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INTRODUCTION

Ensuring a sufficient raw material supply to meet demand is an economic nects#itycontext of the Raw

Materials Initiative(RMI) the term "critical' is introduced foraw materialshat: (1) have a significant

economic importance for key sectors while g2ffering fromhigh supply risks and (3), for which there is a

current lack of sustitutes (Commission of the European Communities 2008)yough a series of exercises

(European Commission 2011, 2014c, 201Iists of critical raw materials (CRM) have been prepared for the EU
using two basic methodologies in an effort to providetopdate focus paits for policy and industry action to

secure the supply of raw materiatecessaryor the European economy.

Usefulfor highlighting riskas the CRM lists are, it remains necessary to dive intinttigidualdetails of each

raw material market in ordeto understand the issuesnd develop adequate risk mitigation strategies at the

appropriate levels (from R&D funding by national governments to product design ortshoredium term
stockpiling by individual companiegurthermore, CRMsts are general datadriven/backwardlooking in

their methodology.Therefore, it becomes necessary to supplement lists of CRM with additional, especially

forward-looking information(cf. European Commission 2010, 2014a, 201Tih¢ Minerals4EU project
prepaed a simplified overview of the factors to consider an understandingmodelling of raw materials
marketsand for sketchinduture raw materials supply and demarf@ittmer & Sievers 2015as shown in
Figurel.
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Figurel: Simplified sketch of the dynamic relationships betweelifferent aspects of raw materials supply and demand. The Work

Packages of the SCRREEN project are roughly located in the picture. The focus of this report is on the demand of ransmaterial

(underlined in orange)Figure modified fromTercero Espinoza & WittmgR015)

This reportisthe third and last Deliverable in Work Packagan@ follows both on the work done in

Minerals4EU and that described in D2Report on the current use of critical raw materiadsid D2.2'Report
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on major trends affecting future demand for critical raw materiaféthe SCRREEN projethe objective is to
provide a framework for estimating critical raw material needs for thiédg a time horizon of 120 yearsand
to apply this framework to selected critical raw materials.

PROVIDING CONTEXT T@E WORK

A variety of factors iknown to influence demantbr raw materials such that it is not possible to precisely
determine what demand will be in the future. Nevertheless, it is necessary to estimate what developments in
demand or different raw materials are possible anddecidewhich of these developmestneed exceptional
action in order to focus political and industrial measui@slivering on the first pointthe generation of
quantitative scenarios for raw material demand (and supply) has become an establishéiddenberdaal et

al. 2013; Marscheideweidemann et al. 2016; Sverdrup et al. 2008)esecond point, i.e. deciding whether a
development is "normal” or "extraordinary", is still an open issue in the literature and work was undertaken
within SCRREEN to close this gag to better elucidate the different influences that lead to changing deanan
for raw materials over timeThis work, focusing on metals and published_apgkau & Tercero Espinoza
(2018) is briefly presented belowhe limitation to metals follows from practical considerations of data
availability. The relevance of metals as critical raw materials is undisputed; however, the criticality of other
types of raw materials (industrial minerals, biotic materials) is by eama questions by this limitation of
scope.

SUMMARY EXAMINATIOCDFDEMAND CHANGIE THE PAST

As sketched ifrigurel, factorssuch as world population, disposable @mee, regulations, incentives, policy,
trade regimesprevalenttechnology mixetc. affect the demand for raw materials in general and for metals in
particular. Many researchers have made the observaffartensity of use" hypothesighat the expansiorof
manufacturing and construction by industrialization causes the intensity of metal use to rise with GDP in low
income countries while shifting consumer preferences in higheome countries cause peapita demand to
stagnate(Pei & Tilton 1999; Roberts 1990; Stirmer 20H)wever, asCrowson(2017)points out, the

intensity of use hypothesis alone is not sufficient to explain development in material demand as it neglects the
influence of technological changgspecially in the case of metatbge influence of technologicalhangein

end-use applicationsnay also be significamind hagyained particulaattention. In particular, an exceptional
increment in demand due to emerging technologies is considered likethdmocalled"technology metals

(e.g. indium, germanium, gallium, rhenium, selenionrare earths; Blagoeva et al. 2016; Hoenderdaal et al.
2013; MarscheideWeidemann et al. 2016; Moss et al. 2011; Moss et al. 2013)

In addition to the emergence of new technologies (including theiention, innovation and diffusion),
continualimprovement oftechnologies is a constitutive part of technological cha(®e & Tilton 1999)
Continual improvement of production technologiegenerally connected with a decrease in costs (e.g. for
labour, energy material), which tends to make products lesgensive and moraccessible to consumers,
possibly leading to higher overall demandthe case of improved material efficiency, a decrease in metal
demandcould be expected but this may be counteracted or even overcompensstétcreased demand for
the (now cheaper) producidthe socalled"rebound effect"(Pfaff & Sartorius 2015)-urthermore,

technological changén the shape of emerging technologiesveal as continually improvetéchnologies) also
includes enhancements of recycling and othspects of a circular economy, which lead to a reduced primary
demandfor materials. Finally, new technological developments doreatessarily mean their raw maial
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requirements are additive to thatf established applications. Instead, the introduction of neehnologies can
also result in the substitution of an establishietthnology, possibly shifting raw material requirements to a

different set of raw matemls.

Consequently, technological change can have increasing effecsmand for some materials and, at the
same time, decreasing effedisr others. Therefore, a better understanding of the developmentnetal
demand over time requires a combinationadpects of GDgrowth, changes in consumer preferences and
gradual as well as radicalchnological changes a first approach to examine all factors at once,riiative
change in global primary production for 30 metals oveygars (19982013)is shown inFigure2 as a proxy for

demanddevelopment within this period.
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Examination ofFigure2 reveals that, while primary production for none of the metals has decreased, the
degree of increase is largely variablanf essentially zero (Be) to more than 3%0of the originalevel (In and
Co)while the world economyrew to approximately 18@60f its level in the time period consideretihe
histogram on the right oFigure2 shows the count of raw materials falling in each interval.

Half of the metals (15 of the 30 metals considered) incredsdess than 2006 of their total production in

1993 by 2013Therefore, they increased in a similar manteGDP or less than GDP. Note that this group
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comprises metals with a total primary production ranging from sigallO kt) over medium (< 1 Mt) to large (>
1 Mt) total size. The sanis to be noticed for the A metals thatexperienced significantigtronger growth than
GDP (intensity of use above 1). However, fofiad metals having a ratio @emancoiydemanchoss of about

or morethan 400% (tantalum, bismuth, niobium, cobalt and indium), the tqaeimary production is<100 kt.
Therefore, this level of increase in primary production (as a proxy for demand) appears excefitiemait (of
30, < 20) Furthermore, combined with the information on market size, this result appears to substantiate
the intuition thatsmall or medium size makes a metal market morene to exhibit exceptional growth due to
emerging technologiesyhile larger metal markets (more than 1 Mt) can buffer demand peliesto emerging
technologies more easiljHowever, nine metals (Pég, Re, Hg, Pt, Se, Au, Cd and Be)mittket sizes<100 kt
grew to less than 20® of their 1993 levels I8013. Therefore, a small to medium size and association with
nascentand emerging technologies (e.g. Pt and Pd with autocatalysts anddl€) ae not sufficient totrigger
outstanding demand growth.

INFLUENCE OF TECHRGLCAL CHANGE ON GHANG DEMAND

Nine metal® covering a broad range of values in relative change in demand between 1993 and 2013 and
having reasonably complete data ser@sainable from published sourcBswere selected for more in depth
examination in order to betteexplore the connection between technological change and demand growtib
selected metals werén, Co, Li, Al, Co, Sn, Ag, Pt, andmttheir demand time gées are shown ifrigure3.

The data series encompass the period #8R1 3, as was the case for the primary production data shown in
Figure2. Note, howeverthat Figure2 and Figure3 are not directly comparable because, for some metals,
recycling is also consideredkigure3 (see captiorfor more detail3. The conclusions drawn on the trends for
eachmetal remainnevertheless valid.

While it is clear that past developments cannanply be transferred or extrapolated to future estimations,

learning as much as possible from the available knowledge of historic developments is an established approach
in scenariebased science on future developmeriGerhold et al. 2015)n this regard, the work described here

aims to contribute to the development and interpretation of future scenarios of metal demand by improving

our basic understanding of historic developments.

CLOSE TOTBAGNATION: SILVERARINUM AND PALLADIU

The demand for Ag for industrial applications increased only by abot #6m 1993 to 2013. This
comparablysmall increasean be attributed to thelecreasingise of Agons in photography due to
digitalization.In fact, the demand for silver in photography decreasedpproximately 1/4 ofts value in 1993.
Hence, the development of silver demand for photography is a good example for decreasing demand due to
substitution of a technology as part of technologichinge. A comparatively strong growth in coins and
medals partlicompensated for thalecline of silver use in photographyut was not enough to offset it
completely All other applications grew about or less than overall economic growth.
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Figure3: Demand trends for selected raw materials. The numbers for aluminum, copper, indium, tin and silver include demand foi

primary and secondary material (i.e. including recycling of old and new scrap) whereas the numbers for dibaim, platinum and
palladium are for primary material onlykigures for platinum and silver only cover physical demand for industrial applicatiéigure
taken fromLangkau & Tercero Espino2018)

Similarly, physical demand for industrial applicaidar Pt and Pd increasenlyo & F

pRe, YR Tn

respectively, between 1993 and 2013. There are at least two important factors to considempwttiery these
numbers into contextFirst, Pd can substitute for Pt in different applicatidghsugh generallyat the expense

of performance. Since Pt is more expensthere have been extensivetaimpts to reduce the demand fdet

by using theless expensive Pd in various ways and with diffeseictessor decadesSecond, the high price of

Pt and Pd is a strorigcentive forpromotingefficiency(reduced material intensity per unignd recyclingAs a

result, growth in most applicatiorfer both Pt and Pdangesfrom contracting €.g.dental and electronic uses)

to essentiallystagnating jewellery,electricaluses). Only demand for Pt and Pd for catalystseased more

than overall economic growth. The single most significhivter of demand increase for Pt and Pd in the period

under consideration was, therefore, autocatalysts.

The impact of recycling becomelear when comparing the developmeftdemand with and without the
demand for secondary suppli€¥ohnson Matthey 2018ayVhen onsidering the demand for primary
production onlythe demand of Pt and Pd for catalysts in 2013 appears to b&@dbthedemand in 1993.

CKAA LINP2SOG KIFa NBOSAOSR FdzyRAy3d FTNRY G(KS

programme under grant agreement N@0227

9 dzNR LIS |

SCRREBND2.3: REPORT ON THE FUTURE USE OF CRITICAL RAW IVI



* * %

(SCRREEN =

Including demand for recycled supplies, howeveads to a ratio of demaneisddemandioss=420%, i.e.
recyclingsignificantlymitigated the increase in demand for primary material.

SURPRISINGLY SLOVOWRH: LITHIUM ANDNI

LG FLIISEFNB AYAGAFEf@ adz2NLIINRaAY3I GKIG 2 FSNkpedaly] A RSYI y
surprising when considering thithium ion batteries (LIB) became dominant for portable electronic devices

within this periodand thata LIB contains approx.94 Li by weighfTUBAF 2013yvhich led to an increase in

demand for this applicationyba factor of 7 between2000 and 2011However not all enduse applications

of Li grew in a similananner in the period under consideration. Noteworthy is the almao#il8 increase in

GKS a20KSNE OF 1S32NE I aukkida®dfurtiay Ahe usdiaddy ih ph&rfhateutdals/as® G o0 S
increasedsignificantly (demang:/demanckooo>4.5), but this eneuse onlyl O O 2 dzy (i % of Ei 2s€and is m
therefore insignificant for overatlemand. The remaining engse categories grew in an average mann

(1.3 demandoi/demanchooo 2) in the period 20062011, with theexception ofaluminium, whichshrunk

G2 F wmkp 27F ThaSore2thNdmmjariyy loffLi déntaid 8ifl bt grow as fast as the demand for LIB

and this is why the widespread adoption of LIB did not yet lead to exceptional growth for overall lithium

demand.

The demand for tin grew only modestly in the period 188313 This is surprising because, first, the major
application oftin is in leadfree solders (for general applications and microelectronics) and the prohibition of
lead in solders has increased the weight of tin in solder from abo®b &0 97% in Europe. YeSn demand for
solders remained about constant in tiperiod under consideration.

There are two plausible reasons for this: miniaturization in electrcanicsmaterial efficiency increase in
soldering techniquesMiniaturization in electronics has led tigher performance per chip, thereby reducing
the demand for solderg-urthermore, arincreasing market share of surfagseunted technology (SMT) versu
through-hole technologyTHT; MarscheideWeidemann et al. 2016)as also diminished demand for solders
Altogether,tin demandfor soldersincreasedittle eventhough applications like consumer electronics
experiencegrowth ratesabove average.

The second reason why the small overall increase in tin demanitidgdly surprising has to do with displays
and, in particular, the dominant use of indiuin oxide (ITO) as transparent conductive electrode. This,
however, has not signfantly influenced demand for tin becaudeetmixed oxiddTO usually comprises about
90 wt% of indium(lIl)oxide and only 1:0t% of tin(IV)oxide. In addition, total Slemand is close to 1x$0
tonnes, whereas total In demand is wie#llow 1x1@tonnes (we evisit the issue of market sibelow).

The demand from other tin applications remained approximately constant.

STEADY INCREASE:MINDUM AND COPPER

The overall demand for Al and Cu developed smoothly between 1993 and 2013, with the only noticeaiole kink
the curves being tied to the economic and financial crisis in 2009. The ratio of desm¥tt@mnandieozis

between 150 and 308 for all application sectors considered, i.e. there are no application sectors showing
particularly strong growth.
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With the high total demand and production of these metals and their distribution over a broad range of
applications, demand for these metals for special and emerging applications is generally small in comparison to
total demand and therefore not significant for tlievelopment of overall demand. This holds true even when
considering the widespread adoption of material intensive technologies sudectsie vehicles, as illustrated

in Figure4 for Cu and Li, two raw materials associated withdhd SOKy 2t 2 38¢ St SOGNRO OSKAO
material demand pevehicle is lower for Li than for Cilne Cu market is three orders or magnitude larger than

the Li marketConsequentlyregardles®f the market penetration scenario for electric cars and assurhiBg

will remain the preferred battery technology in the foreseeahlture, the widespread adoption of electric

vehicles will more markedigefine the Li marke Therefore it becomes evident that smaller markets are more
prone to disruptionby the (rapid and) widespreadtroduction of new technologieby virtue of their market

size alone
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EXPLOSIVE GROWTH)IWWM AND COBALT

Indium and cobalt both expearce a more than fivefold growth in (primary) production between 1993 and
2013. In the case of indium, thigowth wasdriven by applications of ITi@ displays and thin film solaells.
The requirement of &ransparent and conductiveaterial makes IT@ifficult to substitute in these
applications, andhe rapid spread of flat screen TVs and portable electronic devicesdwsenoudy to
fundamentally change the indiumarket in a very shonperiod. Notice also thathe increase inndium
demand depictedn Figure3 is almosttwice the increase in primary production shownFigure2. This
difference is due to the extensive recycling of the ITO sputtering targetdributingan estimated 3/4 of the
indium used foll TO applicationgLicht et al. 2015)In contrast, recycling of indiufrom postconsumerscrap is
currently negligibld UNEP 2011)

Similar to indium dmand, the rise in cobalt demandas due to a spefic emerging technologyithium-ion
batteries (LIB)LIBusing LiCogas cathode materiatnabled the breakthrough of portabtonsumer
electronics like mobile phones and laptop#is isstill the most widespread electrodmaterial in lithiumion
batteries for consumer electronics. The colddimand for this technologglone increased to>1100% of its
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level in 200y 2013.This increase is higher than that for lithium because there is more cobalt than lithium in
a LIB (approx. 1% Co by weight vs.% lithium)while the markets are adimilar”size'’tonnage. All other ®-
applications have a ratio of demasna/demanckooo of 80¢200%.
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BUILDING UPONREVIOUS RESULTS FROORK PACKAGE 2

The aim of WP2 is to provide an overview of present and future (time horizon: 2035) CRM markets in Europe.
The starting point is the CRIdt published in 2014, accommodating new CRM from the list published in 2017
as possible in the allotted time and budg&he first building block in this endeavour is a systematic overview

of current use of CRM in the EU. This was provid€PRii"Repot on the current use of critical raw materials"

(Deetman et al. 2017ap summary of which is shownHkigureb.
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Gallium | |
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HREE (Samarium) Magnets Batteries
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Figure5: Summary of CRM use in the EU. Data from D2.Dbgtmanet al. (2017a)
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The second building block in WP2 is a systematic overview of trends affecting the future use of CRM in the EU.
This is provided in D2.2 "Report on major trends affecting future demand for critical raw materidig" by
Abderrahim & Monne{2018) Since such trends are inherently independent of the raw materials they affect,

an approach based ondustrial applications and sectors was preferred to addressing this topiclyRNRM.

The multilevel perspectivVILP; Geels 200®2)as chosen as a conceptual framework and the identification

drivers was aided by the use of the PESpé&litical, economic,social,environmental,legal)framework, as

sketched irFigure6.

Figure6: From the multilevel perspective (MLP) through the PESTEL framework to expected impacts on future demand of critical raw
materials in Europe.

The selection of technologies to cover attempted to include the majority of CRM use in Europe. In thaend, th
study covered 12 applications involving 20 CRMs. 5 CRMs have been covered not for their main applications (B,
Ba, Hf, W, V) but because they are involved in the main application of other CRMs. As a result, the study covers
a low share of their consumtin. The coverage rate (percentage of current EU apparent consumption covered

in the study) for natural graphite is also low but the reason is different: the applications involving this CRM are
emerging and the future requirement for these applications expected to exceed the total current

consumption by 2035. The other 14 CRMs covered hdigheaverage coverage rat€igure7 shows a

graphical summary of the trenddentified for all 12 applications.

Based on literature review, a reference scenario including quantitative data was provided for each application
and more than 70 drivers helped to qualify the trends and their potential future evolution. Finally, D2.2
provides a synthesis of these drivers by sector. Briefly:

w Energy: The development of wind power (involving REE) and domestic energy storage (mainly
cobalt and natural graphite) are expected to drive up CRM demand in the coming decades.
Conversely, the demalhrelated to the deployment of PV panels (mainly silicon, indium and
gallium) should become less critical by 2035, especially thanks to improvement in material
efficiency. Important drivers to monitor in this sector include policies to further reduce CO
emissions, incentives for distributed power generation, power and storage requirements related
to the deployment of EVs.
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