mining, since mining for metals
requires removing significant overburden to access the ore containing
the sought-after metal. The earth-moved-to-ore or “stripping” ratio
varies significantly among metals and between open pit mining and
long wall mining. Further waste is generated during the processing of
the ore. We used reasonable averages for our calculations, as shown be-
low.

As regards copper, for example, a typical stripping ratio is 3:1,
meaning that for every tonne of mined ore, 3 tonnes of redundant earth
is moved. The ore’s purity or “ore grade” varies between locations. As
ore grades for copper are decreasing, we used an ore grade of 0.7%, the
average ore grade of a Chilean copper mine at the time of writing.[11]
In other words, one tonne of ore contains just 7 kg of copper. However,
further metal within a tonne of ore is lost during the processes of con-
centrating and smelting. Typical recoveries for copper are 80% during
concentrating and 90% during smelting. Thus, 4 tonnes of earth mined
for copper will produce of copper. That implies a
mining-to-product ratio of 4 tonnes/5.04 kg = 794:1. On average,
therefore, 794 tonnes of earth is moved in the process of producing a
single tonne of refined copper.

For zinc, we assume a stripping ratio of 15:1, an ore grade of 10%,
and recoveries of 80% for concentrating and 90% for smelting. This re-
sults in a mining-to-product ratio of 222:1. For iron, we assume a strip-
ping ratio of 2.5:1 and an ore grade of 65% [54], resulting in a mining-
to-product ratio of 5.4:1. For neodymium (which we treat as a proxy for
all rare earth), we assume a neodymium content of 18.5%, a recovery

23 Specifications derived from the Vestas V126-3.45MW turbine typical of in-
stallations in West Texas (for example in the Bearkat I and the Cactus Flats wind
parks). See https://www.vestas.com/∼/media/vestas/about/sustainability/pdf
s/201802_material%20use%20brochure.pdf for material specifications and htt
ps://eerscmap.usgs.gov/uswtdb/viewer/#7.16/31.367/-101.541 for an
overview of wind parks in Texas. The specification does not distinguish between
steel and iron. A study by NREL indicates an 87/13 split of steel and iron (see ht
tps://www.nrel.gov/docs/fy17osti/66861.pdf), and it takes 1.6 tonnes of iron
ore to produce 1 tonne of steel, see: https://www.bhp.com/our-businesses/our-
commodities/iron-ore/.
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Fig. 5. Mineral use in wind turbine type varies widely by technology, with
PMSGs using the largest amount of rare earths. (Source: IEA 2021).

rate of 50%, and a mined content to rare earth material ratio of 59:1.
[55] Given that multiple rare earths are mined together, it is difficult to
find a good stripping value for our calculation. To account for the min-
ing waste of rare earth, we use the stripping ratio from Schreiber et al.
of 0.73:1,[56] which leads to a mining-to-product ratio of 1103:1.

Table 2 below summarizes the mining differential between coal and
transition metals, including the full magnitude of earth moved for wind
power. Using our methodology, average hourly wind output of 1 GWh
a year produces 17.7 million tonnes of moved earth and waste. A GWh
of coal-fired power requires 4.5 million tonnes of coal as fuel. Since the
wind power has a minimum lifespan of 20 years, the mining tonnage
reaches parity at four years. Each additional year that wind replaces
coal results in further declines. Over 20 years, the replacement of
1GWh of coal power with wind results in a net decline in mining of 72
million tonnes.

Worth noting is that our calculations for coal include only the final
production of coal fuel. We do not account for overburden, mining
waste, post-combustion waste, or the mining required for coal-fired
power plant infrastructure.

8. Annex 2: Accounting for backup for renewables

This annex considers requirements for backup generation for the re-
newables introduced in section 3.2.

Wind power, unlike that generated by coal, is not dispatchable and
requires backup to meet demand. Suppose a hypothetical system has a
constant hourly demand of 1GWh and hourly wind capacity factors of
35%. If the electricity generated by wind is not sufficient to meet de-
mand, a backup generator becomes necessary. If wind generation ex-
ceeds demand, excess electricity is curtailed.24

The share of electricity provided by wind versus the share provided
by backup depends on the installed capacity of wind as well as the un-
derlying hourly capacity factors. Our calculations for required backup
in a system that does not trade with outside regions are as follows:

In period t, let (in ) be the system wide capacity factor for
wind. As mentioned above, its average is around 0.35 in the Texas sys-
tem. Given an installed wind capacity of (in GW), the total wind
generation in period t is . If the objective is to generate 1 GWh in
each hour, backup is necessary if . In this case, backup must
generate units of electricity, where wind provides the other

If , some generation gets curtailed, and the system is
supplied entirely by wind power.

24 As a proxy, we use the hourly capacity factors of the ERCOT market from
2012-2019. This gives us realistic cross-period correlations of the wind capacity
factors. If storage is used as a backup, the redundant electricity generated by
wind is rather not curtailed but stored. In this case, we would label the electric-
ity released from storage as “backup” and come to the same conclusion as in
Figure 4. We assume sufficient backup is always available.

Table 2
Comparative mining intensities for coal and wind power generation in Texas
(Source: EIA, authors’ analysis).
Tonnage mined for 1GW wind capacity (including overburden and
waste)

6.2 million

Tonnage mined for average hourly wind generation output of 1GWh 17.7
million

Tonnage mined for 1GWh coal/year (fuel only) 4.5
million

Tonnage mined for 1GWh coal for 20 years (fuel only) 89 million
Days of coal consumption to equal mined tonnage for average hourly

wind generation of 1GWh:
1445 days

Reduction in total mining tonnage over 20 years from replacing 1GWh
of coal with rough equivalent in wind:

72 million
tonnes

Rough amount of wind-generated electricity produced by mining
requirement for 1GWh of coal:

5 GWh

Using the wind capacity factors of Texas from 2012 to 2019, Fig. 6
depicts the share of wind and dispatchable backup generation for a sys-
tem facing an increase in installed wind capacity. We see that 1 GW of
wind capacity would contribute 35% of the supply to meet the constant
hourly demand of 1 GWh, whereas a 5 GW installation would con-
tribute 88%, since excess wind production would be curtailed.

This means that adding more wind capacity will reduce the demand
for backup generation. However, each additional GW of wind added to
the system brings a smaller corresponding decrease in backup because
all wind generators in a geographic region would be affected by the
same intermittency drivers. Even 10 GW of installed wind capacity in
the hypothetical market will require backup in about 970 h of the year
to provide 4% of the supply25.

Let us now assume that the backup for wind is coal.26. In most en-
ergy transition discussions, renewables are paired with natural gas or
energy storage, whether batteries, pumped storage or green hydrogen,
since a key objective is to reduce the carbon emissions of the electricity
system.27 We retain coal in our hypothetical example because coal is
our focus, and because calculating mining for alternatives is beyond the
scope of this paper.

Fig. 7 below depicts the respective mining tonnage required for
our electricity system to meet constant hourly demand of 1GWh for
20 years—assuming coal is used as a backup. As shown, the mining
requirements decline steeply as wind capacity increasingly replaces
coal.

If this system is supplied only by coal, 89 million tonnes of mining is
required over 20 years ( ). If 1 GW of
wind capacity is added to the system, total mining requirements over
20 years are reduced by almost 25 million tonnes (i.e. 28%) as total
generation from coal decreases from 8760 GWh to 5688 GWh per year
(which requires 57 m tonnes of mining). The wind capacity provides
3071 GWh of power and requires 6.2 million tonnes of mining. Total
mining with 1 GW of wind and coal backup is thus reduced to 64 mil-
lion tonnes.

With 2 GW of wind, the total mining required drops to less than
45 m tonnes, a decline of 50%. With 3.5 GWs of wind capacity, the min-
ing requirement falls below 39 m tonnes (57% reduction). As the chart

25 With 10GW installed capacity and constant demand of 1GWh per hour,
backup is required if the hourly capacity factor in the system is lower than 10%,
which occurs in the ERCOT market in about 970 hours per year (average over
2012-2019). Decreasing correlation between the wind generators thus de-
creases the hours where backup is needed. Source: ERCOT data.
26 Note that this is similar to installing wind to replace coal generation, which

occurs in many regions across the globe. However, the reduction of coal genera-
tion is usually not solely compensated by wind but other sources of electricity,
for example natural gas in the U.S. - see BP Statistical Review (2021).
27 In addition, the slow startup times for coal plants make it an unlikely candi-

date to back up wind. However, we abstract from startup and ramp-up/ramp-
down restrictions to maintain simplicity.
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Fig. 6. Share of wind (green) vs. its backup (black) to constantly generate
1GWh of electricity per hour in the hypothetical market with increasing in-
stalled wind capacity. Redundant electricity generated by wind is curtailed.
Source: Author calculation and ERCOT data from 2012 to 2019 used as a proxy
for realistic hourly capacity factors. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this arti-
cle.)

Fig. 7. Mining output to constantly generate 1GWh per hour with increasing in-
stalled wind capacity and coal as a backup. For the coal mining output, we only
focus on the mining for coal and not the mining for the materials required to
build the facilities. This graph follows from Fig. 4. Source: Author calculation
and ERCOT data from 2012 to 2019 used as a proxy for realistic hourly capacity
factors.

shows, it would be counterproductive to try and fully replace coal with
wind because reductions in mining flatten and then rebound at around
3.5 GW of installed wind. That is because wind’s intermittency means
backup generation is never fully shut down, so some coal mining per-
sists.

This exercise, based on hourly wind capacity factors in Texas,
demonstrates the enormous declines in mining in renewables energy
systems versus those combusting coal.

Declines in US coal production suggests that the effects are more
than hypothetical. Electricity generation from coal in Texas has de-
clined alongside the rise of wind and natural gas. The state’s annual
electricity generation from coal dropped by more than 52 TWh (40%)
in the eight years from 2011 to 2019, which implies a reduction of more
than 25 million tonnes of mining per year. Texas’ coal generation was
partly replaced by 15 GW of installed wind capacity. Using our esti-
mates, 15 GW of wind would have required around 93 million tonnes of
mining. Therefore, the 25 tonnes/year coal mining savings are com-
pounded annually, while the installed wind capacity has no further
mining requirements over its operating lifetime.
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