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The purpose of this document describes the results of the activities undertaken in Task 2.1.2. The aim
of this deliverable is to identify factors affecting the CRM parameters of the selected products and
components in the ProSUM project, these being eleictl & electronic equipment (EEE), battery (BATT),
and vehicle components and productsThis report satisfies ProSUM project deliverable D 2.3, which

concerns a part (Subdask 2.1.2) of Task 2.1 of the Technical Annex 1 of the ProSUM Grant Agreement

Products constantly change and product / technology trends show the material requirements of
technologies in products has become increasingly
2001), with one large, global, agineering and technology company stating they use at least 70 of the
first 83 elements listed in the Periodic Table of Element®(clos, 2010). This reflects the rapid
technological developments over the past 30+ years. The literature does indicatéa product case
studies, the changes in the CRM parametesver time These changes are driven byomekey factors.
Theaim of this deliverable is tadentify factors affecting the CRM parameters tiie selectedproducts
and componentsin the ProSUMproject, these beingelectrical & electronic equipment (EEE), battery
(BATT), and vehicle components and produdtsLV)

This report satisfies ProSUM projectetiverableD 2.3, whichconcerns a part (Subask 2.1.2) of Task
2.1 of the Technical Annex of the ProSUMGrant Agreemen{see Figurel).
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Figurel: Work Package 2 Pert chart.



The scope of this deliverablés limited to factors relating only toEEE, BATT and ELVhe factors which
influence CRM parametersncludes the material choices made at the product / component design
stage, the development of technolgies which affect material choicesand the wider materials value
chain forcesat playat a given time

Interms of the methodological approach, idine with the scope of the ProSUM project, data mining will
address available literature and publications on factors influencing the CRM parameters for
component/product compositionrelevant for theEUmember statesplus Switzerlandand Norway The
time periodcovers the yearsl 980 to 2015. In accordancewith the description of Task 2.1n Annexl

of the ProSUM Grant greement, data miningis based on literature, existing opesource databases
currently in the ProSUNbibliography expanded with a specific literaturevhich has been found through
the literature review for this deliverable

The CRMsaddressedin Deliverable 2.2 correspond to the CRMdefined as critical to the EU. More
specifically, forthe ProSUMproject, aitical materials are elements from the periodic table of elements
(metals / rare earths),cf. section 7.4 and Annex 5 in D5.8Figure?2).

Conflict mineral origin possible

"Medium to high relative annual demand from ProSUM products" and/or
"Recovery Driver" and/or "Challenge for recycling process"

at least one specific application within ProSUM
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Figure2: ProSUM projectcritical materials are elements from the periodic table of elements (metals / rare earths)



The workfor Deliverable 2.3relies on the framework of classification and caa lists that were
developed in [Zliverable 5.3 "Review and harmonisation of data"especially the product keys,
component list and material list. In addition to these code lists, a list of CRM parameter labkés
beenestablishedin D2.2to enable a precise description of the property represented with numeric data
contained in referencesThe CRM parameters identified in D2.2 aneproducedbelow.

= =4 =9 = = =4 =4 =8 -8 -8 -9

e-m: Mass or mass fraction of an element in a material

e-C: Mass or mass fraction of an elment in a component

ep: Mass or mass fraction of an element in a product

m-C: Mass, mass fraction or volume of a material in a component

m-p: Mass, mass fraction or volume of a material in a product

c-c: Mass, mass fraction, number, length, volume, area or other extensive property of a
component in another component

cp: Mass, mass fraction, number, length, volume, area or other extensive property of a
component in a product

p-p: Mass, mass fraction, numer, length, volume, area or other extensive property of a product
in another product

p: Mass, length, area, volume or other extensive property of a product

c: Mass, length, area, volume or other extensive property of a component

p-f: Mass, mass fraction, amber, length, volume, area or other extensive property of a product
in a product flow

Note thatc-c, and p, arevalid options, since a productsuch asbatteries, may sometimes appear as

a component of other products, and a component can often be subitled into more components. For
example, a populated printed circuit board and its capacitors are both considered components in this
system.



In line with the scope of the ProSUM project, data minitgs revealedpublications which will provide
the data and information on the factors influencing the CRM parameters for component and product
composition. Geographically the literature will aim to be principally relevant for the EU. It is recognised
that the global nadure of materials chains means the geographical scope can be wider.

In accordance with the description of Task 2.1 in Annex 1 of the ProSUM Grant Agreement, data mining
is based on literature, existing open source databases currently in the ProSUM bib&pdy, expanded
with a specific literature which has been found through the literature review for this deliverablde
time period of the reviewcovers the years 1980 t02016.

The approach is to first define the scope: It was decided to focus on CRM teoih in Permanent
Magnets (PM)in Hard Disk Drives (HDD)and vehicles, and CRM content in batteries over time (1980
2016).

The workpackage contributors then studied cases based upon available literature foundire ProSUM
EndNote bibliographygrimary focus on most frequently studied products and components identified
in the ProSUM bibliography, i.e. computeomponents components of vehicles and batteries).

a. PMin HDDEEE)
b. PM in vehicleg ELVY
c. Batteries(BAT)

Based upon the studied caseswe identifieda list of factors based on
i factors posing sgnificant influence on the CRM content within the parameters ofcg cp, ec
and as defined in D2.2.predefined examples of factorsare:
0 introduction of new componentfproducts/technologies/regulations/etc. (e.g. lithium
batteries)
o Division by EEE, BARnd ELV

The final result of this deliverable is an overview of the identified factors in the cases, which are then
categorized and generalized for furtheaipplicationin the ProSUM IN.

This phase wa divided among the ProSUM partners involved: TUD, Chalmers, Empa, Eucobat,
Recharge, TUB. TUD and TUB perfedhthe literature review on EEE timseries, Chalmers and Empa
on Vehicles timeseries and Eucobat and Recharge focus on a literature review on batteries tigggies.



Studies on the composition ofvehicles with respect to critical metals were identified in deliverable
D2.2. None of these studies provide sufficient data for quantifying changes over time in the critical
metals composition ofvehicles One study identifiesix main application categories for critical metals:
steel alloys, aluminium alloys, magnesium alloys, nickel alloys, lubricants, catalytic converters and
electric, electronic and magnetic components (Andersson et al. 2016), all of which can safely be
claimed to have changed over time. This report focuses on electric, electrical and magnetic
applications, which have increased significantly over the past two decades, see Figures 2 and 3. In the
following, we give an overview of the factors affecting the dhe of magnetic material invehicles the
historical development of magnetic materials and summary ofthe factorsidentified which influence

the content of critical metals invehicles through their use in magnets. Moreover, we provide an
overview of chages in the use of electrical and electronic devices in vehicles in general.

The magnetic, physical and chemical properties determine, to a large extent, the selection of magnetic
material for different applications. The most important properties in this context ar@Constantinides
2012):

- Flux density- Br[G]

- Resistance to demagnetization Hei[Oe€]

- Reversibletemperature coefficient for B8 A [ @)/

- Reversible temperature coefficient fordda [° @}/

- Energy product BHnax[GOe€]

- Corrosion resistance

- Curie temperature- Tc[°C]

- Physical strength

- Ductility

In addition, the cost of raw materials is important. The four important magnetic materials in use today
in passenger carsare alnico (AINiCo), samarium cobalt (SmCo), ferrite and neodymivom-boron
(NdFeB). In addition, there are scalled bonded magnetscreated by embedding any of the former
materials in a rubber, thermoplastic, thermoelastomer or thermoset. Table 1 shows an overview of
these properties for the four most common magnetic materials: AINiCo, Ferrite, SmCo and NdFeB.



4Cast Alnico havénigher BHmax than sintered Alnico
5Bonded type NdFeB and Ferrite have lower BHmax than their sintered types

6Higher additions of Dy, Nb, V, Ga and Co, etc. are required above 80 °C

7Values for cast Alnico; higher: Alnico grade 5, lower: Alnico grade 8

8SmeCar has higher Tc than SmGo
9NdFeB bonded have higher Tc than NdFeB sintered

10Material prices from mid 2013

demagnet.

Material Properties Relative | Relative
cost at|cost at
. . 20°C10 | 200°C10
Magnetic Physical
Br HcJ A I BHmax | Usable Corrosion | Tc Manufacturing Process
temperature | resistance
kG kOe %/°C %/°C MGOe | °C °C Bonding
Min | Ma | Min | Ma Min Max - $/MGOe | $/MGOe
X X o2
o | £ -
ol 215/ ¢| 8¢
Sl =S5 al c| @
2|1 8| ol | o] 2
0 = () =1 +—
c| S| =] o 8| %
Olwn|E|loloOo | W
AINiCo 55 |13. |06 |19 | -0.02 0.01 1.4 to | 250 425 Excellent 860 to | x |[Xx |Xx 6.95 7.9
5 4 10.54 9007
Ferrite 25 |41 32 |45 0.2 0.273 27 to | 40 150 Outstandin | 450 X X X 3.9 9.15
4.05 g
SmCo 8.8 18 18 - 0.035t0-| -0.2to-| 18 to | -250 525 Good 700 to X X X 7.25 8.45
0.041 0.41 32 8108
NdFeB |10 |13 |- 14 [ 007 to|-04to-[27 to|-125 [ 2256 | Fair 310 to x |x [x [x [x [85 10.8
0.132 0.652 455 4709
1ISmCehas hi gher AxCarleds ténperatuee stab®)m
2Sintered NdFeB have higheh  a ntltan konded NdFeB (less temperature stable)
SFerrite magnets have a positive a; they are resi st antratures
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The four automotivevehicle magnetic materials were discovered and developed subsequently
throughout the 20h century, starting with alnico magnets in the late 1930's, ferrite magnets in the
late 1950's, SmCo in the early 1970's, and NdFeB in the early 1980's. The development haste
driven by a need for improved magnetic properties and reduced cost. Figure 1 shows how each
subsequently developed material has surpassed the earlier ones in terms of energy producin&H
(Rooze 2002) with the exception of ferrite magnets, whose main advantage is the low cost.

60 480
OTHER IMPORTANT CHARACTERISTICS N
i REQUIRED MAGNETIZING FIELD 440
THERMAL STABILITY 0

S0 [ MECHANICAL PROPERTIES 400
CORROSION RESISTANCE -
o i MANUFACTURABILITY 360 %

CoSsT
8 40 Nd-Fe-B \/ 320 £
= %4 280 3
' 30 240 2
a S$mCo 1-5 and 2-17/ ;
= 200 5¢
T BONDED ISOTROPIC NdFeB ©
20 160 £
a SINTERED FERRITE T
COLUMNAR ALNICO 120 m
10 | KSSTEEL MKSTEEL ALNICO5 80
40
0 0
1900 1920 1940 1960 1980 2000

YEAR

Magnets invehiclesare used mainly in transducer applications (devices that convert one type of
energy to another). They can be divided in three groupstectromagnetic converting electric
signals to magnetic signals and vice versaglectroacoustig converting electric signals to sound,
and electromechanial, converting electric energy to mechanicainergy or vice versa. Of these
three, electromechanial devices are largest in mass in vehicles. Electromechaalcdevices
include all the electric motors (e.g. power windows, wintteen wipers, fan mdor) as well as the
alternator. The magnetic materialsontain different critical metals, se€Table2.

Magnetic material Critical metals

AINiCo Co

Ferrite La (optional)

SmCo Sm, Co

NdFeB Nd, Pr(optional), Dy (optional)

11



Ferrite magnets are normally the first choice of magnetic matal due to its low cost and
outstanding corrosion resistancéRooze 2002) and is therefore by far the most common magnetic
material found invehicles(Widmer 2015) The more costly material NdFeB is used when a higher
energy density is regired such as in small speakers, most often found in higéind vehicles SmCo

is rarely used due to the high cost, but can be an option when a high energy product and resistance
to magnetization (by temperature or magnetic field) is required, e.g. for safetpplications such

as the seatbelt adjusters, although this is only known to be used in highd vehicles

The choice of magnetic material irvehicle applications has in the past been influenced by the
discovery of entirely new materials, such as ferritmagnets and NdFeB. The required magnetic,
physical and chemical properties are given by the application in which the magnet is used, and if
several materials are suitable the most important factor for selection is the price. Hence, the
current change in nagnet use invehiclesis mainly driven by the introduction of new devices. The
expected penetration of electrified vehicles in the passengeehiclesmarket is likely to drive the
use of magnets significantly, since they often, but not always, use NdFeBgmets for the electric
drive motor (Elwert et al 2015). Another factor increasing the use of magnetsvehiclesis the
penetration of various other electrical and electronic devices.

The use of electrical and electronic systems wehiclesis increasing and contributes significantly

to increasing their content of critical metals. Some electronic systems have reached maturity or
evendecline, see Figure ADeloitte China Automotive Practice 2013However, there are also hew
systems that currently experience rapid growth, such as advanced driver assistance systems
(ADAS), gasoline direct injection (GDI) and tire gsare monitoring system (TPMS).

® Power Control I Suspension control
’ Passive safety control

ABS & ESP
® Safety Control Other adtive safety system v
Communications & Entertainmpnt system Motor / ..’
. Dashboard & Ins

@ Body Flectronics Gearbox (Dﬂ’m“ L Wiring ha;ne I
Oth

59
ef body electronics
/ Other power control
/ Steering Control

/ Ofher communication & entertainmenf system

/. TPMS
Telemat|cs ,. GDI

ADAS

Introduction Growth Maturity Recession

nt

Figure4: Market penetration of various electronic systems imehicles(Deloitte China Automotive Practice 2013ADAS
= advanced driver assistance systems, GDI = gasoline direct injection, TPMS = tire pressure monitoring system, ABS =
antiHock braking system, ESP = electronic stability program.

By reviewing market analysis reports and producer catalogues we identified tleddwing main
functions driving the increasing use of electronics wehicles(Bosch , McKinsey & Company 2012,
Deloitte China Automotive Practice 2013)

- Safety (considered the most important driver in terms of number of devices)

- Fuel economy
- Emissions control
- Communication and entertainment

12



- Comfort
- Electrified powertrains

Safety and emissions control are, in turn, heavily influenced by regulatory requireme(gloitte
China Automotive Practice 2013)Figure 3 shows the market penetration of variouslectronic
systems in new cars sold in Germany since 199®¢utsche Automobil Treuhand999 to 2013 as
compiled in (Sander 2014) Many of these systems have now reached a near 100% market
penetration and most have reached maturity. It can clearly be seen that the intration of
electronics for safety (ABS and side air bag), comfort (air condition, electric window lift) and
entertainment (CDplayer) were all significant in the past decade.

100%
== Radio

30% A == Power Steering

80% e ABS

=8==Electric Window Lift
70% -+
== Ajr Condition

0, -
60% === Side Air Bag

50% - == CD-Player

=== (0n-board Computer
40% -
== Electronic Parking System
30% A
Navigation System

20% A =4=Electric Seat Adjuster

Electronic Parking Assistent]

Share of new cars with the resp. Equipment

10% -+

Lane Keeping System

0% T T T T T T T T
B1999* 1999 2001 2003 2005 2007 2009 2011 2013

*-B1999 = Car fleet 1999
Year Source: DAT-Reports

Figure5: Market penetration of electronic systems inew cars sold in GermanySander 2014)

The increase in electric and electronic systems appears to continue, evident in, for example, the
equipment of newvehicleson the German market. Théollowing changes between 2014 and 2015
are pointed out:

OParti cul awdrethe madasexirenavbandeused vehicles with éabard computers and
rain sensors. In addition, ESP and TPMS were mandatory in nehicles Both of these have been
required equipment features in all new passenger vehicles and motorhomes in the EU siric
November 2014. In addition, more vehicles had metallic paint, inbuilt handsee equipment and
adaptive cruise control. In used vehicles, light sensors, side airbags and multifunction steering
wheels were the features that saw doubldigit increases canpared to the previous year. New in
the survey for all vehicles were automatic stagtop systems, digital radios, drowsiness detection
systems or driver alert systems, electric boot lids and reari e w ¢ aDestsclee sAut@mobil
Treuhand 2016)
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Basically, there are fouCRMs that can be found in batteries:
1 Cobalt in main types of lithiumon batteries and in NiMH batteries
1 REE in NiMH batteries (Ce, La, Nd, Rahd in low concentrationsn lead-acid batteries (Pr)
1 Antimony in lead acid batteries mainly
1 And ratural graphite in a large proportion of the ton batteries.

The bllowingfactors may have a significant influence on changes the CRM parameters:
1 Economic requirement: battery price. This is particularly true for batteries containing Co,
where price can represent a significant part of the battery cost.
9 Technical requiremens:
o Battery specific energy
o Charge/Discharge rate capability
o Lifetime and cdendar life

0 Battery volumetric energy
Forexample, slightly different performances can bebservedwhen using artficial graphite for
the LithiumHon batteries cathode, when compared to natural graphite.

1 Legislative requirements: Article 4 of the BatterseDirective 2006/66/EC prohibits the
placing on the market of portablébatteries or accumulators that contain more than:
o 0,0005 % of mercury by weight, excepting button cells with a mercury content of
no more than 2 % by weight
o 0,002 % of cadmium by weight

In general, the decisive factors for the development of thaverage material composition of
batteries are nota result of changesin the composition of batteries with a specific electrochemical
system, but market shifts from an electrochemical system tmother.

(Rydh & Svérdb, 2002summarised the production of portable rechargeable batteries for the years
1989 to 1999, with a projection up to 2009 Figure6). (Patricio, 2015)in Sweden andMeisenzahl
& Sittig, 2010) in Germany published moragecent data on the market shares of the different
electrochemical systems Figure 8 and Figure 9). These data do not include industrial and
automotive batteries. The datashowsa decreasein the production of NiCd batteries, an increase
in the production of Liion batteries and a trend towards a daease in the production of NiMH
batteries.
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The worldwide rechargeable battery market, in volume,

MWh, 1995-2015
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Figure 7: Global production of portable rechargeable batteries 1998015 (Pillot, 2014)
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Figure8: Share of number of secondary batteries consumed by electrochemical composition in Swe(Ratiicio,
2015)
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The shifts in thedevelopmentof electrochemical systems reflect changes on thaarket for
products, in which the batteries are usedsuch asthe case ofcompact electronic products like
smartphones leading tochangesto the technical and economic requirementsf batteries.
(Patricio, 2015)illustrated the changes of the EEE shaifer consumed batteries in Sweden for

199662013 (Figurel0).
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Figurel1l: % of portable P@ according their thickness (in inches) pted on the market from 2010 to 2014, and
proportion of lamirate, prismatic and cylindical cells in 2014 (Pillot, 2014) (LIB = Lilon Battery)

Anotherexample is the shift of portablgersonal computersPQt owar ds thin and oul
notebooks. As a result, theraditional battery shape used for prtable PCs i nce {chneno 900 s
longer be usedn these new products: the battery shape was based on a standard cylindrical shape

Li-ion cell having adiameter of 18 mm. The new batteries design requirea maximumthickness

of 10 mm or less, and therefore requires the development of new battery technologes. As

indicated inthe

, the new format €alled here laminate batteries) representd9% of theglobal market andthis is
increasing. This new requirement is one of the @sons for the shift observed in the batteries
chemistry from LiCoO2 type to ENMC type Figurel2)
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