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Abstract

Following the invasion of Ukraine, there is a call to replace Russian gas and oil with green
electric energy. A prime sector subject to electrification is the transportation sector. Conse-
quently, access to the critical minerals for electrification has become an important strategic
issue in the electric vehicle industry. Our analysis indicates that the markets for scarce and
critical minerals, like cobalt, graphite, lithium, and rare earth elements, are in a highly con-
centrated number of countries. China, a strategic partner of Russia, has a dominant power
position in both graphite and rare earth elements and is a dominant player in the process-
ing of copper, nickel, cobalt, lithium, and rare earth elements. Furthermore, at least 70%
of cobalt, graphite, and rare earth element resources are in corrupt or very corrupt states.
Transportation sector electrification might therefore increase Europe’s and the USA’s
resource dependency on totalitarian, corrupt, and unstable countries. The surging resource
dependency on China, Russia’s most important strategic partner, intensifies the geopolitical
risk to the green transition. We suggest strategies like vertical control of supply chains, spe-
cific technology and infrastructure investments, innovation of other green energy sources,
and exploration of critical minerals in other countries. Substitution and closed-loop tech-
nology also reduce resource dependency and geopolitical risk. However, closed-loop recy-
cling cannot compensate for the short-run growth in the electric vehicle markets. Thus, the
circular economy will reduce but not eliminate geopolitical risk. Countries, supply chains,
and companies should examine the geopolitical risk and strategic uncertainty associated
with different green energy sources and technology.
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Introduction

During the aftermath of the Ukraine invasion, countries around the world have cut their
trade relationship with Russia. However, a short time ago, trade was an approach to achiev-
ing peace and the development of democracy in the USA and Europe through “Wandel
durch Anniherung” (“change through rapprochement”) [1] politics and the surging busi-
ness relationship with China following its membership of the World Trade Organization
(WTO) in 2001 [2]. The Ukraine war led to a sudden disruptive change of the east—west
security architecture that fundamentally exposed the power dependency structure in supply
chains organizing the exchange of critical resources. Consequently, the value of relation-
ship trust that previously drove strategic decisions evaporated and the new reality of power
and dependency, not trust, characterizes the green transition of energy and transportation.
Car companies, like energy supply systems, are struggling to find a sustainable alternative
source of critical minerals to supply their increasing electric vehicle (EV) production. The
scarcity of minerals like cobalt, which occurs in only a few countries, is forcing EV manu-
facturers into an oligopolistic “small-number” strategic problem of power and dependency
[3, 4]. The concentration of fewer, larger, and more powerful suppliers of critical miner-
als has the potential to exploit their dominant bargaining positions [5] and expose vulner-
able buyers in the EV industry to potential opportunism [3]. Therefore, the increasingly
concentrated global markets for critical minerals to replace carbon emission technology
with electrification have created a need to rethink strategic repositioning and governance
structures. For instance, the World Bank estimated that the production of essential miner-
als, like cobalt, graphite, and lithium, will have to increase by more than 450% by 2050 to
meet the demand for battery capacity to cover the growth of the markets for EVs and other
green technology products [6]. The IEA [7] projected that the average EV needs more than
200 kg of minerals, which is five times as much as conventional cars.

Small-Number Problems in the EV Industry

Small-number bargaining makes it costly for EV companies to leave or switch to other
supplier host countries [3]. When EV manufacturers rely solely on a few suppliers, they
also build upstream specific capital tailored to the supply chain technology, knowledge,
and capital [8]. A lack of alternatives leads to dependency, vulnerability, and strategic
uncertainty. However, companies can respond to a small-number oligopolistic supply mar-
ket structure with increased vertical integration and control of mineral production. The
other option is to write incomplete complicated contracts using incentives, bureaucracy,
and monitoring based on laws and enforcement [9]. Integration (“make”) and “contract-
ing” with upstream suppliers are often complicated and costly and subject to a lack of the
institutional trust that protects long-term business relationships. In critical mineral markets,
vertical integration is often not an option to curb potential uncertainty.

The car industry has previously faced similar resource dependency and uncertainty
through the powerful Organization of the Petroleum Exporting Countries (OPEC) [10]. The
growing uncertainty was associated with higher gasoline prices and expanding demand.
For instance, the oil embargo following the 1973 Yom Kippur War between Israel and
Egypt led to a 300% price shock [11]. Today, the car industry may yet again be exposed to
uncertainty because of its resource dependency in sourcing critical minerals from concen-
trated supply markets, as shown in Fig. 1 [12].
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Share of top three producing countries in production of selected minerals and fossil fuels, 2019
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Fig. 1 Comparison among the top three nations in the production and processing of fossil fuels and critical
minerals (source: IEA [7])

The small-number oligopoly of supplier countries is more concentrated than in the fos-
sil fuel market (Fig. 1). Thus, the history of geopolitical uncertainty and dependency due to
the concentration of fossil fuel resources might be a repetitive scenario for disruptive and
strategic decisions in the car industry.

EVs and Human Rights

The globalization of supply chains has become increasingly uncertain and complex. The
sourcing of minerals is becoming progressively difficult as the demand rises due to the
growing markets for EVs and the green transition in general. Therefore, the increased
demand for EVs exposes car manufacturers to a scarcity of critical minerals and to geo-
political uncertainty in production countries [8]. The scarcity of critical minerals is not
only a market failure problem. For example, the electrification of products may sponsor the
organized slavery of 35,000 children in the cobalt mines in the southeast of the Democratic
Republic of Congo (DRC) [13]. Cobalt is the primary resource in the production of the
lithium batteries used in EVs. The disruptive “green” change in the direction of, for exam-
ple, EVs has expanded the demand for cobalt by 300% over the last 5 years [13]. While
buyers of EVs have increased the demand for cobalt, the situation is quite different at the
other end of the global supply chain. Children are injured and killed in mines located in
areas characterized by poverty, criminality, and corruption [14]. Simultaneously, the global
car industry is planning a $300 billion investment in EV technology over the next 5 to
10 years [15].

The Electrification of the Car Industry

The electrification of the transportation sector is one the most important transformations
of the green economy [16]. Our preliminary and explorative analyses focus on the lim-
its of green growth in the electrification of the car industry caused by critical minerals
[17]. The World Bank released a report titled “The growing role of minerals and metals
for a low-carbon future” [18] that analyzed the minerals that are critical resources in the
process of producing cleaner energy to keep the global temperature rise below 2 °C. For
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instance, the development of electric storage capacity is creating a demand for access to
critical minerals.

Several countries have made the decision to transform the transportation sector into a
zero-emission area [19]. The UK, for example, plans to have a zero-emission transportation
sector by 2050. France will ban all petrol and diesel cars from 2040. Major car manufactur-
ers are contributing to this strategy by converting their products into zero-emission cars.
For instance, Volvo has a strategy to convert its cars into electric or hybrid vehicles. The
massive change to sustainable technology will lead to a dramatic shift in the demand for
minerals [20]. The prognosis from Bloomberg New Energy Finance (NEF) [21] indicated a
disruptive shift in the direction of EVs in the global transportation sector before 2040. This
report concluded that EVs will dominate the passenger car segment as well as bus transpor-
tation by 2040. In addition, the number of electric trucks and vans will increase significantly
in the short-distance market and, as a result, will drive the demand for critical minerals.

Empirical Research on the EV Industry and Critical Minerals

The current situation of sales growth in EV markets has increased the research interest
in this area [22]. We examined post-2017 refereed publications. EV production is highly
dependent on critical minerals, and this has prompted an interest in relevant and recent
high-impact empirical research (cited >40 times on Google Scholar). Table 1 presents the
empirical articles published after 2017 related to the EV industry and critical minerals.
Cimprich et al.’s [23] comparative study of EVs and traditional car technology addressed
the role of critical minerals in the strategy of the EV industry. They pointed to the geopo-
litical risk caused by dependency on critical minerals and the essential organization of the
life cycle of minerals as mitigating factors to reduce the supply risk. Gemechu et al.’s [24]
analysis of 14 minerals also brought to light the geopolitical risk related to the life cycle
of EVs. Similarly, Ballinger et al. [25] analyzed the supply risk related to seven critical
minerals in the EV industry based on forecast prediction methods with EV sales data. They
emphasized that natural graphite, lithium, and cobalt represent a serious supply risk to the
production of electric vehicle batteries. Their investigation concluded that seven minerals
posed supply risks for electric vehicles: lithium, cobalt, and graphite for batteries and the
rare earths neodymium, praseodymium, dysprosium, and terbium for electric motors. Fur-
thermore, they emphasized the role of geopolitical risks related to the unstable production
of cobalt in the Democratic Republic of Congo (DRC) and the monopolization of mineral
markets by China.

Baars et al. [26] provided insights from a strategic analysis of constraining supply risks
based on material flow data on cobalt in the EV industry. They concluded that the EV
industry needs to introduce circular systems to avoid and constrain the serious supply risk
related to cobalt. Bazilian [27] suggested, based on scenario analyses of critical EV miner-
als, that policy and regulatory responses mitigate supply risk due to critical geopolitical
factors. Hache et al.’s [28] dynamic analysis of lithium in the EV industry emphasized that
critical minerals are closely related to geopolitical vulnerability.

Recent publications on critical minerals and EVs highlighting the potential geopolitical
risk have been based on different data, methods, and minerals. There is a rich variation in
methods, ranging from comparative case studies [23] and flow analysis [26] to forecast and
scenario methods [25, 27] and projection analysis [28], as well as different data, from sales
and production EV data [25] to inventory data [24, 29]. The general emphasis in all these
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Scarcity and Geopolitical

Concentration of
Green Minerals

Uncertainty

Strategic
Uncertainty

—

MAKE
CONTRACT BUY
(ORGANIZATION) SYSTEM (MARKET)
Closad-Loop EU End of Life Vehicles Directive Gray Undacumented
Technology Markets
Audi -Umicore Close Car Collector Network Artisan Cobalt Mining in
Loop Project Offered All Brands East Congo, DRC.

Fig.2 The EV company strategic choice among sourcing critical minerals from making in closed-loop
recycling (the Audi-Umicore project), contracts (the EU End of Life Vehicles Directive), or gray market
(Artisan Cobalt Mining) alternatives when upstream scarcity and concentration of critical minerals and geo-
political uncertainty produce strategic uncertainty

recent studies has been on the dependency on critical minerals, which creates uncertainty
regarding the future development of a sustainable transportation sector.

Theoretical Model

The “small-number problem” caused by the existence of few suppliers of critical minerals
to EV manufacturing companies should incentivize a choice between make (organization)
contracts or buy (market transactions) contracts [8]. In the theoretical make-or-buy deci-
sion, EV manufacturing companies should consider the geopolitical uncertainty and the
small-number problem associated with the supply to reduce their level of costly uncertainty
(Fig. 2). Closed-loop recycling systems are a “make” option in which an EV company con-
trols uncertainty by reducing its dependency on critical minerals through integration of the
processes [26]. The other intermediate option is to obtain the supply needed for production
from the recycling contract market, that is, in accordance with the EU End of Life Vehicles
Directive, or through long-term supply contracts. The third outcome decision is the gray,
unauthorized market for critical minerals, like the DRC artisan market. Consequently, there
are three basic strategies that affect the transaction costs stemming from uncertainty (see
Table 2): organization (make), contracts, and markets (buy) [30].

This inductive research design intends to build theoretical propositions for future
research on the choice to move from make to buy governance structures for the sourcing of
critical minerals. We applied an inductive exploratory research design [31, 32] to explore
how major forces drive the development of closed-loop circular governance models. Theo-
retical propositions based on transaction cost theory [3] should benefit the development
of empirical research in this area. We know little about how governance structures affect
green growth and its impact on closed-loop recycling. Consequently, an exploratory and
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Table 2 Categories of the global scarcity of minerals required to produce EVs and batteries(World Bank
(2017); Levin Sources (2017);Bloomberg New Energy Finance (2018); International Institute for Sustaina-
bleDevelopment (2019).) from no immediate threat, limited availability, and risingthreat from increased use
to serious threat in the next 100years (Rhodes, C. J. (2019) from no immediate threat, limited availability,
and rising threat from increased use to serious threat in the next 100 years (Rhodes, C. J. (2019). Endan-
gered elements,critical raw materials, and conflict minerals. Science Progress 102(4):304-350;EuChemS
(2019)

No immediate threat Limited availability Rising threat from Serious
increased use threat in
the next
100 years
Bauxite and aluminum (AI) Copper (Cu) Cobalt (Co) Rare earth
elements
(REEs)
Graphite (C) Lead (Pb)
Iron (Fe) Lithium (Li)
Silicon (Si) Manganese (Mn)
Nickel (Ni)

Titanium (Ti)

inductive design is preferable to reveal general theoretical tendencies [33] for later empiri-
cal testing and validation. We therefore develop research propositions on how the scar-
city of minerals and geopolitical relations affect the choice between closed-loop systems
(make), contracts, and markets (buy).

We selected the EV industry as an empirical context and EV companies as the level of
analysis to investigate the research problem because the EV industry is a crucial driving
force behind worldwide green growth. We gathered secondary data from multiple sources
to generate propositions regarding the effects of scarce and critical minerals and geopoliti-
cal uncertainty on the choice of upstream (“make-or-buy”) sourcing (Fig. 2).

Closed-Loop Recycling, Contracts, or Gray Markets

We explore how uncertainty affects transaction costs and the governance structures that
facilitate access to critical minerals. Transaction costs spurred by uncertainty determine the
choice among upstream sourcing in closed-loop recycling, contracts, and market transac-
tions [8, 34]. Based on patterns revealed through exploratory analysis, we develop a pre-
liminary conceptual model and research propositions for further empirical investigation
and structural tests. Closed-loop recycling reduces the small-number dependency on a few
sources and the transaction costs [3] of sourcing minerals from fragile, corrupt, and often
totalitarian countries. Multiple sources of data and contextual evidence should strengthen
our preliminary theoretical model [33] and our propositions for further empirical analyses.
As in Minzberg’s [35] analysis of the patterns of strategic decisions caused by external
shocks in the car industry, this study is based on different sources of background evidence.
His investigation of strategic decisions in the car industry (VW) produced insights into the
structure of its non-linear strategic changes and decisions [35]. Inductive reasoning starts
with an exploration of detailed data from different sources [36]. Here, we propose a pre-
liminary model derived from the transaction cost theory [8] as a basis for understanding
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the managerial implications behind the choice of supply models from among closed-loop
recycling (integration), contracts, or gray markets for the supply of minerals (Fig. 2).

Critical Minerals and the Small-Number Bargaining Problem

Resource dependency changes the distribution of power in the supply chain as it “organizes
around critical and scarce resources” [37, 38]. The interaction effect [39] between political
problems (resource dependency) [38] and economy (small-number bargaining) [3] affects
the make-or-buy choice of an organization for the supply of critical minerals. For instance,
the National Research Council [40] in the USA defined a “critical mineral” as:

— A non-fuel mineral or mineral material essential to the economic and national security
of the USA.

— The supply chain of which is vulnerable to disruption.

— A supply chain that serves as an essential function in manufacturing of a product, the
absence of which would have significant consequences for our economy and national
security.

— Furthermore, the EU defined critical raw materials as (cit.)":

— Industrial value chains — non-energy raw materials are linked to all industries across
all supply chain stages.

— Strategic technologies — technological progress and quality of life rely on access to
a growing number of raw materials. For example, a smartphone might contain up to
50 different kinds of metals, all of which contribute to its small size, light weight, and
functionality.

— Climate, energy, and environment — raw materials are closely linked to clean technolo-
gies essential to reach carbon neutrality targets by 2050. They are irreplaceable in solar
panels, wind turbines, electric vehicles, and energy efficient lighting.

When an EV manufacturing company faces uncertainty due to natural resource scar-
city, complexity, and unsustainable sources of critical minerals, it may change its busi-
ness model to adapt to more predictable sourcing [41]. For instance, Pfeffer [42] stated
that “acquiring companies’ motives were consistent with resource dependence predictions
(the acquisition of a critical resource, crude oil supplies, at favorable economic terms).”
Following the logic of resource dependency theory, business organizations respond to this
external uncertainty by integrating transactions subject to uncertainty using closed-loop
recycling [38]. Closed loops, urban mining, or certified local recycling models may curb
the uncertainty produced by the perils of operating global supply chains in a few corrupt,
fragile, totalitarian, or dysfunctional operations in host countries.

Strategically, the resource dependency of critical minerals might be mitigated by the
innovation of alternative sources [37] or the opposite when alternatives are costly and pain-
ful [43]. Innovation in closed-loop recycling technology to alleviate resource dependency
requires investments in asset-specific technology (R&D) in the EV supply chain [44]. The
normative recommendation from transaction cost economics is to control the develop-
ment of closed-loop technology through ownership, contracts, or vertical control [8]. The
concentration of upstream resources in a few countries consistently produces increased

! https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_pl
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dependency and the potential risk of opportunism, which lead to transaction costs for safe-
guarding the transactions in the upstream supply chains. The transaction costs of a circular
economy increase when the product complexity grows, product life cycles become shorter,
and asymmetry of information is eminent.

Strategic uncertainty is related to both the interest in (due to the scarcity of criti-
cal minerals and lack of alternatives) and control of minerals in the relationship between
the EV producer supply chain and the mineral-producing country (Fig. 1). When the EV
manufacturer has a strong interest in the minerals of a few host countries because of their
scarcity, the strategic uncertainty of the supply chain will increase. If the production host
country has many alternatives, the strategic uncertainty of the EV manufacturer is likely
to increase [45]. The distribution of power in the EV industry between the host country
of the critical resources and the EV manufacturer that sources the minerals is essential
to understanding the dynamics of the structural change [46]. Thus, the levels of scarcity
of critical minerals and the geopolitical uncertainty in the EV industry influence strate-
gic the uncertainty in the EV market. Furthermore, we theorize that strategic uncertainty
affects the choice of governance structures for sourcing minerals. We illustrate the sourcing
model outlined in Fig. 2 by using descriptive secondary data and applied case information
to deduct research propositions. We propose (see Fig. 2) that EV manufacturers can choose
among the alternatives of “make” (produce their own minerals) in closed-loop recycling
(e.g., the Audi-Umicore project), contracts (e.g., the EU End of Life Vehicles Directive or
long-term supply contracts), or the gray markets (e.g., Artisan Cobalt Mining). The choice
among these alternatives depends on the interaction between the critical minerals and the
dependency on them and geopolitical uncertainty. A high degree of strategic uncertainty
(Fig. 2) should encourage EV manufacturers to choose investments in closed-loop recy-
cling (make option), a medium degree of strategic uncertainty should encourage EV manu-
facturers to choose long-term contracts, and, when the strategic uncertainty is minimal, the
gray, undocumented markets represent an option if sustainable operations are possible. The
model is presented in Fig. 2.

Resource dependency on critical minerals is a predictive factor that affects governance
structures [37, 41]. As a resource, critical minerals create a basis for power distribution
and strategic uncertainty between the production countries and the EV manufacturing com-
panies serving the sustainable transformation of the EV industry. Dependency on access
to critical minerals and potential geopolitical uncertainty produce strategic uncertainty
(Fig. 2). This dependency is mitigated by the number of alternatives that the supply chain
potentially has [38, 47]. When there are fewer alternative sources of minerals, the interest
in one supplier is greater, the dependency is greater, and, consequently, the uncertainty is
greater (ceteris paribus). Whenever the geopolitical uncertainty is great, there is less EV
company control over the supply of minerals and the strategic uncertainty versus the pro-
duction country is greater (ceteris paribus).

Asymmetric power dependency often leads to coercive power and pathological con-
flicts in supply chains [48]. Consequently, asymmetric power dependency increases the
strategic uncertainty even more [49]. In the mineral industry, there is a growing concen-
tration of sources that limits access to alternative resources and increases the chance of
conflict within the chains [50]. Whenever the power imbalance increases, the potential for
the use of coercive instead of non-coercive power by the powerful actor increases [51].
For instance, OPEC increased its power position relative to consumer countries as its oil
production grew above 50% of the world production at the start of the oil embargo in 1973
[10]. There are often few alternatives to the resources used in EV battery and motor tech-
nology. Therefore, it is complex and costly to switch from one supplier to another due to
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Fig.3 IEA [7] estimated that recycling of copper, lithium, nickel, and cobalt from end-of-life batteries
could reduce the combined primary supply requirements for these minerals by around 10%

transaction-specific investments in supplier relationships. Given the strong growth in the
demand for critical minerals, the imbalanced power distribution favors production coun-
tries. The strong increase, for example, in the demand for lithium and cobalt, which will
increase by 300% and 60%, respectively, from 2017 to 2025 [52], will affect the power
position of the supply chains that source minerals. The consequence of this demand
increase will affect the resource dependency in the EV industry and, subsequently, the level
of strategic uncertainty (Fig. 2). Coercive power, however, can often be counterbalanced
with a countervailing power strategy [53], such as investment in closed-loop technology.
The IEA [7] forecast significant growth in closed-loop recycling that will probably coun-
teract the power imbalance between EV manufacturers and supplier host countries of criti-
cal minerals (Fig. 3).

Both the scarcity of minerals and the geopolitical uncertainty associated with the host
countries are important factors that illuminate the structural change in the direction of the
make option (closed loop) [8]. Therefore, we need to consider the resource dependency
that is produced by the lack of alternatives. Lack of control of a critical mineral source
does not increase strategic uncertainty according to power—dependency theory if there are
many alternatives [37]. Therefore, we investigate the potential limitation of critical sources
of essential minerals in the EV industry.

Research Propositions
Scarcity and Concentration

The scarcity of essential minerals has the potential to limit future growth in the EV indus-
try. Some sectors of sustainable technology are more vulnerable to short-term exploitation
of non-renewable minerals than others. The future scarcity of all 90 elements has been
analyzed by the European Chemical Society (EuChemS) [54], an organization of more
than 160,000 chemists.> There is growing concern about the growth limitations for new
advanced and sustainable consumer technology. To analyze sustainable growth in the EV
industry, we therefore applied the time frame suggested by EuChemS in our development

2 EuChemsS, press release, January 22, 2019.
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Fig.4 Structure of the EU criticality methodology as a basis for the assessment of critical minerals based
on economic importance and supply risk (European Commission (2017) Study of the review of the list of
critical raw materials, 2017. ISBN 978-92-79-47937.)

of research propositions. EuChemsS [54] estimated the global level of scarcity of elements
in four categories: (a) no immediate threat, (b) limited availability, (c) rising threat from
increased use, and (d) serious threat in the next 100 years. We employed this categorization
to explore the scarcity of minerals faced by the EV industry.

According to a report from the International Institute for Sustainable Development
(IISD) [55], 23 key minerals are essential to the production of EVs. Consistent with the
classification by the World Bank [18], Levin Sources [20], Bloomberg NEF [21], and the
IISD [55], we applied the classification to minerals that are essential to growth in the EV
sector. We combined this list of critical minerals with the EuChemS [54] classification of
future mineral limitations to create a new list of critical minerals in the EV industry, as
presented in Table 2.

EV Industry Minerals’ Scarcity

The European Union has analyzed the general dependency on critical minerals based on a
methodology that measures a combination of economic importance and supply risks (see
Fig. 4) [56]. The level of supply risk for critical minerals combines indicators of global
supply and recycling. The estimates of economic importance are based on substitutes, sec-
tors, and value-added factors.

We combined the list of the scarcity of EV minerals from EuChemS [54, 57] with the
European Union’s estimation of 30 critical minerals to produce a new list (Table 3). The
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Table 3 The 2020 list of 30

critical materials in the EU based ~ Antimony Fluorspar Magnesium Silicon metal
on the analyses illustrated in Baryte Gallium Natural graphite Tantalum
Fig. 4 (European Comn}issior} Bauxite Germanium Natural rubber Titanium
(201.7 ) Study o f the review (?t Beryllium Hafnium Niobium Tungsten
the list of critical raw materials,
2017. ISBN 978-92-79-47937; Bismuth HREEs PGMs Vanadium
Study of the EU list of critical Borates Indium Phosphate rock Strontium
raw materials 2020, Final Report, Cobalt Lithium Phosphorus

.28.
p-28) Coking coal ~ LREEs Scandium

minerals mentioned in both places are the cases for further investigation based on the anal-
ysis of concentration of supplier power.

A conventional method to estimate supply power is market concentration, performed
by applying the estimation of the Herfindahl-Hirschman Index (HHI). Estimates of HHI =
512452 +53%+... +s,7, where s, is the market share (percentage) of firm n. N is the num-
ber of host country suppliers in each critical mineral market. Markets in which the HHI is
between 1,500 and 2,500 points are moderately concentrated, and markets in which the
HHI is more than 2,500 points are highly concentrated.

The results based on the HHI estimates of market power among the supplier countries of
critical minerals indicate that the markets for cobalt (HHI=5,129), graphite (HHI=4,369),
lithium (HHI=3,726), REEs (HHI=3,825), and silicon (HHI=4,752) are highly concen-
trated. The markets for titanium have low concentration (HHI=1,448), while the markets
for aluminum and bauxite are moderately concentrated (HHI=1,615). The raw data are
presented in the Appendix Table 7.

The HHI results reported in Table 4 show that countries that produce five critical miner-
als operate in highly concentrated supply markets. The growth of the global EV markets
can further increase the dependency on a few production countries. Only a 1% increase in
EV sales will increase the demand for lithium by 70,000 tons each year. A Tesla model S
needs more than 50 kg of lithium and 8 kg of cobalt per car.*

Likewise, REEs are essential in electric motors because of their efficiency, size, and
power. The IEA [7] raised concerns about the concentration of suppliers, as indicated by
the presented HHI analyses. The lack of recycling of REEs exposes the EV industry to
price fluctuations and uncertainty [12]. In general, the IEA supports the development of
recycling, innovations, and substitution of critical minerals to avoid disruptive shocks and
price variations [58]. For example, synthetic graphite can become a substitute if the price
of graphite increases [7] and can mitigate the market power of the dominant player, China.
China is the dominant producer in the highly concentrated supply markets of graphite,
REEs, and silicon. The DRC controls more than 70% of the world production of cobalt and
China almost 60% of the global production of REEs.

The results of our HHI estimations of critical minerals are exhibited in Table 4, which
shows where the most critical, concentrated, and scarce minerals in the green transforma-
tion of the EV sector are located. Five of the critical minerals of scarce and critical EV
minerals are characterized as highly concentrated markets. Consequently:

3 us. Department of Justice & FTC, Horizontal Merger Guidelines § 5.3, 2010.
4 https://www.geologyforinvestors.com/metals-electric-cars-revolution-making/
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Proposition 1: Resource scarcity and the concentration of critical minerals increase stra-
tegic uncertainty in the EV market.

Geopolitical Uncertainty

Geopolitical stability represents a global lens for investigating uncertainty following the
geographical distribution of power [59]. In the context of the EV industry, threats to stabil-
ity have become increasingly important due to the globalization of the supply chains. A
few countries dominate the supply of important critical minerals. Geopolitical uncertainty
affects strategic uncertainty in the EV industry. Stability is threatened by the geopolitical
uncertainty in states that offer essential material inputs to EV technology [60].

The network of organizations within a complex supply chain will predictably seek to
absorb the resource uncertainty produced by the global context [42, 61]. According to
transaction cost theory, one conventional strategy to neutralize this uncertainty is to inte-
grate sourcing and production (make) to control the supply (Fig. 2) [8]. The historic paral-
lel occurred when the group of dominating multinational oil companies, the “Seven Sis-
ters,” was vertically and often horizontally integrated to stabilize, secure, and control the
flow of petroleum from production to retailing [10]. Accordingly, one of the world’s largest
oil production companies, Aramco, was owned by SoCal, Exxon, Mobil, and Texaco [10]
to secure energy flow to car owners. In the current context of the EV industry, we can
observe some of the same structural development toward integration to absorb resource
dependency (Fig. 2). Integration through direct international investments in the cobalt sup-
ply chains has increased substantially because of a combination of uncertainty and concen-
tration of minerals. These foreign direct investments safeguarded about 30% of the demand
for cobalt in 2016 [62]. For instance, the foreign direct investment in cobalt supply chains
was dominated by the ownership of cobalt mines in the Democratic Republic of Congo
[62]. Vertical integration through alliances or long-term contracts increases the control
over the sourcing of cobalt. Therefore, control mitigates and reduces the level of strate-
gic uncertainty (Fig. 1). For example, Tesla signed a long-term agreement with the Swiss
cobalt producer Glencore to supply cobalt from the Democratic Republic of Congo [63].
After a fall in cobalt prices in the market in 2018, the bargaining position changed in favor
of the EV industry, and producers favored long-term supply contracts to reduce their uncer-
tainty. Tesla declared, in its Conflict Minerals Report [64] filed with the Securities and
Exchange Commission (SEC), that “all of our contracts require suppliers to adhere to Tesla
policies, which include our Supplier Code of Conduct, Human Rights and Conflict Miner-
als Policy, and environmental and safety requirements.” However, the owner of Tesla, Elon
Musk, pledged to “remove an obscure mineral mined in the Democratic Republic of Congo
from the next generation of Tesla’s electric cars” [65]. If Tesla is still doing business with
the Democratic Republic of Congo through the Swiss producer Glencore, it is because
the mining company is certified through the Responsible Minerals Initiative (RMI). There
are several initiatives to reduce the resource dependency on cobalt from Congo that will
decrease the geopolitical uncertainty in the EV industry and ultimately the level of strate-
gic uncertainty. The resource dependency experienced by Tesla reflects a need to address
innovative initiatives like alternative battery technology and closed-loop recycling systems
to neutralize strategic uncertainty (Fig. 2).

Geopolitical uncertainty related to the supply of critical minerals is connected to the
US—China economic relationship in general. For instance, 80% of the REEs used in the
USA is imported from China [66]. The China-US relationship is characterized by high
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Table 5 Percentage of global critical minerals to EV technology located in fragile and corrupt states

Minerals Percentage of global resources located in  Percentage of global resources
fragile or very fragile states located in corrupt or very corrupt
states

Bauxite and alumina 44 68

Cobalt 70 70

Copper 41 41

Graphite 73 100

Iron 42 60

Lead 49 49

Lithium 21 34

Manganese 66 86

Nickel 42 59

Rare earths 58 94

Silicon - -

Titanium 57 62

(--- No available data.) Based on data and information from the International Institute for Sustainable
Development [55], Transparency International [69], U.S. Geological Survey [70], and Fund for Peace [71]

geopolitical uncertainty due to potential trade wars and military, scientific, technologi-
cal, and regional rivalry. The China—Russia strategic partnership has utterly exposed this
potential conflict after the invasion of Ukraine. Potentially, there are a number of interna-
tional conflicts related to existing territorial or political disagreements between China and
countries like Taiwan, India, Japan, and Vietnam [67]. There is an escalation in China—US
uncertainty that could increase geopolitical instability related to minerals like REEs [68].
China, in 2020, produced about 60% of REEs worldwide.> A developing trade war and
long-term strategic conflicts between the USA and China therefore contribute to the geo-
political uncertainty of the supply of minerals necessary for the worldwide growth of green
technology in the EV industry. If we look at Asia, China plays a dominant role as a pro-
ducer of minerals required for the green technology revolution even in comparison with
other resource-rich players in the market, like the USA or Canada [18]. For instance, China
is a top five producer of aluminum, steel, lithium, silicon, and titanium, all of which are
important minerals to expand the growth of green sectors in the economy, including EVs.
According to the study by the IISD [55], 28% of bauxite and alumina reserves are in
Guinea, which is classified as a very fragile and potentially unstable state. Of the world’s
resources, 56% of cobalt reserves are found in the Democratic Republic of Congo, which is
classified as both a fragile and a corrupt state, according to Transparency International [69].
Other minerals, such as chromium and graphite, are exclusively located in corrupt states. Of
the minerals essential for growth in the EV industry, the IISD [55] concluded that substan-
tial reserves “are found in states perceived to be either corrupt or very corrupt in 2017” [69].
Of the 23 minerals essential to the EV manufacturing industry, many are produced in coun-
tries that are unstable or corrupt. Furthermore, the geopolitical threat of conflicts could arise

3 US Department of Defense (2018) Assessing and strengthening the manufacturing and defense industrial
base and supply chain. Resiliency of the United States. Report to President Donald J. Trump by the Intera-
gency Task Force in Fulfillment of Executive Order 13,806, September 2018; Levin Sources (2017).
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between production countries and consumer countries or, as is the current case, competing
companies may have different access to the extraction of critical minerals. Table 5 shows
that the global market for essential minerals for EV growth is subject to global geopolitical
instability that contributes to strategic uncertainty in the EV industry (Fig. 2).

Stakeholder groups have a progressive role that may illuminate and constrain the unsus-
tainable operations that supply minerals to the EV industry. For instance, a study by Oh
et al. [72] indicated that mining close to lakes or ecologically vulnerable areas negatively
affected the stock value of firms only in countries with a strong legal structure. Mining in
more fragile states had the opposite effect on the stock value. This study indicates that frag-
ile and corrupt countries (Table 5) are potential “pollution heavens” [72, 73]. Therefore,
the location of mining matters, probably because of the stakeholder interest groups that
contribute to strategic uncertainty [74]. In the area of green growth, stakeholder groups are
well organized and have broad public support [75].

In the USA, there has been growing concern about the outsourcing to other countries
of supply chains for essential elements [76]. However, critical minerals are not the only
constraint on national interests. Sustainable development is vulnerable to a combination of
geopolitical constraints and the concentration of critical resources (Table 4). The geopo-
litical rivalry between China and the USA influences business strategy and organizational
models [77]. The increased rivalry between these economic superpowers may lead to rising
strategic uncertainty in the EV industry if green minerals like REEs are used in a trade war
[78]. Sourcing minerals in countries driven by a politically unstable and corrupt economic
regime increases uncertainty in the EV industry. Hence, it produces uncertainty for EV
manufacturing companies, which affects the sourcing of minerals in the EV industry and
influences strategic uncertainty. Thus, we propose that:

Proposition 2: Geopolitical uncertainty increases the level of strategic uncertainty in the
EV industry.

Make-or-Buy Propositions

According to the logic in transaction cost theory, potential opportunism drives behavio-
ral uncertainty and the counteracting strategy to integrate transactions (make) [8]. Long-
term supply contracts are an option that is apparent, for example, between Tesla and the
Swiss cobalt producer Glencore to supply cobalt from the Democratic Republic of Congo
[63]. The other counteracting strategy to control strategic uncertainty is closed-loop recy-
cling (Table 6). Therefore, it is evident that the number of closed-loop recycling projects
is increasing. Closed-loop recycling is circular technology tailored to reuse a product’s
resources in a “loop” to achieve close to zero waste. The intention is to bring resources
back into the value chain. Stahel [79] stated that the new era of industrial sustainability
would implement systems to achieve a cradle-to-cradle circular economy. However, the
network of organizations within a complex global supply chain needs to coordinate and
facilitate the transformation from a linear to a circular economy. The organization of the
circular economy is thus an interaction effect of both political power and economic fac-
tors [39]. Resource dependency accelerates countervailing power [53] through investment
in technology to overcome dependency and subsequently curb strategic uncertainty. Thus,
investments in closed-loop technology are specifically tailored to the products and technol-
ogy in question. Product design directly fits the specific technology in the circular process
of closed-loop recycling. The closed-loop technology is a tailored “specific asset” designed
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to recirculate the product-related resources back into the value chain of the EV compa-
nies [8]. According to transaction cost theory, closed-loop technology fits directly into the
theoretical definition of asset specificity. Following the logic of transaction cost theory,
the greater the investment in specific assets to reuse critical minerals, the more controlled
and “integrated” into closed-loop technology is each EV manufacturer [8] (Fig. 2). Table 6
illustrates the current development of closed-loop cases in the EV industry to recycle min-
erals that produce strategic uncertainty. Six minerals that are essential to the EV industry
(see Table 2) are recycled through new technology controlled by the EV companies exhib-
ited in Table 6. Therefore, closed-loop investments are a countervailing strategy to curb
strategic uncertainty and avoid potential opportunism related to geopolitics or the concen-
tration of the supply of critical minerals (Fig. 2). As a reference, the estimates of the con-
centration of supply power—the closed-loop technology in Table 6—illustrate closed-loop
investments in assets to recycle cobalt and graphite, both of which are classified as highly
concentrated in the HHI estimation analyses of supply power in Table 4.

For example, Audi, in collaboration with Umicore, has invested heavily in closed-loop
technology. As a result, Audi can now recover more than 90% of both cobalt and nickel in
the high-voltage battery used in the Audi “e-tron” model.® The recovered material can be
used to produce new battery cells. Audi’s alliance with Umicore enables the company to
make new battery cells from recovered cobalt and nickel material. The Audi e-tron is spe-
cifically designed to fit closed-loop technology. The closed-loop technology was planned
on the initial production platform of Audi’s first fully electric car. This circular technology
has now been developed further to serve other EV projects of Audi. The project is facili-
tating other, more sustainable, alternatives to the dependency on dominant host country
production (Fig. 2). Consequently, the closed-loop technology is contributing to curbing
strategic uncertainty in Audi’s supply of critical minerals.

Other closed-loop systems in the EV industry recycle aluminum. For example, Volvo
implemented closed-loop recycling systems in collaboration with the specialist recycling
company Novelis in 2019. Volvo’s aim was to save CO, and the input sourcing of alu-
minum from external supply chains. The closed-loop recycling technology reduces the CO,
footprint of aluminum sheeting by 78% as it creates a secure source of high-quality input
into the company’s car production. The closed-loop technology also allows greener logis-
tics by transforming the company’s transportation chain from road transport to railroad.
This transformation reduces transportation-generated CO, by 68%. Michael Hahne, Vice
President of Automotive at Novelis Europe, explicitly stated that, by using closed-loop
technology, “we are reducing our dependence on primary aluminum and creating a more
efficient and sustainable business model for us and our customers.”’ Other companies, like
the BMW Group, have developed battery technology to repurpose end-of-life-vehicle bat-
teries into industrial applications. The specialist company Northvolt has developed technol-
ogy to reuse batteries that substantially reduce CO, emissions.® Beginning in 2014, more
lead was produced via recycling than through mining [20]. For example, the BMW Group,
Northvolt, and Umicore used circular-value closed loops to recycle lead. Another initiative
is the ICARRE9S project, a collaboration with Renault to recycle copper in a closed-loop

® https://www.umicore.com/en/media/press/battery-recycling-audi-and-umicore-start-closed-loop-for-
cobalt-and-nickel
7 http://investors.novelis.com/news-releases

8 https://sustainablebrands.com/read/cleantech/bmw-group-northvolt-umicore-to-develop-closed-loop-sys-
tem-for-ev-batteries
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recycling system. Furthermore, the Australian company EcoGraf (subsequently renamed
Kibaran Resources) developed its graphite purification technology to recycle lithium bat-
tery anode material in Germany. The company has stated that the technology “represents a
major step forward to support electric vehicle and battery manufacturers to achieve sustain-
able, closed-loop manufacturing processes” [80].

Fortum is another specialist recycling company that is contributing to reduced uncer-
tainty and dependence on primary sources of minerals. Tero Holldnder, Head of Business
Development, Fortum Recycling and Waste, stated that, “by recycling valuable metals in
lithium-ion batteries, we reduce the environmental impact of EV batteries by supplement-
ing the supply of cobalt, nickel and other critical metals from primary sources.” The com-
pany BASF is now cooperating with other firms to use recycled materials such as lithium
and nickel from a recycling plant in Harjavalta, Finland, to produce EV batteries. This is a
cooperation between major actors to reduce external uncertainty in the market for critical
sustainable minerals. According to the World Economic Forum, closed-loop technology is
“a systemic answer to reducing dependency on resource markets.”!°

Investments in specific assets, such as closed-loop systems, must be safeguarded by
increased control through ownership or quasi-integration by means of long-term contracts
[8]. The more a company invests in unique technology related to the supply of critical min-
erals (Table 3), the more control is needed by the EV manufacturers to protect their specific
assets [8]. Consequently, we propose that:

Proposition 3: The more investments in specific assets related to the supply of critical
minerals, the greater the level of integration to safeguard these assets.

The limited access to critical minerals in concentrated markets (Table 4) is a potential
limitation on growth in the EV industry. However, EV manufacturing companies now inte-
grate downstream by investing in closed-loop recovery technology (Table 6) to avoid fur-
ther dependency on unsustainable mining, which is often located in a few corrupt, fragile,

or totalitarian host countries characterized by crime, corruption, and civil wars [81].

EV companies also have a less favorable position once their foreign direct investment
in a mining project is realized. Investment in mining is site specific and difficult or costly
to reverse [8] as it is subject to protection from legal systems that defend property rights.
Fragile and corrupt regimes often lack the necessary institutional trust to protect contracts
or foreign direct investments [9]. Therefore, the strategic position of supply is weak and
uncertain, reflecting the position of heavily concentrated resources (Table 4) of critical
minerals in a few unstable countries.

Following the logic of resource dependency theory [38] and transaction cost theory
[8], we have analyzed the strategic uncertainty related to the interaction between lim-
ited resources and geopolitical instability in production countries. The EU Commission
assessment concludes that the dependency on critical minerals “requires that the EU

% https://rechargier.com/blogs/news-about-e-mobility-in-the-smart-home-and-smart-city-environment/for-
tum-basf-and-nornickel-research-into-closed-loop-battery-recycling
10 https://rechargier.com/blogs/news-about-e-mobility-in-the-smart-home-and-smart-city-environment/for-
tum-basf-and-nornickel-research-into-closed-loop-battery-recycling
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secures access to key raw materials and processed materials and redevelops manufacturing

opportunities.”!!

Geopolitical instability may produce price or supply shocks in the EV industry. Both
variables could lead to opportunism related to the EV manufacturing industry’s sourcing
of minerals. Potential opportunism increases when there are few alternatives, and the EV
industry is highly dependent on minerals [8]. This is potentially a highly volatile “small-
number situation” [3]. Simultaneously, investment in specific technology designed to fit
one or a few product lines contributes to the problem of choosing between market (buy)
or organization (make). When these specific investments, whether in product technology,
know-how, location, or other tailored assets, have few or no alternative applications, the
EV company becomes vulnerable to potential opportunism [3]. For example, some miner-
als are highly prized due to their scarcity and high demand. The growing demand for EVs
might create price fluctuations because of the potential time between the discovery of min-
erals and the production. Furthermore, it can take more than 16 years between exploration
and production to produce additional minerals from alternative sources.!?

Thus, there is substantial uncertainty that shocks, conflicts, or price pressures could
cause a supply stoppage or other problems that would hurt the entire supply chain. There-
fore, investment in the supply of critical minerals should incentivize the EV industry to
control more of the minerals through the development of closed-loop recycling systems.
Consequently, we theorize that:

Proposition 4: The greater the level of strategic uncertainty, the greater the tendency to
integrate the supply of critical minerals vertically.

Discussion

The uncertainty implications addressed here are an essential factor of international business
in general. However, leadership in the era of sustainable change must take the new uncertain-
ties of critical minerals into strategic consideration. In the automobile industry, the myopic
view of oil market dependency exposed the industry to a disruptive oil price shock in 1973.
Today, critical minerals lead to uncertainty caused by dependency and yet again “small-num-
ber” concentration of the supply in global markets. Companies’ management should therefore
carefully evaluate the need to control the effects of this situation and define the counteract-
ing “make-or-buy” governance structure that best responds to this strategic uncertainty. The
closed-loop recycling technology [82] provides a managerial instrument for the EV industry
to reduce dependency, uncertainty, and eventually the outcome level of transaction costs in
the supply chain. The management should consider downscaling the strategic uncertainties of
unsustainable gray markets and non-certified suppliers of minerals. As closed-loop technol-
ogy is a viable alternative for reducing strategic uncertainty, the management should build
capacity to control plural organizational forms [83] that handle both integrated closed-loop
systems and independent contract relationships with long-term certified suppliers. The man-
agement of plural forms (“make and buy” supply systems) that are closed-loop organizations,
together with contracts and gray, undocumented markets (Fig. 2), is essential in growing EV

"' European Commission (2020) Critical raw materials for strategic technologies and sectors in the EU: A
foresight study.
12 https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions/executive-summary
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markets. This is because circular closed-loop technology does not have the short-term capac-
ity to meet the growing demand for critical minerals (Fig. 3). In particular, the transaction
costs of monitoring sustainable production of minerals in unstable and corrupt host countries
are essential managerial operations.

This research adds perspectives to the presented review [84] of newer (post-2017) pub-
lished articles on critical minerals in the EV industry (Table 1). Propositions based on
transaction cost theory have been associated with the outcome variables in this review.
Supply risk from a few countries and geopolitical uncertainty are the basic theoretical
mechanisms related to the choice of governance structures in the presented model and
propositions. Sustainable sourcing of critical minerals in the EV industry should inspire
research in new areas [85]. Contingency theory should add ideas for future research due
to the complexity and uncertainty of the supply chains in the EV industry [86]. The theory
presents competing propositions to the ones presented here. The costly burden of central-
ized decisions and complex communication systems might lead to less control and more
independence in the production of critical minerals [87].

Anecdotical evidence and secondary data that support our propositions encourage more
centralized control to support future sustainable performance. In addition, the governance
structure should be adapted to the levels of specific assets in closed-loop recycling technol-
ogy [8]. More empirical investigations using qualitative [33], quantitative, and longitudinal
research are needed to explore the effects of the choice between the asset specificity of the
circular economy and the standard transactions in a market context. Governance structures
in a world of uncertainty should reflect the dependency of the supply of critical minerals
from a few unstable host countries.

Conclusions

According to the model in Fig. 2, an EV manufacturer has three basic sourcing alternatives
for governance structures, ranging from integrated to contracts to market transactions. One
alternative is the global undocumented and unauthorized gray markets in which the minerals
may or may not come from unsustainable mining using child labor and civil war areas in the
East Democratic Republic of Congo. When sourcing in the gray markets, it is difficult and
costly to trace the source of the mineral. This is an essential problem for manufacturers of EVs
because their main market segment is consumers who have a serious preference for sustain-
able products and often zero tolerance for unsustainable products. As the recent IEA report
put it, “Consumers and investors are increasingly calling for companies to source minerals
that are sustainably and responsibly produced. Without efforts to improve environmental and
social performance, it may be challenging for consumers to exclude poor-performing minerals
as there may not be sufficient quantities of high-performing minerals to meet demand.”'?
Another alternative involves systems for material recovery, for example the European
Union and the European Free Trade Association (EFTA) markets. Here, EV manufacturers
can choose from collective recovery systems or from producers’ own closed-loop systems
(see Fig. 2). The collective recovery system follows the EU End of Life Vehicles Directive,
in which one or more companies owned by producers have the responsibility for recovering
components from EVs. This is a contract system in which one or more companies have the

13 https://www.iea.org/reports/the-role-of-critical-minerals-in-clean-energy-transitions/executive-summary
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delegated “rights” to facilitate the recovery of materials. Recovery systems are, for exam-
ple, financed partly by the deposit paid at the point of sale by the first owner of the EV.
To develop contract markets for the sustainable reuse of minerals, the IEA suggests that
firms “negotiate trade agreements, challenge trade distortion measures, develop research
and innovation actions” to “assure a fast and responsible transition to electric vehicles.”'*

We have developed propositions related to the strategic uncertainty of EV manufacturers’
interest in and control over their supply of critical minerals. We argue that the larger this strategic
uncertainty is, the more important it will be to switch the sourcing of critical minerals in the direc-
tion of integrated closed-loop recycling systems. For instance, Tesla has announced that it will
source its cobalt from other markets than the gray markets in which it may be exposed to extreme
geopolitical instability in combination with the strategic limitations of minerals. Sarah Maryssael,
the global supply manager for battery minerals at Tesla, “told a closed-door Washington confer-
ence of miners, regulators and lawmakers that the automaker sees a shortage of key EV (EVs)
minerals coming in the near future, according to the sources” [88]. Our research theorizes that
strategic uncertainty drives other companies in the same direction to absorb potential uncertainty,
reduce the complexity in global supply chains, and enhance the stability of operations [89].

Figure 2 summarizes the logic of our model. Consistent with research on dependency theory
[38] and transaction cost theory [8, 34], uncertainty drives the increased integration of supply
chains in the EV industry and is an essential finding in our review of research articles on EVs
and critical minerals (Table 1). Pieter Nota, a member of the board of BMW, commented on the
growing geopolitical uncertainty in the car industry by stating, “What we really need and what
we want is an end to this period of uncertainty. We would call out to officials and politicians to
end this current uncertainty because it’s bad for business” [90]. The EU Commission therefore
stated that “The EU must act to become more resilient in coping with possible future shocks
and in leading the twin green and digital transformations” and that the “EU institutions, national
and sub-national authorities as well as companies should become much more agile and effective
in securing a sustainable supply of critical raw materials.”'>

This study emphasizes the crucial demand for more research to assess and predict the long-
term impact of uncertainty related to critical minerals [91]. Companies in the EV industry should
bring both resource dependency on critical minerals in a few countries and its associated geo-
political uncertainty into their strategic plans when prioritizing investments. Russia is supported
by its chief strategic partner, China, in the aftermath of the invasion in Ukraine. Our presented
analyses show that China is a dominant market player in mineral markets that are crucial to the
green transition. Therefore, EV companies must consider business models that control their
closed-loop supply systems and long-term supply contracts. This might be ownership, rent sys-
tems, and other contract systems that safeguard the recovery of critical minerals in closed-loop
systems after the end of the product life or long-term supply contracts with certified suppliers.
Companies should prioritize innovations in closed-loop technology, other green energy sources,
and the exploration of critical minerals in other countries. The EV industry should explore sub-
stitution alternatives to critical minerals to reduce long-term dependency and geopolitical uncer-
tainty of sourcing. However, the geopolitical uncertainty of the political economy of the business
environment [92] and the supply chains of critical minerals [93] has been largely ignored in the
research on sustainable organizations. We hope that this study has illuminated both problems and
strategies to curb strategic uncertainty in the increasingly important EV industry.

14 https://www.iea.org/articles/demand-for-critical-raw-materials-in-evs
15 European Commission (2020) Critical raw materials for strategic technologies and sectors in the EU: A
foresight study.
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Appendix

Table 7 Raw data basis for the Herfindahl-Hirschman Index estimations in Table 4

Countries

Aluminum
and bauxite'

Cobalt? Graphite?

Lithium*

REE’

Titanium®

Silicon’

DRC (Congo)
Canada
Zambia
Australia
Chile
Guinea
China
France
Spain
Iceland
Myanmar
South Africa
Argentina
Zimbabwe
Portugal
Mozambique
Brazil
Madagascar
Kenya
Indonesia
Malaysia
India
Jamaica
Russia
Thailand
Ukraine
Norway
Senegal
Pakistan
Kazakhstan
Vietnam
Saudi Arabia
Greece
Guyana
Philippines
Bhutan

usS

Others

Total

110

82
60

35

23

22
7.7
6.1

5.8
4.0
4.0
1.8
1.7

9.0
327

95
32 10
3.6
5.7

2.8
23 650

120
3,9 95
47

1.7

6.3 24

19

13

4.7

10.8
140 650

6.2
1.2
0.9

82

17

140

30

38

243

680

800

2300

1000

600

300
190

160

470
400
310

160

100

7470

57

5400
130
66
87

96

340

130
55

540

60
330

85
290
290
4752

IList of countries by bauxite production (1000 tons) in 2020. Source: U.S. Geological Survey. January
2020. Retrieved 2 August 2021

2U.S. Geological Survey, Mineral Commodity Summaries, January 2021. 1000 metric tons 2020 production
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Table 7 (continued)

3https://www.statista.com/statistics/267366/world-graphite-production/  Major ~countries in worldwide
graphite mine production 2020 (in 1,000 metric tons)

4U.S. Geological Survey, Mineral Commodity Summaries, January 2021 (1000 tons 2020)

Shttps://www.statista.com/statistics/270277/mining-of-rare-earths-by-country/ Rare earths production
worldwide as of 2020, 1000 tons by country

®https://www.statista.com/statistics/759972/mine-production-titanium-minerals-worldwide-by-country/
Mine production of titanium minerals worldwide in 2020, by country (in 1,000 metric tons of titanium
dioxide content)

"https://www.statista.com/statistics/268 108/world-silicon-production-by-country/ Major countries in silicon
production worldwide in 2020 (in 1,000 metric tons)

Abbreviations DRC: Democratic Republic of Congo; EU: European Union; EuChemS: European Chemical
Society; EV: Electric vehicle; HHI: Herfindahl-Hirschman Index; IEA: International Energy Agency;

[ISD: International Institute for Sustainable Development; NEF: New Energy Finance; OPEC: Organization
of the Petroleum Exporting Countries; REEs: Rare earth elements; SEC: Securities and Exchange
Commission
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