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Abstract

Critical raw materials (CRM:s) are crucial for the transformation towards low carbon mobility. However, their production is often highly
concentrated in a few countries, which leads to supply risks. Exemplified by the case of rare earth elements (REEs) and based on in-depth
interviews with corporate executives from companies along the automotive supply chain, this contribution provides insights into the
strategies of the European automotive industry to cope with these supply risks. Results show a lack of awareness of REE criticality studies
and their outcomes in the past, the decisive role of price competitiveness when pursuing mitigation strategies and a lack of willingness or
ability to engage in rare earth (RE) projects to get access to production output and secure supply. Overall, affected companies struggle to
pursue long-term oriented strategies to secure their need for REEs. These findings are discussed with regard to the new demand for
CRMs due to the shift to electric mobility and the specific challenges that the automotive industry faces.
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Introduction

The shift from automotives with internal combustion engines
(ICE) to electric vehicles (EVs) is considered to be one of the
most fundamental transformations the automotive industry has
faced in decades (Tran et al., 2012; Hardman et al., 2013). EVs
require innovative technologies and some new raw materials not
used in the former ICE cars.

Europe is especially affected by this development. The
European automotive industry is among the most important
industries of the EU’s economic powerhouse. The 12 million
employees of the automotive industry account for ~4% of the
EU’s GDP and an export volume of passenger cars worth €128
billion (ACEA, 2019). Europe is home to some of the biggest
car manufacturers (OEMs - original equipment manufacturers)
such as Volkswagen, Daimler and BMW in Germany, PSA and
Renault in France, and Fiat Chrysler Automobiles (FCA) in
Italy and the Netherlands, as well as world leading automotive
suppliers like Bosch, Continental, ZF Friedrichshafen and
Mahle in Germany; Michelin, Faurecia, and Valeo in France;
Magneti Marelli in Italy; and a substantial supply industry in
Great Britain. Adoption rates of electric vehicles have increased
considerably in recent years. Dijk et al. (2013) stated in 2013
that electric mobility (e-mobility) has crossed a critical threshold
as it benefits from high oil prices, carbon emission constraints
and the rise of car sharing and intermodality. The adoption of
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EVs is further driven by the political and societal will to decar-
bonise the World economy (White and Sintov, 2017; Kester
et al., 2018). The market for electric vehicles is becoming more
significant with regard to sales volume and overall market size.
The global development of the market for electric vehicles is illu-
strated in Fig. 1.

Worldwide, about 2.1 million EVs were sold in 2018 and total
EVs in stock has surpassed 5 million units, which is a strong
increase in comparison to 3.1 million units a year ago (IEA,
2018, 2019). Annual sales in 2018 therefore almost doubled in
comparison to 2017. Although these numbers tend to appear
small in comparison to total annual sales of passenger cars,
which amounted to 79 million units in recent years (ACEA,
2018a), EV market growth is accelerating.

The current development is leading to a shift away from a
niche market, and EVs are considered the future by governments
as well as companies (Altenburg et al, 2015; Ewing, 2017;
Styczynski and Hughes, 2019). As of 2018, most car manufac-
turers have already started production of EVs or are on their
way in doing so (Stock, 2018). Whereas some automobile manu-
facturers see themselves as pioneers who had introduced their first
EVs years ago (BMW, 2017a), others can be seen as incumbents
that now invest heavily in EVs: Volkswagen, the biggest carmaker
worldwide, announced 70 new electric models for the upcoming
years (Volkswagen, 2019). General Motors stated that it would
prepare its portfolio for an all-electric future (GM, 2019). The
Ford Motor Company plans to invest US-$ 11 billion and to
have a line-up of 40 electrified vehicles by 2022 (Carey and
White, 2018). Similar announcements were made by all other
major car companies.

Increased production rates of EVs will also lead to new mater-
ial demand as the replacement of ICE by EVs will substitute
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Fig. 1. Development of electric vehicles in stock (illustration based on data by IEA
2017, 2018, 2019).

energy raw materials for mineral raw materials (Vidal et al., 2013;
de Koning et al., 2018). So-called critical raw materials (CRMs),
especially, are an important success factor and potential bottle-
neck in the transformation process (Ziemann et al, 2013;
Olivetti et al., 2017; Ortego et al., 2018). Raw materials are con-
sidered critical according to their relevance and existing supply
risks (Graedel et al, 2012). Different scholars have recently
stressed the importance of CRMs for the automotive industry in
the transformation process to an all-electric future (Grandell
et al., 2016; Jussani et al., 2017; Pavel et al., 2017). Several auto-
motive manufacturers have also raised the alarm. The market
leader in the EV business, Tesla, currently sees supply risks for
minerals required for EVs and warned of underinvestment in
the mining industry (Scheyder, 2019). In 2017, the world’s biggest
car manufacturer Volkswagen could not place a contract to secure
its need for cobalt for its EVs in the upcoming years. Talks with
the cobalt industry ended without results (Desai, 2017). Sergio
Marchionne, the former CEO of Fiat Chrysler Automobiles
(FCA), has stressed: “[...] in an ever-changing world, the intercon-
nected nature of supply chains puts them at risk for disruption
from fluctuating demand, shortages of key commodities, geo-
political dynamics, natural disasters and other events that are dif-
ficult to predict” (Marchionne, 2013).

Given the background described above, this paper analyses the
markets for CRMs that are required for EVs, and addresses the
following research questions on the basis of the rare earths (RE)
case study:

What are the specific characteristics of the markets for REEs?

How do affected companies try to address them?

What are the specific challenges for companies when

responding to the existing supply risks?

A detailed look into the black box of corporate strategies in the
European automotive industry provides insights into strategies to
secure the RE supply and associated challenges. This paper con-
cludes with a discussion of the lessons learned for the future of
CRMs for EVs in general.

Critical raw materials for the EV revolution
The most critical raw materials

EVs are based on two major components: drivetrain and battery.
Although there are various alternative batteries such as nickel-
metal hydride (NiMH), lead-acid and vanadium redox flow bat-
teries and alternative technologies like fuel cells (Cano et al,
2018), lithium-ion batteries (LIB) have become the dominant
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technology (Nykvist and Nilsson, 2015). Most LIBs are either lith-
ium nickel manganese cobalt oxide (NMC), lithium nickel cobalt
aluminium oxide (NCA) or lithium manganese dioxide (LMD)
batteries. Depending on the chemistry and battery type, amounts
of the CRMs that are required vary. In general, cobalt, lithium,
graphite, nickel and manganese are employed. In recent years,
nickel-metal hydride (NiMH) batteries have been used in hybrid
electric vehicles (HEVs), which contain REEs (Pollet et al., 2012).

Critical raw materials also play a crucial role in the drivetrain.
Electric vehicles are usually powered by permanent magnet (PM)-
based synchronous drives that require neodymium-iron-boron
(NdFeB) magnets, which contain REEs. Although there are vari-
ous alternatives to RE-based electric drives, for example, asyn-
chronous drives, electric drives that rely on NdFeB magnets
have high performance and are especially energy efficient.
Consequently, market share of PM drives accounts for an esti-
mated 90% of all battery electric vehicle models on the market
(Roskill, 2018). Among the EVs that use PM drives are many
top selling cars from practically all major car manufacturers in
the EV market, such as the BMW i3, BYD e6, Citroen C-Zero,
Chevrolet Volt, Honda Insight, Hyundai Kona Electric,
Mitsubishi i-MiEV, Nissan Leaf and Toyota Prius (Boldea et al.,
2014; Erdmann et al, 2015; Widmer et al, 2015; Hyundai,
2018; Evans, 2019). Their superior performance also led to a
shift by Tesla, the world’s biggest electric car company, to
NdFeB magnet-based drives for its high performance models
(Desai, 2018). NdFeB permanent magnet-based drive technology
is also used in HEVs, as space and weight are particularly critical
factors in the hybrid systems. NdFeB magnets contain the REEs
neodymium, dysprosium and terbium. Although current sales
numbers are relatively small, with 2 million EVs sold worldwide
in 2018, it is expected that global passenger EV sales will reach
28 million in 2030 and 56 million in 2040 (BloombergNEF,
2019). CRMs for EVs may therefore become a much bigger
issue in the upcoming decades.

An overview of the raw material basis of EVs and the respect-
ive market structure of the production of rare earths, cobalt, lith-
ium, graphite, nickel and manganese is provided in Table 1. It
becomes is clear that China has become the most important pro-
ducer of raw materials for EVs. The country not only has a strong
position in the production and processing of REEs and graphite,
but also controls the processing of cobalt and lithium, of which it
has only small domestic mine production (USGS, 2019¢,d).

The strong market position of China brings with it high supply
risks for consumers elsewhere as they depend on a stable supply
from China. The resulting criticality of the specific raw materials
required for EVs is analysed by criticality assessments. The meth-
odology of criticality assessments varies among the various stud-
ies, with the major pillar being the analysis of supply risks (BGS,
2015). Most studies also consider the economic importance or
vulnerability to supply disruptions as a second dimension
(Graedel and Reck, 2016). The two-dimensional approach is
applied with individual specifics by the European Commission
(2014, 2017), by the USGS (Fortier et al., 2018) pursuant to the
Executive Order (EO) No. 13817, “A Federal Strategy to Ensure
Secure and Reliable Supplies of Critical Minerals” (The White
House, 2017) and for the evaluation of raw material criticality
for low carbon energy production in Japan (Miyamoto et al.,
2019). Frequently, a third dimension is taken into account to
include the environmental impact of a raw material from
cradle-to-gate (Graedel et al., 2012, 2015a). Criticality assessments
can be region, technology or industry specific, and focus on
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Table 1. Production structure of the CRMs relevant for e-mobility (DERA, 2017a, 2019; Adamas Intelligence as quoted in Law, 2019; USGS, 2019a).

CRM Mine production (2018) Major production Market share (major producer) Processing (major country)
Rare earths 170,000 tpy China 80% (LREE) 99% (HREE) China
Graphite 930,000 tpy China 68% China
Cobalt 140,000 tpy Congo 64% China
Lithium 85,000 tpy Australia 60% China
Manganese 18,000,000 tpy >10 countries worldwide 31% Various
Nickel 2,300,000 tpy >15 countries worldwide 24% Various
different organisational levels: thus, one needs to distinguish 11
between potential short-term disruptions and long-term supply £10
risks (Graedel et al., 2012). Furthermore, criticality of raw materi- R
als can change over time as new mines are brought into produc- = :
tion, substitutes are used and recycling routes are established I
(Alonso et al., 2012). Accordingly, there cannot be a uniform Es
list of CRMs as Poulton et al. (2013) state. G4
In recent years, numerous criticality assessments have been ® ;
conducted to analyse dependencies and bottlenecks along the % ; I I
supply chain, supply risks and potential supply disruptions. In < g
order to identify the most critical raw materials that are required 65“5 0@'53 @%‘9 ﬁé“é\ -s@ égi*@ @‘\5“ ng qf}!\ @"k \,5@‘“'@ é\df
for EVs, results of recent criticality assessments are screened in a & TS o ‘,‘&(\ & @a‘g

meta-analysis. The criticality assessments taken into account
include studies from all major economies, the US, Japan, the
EU, and its member states with the strongest economies,
Germany and the former EU member state, the UK. Results high-
light the most critical raw materials.

The raw materials assessed as critical in the supply chain
according to these 11 criticality studies between 2013 and 2019
are shown in Fig. 2. Whereas nickel is not considered to be critical
in the scientific literature due to its diversified production struc-
ture, five of the CRMs that are crucial for EVs were assessed as
critical with varying frequency by the different studies:
Manganese and lithium were identified as critical by only two
and three studies, respectively. Graphite, cobalt and REEs were
among the most critical raw materials in recent years. REEs espe-
cially were assessed as critical in supply by all the studies, can con-
sequently be regarded as the most critical raw materials and are
therefore used as a case study in this paper.

Rare earths as a case study

Rare earths are a group of 17 chemical elements that comprise the
lanthanides plus scandium and yttrium. They have been consid-
ered as some of the most critical raw materials that are required
for the future of mobility (Alonso et al., 2012). REE usage in auto-
motive applications includes that in permanent magnets, which
contain neodymium, praseodymium, dysprosium and sometimes
terbium; NiMH batteries, which require lanthanum, cerium and
neodymium; and LEDs, which require europium and yttrium.
The quantity of REEs vary in different vehicle types. In HEVs,
there are usually: ~870-581 g lanthanum; 1226-821 g cerium;
189-135 g praseodymium; 649-555 g neodymium; and 149-71 g
dysprosium (Xu et al., 2016). As the electric drivetrain in a battery
electric vehicle (BEV) delivers higher performance than in a HEV,
the magnet weight and the overall amount of REEs deployed are
usually more than twice as high (Pavel et al., 2017). In contrast,
ICE (of a comparable size) require only negligible amounts of
REEs (Xu et al, 2016). The need for REEs will consequently
increase dramatically as demand grows for BEVs and HEVs.
Their production is highly concentrated in China.
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Fig. 2. The most critical raw materials according to 11 recent criticality assessments
in Europe, the US and Japan between 2013 and 2019 (Own analysis of Silberglitt
et al.,, 2013; DERA, 2014, 2017b; European Commission, 2014, 2017; BGS, 2015;
Hatayama and Tahara, 2015; JOGMEC, 2015 as quoted in Miyamoto et al., 2019;
Blagoeva et al., 2016; Fortier et al., 2018; Miyamoto et al., 2019). The red colour indi-
cates those CRMs that are particularly important for EVs.

China’s rise in the RE market over recent decades is illustrated
in Fig. 3. The US had been the biggest producer of rare earths,
accounting for about half of global mine production until the
mid-1980s, when China entered the market. The state-capitalistic
system followed a systematic plan in order to reach a dominant
market position (Mancheri, 2012; Morrison and Tang, 2012;
Biedermann, 2014) that the former leader of the People’s
Republic, Deng Xiaoping, described as follows: “The Middle
East has its oil, China has its Rare Earths” (freely quoted in
Bradsher, 2009). Within years, the country reached a large market
share and became the market leader in terms of production
amount in the 1990s, and further strengthened its market position
until it had achieved a de facto monopoly in the 2000s. In 2010,
China had reached a market share of around 97%. No relevant
competitor was left (Fig. 3).

Parallel to the rise of its RE mining industry, China established
industries that were based on REESs, for example, phosphors for
energy efficient lighting and, above all, a competitive permanent
magnet industry that today accounts for 90% of global NdFeB
magnet production (Adamas Intelligence, 2019; Du and
Graedel, 2013). China has also become competitive in the electric
drive technology and is home to some of the biggest manufac-
turers of EVs worldwide (FT, 2018; Campbell and Tian, 2019).
The country now dominates virtually every step along the value
chain, leading to concerns about the danger of abuse of market
power (Mancheri, 2012).

Having become the dominant player in the RE market, China
tightened its export restrictions on REEs in order to attract foreign
investments and to strengthen its domestic industry (Tse, 2011;
Morrison and Tang, 2012). The market situation for consumers
got worse in the years 2010 and 2011: Geo-political tensions
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Fig. 3. Global production of rare earths (based on data by USGS, 2019b; in rare earth
oxide equivalent content).

between China and Japan escalated when a Chinese fisherman
was arrested in a disputed territory over which both countries
make claims. China blocked the supply of REEs to Japan for sev-
eral weeks in retaliation (Bradsher, 2010). Supply disruptions and
price increases of several hundred percent were the consequences,
causing insecurity in the global market. Consumers of REEs
worldwide, in addition to bearing the high costs, were concerned
that their supply could become endangered as well and were
unsure, whether they could maintain production (Schmid,
2019a, 2020).

The automotive industry, a major user of REEs, was hit par-
ticularly hard. Daimler (2011) publicly stressed that the company
was exposed to supply risks with regard to REEs due to the high
market concentration and the resulting supply dependency. Its
direct rival, BMW, confessed that the company suffered under
the increased REE prices (Becker, 2018). The German automotive
supplier Continental stated that the additional costs due to the RE
crisis totalled €30 million in 2011 (Continental, 2011). Many
companies in the automotive industry experienced similar pro-
blems (Osram, 2011; Moody’s, 2016). Companies were exposed
to supply risks mostly regardless of their position in the supply
chain and whereas those companies upstream, in the early stages
of the supply chain, close to the raw material production, were the
first to be affected, price surcharges were often passed on to cus-
tomers downstream (Hensel, 2011).

The RE crisis in the years 2010 and 2011 illustrated the danger
to consumers worldwide of being solely dependent on CRMs
from a single supplier. At the same time, to reduce the depend-
ence on China, supply restrictions and price risks have provoked
new strategies worldwide, most notably seen in companies seeking
access to raw material production, recycling and substitution
(Schmid, 2020). Securing direct access to REE mine production
outside of China is among the most effective strategies for a stable
supply as it ensures the entire raw material need without losses in
the quality of the raw material. However, establishing a parallel
supply chain outside of China has proven to be challenging
(Golev et al., 2014; Schmid, 2019b). The same issue also applies
to setting up an industrial recycling route. Recycling of REEs is
typically accompanied by a loss of quality of the recyclate
(Rademaker et al., 2013; Elwert et al., 2016; Yang et al, 2017).
Price competitiveness of secondary raw material is also a major
challenge in recycling of REEs and of many CRMs (Binnemans
et al., 2013; Ayres, 2019). Losses in the performance of the final
product is also a problem that derives from substitution
(Widmer et al., 2015; Pavel et al., 2017).
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Companies that seek direct access to mine production aim for
a diversified supply structure and a reduced dependence on the
supply from China. Potential RE projects at different stages can
be found worldwide, for example, in Australia, Canada and
Malawi (Chen, 2011; Hensel, 2011; Schmid, 2019b). Two major
projects outside of China, the Mountain Pass mine in the US
and Lynas’ Mount Weld in Australia, already produce significant
amounts of REEs (Golev et al., 2014; Schmid, 2019b). Different
levels of involvement in RE projects can be distinguished, with
memoranda of understanding and non-binding offtake agree-
ments being the lowest threshold measures and investing in RE
mine projects and setting up joint ventures representing high-
involvement strategies. A larger extent of involvement in RE pro-
jects comes together with higher financial investments and
increasing risks. However, almost a decade after the RE crisis,
no parallel supply chain has been established and the European
auto industry is reluctant to engage in RE projects worldwide
(Schmid, 2019b).

The corporate perspective needs to be analysed to understand
the challenges and opportunities that the European automotive
industry perceives when reacting strategically to REE criticality
and securing their supply.

Methods

Reconstructing the attitude of companies in the European auto-
motive industry towards securing their access to REE production
and the motivation behind pursuing certain strategies requires a
look into the black box of corporate decision-making. Data collec-
tion among affected companies in the automotive industry is
necessary.

Primary data collection follows a qualitative research design as
described in detail in Schmid (2018, 2020). Qualitative data - in
contrast to quantitative data — help to understand why certain
decisions are made, how they are implemented and what the chal-
lenges are in pursuing these strategies. The aim is to get a deeper
understanding of corporate strategies, motivations and challenges
in the implementation process. In order to achieve that, the
author conducted in-depth interviews among corporate executives
of the European automotive industry in 2016-2019. The majority
of the personal interviews took place face-to-face and only a
few cases were conducted via telephone. The interviews took
60-120 minutes, which enabled detailed discussion of crucial
aspects of mitigating REE supply disruptions. By asking corporate
experts about their experiences in the RE market in recent years,
and about corporate raw material strategies that help to mitigate
supply disruptions and address price risks, this study follows an
inductive approach (Eisenhardt, 1989). The research design
takes into account the ‘big-tent’ quality criteria as described by
Tracy (2010) in order to ensure, for example, rigor, sincerity
and credibility during the qualitative research process.

The interviewees have leading positions in companies. The
companies are positioned at different stages along the supply
chain of the automotive industry, starting with European car
manufacturers (OEMs), including direct suppliers of the OEMs
(Tier 1) and ranging to automotive suppliers in the early stages
(Tier 2). Usually, a Tier 2 supplier delivers input to the Tier 1 sup-
plier, who supplies a component to the OEM, which then pro-
duces the final system. In this paper, a Tier 2 supplier is
defined broadly and includes companies in the early stages of
the supply chain. This approach follows Ang et al. (2017) who
define a supply chain “[...] in which a downstream manufacturer
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(such as Toyota) sources identical critical components from tier 1
suppliers. Those tier 1 suppliers, in turn, source subassemblies or
raw materials from tier 2 suppliers.” However, the categories are
not exclusive, which means that, depending on the product, a
Tier 2 supplier can sometimes directly supply certain products
to an OEM. At the same time, especially upstream suppliers
(Tier 2) and some Tier 1 suppliers only do parts of their business
in the automotive industry and are also often active in other
industries. The assignment of companies, analysed in this study,
along the supply chain, is therefore not a strict classification.

The experts’ companies differ in size. The companies range
from small- and medium-sized enterprises (SMEs), large suppli-
ers, to big multinational suppliers and OEMs. Whereas NdFeB
magnets are the most important application that is investigated,
other applications of REEs in the automotive industry (e.g. light-
ing) were also considered (22% of all companies). The headquar-
ters of the companies are located in different European countries.
Within Europe, the German automotive industry is by far the big-
gest with ~870,000 employees, which is around four times as
much as in France, which is the second biggest car producer in
Europe (ACEA, 2018b). This circumstance was also reflected in
the choice of companies and corporate experts that were inter-
viewed: a strong focus was put on the German automotive indus-
try without neglecting key players elsewhere in Europe, for
example, in France and the UK.

In total, 26 experts from 18 different companies were inter-
viewed to reach theoretical saturation (Corbin and Strauss,
1990). Table 2 provides an overview of the corporate experts
that were interviewed according to their function and the position
of their company in the supply chain of the automotive industry.

The analysis of the qualitative data and the coding of tran-
scripts was performed on the basis of qualitative data analysis pro-
cedure GABEK® and its software tool WinRELAN® (Buber and
Kraler, 2000; Zelger, 2000; Zelger and Oberprantacher, 2002).
The GABEK® method enables the analysis of verbal and textual
data and the reconstruction of management decisions (Raich
et al., 2014; Schmid, 2020). Results are mostly illustrated using
network graphics of associated codes.

Results: The case of rare earths
Company awareness and preparedness

Insights into the corporate perspective on REE supply risks reveal
a fundamental lack of awareness within the companies at the time
of the RE crisis in 2010/2011. Affected companies were hit hard,
mostly without prior notice and with little understanding of the
actual situation and the effects on their company. The majority
of corporate executives that were interviewed stressed that they
personally had no or little idea where REEs came from, how
they were produced and what the market structure looked like.
In a few cases when individuals had already been aware of the
supply dependence on China, there was little interest within the
firm as REEs and CRMs, in general, were considered to be a
niche topic or not relevant at all. This attitude was endemic in
most companies at all stages of the supply chain and the lack of
awareness could be found in most companies regardless of their
size. Large OEMs and major automotive suppliers had little
idea of what was in their products or how REEs and REE-based
components were produced. Typical answers of corporate experts
include: “I've got to admit, that the share of raw material wasn’t
considered sufficiently.” (O17) Due to the lack of awareness of
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Table 2. Interviewed experts along the supply pyramid in the automotive
industry over the time period: 2016-2019.*

Number of interviewed executives

Supplier hierarchy technical commercial
OEM 2 1

Tier 1 12 2

Tier 2 4 4
Others 1

*Total of 18 different companies in the European automotive industry. NdFeB as major
application: 78%; other applications: 22%.

REE criticality, most companies were not prepared for the situ-
ation in 2010/2011. Executives describe that they first had to col-
lect the required information about REEs, their production in
China, market structures and particularly the actual REE content
in the companies’ products. Typically, the amount of REEs
deployed in the final products and the physical properties of cer-
tain components were not known. One corporate executive
expresses this lack of knowledge pointedly: “No one really knew
what was in the magnet.” (X19)

Due to the lack of awareness, most (downstream) companies
were not prepared for the price and supply risks and only four
companies explicitly stated that they had taken proactive measures
in advance. Typical answers therefore sound like this: “[ We were]
not at all prepared for this.” (J17)

As the RE crisis hit the affected companies hard, executives
themselves, typically, had to gather technical specifications and
market information: thus, a timely reaction was difficult to
reach. This lack of awareness of criticality and knowledge about
REEs and their applications has changed fundamentally since
the RE crisis. The experiences in 2010/2011 and in the years
after seem to have made an impression - not necessarily as
much on the companies’ processes and strategies as personally
on most corporate executives that were responsible for the imple-
mentation of mitigation strategies. Some executives describe
sleepless nights that they had due to the price and supply risks
endured by their companies. The extent of the increased aware-
ness differs in the various companies in which interviews were
conducted, but an overall change of mentality can be observed:
“A special kind of serenity has found its way into the company
regarding the topic of rare earth.” (W18)

Although it is sometimes difficult to keep the topic on the
agenda as the automotive industry currently faces many other
challenges, for example, car sharing, autonomous driving and
digitalisation, according to most executives, today “people are
aware” (Y19) of the dependence on REEs from China and the
market dominance of the Chinese industry along the value chain.

The resulting supply risks associated with REEs are closely
seen in the light of China’s state capitalism that is able to plan
strategically for the long run. Due to China’s strong political influ-
ence on the REE market and companies’ decisions, the market
ratio of profit maximisation does not necessarily apply, according
to the interviewed executives. It is argued that Chinese companies
along the REE value chain do not have to be profitable, at least in
the short term, as long as there is a certain strategic interest in the
company or technology perceived by China’s policymakers, which
are assumed to support these companies. Competition with
Chinese companies is further hampered by the cost advantage
of China’s REE production which ultimately hinders the develop-
ment of RE projects outside of China. This argument of corporate
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executives occurs frequently and is also related to the lower envir-
onmental standards in China, which are also discussed in the sci-
entific literature (Ali, 2014; Packey and Kingsnorth, 2016).
Figure 4 illustrates the codes that are associated by the interviewed
executives with the dependency on China and the potential con-
sequences for the European automotive industry. China’s domin-
ant position in the REE market is closely connected to its state
capitalism in which market economy ratio does not apply and
which - at least partially - explains the cost advantage of
China’s REE production, according to the interviewed corporate
executives. The low costs and long-term strategy of the Chinese
REE industry is assumed to hinder the development of RE pro-
jects outside of China and is seen as a principal reason for the
lack of alternatives. In many interviews, corporate executives say
that China’s RE policy follows a strategic plan to achieve leader-
ship in certain industries. This situation is characterised by one
expert as follows: “The Chinese are eating their way into the supply
chain from behind.” (B19) Dependency on China is therefore not
only seen with regard to REE production, but along the entire
value chain to separation and further processing, for example,
products like NdFeB magnets. Dominance by China is also asso-
ciated with the threatened decline of technological competence in
Europe and with a concern, that companies in the western world
will ultimately lose their competitive edge to Chinese companies.

Insights into firm’s strategies to secure their supply

Knowing how to react to the dependency on China is, however, dif-
ficult for most companies. Interviewed executives in more than three
quarters of the companies stress the high cost pressure in the auto-
motive industry. The fact that the price matters is emphasised
numerous times during the interviews and the price of RE and
RE-based components seem to be of highest priority. Figure 5 illus-
trates the strongest associations with the ‘price matters’.
According to corporate executives, there are cost advantages to
Chinese REE production and there are no comparable and attract-
ive projects outside of China. Any measures to reduce the depend-
ency on China are only assumed to be possible when they are cost
competitive, ultimately, with Chinese production. This funda-
mental requirement narrows the perceived scope for action and
limits the possibilities for the companies to engage in RE projects
outside China. REEs from elsewhere should cost “not one cent
more than [ from] China” (G19) is one of the strictest and most
straightforward statements that, however, underlines a fundamen-
tal challenge expressed by most interviewed executives. Their own
reactions to the supply risks and dependencies on China are
restricted by this maxim and only limited activities are found
within the European industry. In contrast, Japan has been very
active in getting involved in RE projects worldwide since the RE
crisis and has become the largest competitor to Chinese produc-
tion through strategic investments in the RE producer Lynas,
which has both a RE mine in Australia and a processing plant
in Malaysia (Schmid, 2019b). Japan’s activities are therefore
often considered to be basically the only corrective measures to
China’s market dominance. The fact that the Australian RE pro-
ducer Lynas has been in trouble multiple times in recent years due
to economic and ecological reasons (Jamaludin and Lahiri-Dutt,
2017), has, consequently, concerned some executives.
Ultimately, price competitiveness seems to dominate the dis-
cussion about mitigating supply risks of REEs among many com-
panies, as their customers seem to be unwilling to accept price
premiums for REEs from outside of China. Corporate executives
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also emphasise the feeling that the companies’ customers typically
tend to have little understanding of the specific REE market situ-
ation. There seems to be a lack of strategic interest further down
the supply chain and frequently little willingness to consider REE
supply as a strategic topic rather than a merely commercial aspect
in a negotiation with the Tier 1 supplier. Surcharges for REE sup-
ply from outside of China are mostly not accepted and there is
often only little interest in pursuing a long-term oriented strategy,
which eventually restricts the ability of the company to act.
Among the typical answers that highlight this situation are:
“[We] started our discussions with the strategists and then the pur-
chase took over” (X19). “To get an appointment [with the OEM]
sometimes takes several months” (A16).

One OEM company executive directly confirms the feeling of
many Tier 1 and Tier 2 suppliers that there is little interest in the
OEMs to engage in the early stages of the supply chain: “The sup-
plier himself is the one responsible for its risk” (W18). However,
most interviewees from both suppliers and OEMs agree that it
would be important to establish RE mine projects and to have alter-
native supply chains outside of China, for example, to use a botan-
ical metaphor: “[We need to] nurse small plants outside of China”
(B19). They stress the overall awareness of the topic in their com-
panies and emphasise that alternative RE production and an inte-
grated supply chain outside of China would be important and
should be a measure used to reduce the dependency on China.
Although most of the interviewed executives acknowledge the
need for RE mining projects outside of China and explicitly express
their wish for alternative supply chains, only few had taken serious
action or have even considered becoming engaged in the early stages
of the supply chain, for example, through investments or offtake
agreements. The reasons are quite diverse and include the fact
that some companies consider themselves too small, that reaction
time is too long when trying to establish new projects, that there
are overcapacities in China, which threaten the development of par-
allel supply chains, that there is a lack of real alternatives to Chinese
RE production, that overall success of such a strategy is unlikely and
that REE prices have gone down in recent years, which makes new
projects relatively unattractive. Figure 6 illustrates these associations
with alternative access to REEs.

Some executives express their hope for future cooperation in
order to jointly develop a RE mine project and stress that for
big companies, the required investments are relatively small and
could be shared: “What is 4 billion for a mine, with all the consu-
mers?” (B19)

However, there are serious doubts among corporate executives
that there will be such an initiative and that companies in the
automotive industry will actually start to become involved in
RE projects and to engage in the early stages of the supply
chain. Even if some players are willing to invest or to participate
in a joint action to engage in RE projects outside of China and to
establish a parallel value chain, they don’t seem to know how to
implement that strategy. Although there is wide-spread awareness
of the supply risks and of the importance of a long-term strategy,
there is also a perceived lack of ability and to some degree, a lack
of willingness to engage in RE production among the European
automotive industries.

Discussion

Three major conclusions can be drawn from the data analysis:
first, awareness has increased. Whereas at the time of the RE crisis
in 2010/2011, most analysed companies in the European
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automotive industry had been unaware of the supply risks, and
surprised by the dependency on China, things have changed
fundamentally in recent years. Companies are more aware as crit-
icality of certain raw materials is on the agenda in practically all of
the investigated companies: this awareness is the first step in
addressing supply risks and enhancing the ability of the compan-
ies to mitigate negative market forces.

Second, strategic reactions are perceived to be challenging for
the European auto industry as price dominates the discussion.
Direct engagements in raw material production through invest-
ments in mining companies and RE projects, setting up joint ven-
tures, or signing offtake agreements remain rare for the European
auto industry although companies would like to have an alterna-
tive supply chain. Companies elsewhere, that were also affected by
the RE crisis, have been much more engaged in RE projects, for
example, the Japanese companies Mitsubishi, Toyota and
Shin-Etsu (Schmid, 2019b). The Japanese car company Toyota
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has been investing in its raw material supply for a long time
through its trading house Toyota Tsusho, which has also been
active in investing in RE projects worldwide, for example in
Canada, India and Vietnam (Marotte, 2011) “[...] to alleviate
the overdependence on rare earths manufactured in China”
(Toyota Tsusho, 2015). The same issue applies to the involvement
in the production of CRMs in general. A recent initiative of the
Japanese automotive industry aims for jointly securing its cobalt
demand. Practically all Japanese car manufacturers are consider-
ing becoming part of the alliance, which is backed by Japan’s
Economy, Trade and Industry Ministry (The Japan Times,
2019). Similar plans were announced recently by major automo-
tive manufacturers, such as Tesla, which has stated that it might
get into the mining business in order to secure its supply of
CRMs required for its EV production (Els, 2019). Ford made a
similar statement to the effect that the company is considering
investing in cobalt mines in the near future, as it sees the raw
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material markets being put under pressure by the EV’s raw mater-
ial needs (Jamasmie, 2019).

Third, instead of investing in RE projects, the European auto
industry is apparently focusing on substitution (Continental,
2012; motorbrain, 2019; Schmid, 2020; ROMEOQO, 2019).
Substitution attempts to reduce or completely eliminate the
exposure to supply risks by replacing REEs. Among the substi-
tutes for REE-based synchronous drives are externally excited syn-
chronous drives, ferrites-based traction drives and asynchronous
drives (Smith and Eggert, 2016; Pavel et al., 2017). In the light
of the events in 2010 and 2011, BMW announced that its next
generation electric drivetrain for its new EVs will be based on
technology free of REEs, “making the BMW Group no longer
dependent on their availability” (BMW, 2017b). BMW joined
forces with British car manufacturer Jaguar Land Rover to develop
REE-free drives (Riley, 2019). Turning away from NdFeB perman-
ent magnet-based synchronous drives would also be a change in
Jaguar’s strategy as its first-ever EV, the Jaguar i-Pace, relies on
REEs in its electric motors (Jaguar Land Rover, 2019). The
German car manufacturers Audi and Daimler use asynchronous
motors also without REEs in their latest EVs (Daimler, 2019;
Doerr et al, 2019). Audi highlights the fact that the main advan-
tage of its asynchronous drive is, that it is free of REEs, so there
was “[...] no raw material supply risk for the rotor” (Doerr
et al., 2019, p. 23). Years before, French car manufacturer
Renault had collaborated with Continental and deployed exter-
nally excited synchronous motors without REEs in their EVs
(Bryant, 2011). The German automotive supplier Bosch also
tried to substitute REEs — partially or completely - in its NdFeB
magnet applications (MatRessource, 2016). This, however, is not
an industry-wide trend as ~90% of all EVs deploy PM-based
drives due to their superior performance (Adamas Intelligence,
2018). Substitution is only one pillar in reducing the dependency
on Chinese REEs. Although it may appear logical to substitute for
REEs when their supply is endangered, it is difficult to do so
entirely and neither is it a useful strategy in coping with all
CRMs that are required for EVs, for example cobalt, lithium
and manganese: it is highly unlikely that the European
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automotive industry will be able to replace all of them in their
EVs as most substitutes tend to deliver poorer performance
(Graedel et al., 2015b).

These conclusions lead to the following questions:

Do companies need to think more strategically to secure their

supply of CRMs?

Do European companies need to collaborate more?

Should European politics become more engaged in CRMs?

The challenge to European governments and businesses is to
strategically address criticality: this is of particular importance
as China acts strategically and is committed to turn its market
power in the early stages of the value chain into dominance in
the production of CRM-based components and systems. On the
basis of its strong market position in the production of CRMs
like REEs, cobalt, graphite and, to a lesser extent, lithium
(Table 1), China has strengthened its industries further down
the value chain. This competitive advantage reaches to the pro-
duction of components, for example, China has achieved market
dominance in the production of NdFeB permanent magnets that
contain neodymium, dysprosium and terbium. In the case of
cobalt, the same applies to lithium-ion-battery (LIB) production,
where Chinese companies are also taking the lead (Bloomberg,
2018, Holzmann, 2018; Ma et al., 2018). The consequences of
this market dominance are far-reaching for the automotive indus-
try. Toyota, which is very active in the early stages of the value
chain, had to admit that - although it considers itself to be a pro-
ducer of batteries for EVs - it is not able to meet its own demand
and that it will rely on batteries from Chinese battery producers
BYD and CATL in the future (Buckland and Tajitsu, 2019).
China’s strong position now stretches from mine production,
refining, separation and further processing, to battery and electric
drive production, and EV production as many Chinese companies
are among the most promising EV manufacturers (Campbell and
Tian, 2019). The challenges associated with CRMs might there-
fore even increase, as dependencies tend to expand to later stages
of the value chain. Faced with these challenges and new competi-
tors, it seems to be understandable that many executives stated
that strategies, which include obtaining a supply of REEs from
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projects outside of China, can only be pursued when they do not
lead to cost increases. However, OEMs, especially, should ques-
tion whether there is a lack of ability or a lack of willingness to
pay strategic surcharges.

Cooperation along the supply chain could help to meet these
strategic challenges. In the aftermath of the RE crisis, a German
consortium, the German Raw Material Alliance, was founded.
The organisation aimed to develop mine projects and to invest
in mines in order to secure the supply of CRMs for its members.
The latter included the German OEMs BMW, Volkswagen, and
the automotive suppliers Bosch and Thyssenkrupp (Handelsblatt,
2012). However, the initiative failed and the organisation was dis-
solved in 2015. That was a remarkable turn of events, as many
automotive industry companies and governments outside of
Europe have been more active in developing RE projects and invest-
ing in mine production. In particular, Japan and its domestic auto-
motive industry have been much more engaged in securing direct
access, for example, to RE production (Hilpert and Mildner,
2013; Bartekova and Kemp, 2016; Mancheri and Marukawa,
2016; Schmid, 2019b).

As others have stepped up, the consequences of a potential loss
of technological capabilities and competitiveness in Europe are
unlikely to have a negative effect on the adoption of EVs worldwide
nor is it to be expected that the decarbonisation of the global mobil-
ity market will be hindered by these challenges faced by the
European automotive industry. However, as the path of many car
manufacturers to an all-electric future will be based on REEs and
other CRMs, a stable and price competitive supply of raw materials
and components based on them (especially the drivetrain and the
battery) will be crucial for all European companies - from upstream
suppliers to the OEMs. If the European automotive industry fails to
mitigate existing price and supply risks and to develop a strategic
response to the concentrated markets, a further shift of global
value chains is likely to those regions, especially China, where sup-
ply of CRMs is treated as a long-term strategic issue, which could
lead to negative consequences for individual European companies.
Ultimately, Europe’s economic prosperity could suffer as a result
with potentially negative effects on the labour market.

Due to the political dimension of this challenge and the difficul-
ties faced by the European automotive industry in addressing them,
the question needs to be raised, whether European politics needs to
become more involved in supporting European companies in mine
production and in the upstream stages of the supply chain of
CRM:. Politicians of the EU could thereby learn from the political
measures in Japan and the US, which both faced similar challenges
with regard to the supply of REEs and CRMs in general.

In Japan, the Japan Oil, Gas and Metals National Corporation is
a so-called incorporated administrative agency that drives mine
projects worldwide in order to secure a stable supply of raw mate-
rials for Japan, for example though exploration activities, mine
development, project financing and stockpiling of strategic raw
materials (JOGMEC, 2018). Numerous Japanese activities are
(financially) backed by the JOGMEC. JOGMEC has also got
involved in many RE projects worldwide in recent years (Schmid,
2019b) and promptly budgeted US-$ 650 million for the year
2011, in the aftermath of the RE crisis, to mitigate supply risks
for Japan’s economy (Reuters, 2011). The strong political engage-
ment in the RE and CRM markets has proven to be successful in
terms of reducing supply dependency and mitigating supply risks
(Schmid, 2019b). The US are seemingly trying to follow Japan’s
example: the US Department of Defense (US DoD) is currently
funding a REE processing plant (Reuters, 2019a) and is in talks
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with Australia to ensure supply with REEs for military applications
(Reuters, 2019b). Furthermore, the current US administration is
also trying to establish an organisation, similar to Japan’s
JOGMEC, which has started to examine potential raw material-
related investments through the Overseas Private Investment
Corporation (OPIC) (Chowdhury, 2019; Peak Resources, 2019).

To date, there is no equivalent European organisation. Results of
this study suggest, that such an organisation could be an important
political pillar in a European mitigation strategy to support corpor-
ate measures that aim for a reliable supply of CRMs for EVs.

Conclusion

Value creation of EVs is highly dependent on CRMs. Market
power in the early stages of the value chain will be a major com-
petitive advantage in the automotive industry in the future.
Market dominance in the production of CRMs can also be used
for political purposes. In 2019, during the trade dispute between
China and the US, China threatened to restrict exports of rare
earths and rare-earth-based components to the US. When the
trade dispute between China and the US threatened to escalate,
China seemed to be ready to use its dominant market position
in RE production as leverage in the trade conflict (Blanchard
et al., 2019; Bodeen, 2019; Zheng, 2019). The current develop-
ment resembles the first rare earth crisis of a decade ago
(Schmid, 2019a). The last decade as well as current trade disputes
between the US and China have shown that critical raw materials
can quickly be used as an advantage and supply can be restricted
for consumers worldwide.

The recurring supply risks highlight how fragile the supply
chains of CRMs are. As the automotive industry is increasingly
becoming one of the biggest consumers of some of the most critical
raw materials in their transformation to an all-electric future, this
dependency adds high risks to their business. As described in this
paper, the European automotive industry seems not entirely pre-
pared for that challenge: results from the case study on REEs under-
line that the awareness of the relevance of CRMs has undoubtedly
increased in recent years, but the challenges of implementing a con-
sistent corporate raw material strategy have also become obvious.
Strategic reactions are recognised as important and can be observed
in many parts of the European automotive industry, but their imple-
mentation is proving to be difficult. Pursuing long-term oriented
raw material strategies in a competitive market environment
remains challenging, as there is often a lack of ability or willingness
to pay (strategic) surcharges for REEs from outside of China.
European companies are also avoiding involvement in mine produc-
tion and there seems to be a lack of willingness or ability to commit
to long-term investments. These findings raise the questions
whether the industry requires a new mindset and if a more active
political role by the European Union is necessary.
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