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Abstract

High metal prices, increased demand footentially critical minerals from growing economies,
geographically concentrated production and environmentafigustainable mining practicéalonso,

et al., 2012)have received increased political, research and business intefést demand from
competing technologies such as wind power turbines, nuclear power plants, solar paneds, sup
alloys and technologies used in passenger cars such as catalysts, glass, information and
communi cati ons technol ogi es (1 CT’ s pand eldéctroaid pane
equipment isfast growing(European Commission, 20). This, along with the expected material
needs ofincreased electrification of passenger caesjuiresthe automotive industry to monitor the

use ofpotentially critical materials In order to be able to plan for the future and devekystainable
environmental strategies for potentially critical materials, it is first of all important for the
manufacturer to know if and if so, how much of the materials they use in their products. With this
background this thesiswas initiated by the Volvo Car QGumoration (VCC) and thdivision of
Environmental System Analysis at @mels University of Technology.

The purposeof the thesis is to provide knowledge on the usepaftentially criticalmaterials in
passenger cars. This involvesreening relevant literature about critical materials in order to find
materials to study and theanalyzing which type of car parts that contains these materighe use
of the materials should be quantified affactors influencing the usehould be aalyzed Datawas to

be gathered from the International Material Data f&ys (IMDS) andhe usability of the systerwas

to be evaluated.

The thesis contains a material mapping of the use of 31 potentially critical imater 4 different car
models The caclusions include:

1 The largesiguantities of the material mapped can be found in metallurgical, catalytic and
electrical and electronic applications.

1 Electrification of the powertrain increases the use of mainly neodymium, dysprosium,
copper, samarium, lsier, terbium, manganese and lithium but also palladium and platinum.

1 Increased equipment levehcrease the use of mainly neodymium, dysprosium, copper,
gallium, lithium, praseodymium and tantalum but also niobium, palladium and platinum.

1 Increased sizef the car could not be shown wirectlyincrease the useThe reason for why
the latter could not be shown is believed to be a consequence of other factach as year
of design.

1 The choice of catalytic exhaust treatment system is determined to influence the use of
cerium, lanthanum, palladium and platinum.

1 The IMDSoffers the opportunity to access and create comprehensive and detailed
information of the material content in vehils . However, the system re
own declaration of data, with reporting time lagsd onlycontrolled by the automaker
OEM’"s by random sampling
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Glossary

AWD- All Wheel Drive

BLIS Blind Spot Information System

CAS- Chemical Abstracts Service

EBA- Emergency Brake Assist

Eol—-End of Life

FWD- Front Wheel Drive

GADSE Gobal Automotive DeclarableSubstancelist
ICT-Information and Communications Technology
IMDS- International Material Data System

PCB- Printed Circuit Board

PGM-Platinum Group Metals

PSS-Product System Strure

REM- Rare EartiMetal

VCG-Volvo Car Corporation

CML- ConventionaMidsizeCar, LowSpecified
CMH- ConventionalMidsizeCar, HighSoecified
CLM- ConventionalLargeCar, MediumSecified
HMM — HybridMidsizeCar Medium-Secified
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1. Introduction

1.1 Background
High metal prices, increased demand footentially critical minerals from growing economies,
geographically concentrated production and environmentally unsustainable mining pra@tioeso,
et al., 2012)have received increased political, research and business interest. With a high expected
impact on the European economy, 14 materials or material groups have beeiiiethas critical by
the EU Raw Matéals Initiative. These include rare earth metdlREM’ s ) , platinum gr
(PGM' s) , i ndi um(Eurgpadn ICommission, 201 @thec stulies lfutther adtb the
list of potentially critical materials. For exatap the Oeko Institute (2009)klassfies tellurium,
indium, gallium, REM, lithium, tantalum and PGMs as criticilore studies éee e.g.U.S.
Department of Energy (2010) oMoss et al(2011) points out further materials and thdist of
potentially critical materialés long However, it is important to understarithatt he ter m “cr i t i
dynamic and changes with perspective and prevailing circumstances and that there is no single fixed
definition of the term. While it is alsémportant to think criticaly about critical materials and
guestion the results of material studies in order to avoid overstating their regsitse.g. Bujis &
Severs (2011))it is just as important tounderstand whatRosenau Tornowet al. (2009)puts
forward as:

GC2NJ YI ydzFl OGdzZNBNBR X | ff OdNNByidfeée dzaSR NI g Yl
LINE RdzOG A 2y dé

The demand from competing technologies such as wind power turbines, nuclear power plants, solar
panels, super alloys and technologiesed in passenger cars such as catalysts, glass, information and
communications technol ogi es (1cT’ s), flat pane
equipment are fast growingEuropean Commission, 2010his, along with the expected material

needs ofincreased electrification of passenger caesjuiresthe automotive industry to monitor the

use of potentially critical materials If the risks of supply shortage, significantly higher prices or
increased enwvonmental impact are perceived as large, the automotive industry needs to be
prepared to reduce or substitute the use of these materidls a response to the riskseveralcar
manufactures have started to implement various strategies focused on crititi@rials. Volkswagen

claims that they are lookingnto mining projects in Australia and Vietngihys.org, 2010)Honda

focueson recycling of rare earth met al(WorldH&Hay™ s) fr
2012) Toyota tries to diversify the supply by investing in smelting plants twerworld and

researches substitution dR E M(Rsuters, 2012and Nissan tries to minimize these of precious

catalytic metalgEuractive, 2011(see section3.3).

It is evident that a wide range afrategies can be implemented and that a wide range of materials
can be classified as critical. However, in order to be able to react fast tokiadyof supply
disturbances,change in leglations develop recycling strategieend to make decisions owhich
strategy to choose based on solid information, it is first of all important for any manufacturer to
know if and how much of the material in questiorugesin their products and their productiorOn

the basis of this, this thesis wasitiated by theVolvo Car Corporatio(VCC)and the divisionof
Environmental System Analysis at Chalmers University of Technology.



1.2 Purpose
The purposeof the thesis isto provide knowledge on the use gotentially criticalmaterials in
passenger cars. This involvesreening relevant literature about critical materials in order to find
materials to study and theanalyzing which type of car parts that contains these materigie use
of the materialsshould be quantified anthctors influencing the usghould be analyzedatawas to
be gatheredrom the Internatioral Material Data Sysm (IMDS) andhe usabilityof the systemwas
to be evaluated.

1.3 Research questions
From the purpose, 4esearch questions have been developed in order to structure the thesigsaand
conclusions. These are:

1. What typesof partscontairs potentially critical materialsn apassenger a@

2. In what quantitiesare potentially critical materialsused in passenger caand how does the
use differ between car models and specificatidns

3. Which factorsof the car desigtinfluence the quantities gbotentially critical materialsused?

4. Whatare the major pros and cons with IMDS as a tool for this kind of analysis?

1.4 Scope
The thesisncludes detailed analysis of fodifferent car configurations of three different Volvo car
models being produced currently or in the near futurEhechosen moels and configurationare:

o Conventional Midsize Car, Lespecified CML)

o Conventional Midsize Car, Higipecified CMH)

o Convetional Large CaMedium-SpecifiedCLN)

0 Hybrid MidsizeCar,Medium-Soecified HMM)

In total, 31 potentially criticalmaterialsare analyzed of which 24 are selected éadetailed analysis
(seesectionl.5). Tablel shows the materials analyzed in this study and the color coding used in the
table are used throughout the reporthe materials are further describedsection3.2.

Tablel. Selected materialén this study

8. Gallium 15. Magnesiurh

2. Cobalt . Manganest |23. Rhodium

3. Coppet . Molybdenur

. Niobium 26. Silvet

20. Palladium 27. Tantalum
\ 21. Platinum

B =REM [O=PGM []=0Others *=0nly total massnalysis

The study does not consider the degrekcriticality for any specific material. Instegaptentially
critical materialswere selected basedn a literature study where materials most commonly
classified as critical were chosehhis angle of approach was chosen in order to cover as many
materials as possible in the material mapping process. Even though the materials are potentially
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critical or only critical in a certain aspect, this study will henceforth refer to the materials only as

c r imater@ld I.In additionto these, a few more matials of assumedspecial interest for the

automotive industry have been adde@f the 31 critical materials studied, 24 are analyzed in detail.
The reason for why 7 materials are excluded from detailed analysiseisto limitatiors in the
computer software used to extract data from the IMD¥wever, hese 7 materials were selected

due to special interest for the automotive industry and were not as commonly classified as critical as
the other 24.

1.5

T

Delimitations
The focus of the thes is to make @aomprehensivenapping of the materials chosen.erce,
the analysis has limited deptin terms of technical analysis of specific materidter
example, for materials with applications Rrinted Circuit Board§PCB) the application is
teb)med as PCB’'s although the materials actual
The thesis focueson current situationsNo future or historical scenarios are analyzed.
The thesis is limited toars produced by CCNo comparisons with other car manufacturers
are made.
The focus of the study is on the material content of the car when it leaves the production
factory. No analysis of the materials required to produce the car is made. Also, consumables
like fuel and lubricants are not included in the study.
Most of the data were gathered from the IMDS. In rare cases, data were gathered manually
from suppliers No quantitative data from literature were used. Literature were however
used to identify potential usage and from this, potential data gaps.
Due to limfations in the computer system thds used to accesdata fromthe IMDS, 7
materials were not analyzed in as much details as the remafr{geesection2).
The work is limited to the approximate months available for master theses according to the
Chalmers curriculum.



2. Method ology

2.1 Data collection and analysis
The first step of the study wa® identify potentialy critical materials to analyze. This was done
through a literature study where relevant reports were studied in order to find the materials most
frequently classified as criticahd materials relevant for the automotive industry.fédw materials
were added due to that thee materials are of special intest for the automotive industry anche
literature study resulted in a list i 31 materialswith potential use in the automotive industry
described for all the material$-rom thispoint, two different analyses were carried out (sEgure
1). Out of the initial 31 material24 materials were selected for detailed analysisesection3.2).
The remaining 7 could not be analyzed in details due to limitations in the computer software (IPCA),
used to access data from the Internata@drMaterial Data System (IMD@gesection2.2). These 7
materials were however initially selected for the study due to special interest for dhemative
industry and not since they were commonly classified as critical.

Car Parts Removal of

parts with no
interest

specification

?
List of parts (eI E

Yes >~

CAS-search Match: Exho_rt
(Only CAS-search btk reportation or

reported alternative

& parts
parts) P

Part reportet

Detailed Mass calculation: per marterial &

Detailed analysis [* Lo ipbL! . artice Part reportet
- Mass distribution: per subsystem
materials

Mass &
distribution
24 materials

Total mass

Literature 31 IPCA
7 materials

study materials limitation?

Analysis of Car

Total mass analysis total mass — specification Farts ot

reportet? included

7 materials List of parts
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total mass of all calculation of

CAS found in parts relevant CAS
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IMDS/II_’CA Manual operation Results
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Figurel. Flowchart illustrating the methodologyisedfor data collection and analysis



Detailed analysis

The first step of the detailed analysis wasperform a search for all materialselevant chemical

abstract service numbers (GA8mbers). This search resulted in lists with hundreds of thousands of
matches of parts containing the materialsasehed for. These lists were thematched with the
specification of each car, i.e. the parts numbers in the car list were matched with the parts numbers
from the CASearch in order to only include the parts that are found in each specific car. In this
match, only the parts that were reported at the time ti@ASsearched was performedould be

matched. For all the materials, the mass of each CAS had to be calculated since the data from IMDS
only gives the total percentage of that specific CAS although the relevant material might just be a
compound of the CAShis was done through the usemblar masscalcl at i on. The part’
then distributed according to VCC’'s ProducaSystemmns of
Structure(PS¥ seeAppendixll). A list of the noAreported parts were also ceted and from this list,

parts not believed to be of interest were removed in order to avoid gathering manual data for a part

that later could prove to have no influence on the results. Theisioval was done in close
consultation with the VCC supervisonrREhe remaining nowreported parts,the person or supplier
responsiblewas contacted and asked either state a part that wagquivalent and reportedr to

report the datasheet in the IMS. In rare cases, some parts material contestre reported

manualy.

For all the materials, parts (both the reported and the wreported) and cars, the total mass and
distribution was calculated and compiled in a complete document containing mass of each material
in each part, total masses and distributions by vehidlesgstem. Also, when a sufficient number of
previouslynon-reported parts had been morted, the method was repeateth order to include as
many parts as possible in the standardized operation of matching and calculating.

The analsis of the results was de by identifying the parts where the greatest masseach
material wasfound. Each part containg a large share of any of the studietateriak wasanalyzed

in detail the IMDSand the number of unique parts was calculatéd.a single part, a material can
have several applicationgor example, if two different neodymium magnets are used in one part,
neodymium has two applications in that paBince the definition of a part can vary all the way from
a complete gearbox to @ingle screw, the number of applications was also calculated and is
presented in table ® in section5.3. Materials that were not found in any of the cars werelexied

from further analysis and hence, also excluded from the detailed analyses in this report.

Total mass analysis

For the seven materials not analyzed through the detailed analysis methodology, the IPCA provides
the alternative of calculating the totahass of each material found in the relevant car. The mass is
calculated for all CA®umbers found in the reported parts. However, this means that the-non
reported parts are not included in the total mass calculation. From the list of total masses, all the
relevant CA®iumbers were identified and calculated in the same way as in the detailed analysis but
with the exception that the mass could not be related to any specific part or subsystem. During the
detailed analysis, the parts that became reported butevinitially norreported, were also included

in this total mass analysis and this analysis was also repeated as more parts were reported. As the
detailed analysis meant that many of the nogported parts were analyzed manually, some of the
materials initally not analyzed in details were still analyzed to some degree if they were identified
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during the detaikd analysis. This was especially relevant for the meespercified hybrid midsize car
(HMM) since this car hast yet gone into productiorand hencefewer partswere initially reported.

Since the HMM also contain parts that are specific for a hybrid, these parts also attracted special
attention.

2.1.1 Methodology for f actor analysis
In order to be abldo answer research question 3, two hypotheses contajrfiour factors believed
to influence the use of critical materials were created:

1 The quantity of potentially critical materialsused is increased byelectrification higher
equipment leveandsize of the car

1 The choice ofcatalytic exhaust treatmensysteminfluences thequantity and choice of
potentially criticalmaterialsused

The factors were evaluated amording to a sdes of criteria that had tde met, in order for the
hypotheses to be acceptddee Figure?).

Criteria
met

Criteria

Not
verified

————

Figure2. Methodology for evaluationof criteria

Firsthypothesis

For thefirst hypothesisa series of criteria for each of the factors and materials was created. The
criteria were:

Electrification:the total mass of a material in the HMM had to be at least 1% larger than the total
mass of that material in the CMH and the majority of the ma#erénce had to be found in hybrid
specific parts such asg.the main battery, the main electric motor or the alternator. If the criteria
were met, the hypothesis was accepted atiee difference in mass compared to the CMH was
calculated. The factor wagaded asigh, mediumor low if the mass wasnore than50%, 5610% or



10-1% higher in the HMM than in the CMH. If the mass was smaller in the HMM than in the CMH, the
criterion was not met and hence, the hypothesis was denied. If a mass increase othaor&%

could be identified but not definitely identified in hybrgpecific parts, the hypothesis was termed

not verified

Equipment levelthe total mass of a material in the CMH had to be at least 1% larger than the total
mass of that material in theML and the majority of the mass difference has to be found in parts
directly related to the additional equipment of the CMH, e.g. the premium sound system or electric
seat adjustment. If the criteria were met, the hypothesis was acceptedtitandifference in mass
compared to the CML was calculated. The factor was gradéijpsmediumor low if the mass was
more than50%, 5610% or 161% higher in the CMH than in the CML. If the mass was smaller in the
CMH than in the CML, the criterion was not met amht¢e, the hypothesis was denied. If a mass
increase of more than 1% could be identified but not definitely identified in the additional equipment
of the CMH, the hypothesis was termadt verified

Size of carthe total mass of a material in the CLM had to be at least 1% larger than the total mass of
that material in the CML and the majority of the mass difference has to be found in parts directly
related to the size of the CLM, e.g. parts related to the chassise body structure. If the criteria

were met, the hypothesis was accepted atiek difference in mass compared to the CML was
calculated. The factor was gradedtdagh, mediumor low if the mass wasnore than50%,50-10% or

10-1% higher in the CLRKkhan in the CML. If the mass was smaller in the CLM than in the CML, the
criterion was not met and hence, the hypothesis was denied. If a mass increase of more than 1%
could be identified but not definitely identified in parts related to the increased sizkeo€LM, the
hypothesis was termedot verified

Seconchypothesis

For thesecond hypothesighe main criterion was that theéotal mass and choice dhe catalytic
materialusedhad to vary in any of t he car s’Forthiat al yt i
hypothesis, the materials analyzed atbose with catalytic properties, i.e. cerium, lanthanum,
palladium, platinum and rhodiumlf this criterion was met, the factor was gradedhigh, medium

or low if the mass in the largest noted mass différavith more than 50%, 5610% or 161%
respectively, compared to the smallest noted mass for any of the cars. If no mass difference could be
found, the hypothesis was denied. This factor could hence, not be ternaederified

2.2 Tools ZIMDS & IPCA
Most of the data were gathered from the International Material Data System (IMDS), containing
hundreds of thousands reported data sheets of car parts. IMDS was created in a joint venture project
involving Audi, BMW, Daimler Chrysler, Ford Motor Company, Opel,Heoigalvo and Volkswagen.
This wadn response to new legislations stating that 95% of each car should be recycled by the year
2015. To be able to meet thidarget and other legislationssuch as REACH and ROES,
manufactures need to have detailed kn@dbe aboutthe materiak the cars are built of. In IMDS,
suppliers are required to report all substances that are covered in the global automotive declarable
substance list (GADSL). In additiath materials need to bepecifiedto 100%by weight and type, but
not necessarily specified by exact substance composition. For example;@ADSL substance may
be speciied only as REM or plasticizén IMDS, a part is described by a tree structure where the top
node is the part itself, folwed by subcomponents and semdomponents. The components are
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described by their material content and the substances within the materials. Substances are reported
as weight percentage of the material they are found Figure3 shows the general structure of a
reported part in the IMD$Enterprise Services HP, 2012)

Parent nodd= Il [EXSmpls Compor
Child node = Il Example sub-component 1
- Example semi-component 1
) * _ EN AC-AISH OMg(a)
Child node = | Example sub-component 2
- *, DX520
A Carbon
A Manganese
A Phosphorus
A Suphur
A ron
A Titanium
A Sticon
+ - * , Ep-FelIn (electrodeposited Zinc Coatings)

Figure3. Tree structureof a reported partin IMDS(Enterprise Services HP, 2012)

Where data gaps were found in IMDS, sigmsl and other relevant persons, such as technical experts

at VCCwere contacted and asked to either fill the data gaps or present the required data manually.

If the data was not availablealternative and equivalent parts were asked fbhe data gaps could be

in the form of nonreported datasheets, data marked as ef.conf i dent i al subst
“mi scel |l REMbasbr owr on gMostofrthe ganmaneatiomitrasupplers and
personsresponsibleat VCQvas carried out through-enail and several hundrebf e-mails were sent

in order to fill data gaps oo clarify ambiguous data. This required a substantial amount of effort

and time Meetings and phone callsvere used whene-mail communication was considered
insufficient.

At VCC, the computer program used to access the IMDS is called IPCA. IPCA bvidedadce

and enables VCC to only access-¥&&vant parts During the study, pros andoas of using IPCA and
IMDS for mapping critical materials were continuously observed and ana(geedsectionb). It

should be noted that a prerequisite for IMDS is that there are restrictions on how data can be used.
The data can only be used for environmental and health issues or to show governmentaltbegans
VCC is following legislations. Data from IMDS cannot be used for price negotiations with suppliers
and hence, only the environmental departmeat VCC can access the data and they are not allowed

to spread the data to other departments within VCC fsas e.g. the department of purchasings a
consequence, the names of the studied cars are anonymous and the results in this study are
aggregated in order to avoid that the data are used for the wrong purposes.



3. Critical materials

Aliterature study wasarried out in order to find whiclmaterials that are mostommonly classified
ascritical and toidentify their most common usage areas$hisstudy will not contain any specific
definition of a criticality and will instead present some of the definitidrat were found during the
literature study. These are presented in the first section of this chatesection3.2, the results
from the literature study are presented, i.e. the materials most commanssifiedas critical are
presented. These are also the materimdocusin the mapping processf this study In addition to
these materials, a few more have been added as they are believed & bital importance for the
automotive industry

3.1 Dimensions of criticality
This section presents a series of different dimensions and definitions of criticality in order to
motivate this reports selected materials andtex pl ain the term “critical?”
firstly important © make a distinction betweethe terms“ cr i ti cal ™ and “strateg
CommissiorfEuropean Commission, 201Dt at es “ ... mat esi alre® ftal | midl “tsa
while those materials for which a threat tihe supply from abroad could involve harm to the
nati onal economy ar €ommiteaaniCdteal mideraimpacts df the &.5.” . ”
Economy(U.S Natioal Research Council, 2008kes a similar stance and further adds that the term
“critical is a broader term that i Hemoe,landd s ci Vi
accordance with the definition from the European Commisg¢Ri11), a strategic material ialways
critical but a critical material may or may not be strategic depending on if it is used in military
applications or not.

In literature, criticality is determined by evaluation of risks and impaltie. European Commission
(European Commission, 201@&finescriticality by the materiaé economic importance andupply

risk, i.e. a material is determined to be critical if the risks of supply shortage and their economic
impact on the EU emomy arehigher than most materialsThe commission also includesthard
dimension in the form ofenvironmental country riskhat assesses the risk of a country taking
environmental measures that may induce supply shortagdss dimension is howevsaidto have

no orvery small impact orthe resultsin the analysis presentedhe Committee on CriticaMlineral
Impacts of the L& Economy(U.S National Research Council, 20@&es a similar approach and
evaluates criticality in terms of supply risk and impact of supply restriessdiigure4 shows.
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Figure4. Evaluation of supply riskrad impact of supply restriction. Material A is according
this methodology more critical than material B since it has a higher supply risk and the in
of a supply restriction is higher.

Supply Risk

In order to evaluate the risks and impaditsis hecessary to break down the tefmc r i ihtd neoeel "
easily assessable factoSommonmeans ofanalyzing the supplsisks of amaterialare in terms of
substitutability, political risk, recycling potentiatoncentration of supplybyproduct character
geologicalavailability (European Commission, 2010mitations/lead times to expangbroduction
(Mosset al2011) import dependenc€U.S National Research Council, 20818) competing demand
(U.S. Department of Energy, 201The different factors also interact to a varying degree according
to each specific perspective and situatidBelowfollows a #ort description of what the different
factors often refer to according to the literature studied

9 Substitutability refers to the degreeto which a certain material can be substituted by
another material. This means that the impact of the supply risksowill be fully realized if
the material in focus cannot be substitutg@European Commission, 2010)

1 Political riskefers to the political and economic stability of a certain country. It is commonly
measured by makinguse ofthor | d Bank “ Wor | dwi dé&ur@@eamer nanc
Commission, 2010)

1 Recycling potentiaiefers to the recycling rate of a certain material. The higher the recycling
rate, the lower supply risk. This is since recycled mniater (although secondary raw
materials) are just another source of supply. The rate can be calculated in vasggswith
different assumptionse.g.(European Commission, 2010)

1 Concentration of supplsefers to the level of @ncentration of production and is commonly
measured by the Herfindaflirschman Index (HHI). Increasing Hitdex indicats an
increase in market power and hence, a decrease in the level of competition and vice versa.
(European Commsion, 2010)
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1 Byproduct characteoften refers to the supply risk arising from the fact that most critical
materials are produced as a-pyoduct from ores of primary materials. Hence, the economic
incentive is derived from the mining of the primaryatarial although extraction of by
products sometimes can generate additional revenue. A supply risk related to this is e.g. that
it is not economic to raise the production of the primary material in ordenreet an
increasing demand afny of the byproducts. (European Commission, 2010)

1 Geological availabilitgeals with the issue of heterogeneous distribution of mineral deposits
and the availability of the Earth’s resourc
deposits m the earth crust is vast and new resources and reserves are continuously
discovered. However, the technical, economical and geological available reserves vary over
time and are unevenly distributed over the crudEuropean Commission, 2010)

9 Limitations/lead times to expand productioncludes several different factors such as
limitations due to that the existing production already are producing at full capacity, new
production projects takes a substantial amount of time to implement and uncertainty linked
to longterm investmentsn wlatile markets(Moss et al 2011)

1 Import dependencéncludes e.g. political and economic risks arising from relying on foreign
supply which may be disrupted or restricted Wgriousreasons depending onthe specific
situation (U.SNational Research Council, 2008)

1 Competing demandieals with the issue of different technologies competing with one
anotherfor a material. E.g. an increase in the use of clean energy technologies will increase
the demand for a number of critical nexials already used by other technologies in e.g. the
automotive industry. (USlepartment of energy). For example, heodymium and dysprosium
are widely used by the automotive industry but are at the sameetiraquired for wind
turbines inwind power plants(Alonso, et al. 2011)

Theimpactis then measured in terms of eachrisk pot ent i al i mpact on e. g.
economy orenvironment oron the development of a certain technolagyor example, the report
presented by the European Commissi@uropean Commission, 201@easures the impact on the
European economfor the coming ten yeard the supgy risks were to be realizeghereasMoss et

al (2011) measures the impact on the development of cleamergytechnologes, i.e. the impact
changes with the perspective of the studyompeting and growing technologies such as wind power
turbines, nuclear power plants, solar panels, super alloys and technologies used in passenger cars
such as catalysts, glass, ICT, flatgbatisplays, permanent magnets and electronic equipment are
fast growing(European Commission, 201énd together with increased electrification of passenger
cars,the demand for critical materials is increased, which in tufftuénce the supply risk§.able2

shows a sumrmary of the risks and pgpectivesconsidered in the reports studied
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Table2. Supply risks angerspectives of the studied reports.

us

Department of

European
Commission

Oeko Institute
(2009)

US National
Research

Oakdene
Hollins (2008)

Moss et al
(2011)

Energy (2010)

(2010)

Council(2008)

e Geol ogil*Politi|sGeol ogi|lsGeol ogi|l* Geol ogi*Politic
availability * Recy cl |availability availability availability e Concent
e Pol i ti dPotential e Bproduct * B-product e Pol i ti {supply
e Bproduct e Con c e n|character character e ConcenteLimitad
character of supply e Concent|e|l mpor t |ofsupply time to expand
Supply Risk|* Concente Abi | i t|ofsupply dependence * Vul ner {production
of supply substitute * Imitations/le- |+ Re c y c | i|climate change
e Competi ad time to
demand expand
c Abi ity production
substitute
el mpact [l mpact|«]l mpact [«]l mpact ||l mpact [« ] mp alow-
energy economy EU economy | future US economy UK economy carbon energy
sustainable technologies
Perspective technologies and
recyclability

Evaluation of criticality is handlen different mannersin different studies(see Table2). Alsq the

perspective of the study changes the criticality indicators used, even though they appear to have the
same meaning at firdEuropean Commission, 201®or example, economic importance is of course
evaluated differently in a study performed by the EU than a similar study performed by China.
However, since this report do n@iveany speci fic definition of t
definitions andperspectives of criticality helps to cover more aspects than just one single definition.
Also, depending on the time perspective, different materials will be classified as csitical the
factorsdescribed inTable2 obviouslywill change over timeForexample, theOeko institute(Oeko
Institute, 2009)lasdfiesREM s as cr i ti cal in a 10 year perspect

he

3.2  Selected critical materials
From the literature study31 materials vere chosen for analysis. Out of these, 24 materials were
selected for a detailed analygisee section2). Table3 presentsthe selected materialand theirmain
applications, annual production and spot price (gggpendix| for a moreextensive description of
the materials) T he mat er i al an$ were atudied irmgodprltoireceve knowledge of where
in the cars the materials could be expected to be used.

Table3. The ®lectedmaterialsandtheir applicationsaccording to the literature, annual productioand spot prices.

Material SelectedApplications AnnualProduction Spot Rice**
Auto catalysts, alloys, glass | Total REM production: 124,00
manufacturing [2] t - China (97%) [1] 45.05/kg [6]

Lkion batteries, super alloys,
synthetic fuel [2]

87,400 t- DRQ53%), China

Cobalt* (7%), Russia (7%) [1] |30.8 $/kg [5]

Radiators, brakes, wiring, many
other electrical and electronics
applications[1]
Magnets, hybrid enginesiuclear
reactors [1] [2]

15,427,000 t Main producers:
Chile, Peru, USA, Australia [

Total REM production: 124,00
t - China (97%) [1]

Copper* 7.8 $/kg [5]

1500.0 $/kg [6]
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Erbium

Europium

Gadolinium

Neutron absorber in nclear
readors, phosphors [2]

Total REM production: 124,00
t - China (97%) [1]

350.0 $/kg [7]

Nuclear power stations, relight in
TV and computer screens [2]

Total REM production:; 124,00
t - China (97%) [1]

4000.0 $/kg [6]

Phosphors, magnets [3]

Total REM production:; 124,00
t - China (97%) [1]

163.0 $/kg [6]

Integrated Circuits, laser

78 t- Main producers: China,
Germany, Kazakhstan, Ukrair

Indium

Lanthanum

Gallium diodes/LED, Solaells [1] [1] 405.0 $/kg [6]
Jewelry, gold plating of electronic Main producers: China,
components, brazing alloy and | Australia, USA, South Africa a| 50190.0$/kg
Gold* photographs Peru (2,350 t) [4] [5]
Limited usage areas but in some
cases in magnets or glass colorin Total REM production: 124,00
Holmium [2] t - China (97%) [1] N/A

Flat screen panels, alloys for low
temperature indicators, dental
applications, glass [1]

N/A

785.0 $/kg(7]

Alloys, phosphor lamp coating,
optical glass, glass polishing [2]

Total REM production: 124,00
t - China (97%) [1]

36.0 $/kg [6]

17,700 t- Main producers:

Neodymium

Alloys, high energy batteries, glas Chile, Australia, China, | 5.0 $/kg [8]
Lithium ceramics, lubricants, medicine [2] Argentina [1] il
Few commercialized application,
one is to catalyze organic reactior] Total REM production: 124,00
Lutetium [2] t - China (97%) [1] N/A
Pyro techniques, electronics, alloy
in aerospaceautomotive, medicine| 30,190,000 t China (56%),
Magnesium* and truck construction [1] Turkey (12%), Russia (7%) [] 3.1 $/kg [5]
Steel,aluminum copper and nickel 9,664,000 t Main producers:
alloys. Some lion batteries uses | China, Australia, South Africg
Manganese* manganese as cathode [1] Brazil [1] 3.4 $/kg [5]
Mainly metallurgical applications @ 202,000 t- Main producers:
Molybdenum* an alloying agent [1] China, USA, Chile [1] | 31.0 $/kg [5]

Alloys, glass coloring, auto catalys|
petroleum refinery, magnets [2]

Total REM production: 124,00
t - China (97%) [1]

160.0 $/kg [6]

Metallurgical applications as an

alloying agent, mainly in high 43.0 $Kg[6 ]
Niobium strength steel [1] 61,000 t- Brazil (92,4%) [1] | ***
Auto catalysts, jewelry, dentistry,| 195 t- Main producers: Russiq 19500.0 $/kg
electronics, telecommunication [2] (41%), South Africa (41%) [1 [5]
Auto catalysts, jewelry, dentistry,
electronics, other catalytic 178 t- South Africg79%), |45930.0 $/kg

Praseodymiun

n

applications [2]

Russia (11%) [1]

[5]

Glass coloring, magnets

Total REM production: 124,00
t - China (97%) [1]

205.0 $/kg [6]

Alloys, hardening for platinum anc
palladium, electronics, jewelry,
glass, auto catalyst, otheatalytic

applications [2]

N/A

42920 $/kg [5]
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SEE ] carbon arc lightning, magnets [2] t - China (97%) [1] 138.0 $/kg [5]
Used to create higimtensive light | Total REM production: 124,00 18000.0 $/kg
Scandium [2] t - China (97%) [1] [7]
Jewelry, coins, silverware, 21,300 t- Main producers:
electronics, photographs, mirrors| Peru, Mexico, Chin#ustralia
Silver* catalysts [1] [1] 891.7 $/kg [5]

Optical glass, capacitors, thermo
ionic generating devices, lasers,| Total REM production: 124,00

Tantalum medicines, optical industry [1][2] (16%) [1] 400.0 $/kg [6]
Total REM production: 124,00
Terbium Phosphors, magnets [2] t - China (97%) [1] 3400.0$/kg [6]
Portable xray tools, dental Total REM production:; 124,00
Thulium diagnostics tools [2] t - China (97%) [1] N/A
Laser source, portablerays, Total REM production:; 124,00
Ytterbium additives in steel and glass [2] t - China (97%) [1] N/A

Alloy in highstrength and heat
resistant materials, capacitors, | 1,160 t- Australia 48%, Brazil

Red color in televisions, fluorescel Total REM production: 124,00
Yttrium lamps, ceramics, alloys [2] t - China (97%) [1] 160.0 $/kg [6]

Bl=REM [=PGM []= Others

3.3

Strategies for managing critical materials

In order to secure acceg® and improve efficient use of critical materials, there are different
measurers to be taken. However, no single measure fits all critical materials or all products using the
materials. To understand what measure to be taken it is ingodrfor the concerned pdy to
understande.g.the drivers of criticality, product and material characteristics and the lifecycle of the
product (European Commission, 201@Mepending on the perspective of the concerned party, the
measures are more oess interdependent and address different types of risks and issues. On the
national or EU level, policyntervention is crucial. e European CommissionrdEuropean
Commission, 2010kcommendation®n measures concerns:

1

Mining and access to primary resourcesen during closed loops with perfect recycling and
re-use conditions, new primary materials will be needed. Especially in times of strong
markets growth and or during introduction of new applications. Ensuring accesss$e th
resources should be done through promotionexloration, research on mineral processing,
extraction from old mine dumps and mineral extraction from deep deposits. It should also be
done through improving relations with extractive industries in dep@lg countries and
foster good governance, capacity building and transparency.

Level playingield in trade and investment and foster fair competition conditionake sure

that fair competition and a level playirgeld is established througl.g. maintaining trading
policies, consulition with countries whose policies are causing distortion on the raw
materials market, fostering of an exchangeview on certain policies and raising awareness
of the impact of export restrictions.

1. European Commission (2011).FPatnaik (2002). 3. Goonan (2011).U4S. Geological Survey (2010).

5.infomi

ne.com (2012). 6. metplages.com (2012). 7. mineralprices.com (2012) 8. Kushni, D., &i5dhé

(2012)*= Only total mass analys. **Fhe spot prices are metal prices datkst available update ipear2012
*** =Price for NeFb 65% Ny*= Price is the extraction cost for lithium carbonate
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1 Recyclingalleviging supply risks of primary materials by efficient recycling of products and
residueswhich also in many cases reduces the energy demand through energy savings. The
more import dependent the involved party is on an individual metal, the more important
recycling becomes. It becomes even more important if substitution or material savings in
manufacturing are difficult to achieve. Increased recycling should be achidweugh
proper collection of End ofife (EoL) products, improving recycling chains throaglystem
approach, prevention of illegaxports ofEoL products and through promotion of research
on technically challenging products asubstances and system optimization.

1 Substitution substitution of critical materials is often difficult to achievace it often means
a change in the product quality, performance or economy. Substation of a critical material by
an abundant one can be very beneficial but substituting a critical material with another
critical material has no or little benefits. If matair substitution proves difficult, substitution
of product functions may be more beneficial, i.e. investigating the potential of achieving a
key poduct function through a smarter product approach. Substitution should be
encouraged through mainly promotingsearch activities on substitutes for critical materials.

1 Material efficiency using smaller amount of materials to produce products and extend the
use loop for the materials is obviously important from a material scarcity perspective but
also from a company perspective as material efficiency often goes hamrdand with
economic and financial objectives like cost reductions and increased competitiveness.
Material efficiency can be achieved in raw materials production, product manufacturing, use
phase andn EoL Efficient use of materials involves minimizing the amount of raw materials
to produce a product but also material substitution, increased recycling rates and minimized
material losses into residues.

On the company level, there are seveaahilabé measures that are similao those on the national

level The critical material issue has gained awareness throughout many industries. In the automotive
industry, companies like Toyotdplkswagen, Honda, NissaRenault and General Motors hataken

different measures to handle the issue. Although mostlofet compani es arsg focus
strategies for other critidamaterials can be expected t@lvery similar. Volkswagen claims that they

are carefullymonitoring the trends in the RENkharket to be able to react as early as possible. The
company further states that they are prepareddompensate for geological supply shortages in the

form of new mining projects in Australia and VietngdRhys.org, 2010)Honda hadaken another

measure to ensure resource availability by starting the @orls  f i r st procéamns to e
used Honda parts inooperationwith Japan Metals & Chemicals Co. According to the company, the
process is at first aimed to recydRE BIfrom nickelmetal batteries but will latealso involve other

car parts.The purity of the recycled metal should be as high as that oflyemined and refined

(World Honda, 2012)Toyota isinsted di ver si f y i n gsthtolglk acquiuing pflmyningp f R E M
rights and investing in smelting plants in different parts of the world, including India, Vietnam and
Indonesia. The company is also researchingew ways of constructing hybrid and eldctl cars
without t h e (Rauters, 2012)NidRdnis/ifeducing the usage afritical metals by e.g.

setting a target to comply with emission regulations in each region withinmoim use of catalytic

precious metals. Renault claims thatethare minimizing h e u s es tlwdugh ReEhRGlogical
advancement The supply of lithium used in electrical car batteriessiscured by agreements of
guaranteed supply from supplief&uractive, 2011)General Motors takes a similar approaeith

agreements and technological advancement as the majoregias to mitigate supply risks.
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To sum up and repeat what is mentioned in the first section of this chaptesjngle measure fits all
critical materials or all products using the materidl®e. understand what measure to be taken it is
important for the concerned party to understand e.g. the drivers of criticality, product and material
characteristics and the lifecycle of the prod{European Commission, 2010)

4. Volvo Car Corporation and studied car models
Volvo Car Corporation (VCC) was founded in Gothenburg, Sweden by Gustaf Larson and Assar
Gabrielsson anthe first car was produced in 192¥CC wasthen apart of Volvo @Gup until 1999
when the company was purchased by Ford Motor Comping01Q VCC waboughtby the Chinese
Zhejiang Geelydiding GrougVolvo Personvagnar AB, 2010)

VCC' s gl obal strat egy uiwhch strzdsd wnderstand busnamgeedseadd ar o0 u n c
to combine the feeling of luxury and the brdadistorical legacin terms ofbuilding safe cargVolvo

Cars, 2012VCC ¢i si @n bies t‘hte worl d’ s most pr og’r essmsd vtehen
core values areaety, environment, quality andabkign.The bullet list below show CC in numbers

for yearthe 2011(Volvo Car Corporation, 2011)

1 Revenue: 12525 million SEK

Gross profit: 22)66 million SEK

Number of employees: 21,512

Total sold cars worldwide: 44855 cars

Biggest markets in number of sold carsS67 273, Sweden 5863, China 4140, Germany
33167 and UK 3270

=A =4 =4 =4

4.1 Car model descriptions
This section gives a brief description of the foufedent car models and configurations studied in
this report. All the cars are made for the Swedish market and have sewonieof diesel engineln
IMDS, the cars are described in parts and the parts have varying complexity. For example, the
gearbox can beonsidered as a part but a single screw can also be considered as a single part.

Conventional Midsize CaLow-Specified (CML)

The lowspecified midsize car has an automatic gear box, a diesel eriginé wheel drive (FWD)
and weighs approximat&500- 1 700 kg This version of the car does not have any extra equipment
except the standard equipment. It should however be noted that even thdhg car is referred to

as lowspecified, it can still be highly equipped compared to other car models froer dilands.In

the IMDS, the car is described by 1552 pars axahwples of standar@équipmentthat comes with
the CMLare:

Sound systenb ‘front LCDand 6 speakers

Electrically heated front seats

Electrically heated/adjustable outer regirew mirrors

Electrified Climate Unit

Air Bagsside air bags for front seatsd nflatable air bag curtains
ABS brakes with Emergency Brake Assist (EBA)

City Safety Generation Zollision prevention system

= =4 =4 4 -4 4 A
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Conventional Midsize Car, HigBpecified (CMH)

The conventinal midsize, Higkspecifiedcar has a diesel engine, an automatic gear, Bdkwheel
drive (AWD) and weighs approximat&500- 1 800 kg The car has most of the optional equipment
available in a modern Volvdn the IMDS, the car is described by 1660tpand @uipment in
addition to the standard equipment is for example

Parking sensors

Premium sond systemDVD player and0 speakers with svound sound.

Electricalhdjustment of driver and passenger seats

Park assist camera

77 front LCD display and two LCD’ s in the
Rain sensors

Sport exterior and wheels

Blind spot information syster{BLE)

= =4 =4 =4 -4 4 -4 -9

ConventionalLargeCar,Medium-Specified CLM)

The conventional mediurapecified large cafCLM) las a dieseéngine, arautomatic gearboxFWD
andweighs approximatd800- 2 200 kg The CLM was designesveral years earlier than the other
three cars in this studyThis version of the cahas a medium specified equipment level with
additional equipment compared to the CMiut with less than the CMHn the IMDS, the car is
described by 1669 parts andj@ipment additional to the CML cé& for example

9 Electricakdjustment of driver seat
1 Sound system with 8 speakers

Hybrid Midsize Car, Mediurspecified (HMM)

The midsized ybrid (HMM) is afuture car model with acombination of a diesel engine and an
electric motor with Ldon battery and weigls approximatel 900 - 2 100 kg. It has an automatic
gearbox and the diesel power output is distributed to the front wheels whileellretricaloutput is
distributed to the rea wheels.This version of the cdras a medium specified equipment level with
additional equipment compared to the CML but with less than the CMHhe IMDS, the car is
described by 1822 parts andj@ipmentadditional to the CML car is:

SoundsystemDV D p | a yfent LGDidplay ”
Electricabdjustment of the driver seat
Electricaheated back seats

Parking sensors

Rain sensors

=A =4 =4 =4 =4

The HMM also containgarts that are specifitor a car with electrical powgrain. Examplesf these
parts are a high voltage battery, large electrical motor, voltageverter andcharger.
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5. Results and analysis
This chapter presents the results and the analysis of the material mapping. Thievéirsectiors
containresults summaey, a resultscomparison andan analysis of factors influencing the use of the
studied materials.In section5.3, the results of each individuatudied carare presented separately
and in more details.

5.1 Summary and comparison of results
The results of the material mapping process were, it of use generally consistent with
information found in the literature study{see section 3.2). For example most of the materials
analyzed were found in electr@ and electrical applicationsalthough in varying quantities
depending orthe characteristics of each study object. The largest total rfasall 31 materialsvas
found in the hybridcar (HMM), the second largest in the higépecified conventional midsize car
(CMH) the third largest mass in the legpecified conventiorlamidsze car (CML) and the smallest
mass in the mediunrspecified large conventional caCI(M). In the detailed analysi®r the 24
selected materialsthe order of CML an@LMare shifted while HMM and CMH remains in the same
positions.

In this section, all 3tnaterials are included but the 24 materials selecteddetailed analyses are

analyzed inrmore depth than the othef7 (seesection2). Thecars ae compared in terms of total

mass of each material in eachrc&igure5 showsa summarized picture ddll four car models in

terms of main subsystem distribution of the 24 materials analyzed in detadsh material is

presented under itgnain subsystemsi.e.where most oft h at s p e c infiagssovasnogdted r i al ' S
However, many of the materials are found in a large number of subsyqasection5.3) and the

number of subsystems mmore than shown in the picture (seppendixll).

Interior & Instrument Panel: Infotainment:
Dy, Pd, Gd, Ga, In, Pr  pactraints & Airbags: Dy, Er, In, La, Li, Nd, Pd, Pt, Ta
e In, Nb, Pt, Rh
SD?/ag:gl..a Nd Climate System:
Nb, Pr, Sm Dy, Eu, Ga, Nd, Pr, Yb

Engine System:
Ce, La, Li, Nb, Pd, Pt,
Rh, Sm, Ta, Y, Ga

Body Structure:
Nb

Security, Body &
Safety Electronics:
Dy, Nd, Pr, In, Li, Pt, Ta

nsmission, Steering & Brake System:
La, Nd, Eu, Li, Tb, Y, Gd, Rh, Sm

gh Voltage Power Supply
Exterior Lighting: Dy, In, Li, Nd, Pd, Pt, Sm,
Ce, Eu,Gd, Ga, In, Y

Figure5. Summary of the resu#tfrom the detailed analysisn terms of distribution by subsystem.t®wing where the 24
YI G SNRX It & Qwhere dlantifiatl TReHigge is a summary of all 4 analyzed cars.
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Of the 31 materials analyzed, four matials were imat least one of the cars identified in mass over 1
kg. These are copper, manganese, magnesium and litfitignre6). Copper is used ia largeextent

in mainly electronic and electrical appligais and magnesiumn mainly metallurgicabnes. lithium
and manganesare both used inmetallurgical and electronic and electriaahes Figure6 shows the
total mass of these foumaterials in the different cars studied.

Total mass per car and material

65
60
55
50
45

40 m CMH
[kal 35 ® CML

30 -

o5 HMM
20 - uCLM
15 -

10 -

Copper Manganese Magnesium Lithium

Figure6. Total masger carand material formaterials with more than 1 kgdentified in at least one of the cars.

The increased quantities of copper in the HMM, compared to the other three objects, is mainly since
it is a hybrid with an electric powertrain using a high voltage power supply. As a consequence,
substantial quantities of copper aresed in e.g. the main-dn battery and the electric motor. Since
copper are used in electronic wiring, electrification in general also contributes to increased use of
copper. The increased quantities of manganese in the HMM is also mainly due to ttréiedgion

of the powertrain. The main share of the increase is located in copper and steel alloys in the main
battery. The battery is also responsible for the single largest mass of lithium in the HMM. All the
materials inFigure6 are found in a large number of applications with metallurgical and electronic
and electrical aplications being the most commo(see section 5.3). The reason for why less
magnesium is used in the CLM than in the other three studied objects is difficult say without a
detailed analysis. In the ca®f copper and manganesindicationsfrom the detailed analysis of the
HMM pointed out interesting parts for further analysis although no fully detailed analysis was
conducted. Of the 31 materials, 6 materials were in at least one of the cars identified in masses larger
than 45 g but less than 1 kg. These are molybdenum, neasgnmiobium, cobalt, dysprosium and
silver Eigure?).
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Total mass per car and material

m CMH
m CML

HMM
m CLM

Molybdenum Neodymium  Niobium Cobalt  Dysprosium  Silver

Figure?. Total mass per caand material formaterialswith identified mass greater than 45g but Isthan 1kgin at least
one of the cars

The main use of molybdenum is in allppsit since no detailed analysis was conducted for this
material, it isnot possibleto say why the use varies between tlvars. The relative \ariation is
however considerablgmaller than for many other materials analyzed, e.g. neodymium which shows
large variations in mass. The use of neodymium was shown to be strongly correlated with the
number and sizes of higstrength neodymium magnetsThe CMH contains considerabiyore
neodymium magnets than CML ar@dLM and hence, more neodymiumThe &rgest mass of
neodymium found inthe CMH is located in the higierformance audio system but also in the
steering system and in the electrical motors usedatjust the seats. The HMM contains even more
neodymium, mainly as a result of the electrified powertrain containing relatively large and many
neodymium magnets used in e.g. the alternator and the main electric motor. Dysprosium is mainly
used to alter tle characteristics of neodymium magnets and hence, the correlation betwleen
number and size of neodymium magnets and the mass of neodymium is also true for the mass of
dysprosium. The varying mass of niobium is however more difficult to explage nbbium is used

in small quantities ire large number of alloying applications. The more concentrated masses are
howewer mainly found in certain higbtrength steel applications, although io varying amounts
depending onthe car model and specification. Feobalt and silver, no detailed analyses were
carried out but general usage areas were identified. Silver is almost exclusively used in electrical and
electronic applications such gsinted circuit boardg(P C B while cobalt can be found in wide
rangeof applications, e.g. pigments, alloys, electrical and electradespmentand the large Lion

battery used in the HMM. It is however believed that the battery contains more cobalt than
identified because amdssvasq& repriechat the timd of thihstudybfat t er y’
the 31 materials analyzed, 10 materials were in at least one of the cars identified in masses larger
than 0.5 g but less tha#b g Figure8).

20



Total mass per car and material

25
20
15 m CMH
(9] m CML
HMM
m CLM

Cerium
Gold
Terbium
Palladium
Samarium
Gallium
Yttrium
Indium
Erbium
Ytterbium

S IS
> =]
© =
t &
g T

Praseodymium
Lanthanum

Figure8. Total mass per caand material formaterialswith identified mass greater than 0.§ but les than 45 g in at
least one of the cars

The largest shares of platinum, cerium, lanthanum gadladium were as expectedfrom the

literature study,identified in catalytic converters and particulate filters. Depending on the specific
catalytic converter or particulate filter, the use however varies. Platinum and palladium were always
found in boththe converters and filtersvhile cerium only was found in te parts when lanthanum

was not and vice versa. Platinum and palladiwere also used in low concentrations in substantial
numbersof el ectri cal and el ect r omnwascalsangxpdctediyfaund o n s , n
in elastomersin e.g rubber hosesTerbium, lanthanum, praseodymium, samarium and galliumewer

all identified mainly in higistrength magnets used in e.g. electronic matdor electronic seat
adjustmentoften the same magnstin which large amounts of neodymium and dysprosium were
found). For terbium, the largest share in the HMM is found in the main electric matdle only

trace amounts of terbium could be found in the other three cars. Tantailsimostly used in

electronc and el ectrical apdsihce the HMMoandsthe €MH dontains moRC B ' s

el ectronic applications with PCB's beinglhim part
is alsalikely to bethe case for gold, although no detailedaysis was carried out for this material
Except use i n PCB'’'s, tantalum is also used i n va

Of the 31 materials analyzed, 7atarials were not in any of the cars identified in masses larger than
0.5 g. However, although no large masses of thdd materials could be identifiedpme of them
were identified inlarge number of applications(seesection5.3). Materialswith no identified ue
were holmium, lutetium, scandium artdulium (Table4).
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Table4. Materials less than 0.§ or with no identified usage

Yttrium Indium Erbium Ytterbium = Gadolinium  Europium
Rhodium Holmium Lutetium Scandium Thulium

No Usage
Found

No Usage
Found

No Usage
Found

No Usage
Found

B=REM []=PGM [ ]=0Others

Since no usage of holmium, lutetium, scandium and thulmmere identified, they are excluded from
the detailed analyses in secti@n3.

5.2 Factor analysis
For all the materialsfactors believed tdnfluence the quantities used were evaluatedth two
hypotheses:

1 The quantity ofpotentially critical materials used is increased bjectrification higher
equipment leveandsize of the car

1 The choice ofcatalytic exhaust treatment systenmfluences the quantity and choice of
potentially criticalmaterials used.

The factors areevaluated accualing to the criteria found in sectiof.1.1and their impact on the
material use is presented ifiable5. The factor was graded dsgh, mediumor low if the mass was

more than 50%, 5A0% or 161% higher in the HMM than in the CMH (electrification), in the CMH
than in the CML (equipment levady in the CLM than in the CML (size). For the choice of catalytic
exhaust system, the comparison is instead made between the highest and lowest identified mass in
any of the cars. If the factors are gradednas verified,it means that an increase coula lidentified

but not definitely identified in parts directly related to electrification, equipment level or the size of
the car If the factor is graded aso, no increase greater than 1% could be identifiatthough the
impact of the factors studied tsue for this specific study and the chosen critetise outcome might
change witha change of car modedpecification omanufacturer

Table5. Factors influencing the use of materials, criteria for evaluation are found in secfidnl

Material/Factor Electrification Equipment Level Size otthe Car T?:;?Kgfégzl::n
(HMMvs CMH (CMH vs CML) (CLM vs CML) (All cars)
No No Not Verified High

Cobalt Not Verified Not Verified Not Verified No
‘ High Medium Not Verified No
High High Not Verified No
Gallium High Not Verified No
Gold Not Verified No No

No
Lithium No No
Magnesiuni No No
Manganese Not Verified Not Verified No
Molybdenunt Not Verified No No




BT igh High ¥ No
Niobium Not Verified Low Not Verified No
Palladium Low Low Not Verified
Platinum Low Low Not Verified Medium
No Not Verified No
No Not Verified No
Silver Not Verified Not Verified No
Tantalum Not Verified No
No No No
No No No No
No Not Verified No
No No No No
No No No No
No No No No
No No No No
Rhodium No No No No
No usage found | No usage found | No usage found | No usage found
No usage found No usage found | No usage found No usage found
No usage found | No usage found | No usage found | No usagdound
No usage found | No usage found | No usage found | No usage found

B =REM [O=PGN *=0nly total massnalysis

Increasedelectrification was dentified to consideraby increasethe use of copper, dysprosium,
lithium, manganese, neodymiursamarium silver and terbium. These materials were found in large
guantities in parts unigue for the hybricsuch as the main electrical motor and the maisiohi
battery. The impact on palladim platinum, samarium and tantalum was determined to be low since
small mass increases could be found, mainly as a consequence of that the number of low
concentration applications increased. For cobalt and niobium, no elédence oincreasedise was
found since the increase in mass could not be identified to parts specific for the .HigiMobalt, the

main reason for this is that no detailed analysis was conducted and it should be notethéhat
batteryis believed to contaimore cobalt than identifiedh e cause a | ar ge nsassar e
was not reported at the time of this studydence, the use of cobalt is expected to increase with
electrification but based on only the data available, this could not be proven

Increasedequipment levelwas ickentified to consideraby increasethe useof dysprosium,gallium,
lithium, neodymium, praseodymiumand tantalum The largest share of the increased use
dysprosium, gallium, neodymium and praseodymiigrfound in the magnets, mainly in the audio
system ad inthe electricalseat adjustmentLithium is increased mainly as a consequence of the use
of a larger Lion battery in the car key in the CMH than in the CML and tantalum mainly as a
consequence of an increased
increased by the general increase of electrical and electronic applications such as electrical wiring
and PCB’' s. Ni o b i to s netallurgical aise eratbeesttuctureu if the seats with
electrical adjustment.Since no detded analysis was carried out faobalt, gold, manganese,
molybdenum and silverthe increased useould not be identified in parts directly related to the
equipment level.
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Increasedsize of the carcould not be identified to increase the materials classifiesh@since their

total mass were smaller in the CLM than in the CML. For the materials classifietl \arifiedthe

mass in the CLM was larger than in the CML but no clear evidence that & w@nsequence of the
larger size of the car could be found. However, for materials with mainly metallurgical applications,
e.g. manganese and niobium, there is reason to believe that the increased size typically could
influence their use in e.g. the bodyructure and the chassis. Difference in the year of design is here
believed to influence the massd the materials more than the size. Also, since a larger car means that
longer and maybe larger wires need to be used, the increased use of copper migglbbsequence

of this. For copper and several of the materials with metallurgical applications, no detailed analyses
were carried out ad hence, it was difficult to confirifi the increased use asa consequence of the
larger size of the car. For the #tle materials classified a®ot verified the increased use could be
consequences of factors such as year of design of the car, choice of supplier or choice of technology
rather than the size of the car (seection7).

The choice otatalytic exhaust treatment systemwas shown to have largest impact on the use of
cerium and lanthanumsSince i the specific catalytic convertsror particulate filtes analyzedthe
materials are only used erat the timeand hence, the choice of catalytic converter and particulate
filter also means a choice of usiaigher cerium or lanthanum. Palladium and platinum are however
used for catalytic exhaust treatmernt all cars analyzethut the choice of catalytic converter and
particulate filter still influence theotal massused. The variatios in use of palladium and platinum
are although smallethan the variation®ff cerium and lanthanum.

For the materials classified ast verified it is believedhat other factors, not analyzed in this study,

are influencing the usd-urthermore, & the materials are analyzed by how the use is influenced by
the four factorsstudied in this report Thismeans that thestudy daesnot focus on finding factors for

all materials that influence the use, but rather on mapping all the materials and then analyzing how
the use is influenced by thiactors chosenfor the hypothesesHence, some materials may not be
influenced at all by these specific factors but are influenced by factorsdeutise scope of this study
(seesection?).

5.3 Detailed analyses
Thissubchapter presents the detailed analyses of the four cars studied. To simplify for the reader,
the presentation of the analyses follows the same structure for all the baessingle part, a
material can have several applicatioRr®r example, if two ifferent neodymium magnets are used in
one part, neodymium has two applications in that p&ince the definition of a part can vary all the
way from a complete gearbox to a single scrawmnber of applications, instead of number of
parts, presented ithe tables.Main vehicle subsystesmepresentthe subsystems where most
applications and largest mass were identifisthin generalusage arealescribes the main
applications in more general terms, e.g. applica
describedas electrical and electronic. For descripsai all the subsystems of the cars, s&gpendix
1.
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5.3.1 Detailed analysis: Conventional Midsize , Low-Specified (CML)
The conventionallow-specified midsize caiCML)has an automatigear box,a diesel engineand
front wheel drive (FWD)Thisversion of the car does not have any extra equipment except the
standardequipment(seesecion 4.1). The number of unique parts whetbe materials were found
was 4& out of a total of 155%artsand thematerials were found in 175applicationswithin these
parts. Table6 presents the results of the matied mapping process for the legpecified midsize
conventional car.

Table6. Resultsfrom the detailed analysis othe Conventional Midsize car, Le8pecified(CML)
Seeintroduction to section5.3for interpretation of the table.

Material Mass N.o' O.f Main Applications| Main Vehicle Subsystem Main GeneralUsage
[a] |Applications Areas
Engine Cooling & Air Elastomers, Electrical
Elastomers, LED,| Induction, Exterior & Electronics,
Cerium 0.29 5] Zinc Alloys Lighting Steering Metallurgical
Climate, Interior &
Dysprosium 0.83 7| Magnets Instrument Panel Electrical & Electronic
Erbium 0.18 1|LCD Infotainment Electrical &lectronics
Europium <0.01 2| LED Exterior Lighting Electrical & Electronic
AluminumAlloys, | Brake System, Exterior | Electrical & Electronic
Gadolinium <0.01 11| LED Lighting Metallurgical
Climate System, Driver
Gallium 0.08 29| Magnets, LED Controls Electrical & Electronic
Infotainment, Restraints § Electrical & Electronic
Indium 0.15 107| Glass, PCBs Airbags Glass
Magnets Catalytic Reactions,
5.22 3| Particulate Filters| Engine System, Steering| Electrical & Electronic
Batteries, Security & Body Electrical & Elgoonics,
Lithium 5.18 1000| Lubricants, Screw| Electronics, Transmissior| Metallurgical
Neodymium 43.38 28| Magnets, PCBs | Climate System, Steering Electrical & Electronic
Nickel Alloys, Body Structure, Engine
Niobium 63.39 336| Steel Alloys System, Seating Metallurgical
Catalytic
Converters,
Particulate Filters| Engine System, Brake | Catalytic Reactions,
1.22 58| PCB s System Electrical & Electronic
Catalytic
Converters,
Particulate Filters| Engine System, Catalytic Reactions
5.48 74|PCB s Infotainment Electrical & Electronic
Climate System, Driver
Praseodymiurn jieR:x! 4| Magnets Controls Electrical & Electronic
- <0.01 2 | Electronic Wiring | Restraints & AiBags Electrical & Electronic
Samarium 0.43 2| Magnets Engine System Electrical & Electronic
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Engine System,

Tantalum 5.83 72|PCB s Infotainment Electrical & Electronic

Terbium <0.01 1| Doping Agent Special Equipment Electrical & Electronic

Ytterbium 0.16 1| Ceramics Climate System Electrical & Electronic
Engine System, Exterior

Yttrium 0.22 12| Ceramics, LED | Lighting, Transmission | Electrical & Electronic

Total 132.84 1755

Thelargest mas®f critical maerials in theCMLcar is represented byiobium (6339 g) The high
niobium content $ mostly due to the itsse as an alloying agent in higtrength steel and nickel
alloys used inBody $ucture, Engine $stem and in structural components of the seats in the
subsystenteating. Niobium wasalso found in second most applicatiof@36)but unlike most of the
other materials in the study, no use of niobium was found in electrical or electagpiications The
secondlargest massof critical materialsis represented by neodymium (88 g)and the most
common useis in highstrength neodymium magnets ahP C BThe largest portion of the mass is
distributed to magnets inthe servo system ir®eering but significantamounts were also founih
PCBs and magnets used Interior & InstrumenPaneland dimate System The third largest mass is
represented by tantalum which is almoskclusivelyused in small concentrations in PEBThe
largestmassof tantalum in a single part was approximately 1 gram.

Mass distribution
Convential Midsize, Low spec. (CML)

Tantalum

5%
Others

/3%

Platinum
3%

Lanthanum
4%

Lithium
4%

Figure9. Mass digribution for materials in theCanventional Midsize, Low pec. (CML)

Three of the materials mapped were found to be used for the purpose of exhaust treatméme
CML, lanthanum, palladium and platinum. This is in line with theditere but ceriumand rhodium,
which also areecommonly used for exhausteatment (see Appendix | Materials in this study was
not found to be used for that purpose in thisodel However and unexpectely, cerium was found
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in small concentrations inelastomers. Palladium and atinum were also found to be used
extensively irP C Baltlsough in small concentrations.

Thematerials with the largest number of applications wéoend to be lithium (100§ niobium(336)
andindium (107) The large number of lithiumpplications is mostly due to that the materialused
extensivelyas an alloying agentn mounting parts like screws and nutsarger concentrations of
lithium could only be found in small lithivion batteriesused in e.gthe remote car keyFor indium,
most ofits useis electrical or electronic sinci is mostly used i C Bbutgninoruse in glass could
also be foundSimilarly tdithium, no high concentrations of indium could be found.

Material distribution by subsystem
Conventional Midsize Low Spec. (CML)

Standard Components
Special Equipment
Accessories

Infotainment p

Security & Body Electronic£
Driver Controls mm
High Voltage Power Suppl
Low Voltage Power Supply
Electrical Distribution System
Body Structure
Bumpers, Spoilers & Cover
Roof Systems

Glazing & Mirrors
Doors, Boot & HoodL—
Cleaning & Horns

Exterior Lighting
Restraints & Air BagSmmmmms
Climate System

Seating
Interior & Instrument Pane| -
Saftey Electronics

Steering
Wheels & Wheel Suspensio
Pedals
Brake System jmm
Transmission
Engine System
Engine Cooling & Air Inductiornmm
Exhaust Cold En

)

Fuel System
Powertrain Mounts |m
0 5 10 15 20 25 30 35
m Cerium m Dysprosium m Erbium m Europium m Gadolinium
m Gallium m Indium m Lanthanum Lithium m Neodymium
m Niobium Palladium u Platinum u Praseodymium = Rhodium
m Samarium Tantalum Terbium Ytterbium Yttrium

Figurel10. Material distribution by subsystenfor the Conventional Midsize Low Spec. (CML)
Y-Axis = Subsystem,-Kxis = Mass [g]
The largest mass of critical materialaslocatedin the Seering subsystenof the CML This ignainly
explained by the steering systemse ofneodymium magnets. Other large portionstbé materials
were found inBody &ucture, Seatingand Engine $stem This ismainlyexplained by the use of high
strength steels where niobium is used as anyafig agent. A large share of the subsystEngine
System is also represented by lanthanum, paliach and platinum, used for catalytic exhaust
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treatment. In Figurell, the y-axis has been changed to represent elemanttead of subsystems,
which rmeans that itshows the same informatioasFigurel0 but presented in a different manner.

Material distribution by subsystem
Conventional Midsize Low Spec. (CML)

Cerium
Dysprosium
Erbium
Europium
Gadolinium
Gallium
Indium
Lanthanum
Lithium |
Neodymium
Niobium : |
Palladium
Platinum
Praseodymium
Rhodium
Samarium
Tantalum I}
Terbium
Ytterbium
Yttrium

0 10 20 30 40 50 60
® Fuel System ® Engine Cooling & Air Induction® Engine System
B Transmission m Brake System m Wheels & Wheel Suspension
m Steering ® Interior & Instrument Panel ~ m Seating
m Climate System m Restraints & Air Bags m Cleaning & Horns
Doors, Boot & Hood m Body Structure Driver Controls
Security & Body Electronics Infotainment

Figurell. Material distribution by subsystenfor the Conventional Midsize Low Spec. (CML)
Qubsystemswith less than 1 g ofmaterials have been removedfor illustrational purposes,
Y-axis = element, Xaxis = mass [g]
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5.3.2 Detailed analysis: Conventional Midsize , High-Specified (CMH)
Theconventionalhigh-specifiedmidsize ca(CMH)has adiesel engine and aautomaticgear box. It
has the same engine used in the lgpecified midsize car but with AWD instead of FWD. Thalsar
hasmost of theoptional equipment available in a modern Volvar (seesection4.1). The materals
analyzed were found in 231&pplications in535 unique partsout of a total of 166(parts. Table7
presentsthe results of the material mpping ofCMH

Table7. Results fromthe detailed analysis of theConventional Midsize Car, HigBpecified (CMH)
Seeintroduction to section5.3for interpretation of the table.

Material Mass No. of Main Aoplications Main Vehicle Main GeneralUsage
[a] | Applications PP Subsystems Areas
Catalytic Reactions,
Particulate Filters, | Engine System, Exterig Electrical & Electronics|
Cerium 11.83 7| LED, Zinc Alloys Lighting, Steering Metallurgical
Infotainment, Seating,
Dysprosium 27.14 21| Magnets Steering Electrical &Electronics
Erbium 0.18 1|/LCD Infotainment Electrical & Electronics
Europium <0.01 3| LED Exteior Lighting Electrical & Electronics
AluminumAlloys, | Brake System, Exterior| Electrical & Electronics
Gadolinium <0.01 11|LED Lighting Metallurgical
Gallium 0.56 47| Magnets, LED Climate System, Seatin Electrical & Electronics
Infotainment, Restrainty Electrical & Electronics
Indium 0.05 174| Glass, PCBs & Air Bags Glass
Ceramics, Magnets| Infotainment, Seating, | Electrical & Electronics
Lanthanum 0.07 5] Zinc Alloys Steering Metallurgical
Infotainment, Security
Batteries, & Body Electronics, Electical & Electronics,
Lithium 10.09 1105| Lubricants, Screws | Transmission Metallurgical
Climate System,
Infotainment, Seating,
Neodymium  JRAeIsN:}:] 70| Magnets, PCB s Steering Electrical & Electronics
Nickel Alloys, Steel | Body Structure, Engineg
Niobium 81.42 380| Alloys System, Seating Metallurgical
Catalytic Convertery Engine System,
Particulate Filters, |Infotainment, Special | Catalytic Reactions,
1.54 227|PCB s Equipment Electrical & Electronics
Catalytic Convertery Engine System,
Particulate Filters, |Infotainment, Catalytic Reactions
8.08 106|PCB s Restraint#& Air Bags Electrical &lectronics
5.55 13| Ceramics, Magnets| Climate System, Seatin Electrical & Electronics
<0.01 2 | Electronic Wiring | Restraints & Air Bags | Electrical & Electronics

0.43

Magnets, PCB s

Engine System

Electrical & Electronics
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Engine System,
Infotainment, Security

Tantalum 10.93 119|PCB s & BodyElectronics Electrical & Electronics
Terbium <0.01 1| Doping Agent Special Equipment Electrical & Electronics
Ytterbium 0.16 1| Ceramics Climate System Electrical & Electronics

Engine System, Exterig Ceramics, Electrical &
Yttrium 0.23 23| Ceramics, LED Lighting, Infotainment | Electronics

Total 363.94 2318

The largest mass afritical materials in theCMHcar is represented byaodymium (205%8 g). The
increased mass of neodymium compared to @lLis mostly due to the choice of speaker system.
The CMHincludesa high-performance speaker systemhich containsa substantial amount of high
strength neodymium magnetginother notable change frorthe CMLis thatthis version includes
electrical adjustment of seats and hence, more neodymium magreets found in the electrical
motor adjusting the seatOverall, theCMHcontains substantially morelectronic equipment than
the CMLand hence, moré®@®'s and, in particular, moraeodymium magnetsAs a consequenget
also containgiigheramounts of dysprosium(27.14 g)and praseodymiunt5.55 g)used toadjustthe
properties ofneodymium magnets.

The second largest mass of critical materialegesented by niobium (842 g)used innickel and
high-strength steel alloys. The largest portionstbé masscan be found in the subsystefngine
System where metallurgical use in the exhaust treatmentsystem contributes the most The
subsystemsSeatirg and Body Structurealso containsubstantial amounts of niobium alloyed high
strength steelFigurel2 presentsthe mass distribution of critical materials in the conventional high
specified midsize car.

Mass distribution
Convential Midsize, High spec. (CML)

Tantalum
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Others
1%
Praseodymium
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Figure12. Mass distribuion for materials in theCaventional Midsize,Highspec. (CMH)
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Tantalum is, as for th€ML used almostexclusivelyin small concentrations P C Bih many
different subsystems of the caflhe largesmasswaslocatedin Infotainmentsubsystem The main
applications forplatinum and @lladium arecatalytic exhaust treatment and® C B Cesium is also
mainly used for the purpose of catalytic exhaust treatmdnit no use of lanthanum or rhodium
could be found for this purpose in this model.

Thematerials with the largest number afpplications werdound to be lithium (1105), niobium (380)
and palladium (227)As for theCML, lithium is most commonly used for mounting purposes and the
only higher concentrations of lithium arfound in small lithiurvion batteries. Thenetallurgicuseof
niobium in this model is atssimilar to the use in th€ML(see sectiorb.3.]). The large number of
PCBapplications for palladium can be traced to the la@gaount of electronic equipment in this
model. Both lithium and palladium are most commonly found in small concentrations while niobium
can be found in higher concentrations, mosithyalloyingapplicationswithin the subsystenEngine
System With the exception of niobium, almostll the materials mapped were found to have
electronic orelectricaluse mogs commonlyin applications suclsP C Bahdsmagnets

Material distribution by subsystem
Conventional Midsize High Spec. (CMH)
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Figurel3. Material distribution by subsystenfor the Conventional Midsize- High Spec. (CMH)
Y-axis = subsystem,-Axis = mass [g]
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As Figure 13 shows, thelnfotainment subsystem represents the single largest mass of critical
materials. This is direct result d the optional choice of a higherforming speaker system with
neodymium magnes but also due to other optionatlectronic equipment like LCD displays and
navigaton system containing large amounts BfC B The choice of electronic seat adjustment also
results in an increased amount of neodymium magnets withinS$kating subsystem. Theteering
system of the car is similar tihe steering system of the lowpecifed midsize caand hence, no
substantial increase of critical materials could be tracethtosubsystensteering FromFigurel3, it

is also possibl to see that niobium is represented in considerable mass in a large number of
subsystems withthe subsystemd$Engine $stemand Body &ucture being the most prominentin
Figure14, the yaxis has been changed to represent elements instead of subsystems. It basically
shows the same informatioasFigurel3but presented in a different manner.

Material distribution by subsystem
Conventional Midsize High Spec. (CMH)
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Figurel4. Material distribution by subsystenfor the Conventional Midsize High Spec. (CMH)
Qbsystemswith less than 1 g of matéals havebeen removedfor illustrational purposes.
Y-axis = element, axis= mass [g]
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5.3.3 Detailed analysis: Hybrid Midsize , Medium -Specified (HMM)
The midsized hybridar (HMM) studiedhas a powertrain with @ombination of a diesel engine and
an electric motor wth Lion battery. It is specified with more equipment than the CML but less than
the CMH (seesection4.1). The materialsvere found in 555 unique pastout of a total of 1821 parts

and the materials had total of 2379 gplicationswithin these partsTable8 shows the resu#f of the
material mapping proces®r the HMM.

Table8. Resultsfrom the detailed analysis ofhe HybridMidsize CarMedium-Specified (CMH)
Seeintroduction to section5.3for interpretation of the table.

Material Mass No. of Main Applications Main Vehicle Main GeneralUsage
[0] Applications Subsystems Areas
EngineCooling & Air | Elastomers, Electrical &
Elastomers, LED, | Induction, Exterior Electronics,
Cerium 0.31 10| Zinc Alloys Lighting, Steering Metallurgical
Climate System, High
Voltage Power Supply
Dysprosium 129.66 20| Magnets Transmission Electrical & Electronics
Erbium 0.18 1|LCD Infotainment Electrical & Electronics
Exterior Lighting,
Europium <0.01 3|LED Transmission Electrical & Electronics
AluminumAlloys, | Brake System, Exterio| Electrical & Electronics
Gadolinium <0.01 12| LED Lighting Metallurgical
Engine Cooling & Air
Gallium 0.57 43| Magnets, LED Induction, Sating Electrical & Electronics
Driver Controls, High
Voltage Power Supply
Secuity & Body
Indium 0.08 182|PCB s Electronics Electrical & Electronics
Magnets, Catalytic Reactions,
Particulate Filters,| EngineSystem, Fuel | Electrical & Electronics
Lanthanum 6.68 5| Zinc Alloys System Metallurgical
High Voltage Power
Supply, Infotainment,
Batteries, Security & Body Eledrical & Electronics
Lithium 6256.55 1188| Lubricants, Screwy Electronics Metallurgical
Climate System, High
Voltage Power Supply
Neodymium 531.88 74| Magnets, PCBs | Transmission Electrical & Electronics
Body Structure,
Nickel Alloys, Steq Exhaust Cold End,
Niobium 109.14 401| Alloys Seating Metallurgical
Catalytic Bumpers Spoilers &
Converters, Covers, Engine Syster
Particulate Filters,| High Voltage Power | Catalytic Reactions,
1.81 194|PCB s Supply Electrical & Electronics
Catalytic
Converters, Engine System, High
Particulate Filters,| Voltage Power Supply| Catalytic Reactions
5.51 92| PCB s Infotainment Electrical & Electronics
Climate System, Ceramics, Electrical &
Praseodymiun 4.01 10| Ceramics, Magnet| Seating Electronics
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<0.01 2 | Electronic Wiring | Restraints & Air Bags | Electrical & Electronics
Brake System, Engine
System, High Voltage
SENET] 1.40 4| Magnets, PCBs | Power Supply Electrical & Electronics
High Voltage Power
Supply, Infotainment,
Security & Body
Tantalum 10.83 109| PCB s Electronics Electrical & Electronics
Terbium 19.86 3| Magnets Transmission Electrical & Electronics
Ytterbium 0.16 1| Ceramics Climate System Electrical & Electronics
Engine System, Exteri¢ Ceramics, Electrical &
Yittrium 0.23 25| Ceramics, LED Lighting Electronics
Total 7078.86 2379

Of the materials studied, the largest masses in the HMM are represented by lithium (6255.55 @),
neodymium (531.88 g) dysprosium (129.66 g) and niobium (109.14 g). The remarkable mass of
lithium is explained by the use ofibn batteries, in particular thenain battery usedin the electric
powertrainof the car.The large masses of neodymium and dysprosium are explaynedsubstantial
amount of highstrength neodymium magnets used in the car, in particular inntiaén electric motor

and the alternator A large part of the mass of terbium (19.86 g) can also be assigned to these
magnets. The largest concentratits of niobium are found in higstrength steel alloys in the
subsystemsExhaust Cold Endand Body &ucture, similar to the use in CML and CMidt with
additional mass found in alloying applications in the exhaust syskgure 15 showsthe mass
distribution of the materials studied

Mass distribution
Hybrid Midsize Car, Mediurspecified (CMH)

Niobium
13% Tantalum
1%
Terbium
2%
Others
1%

/_

Platinum

Lanthanum 1%
1%

Figurel5. Mass distribution formaterials inthe Hybrid Midsize car, Medium spe(CMH)
Lithium is excluded for illustratioal purposes
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AsTable8 shows lithium has the most pplications (1188). Thismsostlydue toits useas an alloying
agentin mounting parts such as screws and nutke material with the second most applicat&is
niobium (401).As with lithium, niobium isisedin alloys, in particulam highstrength steel and in
nickelalloys.Other materials with relatively largeumberof applications ag indium (182), palladium
(194), tantalum (109)and platinum (92).fis is mainly due tdheir electronic and electricalise
mainly inapplicatonss uch as PCB’ s

In the HMM lanthanum, palladium and platinumeve all used in catalytic applicationdnlike inthe
CMH or theCLM cerium had no catalytic applicatiortdowever, as in the CMH, cerium was found in
elastomers.Figurel6 showshow the materials are distributed over the different subsystem of the
car.

Material distribution by subsystem
Hybrid Midsize- Medium Spec. (HMM)

Standard Components
Special Equipment
Accessories
Infotainment
Security & Body Electronics
Driver Controls
High Voltage Power S o |y s
Low Voltage Power Supply
Electrical Distribution System
Body Structure s
Bumpers, Spoilers & Covers
Roof Systems

Glazing & Mirrors

Doors, Boot & Hood
Cleaning & Horns
Exterior Lighting
Restraints & Air Bag
Climate System

Seating

Interior & Instrument Panel
Saftey Electronics

Steering

Wheels & Wheel Suspensio
Pedals
Brake System
Transmission
Engine Systemmsmin
Engine Cooling & Air Inductiormsm
Exhaust Cold En
Fuel System

Powertrain Mounts

0 50 100 150 200 250 300 350
m Cerium m Dysprosium  ® Erbium ® Europium H Gadolinium
m Gallium H Indium ® Lanthanum m Neodymium  m Niobium
Palladium Platinum m Praseodymium = Rhodium m Samarium
Tantalum Terbium Ytterbium Yttrium

Figurel6. Material distribution bysubsystemfor the Hybrid Midsize- Medium Spec. (HMM)
Lithium (6257 g) is excluded for illustratia@hpurposes.Y-axis = subsystem,-#xis = mass [g]

With lithium excluded, e subsystemthat represents the largest mass of materig@sransmission
and it is mainly explained by the electrimotor with considerable amount of higstrength
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neodymiummagnets, containing neodymiurdysprosium and terbiunSecond largest mass is found
in the High Voltage Power Supplyubsystem,where among others, thealternator, containing
neodymium magnets, is found his subsystem also containsetlarge Liion battery and if lithium
would be included, this subsystem would instead represent the single largest mass of materials
(almost 6.5 kg). Large or severafjistrength neodymiummagnetsare also found in theClimate
System Seating Steeringand Engine Cooling &Air Induction subsystems which explains that
reasonable large masses al@cated in these subsystemaNiobium adds a considerable mass to
several subsstems, in particular the subsystem with need for higlength steel, i.eBody Structure
and Exhaust Cold Enth Figurel?, the yaxis has been changed to represent elements instead of
subsystems. It basically shows the same informationFiggire 16 but presented in a diffrent
manner.

Material distribution by subsystem
Hybrid Midsize- Medium Spec. (HMM)

Cerium
Dysprosium
Erbium
Europium
Gadolinium
Gallium
Indium
Lanthanum
Lithium [100 g]
Neody mi
Niobium
Palladium
Platinum
Praseodymium
Rhodium
Samarium
Tantalum
Terbium
Ytterbium
Yttrium

0 10 20 30 40 50 60 YO 80 90 100 110 120 130

B Fuel System B Exhaust Cold End m Engine Cooling & Air Induction

m Engine System B Transmission m Brake System

B Wheels & Wheel Suspension ® Steering | Interior & Instrument Panel

m Seating Climate System m Restraints & Air Bags

m Doors, Boot & Hood Body Structure High Voltage Power Supply
Driver Controls Infotainment

Figurel?. Material distribution by subsystenfor the Hybrid Midsize, Medium Spec. (HMM Subsystemswith less than 1
g of materials havébeen removedfor illustrational purposes,Y-axis = element, »axis = mass [g
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5.3.4 Detailed analysis: Conventional Large, Medium -Specified (CLM)
The &rge conventionalmedium specifieccar (CLM)has an automatic gearbosg, diesel engine and
FWD It is specified with more equipment than the CML but less than the CMH and equal to the
HMM. This car was designed several years eattlian for the othergseesection4.1). The materials

were found in425 unique partsout of total 1668 anchad a total of 1762 applicationsithin these
parts. Table9 presentsthe result of the naterial mapping process for tHargeconventionalmedium

specifiedcar.

Table9. Resultsfrom the detail analysis othe ConventionalLargeCar,Medium-Specified (CLM
Seeintroduction to 5.3for interpretation of the table.

Material Mass Np. O.f Main Applications| Main Vehicle Subsystem Main GeneralUsage
[a] | Applications Areas
Catalytic Reactions
Particulate Filters,| Engine System, Exterior | Electrical & Electronic
12.91 4| Glass, PCBs Lighting Glass
Climate System,
Infotainment, Sadty
Dysprosium 1.96 9| Magnets Electronics Electrical & Electronic
Erbium 0 0| No Usage Found | No Usage Found No Usage Found
Doping Agent in
Europium <0.01 1| Ceramics Climate System Ceramics
AluminumAlloys, | Brake System, Driver Electrical & Electronic
Gadolinium <0.01 8| LED Controls Metallurgical
AluminumAlloys, Electrical &lectronics
Gallium 0.42 21| Magnets LED Exterior Lighting, Seating Metallurgical
Indium 0.38 82|PCB s Exterior Lighting Electrical & Electronic
0 0| No Usage Found | No Usage Found No Usage Found
Engine System,
Powertrain Mounts,
Batteries, Wheels & Wheel Eledrical & ElectronicH
Lithium 1.36 873| Lubricants, Screw| Suspension Metallurgical
Clmate System,
Infotainment, Safet
Neodymium 27.60 26| Magnets, PCB s | Electronics Electrical & Electronic
Nickel Alloys, Engine System, Restraint
Niobium 89.81 426 | Steel Alloys & Air Bags, Seating Metallurgical
Catalytic
Converters, Engine System, Special
Particulate Filters,| Equipment, Interior & Catalytic Reactions,
1.24 89|PCB s Instrument Panel Electrical & Electronic
Catalytic
Converters, Engine System,
Particulate Filters, Infotainment, Security & | Catalytic Reactions,
7.85 69| PCB s Body Electronics Electrical & Electronic
Climate System, Setly
Praseodymiun g 6 | Magnets Electronics Electrical & Electronic
Brake System, Engine
<0.01 2|PCB s System Electrical& Electronics
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SEE] 0.73 2| Magnets,PCB s | Engine System, Seating | Electrical & Electronic
Exhaust Cold End,

Nickel Alloys, Infotainment, Security & | Electrical & Electronic
Tantalum 6.99 60| PCB s Body Electronics Metallurgical
Terbium 0 0| No Usagd-ound |No Usage Found No Usage Found
Ytterbium 0 0| No Usage Found | No Usage Found No Usage Found

Ceramics, Electrical &
Ceramics, LED, |Engine System, Exterior | Electronics,
Yttrium 0.02 15| Nickel Alloys Lighting Metallurgical

Total 153.74 1762

The largest mass of thmateriak studiedis represented by niobium (8%1g), mainlyused ashigh-
strength steel anchickelalloys inSeatingand Engine SystenThe second largest masgépresented
by neodymium (27.6 g) mainly usedin highstrength neogmium magnetsn electric motors and
infotainment applications such as the speaker systérhe thirdand fourth largest masss are
represented by cerium (121 g) and platinum7.85 g)with the largestconcentratedmas®slocated
in catalytic applicationsvithin the catalytic converter and the particulate filtdfigure18 showsthe
mass distribution for materials found in ti@&.M

Mass distribution
Conventional Large, Medium Spec. (CLM)

Tantalum
5%

Others
2%
Cerium

8%
Praseodymium
2%
Dysprosium
1%
Lithium

Platinum 1%

5%

Figurel8. Mass distrbution for materials in theConventioral Large, Medium spec. (&)

As forthe three other studied objectgsee e.g.section5.3.2), lithium has the largest amount of
applications (928) and wainly used in rounting parts andatteries Niobium was found in second

most applicatios (426) andpalladiumin third most 89). The latter wasmainly found in small
concentrations i n P CBsingle porigon ef mass is maatgchin dathhdic thear g e s
catalytic converterMaterialswith no usage wererbium, lanthanum, terbium and ytterbiunfigure

19 shows how the materials are distributed over the subsystems of the ca
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Material distribution by subsystem
Conventional Large, Medium Spe€LM

Standard Componentsm—
Special Equipment
Accessories

Infotainment
Security & Body Electronic
Driver Controls

Electrical Distribution Syste
Body Structure
Bumpers, Spoilers & Cover
Roof Systems
Glazing & Mirrors
Doors, Boot & Hood [
Cleaning & Horns
Exterior Lighting
Restraints & Air Bag
Climate System i ——
Seating [

Interior & Instrument Panel
Saftey Electronics pmms
Steering

Wheels & Wheel Suspensio
Pedals

Brake System
Transmission
Engine System
Engine Co
Exhaust Cold En

Fuel System
Powertrain Mounts |mm
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m Cerium m Dysprosium ® Erbium m Europium ® Gadolinium
m Gallium H Indium ® Lanthanum Lithium ® Neodymium
m Niobium Palladium m Platinum m Praseodymium Rhodium
m Samarium Tantalum Terbium Ytterbium Yttrium

Figurel9. Material distribution by subsystenfor the Conventional Large, Medium Spec. (CLM)
Y-axis = subsystem,-Axis = mass [g]

The subsystenrepresenting the largest mass of the materials studeBngineSystem The largest
shares of the subsystem are represented by niobium, ceriplatjnum and, to a limited extent,
palladum andtantalum. Second largest mass is foundSeatingwith niobium in the frame®f the
seatscontributing to the largest mas#lso, reodymiummagnets used in the electric motors for the
purpose of electronic seat adjustment contributes to a Hirshare Other subsysteswith relatively
large masses afiobiumused in alloysre Standard Gmponents Restraints & Air &sand Wheek
and Wteel Sispension Compared to the other studied objects, only small concentrations of mass
could be found inBody StructureLargest masses in subsystelgmntaining more electronic and
electrical applications, such &sfotainment Security & Bod¥lectronicsClimate Systerand Safety
Electronicsare mainly represented byneodymium, tantalum, praseodymium and dysprosiuim
Figure 20, the yaxis has been chandeto represent elements instead of subsystems. It basically
shows the same information &gurel9 but presented in a different manner.
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Material distribution by subsystem
Conventional LargeLow Spec. (CLM)

Cerium F
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Infotainment Standard Components

Figure20. Material distribution by subsystenfor the Conventional Large, Medium Spec. (CL.Id)bsystemswith less
than 1 g of materials haveeen removedfor illustrational purposes Y-axis = element, »axis = mass [g]
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6. Evaluation of IMDS as a tool for mapping critical materials
One of the research questions in this study is: What are the major pros andttms IMDS as a
tool for this kind of analysis? This question will be answered in this seatidnshortly in the
conclusions

The IMDSprovides vat amounts of detailed information which would be considerably more time
consuming to obtain without the system. Also, the level of details available for the user would maybe
be almost impossible to obtain manually. However, although the system simgiéetata collection

and provides detailed information, the work is still time consuming and even more so if the
datasheets searched for ianot been reported. A large share of the time spent on data collection
was spent on exhorting suppliers and the mars responsible for a specific part to either report the
missing data sheet or to state an equivalent and reported part. The following sections of this chapter
contain identified pros and cons of the IMDS. This section also evaluates the computer software
IPCA, used to access the data in the IMDS.

Pros

The mainadvantageof the IMDS is that it containgast quantities of detailed data that is easily
accessible for an IMDS user. The data is, at VCC, accessed through the computer software IPCA which
provides a variety of search alternatives such as searching byn@ABer, the article number of a

part or the name of a part. The search can also be narrowed down by e.g. telling IPCA to only show
parts reported after a certain date. This was shown to be helpfubrder to narrow down the

number of hits and hence, decrease the time needed for the search itself and the interpretation of
the search results. Although IPCA provides an easily understandable interphase and access to the
information in the IMDS, therare some problems with the software (see below).

The level of detail of the data available in IMDS is high and provides information for every step from
the relevant part itself down to the smallestibstancgseesection2.2). Mappingmaterialcontent at

the level of detaiin this study would probably be impossible without a system like IMDS. In addition
to the material, substance and component composition of the part, the user also gets important and
useful information about e.g. name of supplier and contact information of the supplier.

Although the following section presents several cons for using the IMDSatexial mapping such

as the one performed in this study, the vast amount of detailed data available in the IMDS is such a
huge pro in itself that isinglyoutweighs all the cons, i.e. the cons are small in comparison to the
pros.

Cons

The main con witlthe IMDS is that it is common that suppliers do not reptata sheets in time, e.qg.
before production start or any other deadling some caseslata sheets do not become reported at

all. The most time consuming work when using the IMDS for this kistldy is to exhort reporting

of these nonreported data sheets. In the short term, suppliers are not punished for delaying the
data sheetsalthough VCC might choose another supplier if a specific supplier continuously miss
deadlines and report incorrectly

The number of possible ways of reporting, at the substance level, makes in difficult and time
consuming to map materials as done in this study. As it is possible for the supplier to sometimes
report substances as e.g.ot cbpofiddehbiral subatsars
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s uc h a sall theBebhdsts need to be evaluated separately. Since they do not automatically show
up as a match in a search for a material or -@&@&ber, although they might actually contain the
material searched g they add to the margin of error of the material mapping process. To be able to
know the actual substance or substances contained within these posts, the responsible persons or
suppliers need to be contacted. This proved to be time consuming and thalambatent was
seldom known by the responsible person at VCC or theti@ssupplier. This meant that the request

had to be passed on through the supply chain until it reached the relevant supplier. In many of the
cases, this was considered to be tomé consuming.

The information inthdMDS it ased on t h edectanatprpdnd amséqaentlgased 6n
trust betweenthe car manufacturer and the supplidfewcontrols of the material contentof a part
is madeand the only standardizedontrol is made on each part®tal mass. This means that it is
possiblefor the suppliers taeport incorrecty, either on purpose to hide information or by mistake

The computer software IPCA, used to access the IMDS was in many cases delaying the work. The
most time consuming error in IPCA was software bug that meant the initial CASearches
performed failed, often after s e vneimbars hath to ber s . Th
split up and sometimes searched for one by one and e.g. year by year. When the problem finally was
solved, the searches instead repd substantially longer time and it was not uncommon that they

went on for 24 hours. The main con with IPCA was however that the system could not handle large
enough data amountsHdence, the more common materials of the study, e@pper, could not be

analyzed in details since it would have meant numerous system failures to perfonrchesafor

them. This was the reason for why 7 materials only were analyzed in terms of total mass.

It should be noted that a prerequisite for IMDS is that there are i@g&ins on how data can be used.
The data can only be used for environmental &edlthissues or to show governmental orgahst
VCCGis following legislations. Data from IMOX&nnotbe used for pricenegotiatiors with supplies
and hence, aly certain peope at VCC can access the data &mely are not allowed to spreathe
data to other departmentsvithin VCCsuch as.g.the departmentof purchasingAs a consequence,
the names of the studied cars are anonymous Hrelresults inthis study are aggregatdd order to
avoid that the data are used for the wrong purposes.
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7. Discussion
If a certain part had no reported data sheet and was believed to not contain any of the materials
studied, the part was excluded from further analysis. Beigeningwas donein close consultation
with the VCC supervisdo ensure that no parts that were expected to contain any of the studied
materials were excluded. The goal of the screening twd®e as time efficient as possible within the
time available for data collectigri.e. making sure that time was not wasted on getting a part
reported and later find out that it in fact did in not contain any interesting matetiails however
believed that this has no or only limited impact on the overall restgthermore,the number of
parts excluded compared tthe total number of parts analyzed is small. The main materials that
believed to be affected by this in any degrase niobium and the seven materialsr which no
detaied analysis was carried out. This is since most of them have mainly metallurgical applications
and hence, can be found in many different parts although you might not expect them to.

This study does not consider the degree of criticality of a materifilor critical one material is in
relation to another. Thédentified masses do not tell which material is most critical, e.g. 1 g of gold
cannot be compared to 1 g of copper. One way of simplifying the compaofstriticality isto add a
rough cost estimtion of the materials foundThis is since the cost of a material often roughly
reflects how critical it isFigure21 shows the material costs per r@ial and studied object and the
price used for the estimation is found Trable3. It should however be mentioned that the materials
are not often baight on aopen market but rather through long contracts with fixed prices and
therefore, the absolute values dwot tell much. The idea with the figure @mly instead to show the
relation between the materials and relate the masses identified to somettfiagis maybe easier to
grasp for the reader. Note that materials with identified masses less than 0.01 g and materials with
no available price information are excluded.

Material cost for all four cars
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Figure21. Material costfor materials with identified use over 0.01 g and available price information (Sexble3)
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The degree of criticality of a material is influencley the availability of he material and as a
consequence of varying availabilitpaterial prices are often greatly fluctuatingysprosium can be
used as an example of thish& spot price of dysprosium was the end of 2003 roughly 30 $/kg
(Alonso, Fiel, Roth, & Kirchain, 201and the price information from 2012 used in this study states a
price of 1500 $/kgTable3), i.e. the dysprosium prideas increased with appkimately 5,000 % in-8

9 years.Since dysprosium is commonly classified as critical in the reports studied in this $tedy, t
correlationbetween price andriticality seems strong in this particular cadeshould be noted that
since the materials are usdd greatly varying massethe total price of a materiafigure 21 should

be interpreted carefully in terms of criticality.

To enable comparison between the different car modéhe total material cost per car was also
roughlycalculated Figure22).

Total cost of critical materials per car
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Figure22. Total cost oimaterials per car

Thematerial managing strategies that VC@uld usedepend onhow critical a particular material is

for VCCThis study can be used as background information to enable éhaironmentalstrategy

decisions are focused on materials that are bpttentially critical and in fact areurrently usedi.e.

critical for VCCAs shown insection 3.3, there are a large number of strategies that can be
implemented but there is no single strategy that easily can h@iegh for all materials or all cars. For
exampl e, i mpl ementing a strategy to recover REM
right way in the case of hybriglectricc ar s whi |l e substituting the REM
conventional ces.

In this study, four factors believed to influence the use of potentially critical materials have been
analyzedHowever, there are several other factors that might influence the use as wellyeagof

design regulations, choice of supplier and @mded market. In this study, the CLMsfzaconsiderably
earlier year of desigrthan the midsize carstudied. This is believed to influence the use of the
studied materials although no analysis was carried for this factor. Some of the materials and
technobgies used in the CLM are no longer used in the other three cars and it is reasonable to
believe that the CLM would have had the same technologies and materials choices as the other if it
had had the samegear of designAs a consequence, it &xpectedthat the use of some of the
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materials studied would increase, e.g. the car might use-kighngth neodymium magnets instead

of ferrite magnets andnore lightweight andhigh-strength alloys The technical specification also
changes with the market the caese intended for since the demand differs between the markets.
Also, the markets are also often regulated iffetient ways. For exampléhe emission regulations in
place are not the same for all countries and hence, it is reasonable to expect thatghiates
emission level in turn influence the use of catalytic materials in catalytic converters and particulate
filters. It is evident that more than four factors influence the use of potentially critical materials but it
is outside the scope of this studly further analyze this.

The choice of diesel engines in all the cars was made to simplify comparison between the cars and to
be able to analyze the particulate filters only present in diesel cars. The particulate filter was from
the literature study beived to contain several interesting materials. In further works it would also

be interesting to analyze cars with petrol engines, although factors such as equipment level is
expected to be unaffected by the choice of engine.

In the literature study, the ptential uses of the materials were identified from the studies referred

to in the literature section. Another report that was used to identify potential use and possible
magnitude of masses of REM' s to be fughuhedtudwas t he
is not referred to in terms of potential use and the study does not have any real car to base the data

on, the study guided in pointing out certain parts in which to expect certain magnitudes of masses of
REM' s. The study flyeltphead ttdhee . CMMH isdematr | i st di d
at all since the matching did not result in any substantial masses of neodymium or dysprosium in the
infotainment subsystem. When the error had been corrected for, i.e. the initially rgisgirakers

and other equipment had been added, neodymium and dysprosium were found in substantial
masses. Although the study is based atadfrom a different market, no actual car and another
methodology,the study is one of the first of this kind and watsown to be of great help for general

knowl edge of the use of REM' s in passenger <cars.
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8. Conclusions
The conclusionanswersthe four research questions created from the purpose.

1. What type of parts containgotentially critical materials in a passengeac?

The largest mass and number of applications of the materials studied were found in electrical and
electronic, metallurgical and catalytic applications. For materials with electrical and electronic
applications the largest masses and largest numberagilications were identified ihigh-strength
magnets wused in electrical mo tnal in slecteomadwiriagufbi 0 sy s
materials with metallurgical applicationthe largest masses and largest number of applications were
identified in parts containing alloys of steel, aluminum, nickel and zinc. These partsnveémty

found in areas with higistrength or heat resistance requirementdaterialswith catalytic properties

are found in catalyticonverters and particulate filters.

2. In what quantities are potentially critical materials used in passenger cars and how does
the use differ between car models and specifications?

The materials studied are most extensively used in the medium specified midsize hybrid (HMM),
mainly as consequencef the electrfied powertrain. Next tothe HMM is the higkspecified
conventional midsize car (CMH) with the main use @etebnic equipment such as higierformance

audio system and elémnic seat adjustment. The logpecified conventionamidsize ca{CML) and

the lowspecified conventional large caCl(M were identified to use considerabliess of the
materials studied. This was identified to be mainly asgmuence of the relatively logpecification

of equipment level and no use of electrified pawain. The main use for CML ar@lMwere
identified in metallurgical applications.

For the24 materials analyzed in detaihe quantities found in the studied objects are:

Tablel0. Total quantities br the 24 materials analyzedhidetail for all four cars studied

Model & Specification Total mass Applications Unique parts
Conventional Midsize Car
Low-Specified (CML) 132.84 g 1755 482
Conventional Midsize Car
High-Specified (CMH) 363.94 g 2318 535
Conventional Large Car
Low-Specified CLM 153.74 g 1762 425
Hybrid Midsize Car 822.31¢
Medium-Specified (HMM) | (6257 g Li excluded 2379 555
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For all the 31 materials analyzed, the total masses found in the studied objects are:

Tablell. Totalquantities for the 31 materials analyzed for all four cars studied

Model & Specification Total mass

Conventional Midsize Car
Low-Specified (CML) 412597 g

Conventional Midsize Car
High-Specified (CMH) 465895 g

Conventional Large Car
Low-Specified CLM 386633 g

Hybrid Midsize Car

Medium-Specified (HMM) 929004 g

3. Which factors of the car design influence the quantities of potentially critical materials
used?

In order to answer this research question, the two hypotheses created will be answered. The first
hypothesis is:

I The quantity of potentially critical materials used is increasedelsctrification higher
equipment leveandsize of the car

Electrificaton: Yes, electrification increases the use of potentially critical materials. Since most of the
materials studied are used in the electrical and electronic technologies used in the electrical
powertrain of the HMM, electrification is the most influenciragtor. Increased electrification mainly
increases the use of neodymium, dysprosium, copper, samarium, silver, terbium, manganese and
lithium but also palladium and platinum.

Higher Equipment leveYes, higher equipment level increases the use of potdyitiaitical materials.
The use othe studiedmaterials increased significantly by adding optional equipment such as high
performance sound system drelectric seat adjustment. Increaseduipment level was shown to be
the second most influencing factand increased the use of mainly neodymium, dysprosium, copper,
gallium, lithium, praseodymium and tantalum but also niobium, palladium and platinum.

Size of the camNo, for the majority of the materials studied, the size of the car did not influence the
use. No increased @scould be identified irparts related tothe size of theCLMcompared to the

other midsize cars studied’he use of materials used as alloys in the body structuae initially
expected to increase as a consequence of the lasggr lut no evidence of this could be found.
However, a possible explanation for why no evidence was found, was that the CLM was designed
several years before the other cars
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The second hypothesis is:

1 The choice ofcatalytic exhaust treatment systenmfluences tle quantity and choice of
potentially criticalmaterials used.

Yes, the choice of catalytic treatment system influences the use of cerium, lanthanum, palladium and
platinum but not rhodiumwhich is commonly used in catalytic applicatiom&einfluence islargest

for cerium and lanthanurbut the use of palladium and platinum is also influendebdodium was not

used in any of the cars studied and hence, nu influence could be identified for the catalytic treatment
systems studied in this report.

The study als found other possible factors that might influence the use of the materials studied, e.qg.
year of design, regulations, choice of supplier and intended madext section?). It is however
outside the scope of this study to further analyze these.

4. What are the major pros and cons with IMDS as a tool for this kind of analysis?

This research question is answered shortly in the bullets lists belowname extensively in section
6. It should be noted that even though more cons are stated, the pros greatly overweighs the cons.

Pros:

9 The vast amount of data
1 The cktail of the data

1 Insufficient reporting from suppliers

1 Too many ways of reporting at the substance level and the possibility to report substances in
ways that hide the actual substance

1 Fewcontrols of the details in reported data sheetse performel

9 Limitations in IPCA in terms of the amount of data it can extract from IMDS during one
search
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9. Further research
The original idea behind this thesis was to identify the use of potentially critical mater@aider for
VCC to developecycling strategies. Hence, VCC will use the information in this thesis to be able to
communicate and develop recycling strategies in cooperation with the automotive recycling industry
in several ongoing and planned recycling projects.

This study analgs 24 materials in detail while 7 areayred in terms of total massecause of
limitations in the computer software IPCA. If IPi€Aipgraded, it would be interesting to perform
detailed analyses for these 7 materials as well. Also, there are other tfpmaterials that could be
interesting to analyze, e.g. plastics.

Since this study only alyzes cars with diesel engines a combination of diesel engine and
electrical motor, further studies could include cars with petrol engines. Also, since the darg
analyzed in this study is considenaldlder in terms ofyear of designand hence, probably use
considerable older techniques and materials, further studies could include adargeéth the same

year of design as the medium sized cars.

As discusseih the discussior{section7), there are more factors that might influence the use the
materials studied. In further studies, it would be inteliegtto analyze other factors such sige year
of designregulations, choice of supplier and intended market
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Appendix I. Materials in this study
This section of the appendix describes the materials studied in short summaries.

wlkNB 9FNIK aSilFrfa 6w9aQav

Rare earth metals (REM s) is a collective term
praseodymium, neodymium, promethium, samarium, europium, gadolinium, terbium, erbium,
dysprosium, holmium, thulium, ytterbium, lutetium (the lanthanides) togetheth scandium and

yttrium. Since no parts in IMDS were found to contain promethium, the material is excluded in this

study. The mining activities are cost intensive and the elements can onlgcbaomicallymined

together, most commonly from the mineralbastnaesite and monazite. In 2009, the world
production of REM' s was 124Kkt and China alone s
since Chinas rapidly growing economy is expected to require all of its production of REEs in the near
future, new minng projects have started in North America, India, Australia and M&dBuriopean
Commission, 2010)

Cerium [Ce]

Is a grayish lustrous metalnd t he most a bwuwitldam estimated coricdnieatioR & M’
66 mg/kg in the edh crust. It is most commom the minerals monazite, allanite, cerite, bastnasite
and samarskite and often together with thorium and lanthan(Patnaik, 2002)The main usage of
cerium is incatalytic converters for the autootive industry, petroleum refining, metal alloys, glass
manufacturing, polishinggnition devices and gas lightgiRatnaik, 2002jHumphries, 2011)

Dysprosium [Dy]

Is a silvery metal with an estat ed concentration of 5.2 mg/ kg i
common in the minerals xenotime, gadolinite, euxemite and monazite, often aspaobyct of

yttrium production (Patnaik, 2002)The main usage of dysprosiumiismagnets, hybrid engines,

nuclear reactors and as fluorescence activator in phospliBetnaik, 2002\Humphries, 2011)

(European Commission, 2010)

Erbium [Er]

Is a silvery metal that are often found together with other rare earth metals and the concentration in
the earth crust is 2.8 mg/kg. Erbium is used in phosphor that converts infrared light into visible light it
is also used in nuclear reactors in the cohtods as neutron absorbegiPatnaik, 2002)

Europium [Eu]

Is a soft silvery metal and one of the rarest of the REEs. It is most common in the minerals xenotime,
monazite and bastnasitéPatnaik, 2002Yhe main usage of europium is in nuclear power stations
and as red light for television and computer scre@®etnaik, 2002jHumphries, 2011)

Gadolinium [Gd]

Is a colorless or light yellow méta wi t h an esti mated concentration
It is most common in the minerals bastnasite and monazite. The main usage is in magnets
(Humphries, 2011)

Holmium [Ho]
Is a soft shining silver like metal thean be found in the minerals monazite, gadolinite, xenotime,
euxenite, fergusonite, and bastnasite. Holmium has an estimated concentration of 1,3mg#tkg
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earth crust. Holmium has limited usage areas but are used to a small extent in magnets, glass
coloring and in laser technologiéBatnaik, 2002)

Lanthanum [La]

Is a silvery white metal and are most commonly found in the -esn¢h minerals monazite and
bastnasite with a concentration of 1% in the minerals. In thearth crust lanthanum has an
estimated concentration of 30mg/kg. The main use is in metal alloys, phosphor lamp coating, optical
glass and in glass polish@atnaik, 2002)

Lutetium [Lu]
Is a silvery white metal and occurs yttrium rich minerals in small amounts. Lutetium have few
commercialize application, ons to catalyze organic reactigRatnaik, 2002)

Neodymium [Nd]

Is a silverywhite soft metal that occurs with other rare earth metals antbst commonly with
cerium group elements. Its concentration in the earth crust is estimated to 24mg/kg. The main usage
is in metal alloys together with cast iron, magnesium, aluminum, zirconium and titafiRatnaik,

2002) It is also used in glass coloring, auto catalyst, petroleum refinery, laptop hard drives,
headphones and in hybrid engin@atnaik, 2002jHumphries, 2011)

Praseodymium [Pr]
Is a pale yellow metal Wi an estimated concentration of 8.2 mg/kg in the earth crust. The main uses
for praseodymium are in glass coloring and magiietnaik, 2002)

Samarium [Sm]
Samarium is a yellow hard metal which is widely distributed in maturd the concentration in the

earth crust is 7.05 mg/kg. Samarium is always found together with other rare earth metals in typically
in minerals such as monazite and bastanasite. The uses for samarium is in optical glass, capacitors,
thermoionic generatig devices, lasers, carbon arc lightning and in permanent mag(easnaik,

2002)

Scandium [Sc]

Is a silvery white metal which is soft and light. Scandium is widely spread in nature but in low
concentration, the concentration in the earth crust is estimated to 22mg/kg. It can be found in most
soils and in numerous minerals but in very low quantitifse uses for scandium are used to create
very high intensive light(Patnaik, 2002)

Terbium [Tb]

Is a silvengray soft metal that is found in the minerals xenotime, euxenite, cerite, monazite and in
gadolinite. The concenttimn of terbium in the earth crust is 1.2 mg/Kg. Its limited usage can mostly
be found in phosphor and permanent magné®atnaik, 2002)

Thulium [Tm]

Is a silvery lustrous metal and one of the least abundant rare earth mataksture. Thulium can be
found together with other rare earth elements in yttrium rich minerals. The concentration in the
earth crust is approximate 0.52 mg/kg. The uses of thulium is few due to the high production cost,
thulium are used in portable-pays tools as medical and dental diagnostic tdtnaik, 2002)
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Yttrium [Y]

Is a gray shining metal that is most commonly found in the monazite sand which consist of
approximately 3% yttrium. The concentration in the earth cigsestimated to 33mg/kg and it has

also been found in moon rocks. The main uses are as red color in televisions, florescent lamps,
ceramics and metal alloy agefRatnaik, 2002)

Ytterbium [YDb]

Is a silvery lustrous soft meta¥tterbium occurs in different minerals such as euxenite, monazite,
xenotime and in a complex titanium niobotantalate. The concentration in the earth crust is estimated
to 3.2 mg/kg. The uses for ytterbium are; as a laser source, portatalg source, aditives in steel,

and in glasgPatnaik, 2002)

Platinum Group Metals (PGM):

The Platinum group metals consist of six metals: ruthenium, rhodium, palladium, osmium, iridium,
and platinum. The metals have similar chemical préipersuch as high melting point, low vapor
pressure, high temperature coefficient of electrical resistivity, low coefficient of thermal expansion
and strong catalytic activity. The reserves are distributed unevenly in the world with approximately
88.5% idn South Africa and 8.7% in Rugdtairopean Commission, 2010he three selected PGMs

for this report are palladium, platinum and rhodium.

Palladium [Pd]

Is a silverywhite metal with an estimated concentration of 0.015 mgikghe earth crust. In nature

it is always found together with other PGMs and it is three times more abundant than platinum.
Important applications for palladium are in auto catalysts, electronics, dental care, jewelry and
telecommunicationgPatnaik, 2002)In 2009, the world production of palladium was 195 t where
Russia and South Africa accounted for approximately 41%(&achpean Commission, 2010)

Platinum [P1]

Is a silverywhite lustrous metal with an estimated concentration of 0.005 mg/kg in the earth crust. In
nature, it occurs together with other PGMs. Important applications for platinum are e.g. in auto
catalysts, jewelry, dentistry, electronics, as a catialy.g. hydrogenation and as coating for jet
engines and missile par{Patnaik, 2002Yhe world production of platinum was 178 t in 2009 where
South Africa and Russia accounted for 79% and 11% respe{Evebpean Commission, 2010)

Rhodium RH

Is a grayistwhite metal with an estimated concentration of 1 mg/kg in the earth crust. In nature it
occurs in small quantities together with other PGMS. A large number of its appiidatias an

alloying or hardening agent for platinum and palladium. Other important applications are in e.g.
electronics, jewelry, glass manufacturing, auto catalysts and several other catalytic reactions.
(Patnaik, 2002)In 2@ 6 , South Africa accounted forU89% of
National Research Council, 2008)
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Other materials:

Cobalt [Co]

Is a silvery white metal, widely distributed in small concentrations in nature. Its ctratien in the

earth crust is approximately 0.0025% and it is most commonly found in rocks, coal an@ stk
2002)Of the world production of cobalt, 85% arises from nickel and copper production and only 15%
from pure @balt production(European Commission, 201@) large share of the usage of cobalt is in
superalloys with high resistance to oxidation, corrosion and high temperat(Pagtaik, 2002)It is

also ued in high speed trains, lithivmon batteries and synthetic fuels. Cobalt is considered to be
have limited substitution optionEuropean Commission, 201Bigures from 2010 shows that 53% of
the mine productioncomes theDemocratic Republic of Congo, followed by China and Russia with
around 7% each. In 2010, the world production of cobalt was estimated to 87,400 tones.

Copper [Cu]

Is a reddish brown metal. In nature copper can be found as sulfides, oxides, arsenides,
arserosulfides, carbonates and as native copper (100% copper). Copper have good characters
especially for heat and electricity transfer and are therefore used in electric wiring, switches and
electrodes. Other uses for copper are plumbing, piping, roofing, ingpkand electroplating
protective coating(Patnaik, 2002Yhe world production 2008 was 15,427,000 tones and the main
producing countries were Chile (34.5 %), USA (8.5 %) and Peru (8.2 %). The demand in the future are
expectal to increase due to expansion of renewable energy that need more cables and generators
than nonrenewable electricity production also electrical vehicles requires significant more copper
than conventional vehicles. Coppers good qualities make it hasdlistitute in electrical application

but copper that are used as construction material can be substituted with aluminum emedallic
substances(European Commission, 2010)

Gallium [Ga]

Is a silvery white metaimilarlyto aluminum but with a lower melting temperature of nearly room
temperature 30°C The concentration in the earth crust is 19mg/kg and in the average concentration
in the sea is 30ng/L. Gallium is found in ores of other metalsisbeing produced as a kyroduct

from bauxite and zinc ores. In many of these ore the concentration of gallium is too low to be
economical feasible to extract. The main primarily producing countries are China(75%), Germany,
Kazakhstan and Ukraine. The main use of Gallium is inratésfycircuits and in laser diodes/LED
other uses of gallium is in photo detectors and solar cells. In the future the demand for gallium are
predicted to double to year 2015 due to rapid increase of use of gallium in photovoltaic technologies.
Gallium is ot being recycled from old scrap due to there are almost no old scrap available yet but
new scrap are being recycled. In future-3@0% of the produced gallium would come from recycling
and that most of the recycled will take place in Japan. Substitutiailaility is available for most of

the technologies but not in some integrated circuits for defense related systéEigopean
Commission, 2010)

Gold [Au]

Is a yellow metal. Gold is widely distributed in nature but in smalteotration, the concentration

on the earth crust is4g/kg. It occurs in its element form as metal or as an alloyed with silver often
found in copper ores(Patnaik, 2002)The world production 2009 was 2,350 tones, the main
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producing countries was China, Australia, USA, South Africa, Russia arifd .Be@eological Survey,
2010) Themain usage of gold is in jewelry, gold plating of electrotticazing alloy and photographs.

Indium [In]

Is a silvey white soft metal, that is widely distributed in small concentrations. It is estimated to
0,1mg/kg in the earth crust and is found mostly in zinc sulfide ores and to a lesser extent in sulfide
ores of iron and coppefPatnaik, 200R The production depends on the production of lead and zinc
since there is no primary production of the metal itself. The mainese markets for indium are flat
screen panels to an extent of 74% of the total end use. Other common applicatiorsraneelting

point alloys for temperature indicators, minor alloys for dental application and architectural glass
and windscreens. Less than 1% of indium scrap is being re¢iatlempean Commission, 2010)

Niobium [NDb]

Is also known as Columbium and is a grayish soft metal. Its concentration in the earth crust is
estimated to 20mg/kg and it can be found in several minerals often together with tantalum and rare
earth metals. The World production in 2009 was 61,7kt w2t¥93 of the production in Brazil and 7%

in Canada. The amount of recycled niobium is not known but estimation from [USGS mineral
Commodity Summaries 2011] states that up to 20% could be recycled with the right measures. The
main usage for niobium is as nad@lloying both for ferrous and nefierrousmetals. The main alloy is
high-strength steel for construction of car bodies,-sffore platforms and pipelines but also as high
strength steel in aircraft and in the nuclear sedtBuropean Commission, 2010)

Lithium [Li]

Is a silvery with metal and is the lightest metal. Lithium is widely distributed in nature and the
concentration in the earth crust is 20mg/kg and in the sea 0.18mg/L. The use of Lithium is many such
as medical usegnetallurgical as alloys in lead, magnesium, aluminum and other metals. Lithium is
used in high energy batteries for electronics and in cars, it is also used in glass and ceramics and as
lubricating grease for the automotive industfRatnaik, 2002h the future Lithium car batteries is
projected to be the dominant use for lithium to 2050. The main producers of lithium are Chile with
41.7 % of the total production in 2009 other large producing countries are Australia (2€B¥3,

(13.0 %) and Argentina (12.4 ¥guropean Commission, 2010)

Magnesium [Mg]
Is a silvery white metal. Magnesium is one of the most common metals in nature and the
concentration in the earth crust is approximately 2.4%ibt don’t exi st in its el

different mineral forms. Magnesium can also be found sea water with a concentration of 1,350mg/L,
Magnesium also occurs in all plants and are and are an important nutrient for humans and
recommended daily intee for adults are 300mg/day. Magnesium are used in chemical, electro
chemical, metallurgy and electronic industries. Magnesium is alloyed with aluminum, zinc, copper,
nickel, lead, zirconium and other metals as well. The alloys are used in almost aftiésdie
example in the automotive industry{Patnaik, 2002)'he world production 2009 was 30,190,000
tones and the main producing countries were China (56.1 %), Turkey (12.0 %) and Russia (7 %).
(Europan Commission, 2010)

Manganese [Mn]
Is a reddish grey metal. Manganese is the twelfth most abundance metal in nature and the
concentration in the earth crust is 0.095% and the average concentration in sea watepgte 2
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Manganese exist mostly in ¢hform of oxides, silicates and carbonate ores and are often found
together with iron ores in small quantitiefPatnaik, 2002Z)he world production 2009 was 9,664,000
tones and the main producing countries were China (24.8\¥stralia (16.6 %), South Africa (13.5 %)

and Brazil (10.2 %). Approximate 90% of the usage for Manganese is in steel metallurgy where it is
used as a deoxidizing and desulfurizing agent. Other uses are in copper for same reason in steel,
corrosion protetion. (European Commission, 2010)

Molybdenum [Mo]

Is a silvery white metal. Molybdenum does not exist in nature in free element form. Molybdenite
(MoS) is the most important ore and the one that are commercially min@&htnaik, 2002)he
concentration in the earth crust is betweenl115 ppm and is mined both as primary production and

as a byproduct of copper. The world production 2009 was 202,000 tones and the main producers
were China (37.9 %), BS24.6 %) and Chile (15.8 %). The main ssfmgemolybdenum are in
metallurgical used as an alloy manly in different steels but it is also used for catalysts, pigment,
corrosion inhibitors and lubricant§European Commission, 201

Silver [Ag]

Is a white metal with brilliant metallic luster. The estimated concentration of silver in the earth crust

is 0.075mg/kg and in sea water the concentration is O@I4. Silver can be found in its element

form commonly together with gold and can be found in most lead and copper @?amaik, 2002)

The world production in 2008 was 21,300 tones and the main producing countries were P&u (1

%), Mexico (15.2%) and China (13.1%). The main usages for silver are in the jewelry, electrical and
photograph industries. It is also used as catalysts, clothing, dental, solar panels, water treatment and
plasma displays. Recycling of silver dependsvbare it has been used, silver that been used as
jewelry are recycled up to 90% but silver that has been used in electronics are only been recycled up
to 10-15%.(European Commission, 2010)

Tantalum [Ta]

Is a grey heavy and thmetal. The concentration in the earth crust is estimated to 2mg/kg and are
never found as a free element form, tantalum is occurs most often in the mineral colutebiigite

(Fe, Mn) (Nb, T&)s. The properties of tantalum and its a® are high meltig point, highstrength,
ductile and high resistance to chemical attacks. Due to the properties tantalumsarkin alloys for
high-strength and heat resistance materials for aircraft, missile, automotive and gas and steam
turbines industries. Tantalum &lso used in capacitors, medicine and optical industriBstnaik,
2002)There are few countries that produces tantalum in 2009 Australia stood for 48,3% and Brazil
for 15,5 % of the world production other countries that pumeéd tantalum is Canada, Democratic
Republic of Congo and Rwanda. Recycling of tantalum exists from cemented carbide and alloys
sectors where tantalum is recovered in mixed or alloy form. Recycling from capacitors which is the
main usage of tantalum doesohexist due to it is difficult and expensive. For many technologies
tantalum can be substituted or there is work in progress for substitutions but when tantalum is
substituted most of the applications loose in effectiveng€gsiropean Commission, 2010)

Tellurium [Te]
Is a silvery white lustrous metal. Tellurium occurs in nature in vary small concentration and can be
found together with gold, silver, lead, nickel minerals and less common as tellurite) (T
estimated concemration of tellurium in the earth crust ispb/kg. (Patnaik, 2002)The tellurium
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primary producing countries are China (33%), Belgium (33%), Philippines (16%), Japan (12%), Canada
(4%) and Russia (2%) of the world productiototal. The world capacity for production of tellurium

is high and is 78%. The main usages for tellurium are as alloy element in steel, copper, lead and
cast iron. Other uses are in chemical and pharmaceuticals, electronics and in photovoltdilcrihin
technologies but the use of tellurium in photovoltaic are predicted to decrease due to other
materials are used instead. The recycling of tellurium exists in small amounts but is growing.
(European Commission, 2010)
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Appendix Il. Tables

Tablel2. Subsystem description

Engine System

PSS Subsystem Explanation and/or examples of parts
10 Powertrain Mounts Parts to mount e.g. engine & gearbox
20 Fuel System Fuel filter, fuel lines & fule tank
30 Cold end of the exhaust system, i.e. not near
Exhaust Cold End the engine
40. 50 Engine Cooling & Air
’ Induction Air inlets, engine cooling fan & radiator
290,291,320

Engine, catalytic converter & particulate filter

300,301,310,380 _
Transmission

Parts that transfer power from motor to drive
shafts, e.g. gearbox & propeller shaft

Brake pipes, brake disks & hydraulic unit for

Cleaning & Horns

60 Brake System ABS
70 Pedals Accelerator pedal & brake pedal
80. 90 Wheels & Wheel
' Suspension Link arms, suspensions, subframes & wheels
100 Steering Servo, steering column & steering gear
360 Saftey Electronics Sensors for air bags & ABS sensor
Various visible panels and in some cases also
120,14 the electronics behind the panels, e.g. door
Interior & Instrument Panel | @n€ls, instrument panel, arm rests, floor carpets
130 Seats, seat frames, seat heater & electrically
Seating adjustable seats
150 Climate System Air condition, air ducts & climate unit
160 Restraints & Air Bags Air bags, seat belts & load net
170 Exterior Lighting Front-, position- and rear lights
80 System for cleaning windows and exterior
1

lightings e.g. wipers, washer fluid reservoir &
horns

190,220,230,240
Doors, Boot & Hood

Doors, boot & hood

Driver Controls

200 Glass, mirrors and other glazed surfaces, e.g
Glazing & Mirrors rear view mirrors & door glass
210 Roof Systems Roof hatch & roof rails
250,260,570 Bumpers, Spoilers & _
Covers Bumpers, spoilers & covers
270,271,280 T_he car's structure above the chassis, e.g
Body Structure pillars & crossmembers
330 Electrical Distribution
System Mainly cables
332 Low Voltage Power Supply |12V battery, starter motor & alternator
334 Battery for the hybrid, voltage converter &
High Voltage Power Supply | alternator
Buttons and switches that the driver can
340 control, e.g. cruise control start button & light

switch
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350,361 Electronic door locks, sirens, rain sensors &
Security & Body Electronics | pressure sensors
370 System to both inform and entertain, e.g.
Infotainment speakers, amplifiers & microphones
990 Accessories Accessories such as roof box & bicycle holder
980 Special equipment such as sport steering
Special Equipment wheel & 18" aluminum wheels
0 Standard Components Clips, plugs, screws, sealing & nuts
Table13. CAShumbers found n the cars and used for molar mass calculations
CAS-numbers
Rhodium Dysprosium | Erbium Samarium Silver Ytterbium Gold
7440-16-6 7429-91-6 7440-52-0 | 7440-19-9 744022-4 1314-37-0 7440-57-5
Gadolinium | Lanthanum | Tantalum | Terbium Manganese | Cobalt Praseodymium
12064-62-9 | 7439-91-0 7440-25-7 | 7440-27-9 7439-96-5 7440-48-4 7440-10-0
7440-54-2 1312-81-8 1203166-2 | 102110-19-0 |1313-13-9 1308-06-1 12037-29-5
Palladium Platinum Copper Neodymium | Europium Molybdenum | Cerium
7440-05-3 7440-06-4 7440-50-8 | 12058-94-5 |1308-96-9 7439-98-7 1306-38-3
1314-08-5 68478-92-2 12158-75-7 | 1313-97-9 374783-70-7 |1317-33-5 102110-19-0
7647-10-1 12035-82-4 22205-45-4 | 7440-00-8 6858582-0 68412-26-0 12014-56-1
7440-45-1
Niobium Yttrium Gallium Indium Magnesium | Lithium
7440-03-1 1314-36-9 12063-98-8 | 1312-41-0 7439-95-4 12031639
68611-43-8 | 12005-21-9 7440-55-3 | 1312-43-2 14807-96-6 | 1203166-2
1313-96-8 7440655 25617-97-4 | 50926-11-9 1309-48-4 91001-47-7
12031639 6858582-0 1303-00-0 | 7440-74-6 1309-42-8 7791-03-9
7124384-0 329211-92-9 | 7620-77-1
No CAS: 12125-28-9 | 7439-93-2
Lutetium 12304-65-3 | 68649-48-9
Holmium 1343-90-4 68604-46-6
Scandium 4485-12-5
Thulium 38900-29-7
12057-24-8
6475495-6
131065-2
449991-6
1037752-3

60



