Energy Strategy Reviews 26 (2019) 100394

journal homepage: www.elsevier.com/locate/esr

Contents lists available at ScienceDirect

Energy Strategy Reviews

ENERGY

The geopolitics of metals and metalloids used for the renewable energy R

transition

André Manberger, Bengt Johansson”

Check for
updates

Environmental and Energy Systems Studies, Lund University, P.O. Box 118, SE-221 00, Lund, Sweden

ARTICLE INFO ABSTRACT

Keywords:

Critical material
Geopolitics
Resource curse
Renewable energy
Energy transition

This study examines the geopolitical role of 14 metals and metalloids needed for renewable energy technologies.
The analysis focuses on three factors with potential geopolitical importance: the geographic concentration of
resources, potential revenues of resources rich countries and the size of total global markets.

The geographic concentration of most of the fourteen studied metals and metalloids will be higher than for
oil. The only exceptions are tellurium, copper and silicon. The economic revenues as fraction of total economic
throughput will be rather low for most of the countries studied. This will reduce the risk for a resource curse to

emerge. The exceptions are the Democratic republic of Congo, Chile, Cuba, Madagascar and Zambia. The total
economic value of the studied metals and metalloids will also be much smaller than the current oil market.

1. Introduction

Fossil energy, particularly oil, has been linked to geopolitics as a
result of the geographical concentration of reserves, the existence of
strategic supply chain bottlenecks, the import dependence of several
governments, and as a precursor for internal tensions and vulner-
abilities (see e.g. Refs. [1-4]). Renewable energy (RE) today contributes
with a relatively limited share of the total energy mix, but the share is
increasing (see e.g. Ref. [5]) in response to climate mitigation policies,
cost reductions, and a desire to diversify energy supply in many
countries. Although renewable energy policies are sometimes supported
with references to energy security, the exact relation between renew-
able energy and energy security is not straightforward and depends
largely on what aspects of the multifaceted concept that are highlighted
(for different conceptual perspectives of energy security, see e.g. Refs.
[3,6-81). Energy security can be approached with technical, economic,
political and environmental perspectives, which in different ways in-
teract with each other. In this paper, we concentrate our attention to
aspects of energy security that have geopolitical implications. Factors
that are central for defining the geopolitics of natural resources are
amongst others geography, dependency and economic value.

The growing importance of renewable energy has led to the emer-
gence of new research around the interaction between renewable en-
ergy, security and geopolitics (see e.g. Refs. [9-13]). Interests have
mainly been directed to the energy resources per se (such as hydro,
wind, biomass and solar) and the integration of these sources in various
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energy systems.

However, in addition a number of previous studies have identified
that renewable energy systems can increase the demand for some mi-
nerals, e.g. rare earth metals (see e.g. Refs. [14,15]). Although these
minerals exist around the globe, the opportunity to extract them varies
significantly among countries. This can give rise to a variety of security
and geopolitical consequences that need to be explored in order to
understand the risks and opportunities of this expansion. A literature on
the geopolitical consequences of rare earth metals have started to
emerge, often with a broader focus then from the perspective of future
energy transitions (see e.g. Refs. [16-22]).

1.1. Geopolitical aspects of energy and other natural resources

The geopolitical aspects of energy and materials can be divided in a
number of different categories. Here, we structure the way energy and
materials interact with geopolitics according to five different processes:

e Import dependent countries strive to secure an adequate and af-
fordable supply.

® Resource rich countries strive to secure adequate incomes from their
resources.

e Countries seek to secure important trade flows.

® Regimes in resource-rich countries strive to use their resources to
increase their political influence nationally or in the global arena.

® Resource availability affects internal stability through a variety of
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processes, where those with negative outcomes often are sum-
marised under the term “resource curse”.

First, import dependant countries in different ways strive to secure
the supply of energy and other natural resources needed in their eco-
nomics. The strategies can include diversification, direct ownership
(usually through nationally owned companies), through bilateral long-
term relations or through international institutions such as free and
transparent international markets. Conflicts can arise when competing
interests meet in different locations, and through a wish to protect
global energy markets as a means to secure supply and protect national
industrial interests. Security of supply can be hampered by national
unrests in supplying countries and by threats to important trade links.
The political stability of important suppliers is thus an important as-
pect.

Second, resource rich countries may strive to secure incomes that
are often key to the national economies and state budgets. Depending
on their positions, this can be carried out through attempts to control
price setting and gain increased market shares (for a discussion of the
strategies used see e.g. Refs. [1,23-25]). These attempts can include
measures that interfere with the market and the interests of resource
dependent countries, potentially leading to conflicts. The strategies
could also include different ways to recover a larger fraction of the rent
of investing companies through nationalisation, exploitation taxes etc.

Third, international oil trade has been linked to geopolitics and
international conflicts because of its size and economic importance
[26,27]. One of the claims is that the economic importance motivates
hegemonic actors to use military means and soft power to maintain
trade flows. A threat to market domination can trigger military inter-
vention, the prime example being the Carter Doctrine [2]. Furthermore,
the combination of perceived global scarcity and local abundance is a
prerequisite for resource wars, in which countries use military force to
gain access to resources, see e.g. Ref. [28]. A fourth aspect would be
that countries use their resources to increase their influence in the
global political arena. This influence could be used for realising coun-
tries' political and economic ambitions or as a way to strengthen the
regime's internal status. Here, the geographical concentration of re-
sources can enable resource-rich countries to gain advantage over im-
port dependent countries, e.g. through the contested energy weapon
[29,30]. Similar aspects have been looked into when it comes to mi-
nerals, for instance, in the case of China where it has been argued it has
used its dominance regarding certain strategic minerals as a tool in their
conflict with Japan regarding military strategic islands. This led to
disturbance of the supply of rare minerals essential for the Japanese
industry [16].

Finally, the resource availability and the revenue of the resources
can contribute to the instability of countries and thus geopolitical
consequences, often called the resource curse (for typologies defining
this correlation see e.g. Refs. [31,32]). There are several reasons for
such instabilities. The resources can be targets of different interest
groups and lead to conflicts. Rebel groups in weak states can use the
revenues from conflict minerals to fund their activities [33], and the
dependence on resources can crowd out other sectors of the economy
through currency appreciation [34]. The dependence on resources can
also make state budgets and national economies vulnerable to fluctu-
ating world market prices. There is also an increased risk for autocracy.
If the national elites are independent of tax incomes they tend to be less
keen on developing democratic institutions, which in turn can increase
tensions. However, high resource rents do not necessarily lead to con-
flicts. Basedau and Lay [35] argue that the total income level of a
country matters, and that high per capita incomes reduce the risks for
conflicts. One reason for that could be that low per capita income leads
to poor governance capabilities [36]. In addition, Orihuela [32] stresses
that also geographic location matters, as there is a path dependency in
institution development with an impact on the risk for a resource curse.
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1.2. Previous studies on the geopolitics of the renewable energy transition

There is only a limited number of studies looking on the geopolitics
of the renewable energy transition. Some go through a broader number
of technologies; others concentrate on a few specific technologies. The
general conclusion is that the low energy density that characterises
renewable energy will reduce the risk for interstate conflict, whereas
land use issues grow in importance especially with regard to biomass.
The physical differences between renewable and non-renewable energy
flows indicate that the transition will reduce the risk for interstate
conflict but can increase the risk for local land use conflicts [10]. The
potential for excess rents, which could be an important cause of geo-
political tensions, both through conflicts to control the resources or
through the resource curse, is generally assumed to be rather limited.
An exception could be for hydropower, as the resource is concentrated,
can be profitable for the one who controls it and the construction of
dams can impact other countries. For example, previous research has
identified that large scale hydropower can turn into a “resource curse”
[37,38]. In addition, the expansion of renewable energy is often, for
efficiency reasons, assumed to be based on the integration of infra-
structures. This integration can have geopolitical implications.

The consequence of the renewable energy transitions can diminish
the relative importance of fossil fuel exporters, which can get reduced
incomes. When, energy importers turn to domestic renewable energy it
strengthens the importers’ bargaining power vis-a-vis exporters [11].
The potential to exploit the energy weapon diminishes. The geopolitics
of oil can, in response to the reduced demand due to energy efficiency
and renewable energy, turn from a mind-set of scarcity to abundance
where some oil producers have stranded assets [39].

Most existing studies have looked into the direct use of energy
sources and only a few have looked into the geopolitics of rare minerals
in the context of renewable energy transition, although there are sev-
eral studies looking into the geopolitics of these materials (see e.g. Refs.
[17-19]) and other minerals (see e.g. Ref. [40]) in a broader sense.
Holders of these resources would gain economically if the use of re-
newable energy increase [41]. Riddle et al. [15] have furthermore
studied the function of the strategic minerals markets and O'Sullivan
et al. [42] argued that mining cartels, similar to OPEC, may develop
that would control mining of metals critical for renewable energy.
These studies did not, however, go into detail in how the demand for
different materials will change, which countries would supply the re-
source and how much revenues they would make. These shortcomings
make it difficult to compare the geopolitics of renewable energy ma-
terials with fossil energy resources. On the other hand, another set of
literature has quantified how much demand for various metals and
metalloids would increase if a renewable energy transition would occur
[14,43-45], but this literature has not analysed geo-economic and
geopolitical consequences of such changes.

Finally there is a literature that argues that the geopolitics of energy
transition should be less about controlling natural resources but more
about having access to technology, patents and human knowledge
[46,47]. The methods to protect these assets will differ from protecting
the physical resources. The long-term impact of the distribution of these
softer resources on geopolitics will probably be more difficult to assess
than the role of natural resources for which the geographical location is
rather well determined.

2. Focus and methodology

In this chapter, the focus of this study and the methodology used is
briefly presented. Assumptions and methodological issues are discussed
in more detail in the supplementary material.

This study focuses on the geographical concentration of the reserves
of metals and metalloids used in renewable energy systems and the
economic value of these resources. Geographical concentration of re-
serves is especially important for the fourth geopolitical process
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presented in chapter 1.1, i.e. the potential for regimes in resource rich
countries to increase their political influence in the global arena but
also to the first process that regards the competition around scarce
geographically concentrated resources. The economic value of the
markets and the relative economic importance of the resources to
countries’ economies can, on the other hand, have an impact on both
the second geopolitical process, presented in chapter 1.1, the desire to
act to protect incomes, and the fifth process, i.e. the risk for a resource
curse and the connected risks for country instabilities.

In this paper the analysis is based on 14 metals and metalloids
identified in a previous study [14]. These metals and metalloids were
identified as important for key technologies, producing or using re-
newable energy, that are assumed to gain significant market shares in
low carbon energy transition scenarios. These technologies were de-
scribed in detail in Ref. [14] and include electric motors for wind power
production and electric cars (key materials: neodymium, dysprosium
and copper), batteries and fuel cells (key materials: lithium, cobalt,
manganese, nickel and platinum) and solar electricity technologies
(tellurium, indium, gallium, selenium, silver and silicon). As the elec-
trification of the transportation system plays a central role in many low
carbon energy scenarios, technologies for electric vehicles are included,
although the technology is not directly dedicated for renewable energy.

This study focuses on the incremental demand of these metals,
following the expansion of renewable technologies, acknowledging that
there is an additional demand for these metals that is not studied here.
For example: copper used in batteries, electric motors and on-board
chargers is included, while the copper used in the general wiring har-
ness in vehicles is not, since this use is assumed to be almost equivalent
to that of ICE-vehicles.

Two metal demand scenarios’ are developed, both taking the
starting point in IEA:s climate change transition scenario [48] called
“beyond 2°” (B2D-scenario). The B2D-scenario shows one way that the
energy system can develop in a way that is consistent with meeting the
2° target of the Paris agreement. It stretches to 2060 and illustrates how
the use of various renewable production and end-use technologies de-
velop.

The annual flows of material embedded in these technologies were
quantified using a previously developed model [14]. The assumptions
for material intensity, i.e. how much of each material that is used per
kW or kWh as well as technology lifetimes were taken from Ref. [14].
Metal intensities have declined in the past and are assumed to continue
to do so, see Ref. [14] and supplementary material.

The two different metal demand scenarios differ from each other
regarding the assumed recycling rates. In Scenario 1 current recycling
rates are assumed throughout the period while as in scenario 2, re-
cycling rates increase linearly from current levels to 80% in 2040 for all
metals and metalloids. Recycling rate is defined here as the quantity
recycled as a percent of the material in waste streams for products that
have reached their end of life. This study only examines the increased
metal demand attributable to energy transition. Recycled material is
therefore only used by the model when the examined technologies have
reached their end of life.

The concentration of the studied key metals and metalloids are
analysed using the Herfindahl-Hirschman Index (HHI) based on the
shares of current global reserves for the respective countries and ma-
terial. The HHI is a standard index used to analyse market concentra-
tion for various products.” In order to interpret the values for the dif-
ferent materials, we compare them to the corresponding HHI for fossil
fuels. The data on reserves are taken from the 2018 United States
Geological Survey (USGS) mineral commodity summaries [50] except
for indium, gallium and rare earths where other sources are used (see

! The two scenarios shows demand for both metals and metalloids.
2 For a comparison of the advantages and disadvantages of various indices for
resource concentration, see e.g. Ref. [49].
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supplementary material).

The annual economic value of the additional metal flows resulting
from the energy transition was estimated by multiplying annual metal
flows with market prices for refined metal. In lack of any reliable
forecasts for all of the studied materials we base our price assumptions
on revealed data on last ten years metal prices.® The last ten years have
experienced a “boom” and “bust” period accompanied by high and low
prices in general as well as fluctuating prices for some metals used in
renewable energy technologies and batteries (e.g. cobalt). One low
price and one high price scenario have been developed based on this.
The validity of this approach was tested by comparing these estimates
for some of the materials for which estimates of future prices exist
[52,53].

It should be noted that market prices for refined metal is used in the
estimates (e.g. price of the lithium content in battery grade lithium
carbonate). This is sometimes (much) higher than the raw material
price at the mine gate. Revenue estimates for countries that sell con-
centrate rather than pure metal will therefore be higher than what
would actually be the case. The reasons why we only use prices for pure
metal are twofold. First, this is a good estimate of maximum revenue
that the resource rich countries can gain because it takes into account
the opportunities to integrate downstream in the supply chain. Second,
it is uncertain where future refining industries will be situated and a
country rich in resources may choose to invest in such facilitates do-
mestically or abroad.*

The quantity of each metal or metalloid produced in a specific
country is estimated from the total global demand which is distributed
among countries in proportion to their current share of total reserves as
reported by Ref. [50]. In other words, a country that today has y% of
the reserves of metal x is assumed to extract y% of the primary demand
for metal x in all years. The exceptions are indium, gallium and silicon
where the shares of various countries future mining are assumed to be
the same as the current shares of production, since reserve data for
individual countries is not readily available. However, particularly in
the short term this is sometimes misleading because countries can
choose to support domestic mining (extract more than assumed), en-
gage in producer cartels (extract less) and/or enforce stricter mining
regulations (extract less). Mining can also be affected by external
events, such as social instability. Still we think using share of reserves as
a basis for production assumptions is a feasible approach.

The potential resource revenue is calculated for each country as the
sum of the revenues from each of the studied metals and metalloids.
Supplied quantities are multiplied with the assumed price for each
material. To get a hint of the importance of these revenues for the
countries' economies, the revenues are divided by the respective
countries’ GDP in 2016. Future GDP trajectories for individual countries
were not included here due to uncertainties involved. Using current
GDP will probably overestimate the relative value of the studied ma-
terials for some of these countries' economies. Phasing out fossil energy
may negatively affect GDP for some countries. To put these values in
relief the economic value of the global metal and metalloid flow is
compared with the oil market.

3. How much metals and metalloids would be required to make a
renewable transition?

The virgin metal demand in the studied scenarios as share of current

3 Metal prices are available online from open sources: www.infomine.com
and www.metalary.com, previous USGS Mineral Commodity Summaries (e.g.
Ref. [50]) and neodymium and dysprosium during the price spike in 2011 from
Ref. [51].

*An analogy is petroleum exporters' downstream integration. For example,
Saudi Arabia has invested in oil refineries and the petrochemical sector do-
mestically as well as abroad.


http://www.infomine.com
http://www.metalary.com
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Table 2
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Geographical concentration of major reserve holders in 2018, data from Ref. [50]. Oil is provided as a point of reference.

Resource HHI Share of reserve Other countries
Cobalt 2825 DR Congo (49%) Australia (17%) Cuba (7%) Philippines (4%) Zambia (4%) 19%
Copper 796 Chile (22%) Australia (11%) Peru (10%) Mexico (6%) US (6%) 45%
Lithium 3039 Chile (47%) China (20%) Australia (17%) Argentina (13%) 3%
Manganese 1880 South Africa (29%) Ukraine (21%) Brazil (18%) US (14%) China (7%) 11%
Nickel 1880 Australia (26%) Brazil (16%) Russia (10%) Cuba (7%) Philippines (6%) 35%
PGM 8373 South Africa (91%) Russia (6%) Zimbabwe (2%) US (1%) < 1%
REE 2287 China (37%) Brazil (18%) Vietnam (18%) Russia (15%) India (6%) 6%
Selenium 1390 China (26%) Russia (20%) Peru (13%) US (10%) Canada (6%) 25%
Silver 1148 Peru (18%) Australia (16%) Poland (16%) Russia (10%) China (7%) 33%
Tellurium 727 China (21%) Peru (12%) US (11%) Canada (3%) Sweden (2%) 51%
0il 1119 Venezuela (19%) Saudi Arabia (17%) Canada (11%) Iran (10%) Iraq (9%) 33%

Note: PGM stands for Platinum group metal, REE stands for Rare earth elements. HHI stands for Herfindahl-Hirschman index. A high value corresponds to a high

concentration with the maximum value of 10,000.

reserves is presented in Table 1. It should be noted that reserves are
subsets of resources and are therefore likely to grow as a result of im-
proved mining technology and/or higher prices. However, it is useful to
compare cumulative demand with current reserves since large price
increases are unlikely if reserves are significantly greater than cumu-
lative demand. This is the case for most of the analysed metal and
metalloids. Exceptions are cobalt and lithium especially in scenario 1,
in which recycling rates remains at the current level. Even with high
recycling rates in scenario 2, the cobalt needed for renewable energy
technologies will be close to the levels of current reserves.

This study does not include the demand growth in other parts of
society and thus understates reserve depletion. This is not problematic
for those materials for which the renewable energy sector is a dom-
inating source of increased demand, for example permanent magnets
(neodymium and dysprosium) used in generators and motors see Ref.
[43]. Other metals are more problematic since competing future de-
mands have not been thoroughly assessed (e.g. the same metalloids can
be used to construct solar PV and LED light) and/or remains unknown.
Also, demand for many metals is likely to increase as a result of growing
population and economic wealth [54].

4. Geographical concentration of reserves

This section analyses the geographical concentration of the reserves
of ten of the metals included in this study. Silicon was excluded due to
its abundance as was metals mined as by-products (i.e. indium and
gallium) for which it is difficult to obtain data. Data for platinum group
metals (PGM) was used to analyse platinum, since platinum can be
substituted by other PGM (e.g. palladium in fuel cells and catalyser) and
USGS [50] provides reserve estimates only for PGM as a group. Neo-
dymium and dysprosium were also studied as one group (rare earth
elements, REE) for the same reasons.

The estimates of the geographical resource concentration presented
in the form of HHI reveal that only two metals (tellurium and copper)
have lower concentration than oil and the remaining eight have higher
concentration, see Table 2. The concentration of platinum group metals
(PGM) is the highest (HHI = 8373 of maximum 10000) followed by
lithium (HHI = 3039) and cobalt (HHI = 2825). Individual countries,
rich in these metals, e.g. South Africa in PGM; Chile in Lithium and the
Democratic Republic of Congo (DRC) in cobalt, are thus important for
the global supply of respective resource, more so than many countries
rich in oil.

Six countries (Australia, Chile, DRC, China, Brazil and Russia) to-
gether hold a large share of cobalt (66%), copper (33%), lithium (84%),
nickel (52%), rare earths (70%) and silver (33%) reserves. These
countries are situated in different continents and are heterogeneous
concerning level of economic development and political systems and
priorities. A cooperation between these countries in a producer cartel
similar to OPEC appears unlikely today, and the countries would

probably find it difficult to increase market prices in the medium term
as a result of the existence of substitutes and potential competition from
countries outside of this group.

An area where it could be possible to form a small successful cartel
is for lithium, due to lithium's geographical concentration and dom-
inance in current battery technologies. However, the concentrations
presented in Table 2 are calculated for reserves, i.e. resources that can
be produced economically at today's prices. Higher prices will expand
reserves and make new sources available such as extracting lithium
from sea water [60] and ocean floor mining [61]. The high price as-
sumption for lithium used in this study is the same as low end estimates
of production cost from seawater (US$90-130 k/ton of lithium) as es-
timated by Jasifiski, Meredith and Kirwan [52]. This provides back
stop-supply sources that put a ceiling to long term price increases which
render the formation of producer cartels that can increase prices above
this level difficult in the long term. Also, higher lithium prices and
perceptions of market interference incentivise developing batteries that
do not contain lithium® and other energy technologies such as fuel cells,
thus undermining the importance of lithium in the long term.

5. Producer revenues

This section analyses potential revenues, that can be attributed to
the increased metal demand following an energy transition, for coun-
tries rich in metals used for renewable energy. This is done by calcu-
lating potential resource revenues as a share GDP for a number of re-
source-rich countries for the period 2016-2060. The countries are
chosen from the list of countries from Ref. [50].

Starting with the 37 countries existing on the USGS list, 18 countries
(see Table 3) were analysed in more detail because these countries hold
most of the reserves.® Depending on the maximum revenue share of the
GDP these countries were divided into three groups: less than 0.5%,
between 0.5 and 5% and above 5%. Examples are depicted in Figs. 1-3.

Most countries in the world would belong to the first group, two of
which are included in this study (China and the US). Both of these
countries are rich in metals used in renewable energy technologies but
the size of their economies is large compared to potential revenues.
Furthermore, these countries currently have oil related revenues that
are higher than the potential mineral revenues for renewable energy.
Declining oil revenues would thus not be compensated from increased
mineral revenues if a renewable energy transition would occur. One

5 This study only included lithium batteries. Other battery elements may gain
market share in the future, such as sodium which is more abundant [62].

Due to the lack of data it was not possible to study minor countries where
the reserves are small compared the global total but for which the revenues
could be significant and therefore could potentially give rise to the problems
defined as the resource curse. Also note that an overview of peak revenues/GDP
for all 37 countries is provided in the supplementary material.
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Table 3
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Basic data on the eighteen studied countries, the resources that are used in renewable energy systems that the respective countries possess, peak revenues attributable
to increased metal demand for renewable energy compared to their GDP and estimates of current state stability.

Nation Population GDP/capita Main metals and metalloids studied 0il revenue/GDP” Peak metal revenue/GDP* Current state stability”
2018" million 2016 USD*

Argentina 44.7 12,499 Li 1.8% 1.07% More stable

Australia 24.8 54,069 Cu, Co, Li, Nd, Dy, Ag, Ni, Si 0.44% 2.04% Sustainable

Brazil 211 8649 Li, Nd, Dy, Mn, Ni, Si 2.32% 0.58% Warning

Canada 37.0 42,154 Cu, Co, Nd, Dy, Pt, Ni, Te, Se, Si 4.66% 0.93% Sustainable

Chile 18.2 13,794 Cu, Li, Ag 0.03% 10.52% More stable

China 1415 7993 Cu, Li, Nd, Dy, Ag, Mn, Ni, Te, Se, Si 0.57% 0.17% Elevated warning

Cuba 11.5 7815 Co, Ni 0.89% 14% Warning

DR Congo 84.0 512 Cu, Co 9.9% 44% Very high alert

Madagascar 26.3 451 Co, Ni 0 13% High Warning

Peru 32.6 6049 Cu, Ag, Te, Se 1.1% 1.2% High Warning

The Philippines 106.5 2951 Co, Ni 0.1% 1.2% High Warning

Russia 144 8655 Co, Nd, Dy, Pt, Ag, Ni, Se, Si 14% 0.61% Elevated warning

South Africa 57.4 5274 Co, Nd, Dy, Pt, Mn, Ni, Si 0.1% 1.5% Elevated warning

Ukraine 44.0 2099 Mn, Si 0.51% 1.7% Elevated warning

The US 327 57,808 Cu, Co, Li, Nd, Dy, Pt, Ag, Mn, Ni, Te, Se, Si 1.1% 0.02% Very stable

Vietnam 96.5 2171 Nd, Dy 2.9% 1.63% Warning

Zambia 17.6 1270 Cu, Co 0% 8.3% High Warning

Zimbabwe 16.9 998 Li, Pt 0% 0.50% High Alert

? GDP data from Ref. [63].

> production levels and prices used for these calculations are from 2016 when the price level was the lowest in 10 yrs ($44/barrel). This means that the values are

lower than what has been usual.

¢ Taken as the highest level during the studied period. Note that GDP for 2016 is used in all comparisons.
4 [64]. The fragility of the nations are categorised in 12 groups from very sustainable to very high alert. They can give an indication of current fragilities but their
usefulness in long term analyses can be questioned, see e.g. a discussion in Ref. [65].
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Fig. 1. Revenues attributable to increased metal demand for renewable energy
technologies as a share of GDP in 2016 for China (2016-2060). The green line is
scenario 1 assuming high prices, the purple line is scenario 2 assuming high
prices, the blue line is scenario 1 assuming low prices and the red line is sce-
nario 2 assuming low prices. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

option for these countries to increase revenues and domestic jobs
connected to the minerals is to develop downstream integrations fol-
lowing the example of China when they turned from exporting rare
earths to manufacturing first permanent magnets and then generators
and motors.

The second group contains eleven countries: Argentina, Australia,
Brazil, Canada, Peru, the Philippines, Russia, South Africa, Ukraine,
Vietnam and Zimbabwe. All of these countries have mining sectors that
today make up from slightly less than one percent (Philippines) to al-
most 10% (Peru) of their GDP and provide resource rents of between
0.3% (Argentina and Vietnam) to 8.3% of their GDP (Peru).” Increased
use of renewable energy will provide these countries with the oppor-
tunity to grow their mining sector and its contribution to export rev-
enues. However, the net effect of a shift to renewable energy is likely to
be negative for most countries in this group, since all of them produce
fossil energy.

7 Data on mining revenues can be found at https://tradingeconomics.com/
country-list/gdp-from-mining and mineral rents at https://data.worldbank.org/
indicator/NY.GDP.MINR.RT.ZS.
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Fig. 2. Revenues attributable to increased metal demand for renewable energy
technologies as a share of GDP in 2016 for Australia (2016-2060). The green
line is scenario 1 assuming high prices, the purple line is scenario 2 assuming
high prices, the blue line is scenario 1 assuming low prices and the red line is
scenario 2 assuming low prices. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Revenues attributable to increased metal demand for renewable energy
technologies as a share of GDP in 2016 for DRC (2016-2060). The green line is
scenario 1 assuming high prices, the purple line is scenario 2 assuming high
prices, the blue line is scenario 1 assuming low prices and the red line is sce-
nario 2 assuming low prices. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)
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The third group includes five countries: DRC, Chile, Cuba,
Madagascar and Zambia. DRC, Chile and Zambia already have mining
sectors that generate resource rents above 10% of their GDP while the
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fractions are much smaller in Cuba (0.2%) and Madagascar (1.3%). In
the scenarios, Chile will derive most of its revenues from lithium pro-
duction and the other four countries from cobalt. These prices have
been volatile in the past varying with a factor of four for lithium and
three for cobalt. Revenues for these countries are sensitive to the
adopted price assumptions, as can be seen in Fig. 3. Revenues could
thus fluctuate between the high and low price assumptions, if future
price volatility is similar as historically.

A general observation is that producer revenues will increase up to
mid-2030 for all scenarios after which they either continue to grow,
reach a plateau or decline depending on assumptions for level of re-
cycling. The level of recycling will have limited or no impact on pro-
ducer revenues for the next twenty years, because the stock in society is
expanding. However, recycled material can later meet a growing share
of demand to the extent that it will reduce absolute demand levels for
virgin material (in the case of cobalt it is reduced by a half during a
period of less than ten years assuming that recycling increases).
Producers would therefore need to find new markets for their minerals
or manage the consequences of reduced revenues.

Only five countries were identified as having the potential to gain
revenues corresponding to more than 5% of their current GDP. Prices of
minor metals® have historically been more volatile than those of oil and
the potential revenues from these are therefore very volatile. Average
revenues are therefore less likely to stay close to the high estimates for a
longer time unless demand from sectors not included in this study
contributes to much higher average prices (and revenues). Only one
country, DRC, gains revenues corresponding to more than 5% of current
GDP also when low price-high recycling assumptions are combined.
Mineral revenues for renewable energy are therefore unlikely to pro-
vide revenue flows on a country level at similar levels as for some of the
important oil exporters such as Saudi Arabia (35% of GDP), Libya
(34%) and Iraq (45%) but comparable to oil exporters such as Nigeria
(10%).

6. Global market value

The total value of the analysed material demand in mid-2040 would
be between 3.2 and 10.4% of the size of the oil market in 2016 (i.e. US$
5.9%10'° to 1.9%10'1), see Fig. 4. The market size for materials reaches
a plateau after mid-2040 because assumed technological development
reduce metal intensities and this more than compensates for the in-
creasing number of vehicles and installed renewable power production.
The high and low price assumptions can be compared with price span in
the oil market. The magnitude of the price span is about the same for oil
and the studied metals and metalloids with slightly more than twice as
high price in the boom as in the bust period.

The share of recycled material of total materials grows in both
scenarios 1 and 2 as a result of technologies that reach their end of life,
see Figs. 5 and 6. In scenario 2, recycled material overtakes mining as
the largest source in 2050, in scenario 1 the value of recycled material
is lower than primary supply in all years. The total demand of virgin
material starts declining in both of the scenarios after 2040 and thus
also the revenues from primary supply. It should be remembered that
these scenarios do not include other sectors in society and the total
demand for virgin metal may therefore continue to increase even if the
demand for renewable energy technologies falls. However, the sce-
narios do illustrate that a new supply source becomes available over
time and more so when recycling is improved. The “technosphere
source” will increase the number of suppliers.

Five elements (nickel, copper, cobalt, lithium and silicon) together
make up 90% of the analysed market value (24%, 21%, 20%, 15% and 9%
respectively), assuming low metal prices (see supplementary material for

8 This term is often used for metal that are traded in relatively low volumes
compared to base metals such as iron, aluminium, copper etc.
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Fig. 4. Inflation adjusted oil market size in blue (1965-2017) in 2017 price
level, metal market of scenarios 1 and 2 (2016-2060) for high prices (purple)
and low prices (red), prices in billion US$. Oil market data from Ref. [66]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Global market size of metals demand attributable to the increased de-
mand from renewable energy technologies in scenario 1 (current recycling
rate), assuming low prices (in billion US$). Blue line is value of gross demand,
red is value of virgin demand and green is the value of recycled material. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 6. Global market size of metals demand attributable to the increased de-
mand from renewable energy technologies in scenario 2 (increased recycling
rate), assuming low prices (in billion US$). Blue line is value of gross demand,
red is value of virgin demand and green is the value of recycled material. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

shares in the high price scenario). Four other elements (manganese, neo-
dymium, silver and dysprosium) each represent more than 1% of the
market value. The remaining five elements (platinum, indium, gallium,
tellurium and selenium) have a combined share of less than 1%. Thus,
some of the most expensive metals per tonne (platinum, gallium, and in-
dium) make up small share of the total market since the volume is low.
The value of the cobalt market increases over time because lithium
batteries, containing cobalt, are assumed to be used in electric vehicles.
Previous studies that have quantified future cobalt demand in global
energy transition scenarios provide estimates that are similar to this
study or higher, for a comparison of estimates see Ref. [67]. However,
the assumed volume of cobalt demanded may be overestimated, since
cobalt free lithium batteries (e.g. the lithium iron phosphate-chemistry)
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are available today and battery producers develop chemistries that use
less cobalt than existing formulas, see e.g. Ref. [68]. Besides incre-
mental improvements, technological disruptions such as solid-state
batteries that do not contain cobalt would lower cumulative demand
but also cause demand to decline faster than our results show.

The comparison between the current global oil market and future
markets for metals and metalloids for renewable energy reveals several
differences including: The metal and metalloid market is smaller
(3-10% of the oil market), is more heterogeneous (many different
elements) and the sources of supply can increase over time as a result of
recycling. Recycled metals and metalloids for the renewable technolo-
gies could come from within consumer countries which might reduce
the need for lengthy supply chains.” Taken together, these differences
indicate that the global material market for renewable energy will
generally be of less geopolitical importance than has been the case for
oil.

7. Discussion

This study has looked into a few aspects of the increasing demand of
metals and metalloids for renewable energy, aspects that historically
have had geopolitical implications when it comes to energy and espe-
cially oil, i.e. resource concentration and economic value. There are
both similarities and differences between the two aspects. While most
of the studied metals and metalloids has a geographical concentration
that is as high or higher than oil, the economic value of global markets
for metals and metalloids as well as the income for individual countries
of these materials are significantly lower than for oil and for many
individual oil exporting countries.

The geopolitical risks of the geographical concentration will depend
on the availability of substitutes for use in renewable technologies, and
the stability as well as geopolitical strategies of exporting countries. If
countries choose to restrict supply or if antagonistic attacks and natural
disasters in producer countries occur, it can result in physical shortages
and price hikes. However, these are likely to have short-term impacts
because substitution and alternative supply sources can alleviate
shortages of a particular resource. A case in point is China's export
restrictions on rare earth metals in 2010, directed towards Japan as a
retaliation of a border dispute. The embargo triggered a price spike but
this was short lived and showed that it is difficult to successfully utilize
supplies of rare earths to gain political leverage [16]. This also holds for
other metals and metalloids that can either be replaced by another
element, or substituted using another technology design. For example,
different metals and metalloids are critical for different solar PV tech-
nologies and the reserves of these elements are found in different
countries. Therefore, it is unlikely that all solar PV technologies would
be affected by a supply shortage at the same time. Batteries are partial
exceptions due to lithium's dominance in current technologies used in
electric vehicles and reserves' high geographic concentration. The suc-
cess of a “lithium producer-cartel” would be limited by the opportu-
nities to exploit resources available offshore as well as alternative
means to store energy that can provide a backstop to higher prices.

It seems that the substitutability has been rather large historically
but it does not guarantee that it will be the case in the future as new
lock-ins may be built in the systems similar to the lock-ins of fossil
fuels.'® The relatively low economic value of the metals and the

9“Could” does not, however, necessarily mean “will” as the recycling in-
dustry might choose the location abroad due to costs, environmental legislation
etc.

19Some historic examples of substitutability: In the 1970s’ the first com-
mercial permanent magnets that contained REE (samarium-cobalt magnets,
Sm-Co) were introduced to the market. Supply issues of cobalt resulted in
higher prices at the end of the decade and neodymium-iron-boron (NdFeB)
magnets were invented as a response in early 1980's. NdFeB-magnets replaced
Sm-Co-magnets in most applications due to lower cost and higher strength
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metalloids also indicate that the global economy and also individual
economies will be less sensitive to price volatility and price increases
due to growing scarcities. Although the study indicates that the demand
for the metals and metalloids for energy purposes will, in most cases, be
lower than current reserves, especially if recycling is increased, it
cannot be excluded that an increased demand for other technologies
using the same raw materials can put more strain on the supply, with
increasing prices.

Only a handful of countries will have the potential to gain sig-
nificant new net revenue flows as a result of the increased use of re-
newable energy. One reason is that many of the countries simulta-
neously face declining revenues when fossil fuels are phased out. The
global transition to a renewable energy system will have an impact on
the political economy of the energy system. However, the effect will
primarily come from reduced export revenues for fossil energy ex-
porters rather than increased revenues for mineral exporters.

The DRC and to a certain degree Cuba, Chile, Madagascar and
Zambia are the main exceptions with regard to the potential economic
impact of increasing demand of metals and metalloids for renewable
energy. Here the potential revenues from above all cobalt (and for Chile
from lithium) will be significant, with the potential opportunities and
risks that follow from that. The institutional development of the major
exporters will be important to foster sustainable development and avoid
the continuation and amplification of current problems.

Mineral revenues can be important for sub-state actors and for regional
tax revenues. It can also provide funding opportunities for belligerent
groups in conflict areas. According to Ref. [69] this is most likely to occur
if the resource is “loothable”, i.e. combining high value per weight and
volume and possibility for artisanal mining. Cobalt is therefore more likely
to be a conflict mineral than minerals requiring industrial separation
processes (e.g. rare earths), produced in small quantities as by products
(e.g. indium) or those that have a much lower value (e.g. copper).

Recycled material is insufficient to meet the growing demand in the
short to medium term, if the use of renewable energy continues to in-
crease. By mid-2040's, recycled material can meet a growing share of
demand causing the demand for virgin materials to reach a plateau and
then decline. This will be the case if the technology stock in society
grows less rapidly, metal intensity reduces as a result of technological
development and recycling increases from today's level. This would
enable the number of supply sources to increase over time as well as the
proximity to end users. This is the opposite development compared to
that of oil reserves that deplete and the remaining reserves are mostly
found in remote locations, such as deep offshore. An interesting aspect
is that the countries exporting virgin materials might lose significantly
of an increase in recycling both due to falling quantities and a down-
ward pressure on price. The interaction between recycling and geopo-
litics is an area that would benefit from further studies.

There are several methodological problems when trying to evaluate
future geopolitical implications of the energy transitions. First, the
geopolitical implications depend on the general geopolitical develop-
ments, the strategies of central political powers, the long-term devel-
opment of the global economies and the institutional development of
individual states. All of these aspects are inherently difficult to predict.
What our study provides, however, are indications what types of and
where potential risks and opportunities can arise following the low
carbon transition. Hopefully that can provide useful information when
designing low carbon systems that are resilient to future geopolitical
challenges.

(footnote continued)

(however less corrosion resistant and heat tolerant). Platinum and palladium
have been substituted in catalysts as response to changes in relative price.
Copper has to a great extent been replaced by aluminium in transmission wires.
Copper has also been replaced by fibre optics in information transmission in-
frastructures.
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Second, in this study we have taken our starting point in current
reserves. This is a simplification but it gives a first indication on future
geopolitical implications of the increasing demand for metals and me-
talloids in the scenarios. However, as Habib et al. [40] note “The future
geopolitical supply risk is less dependent on the present production
distribution and more dependent on the location of current geological
resources and the future discoveries, as well as on the technological
development to improve profitability of mining the currently sub-eco-
nomical resources”. One example where the location of resources dif-
fers significantly from reserves is lithium, which is widely spread in the
oceans (see e.g. Ref. [60]). The development of technologies for uti-
lising these resources economically would significantly reduce the de-
pendence of current suppliers but introduce new aspects into the geo-
politics of the oceans.

Third, our results are based on one specific energy transition sce-
nario, the IEA beyond 2° scenario. There are other possible pathways
with other technological mixes, which for example include a larger
share of fuel cells. This could increase the demand of other resources
such as platinum at the expense of lithium and affect the revenues for
countries that possess these resources.

Finally, in this study resource revenues for 18 countries have been
estimated and compared with the countries’ current GDP. Only five
countries were identified as having the potential to obtain revenues
above 5%. Future research could analyse which resource rents and
export revenues these countries could gain from this. Also, sensitivity
analysis could be conducted for different levels of GDP growth and
prices.

To summarise, many metals and metalloids used in renewable en-
ergy technologies are more concentrated than oil. Disruptions caused
by antagonistic attacks or natural disasters can have short term impacts
on market supply and affect production of certain renewable technol-
ogies. However, most metals are less likely to provide producers with
political leverage and bargaining power, as the importers' adaptive
responses, in the medium to long term, would make such behaviour less
succesful.
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