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Preface

About the MATISSE project

The MATISSE (Methods and Tools for Integrated Susiaility Assessment) project is funded by the
European Commission, DG Research, within th&@mework Programme. The project is interested
in the role that Integrated Sustainability AsseganiSA) could play in the process of developingl an
implementing policies capable of addressing peamsisproblems of unsustainable development and
supporting transitions to a more sustainable futnr&urope. The core activity of MATISSE is to
develop, test and demonstrate new and improvedaugtind tools for conducting ISA.

This work is carried out through developing andlgipg a conceptual framework for ISA, looking at
the linkages to other sustainability assessmentgsses, linking existing tools to make them more
useable for ISA, developing new tools to addremssitions to sustainable development and applying
the new and improved tools within an ISA processupgh a series of case studies.

The extent to which the case studies are carryutgaocomplete ISA for their area of focus varies
between attempts to cover all phases of an ISAga®do partial implementation of the process.
Equally, different case studies are oriented taetgping and testing tools and approaches to soute, b
not all, of the methodological challenges of ISAeTlcase studies are complementary, however, and
the set of cases offers the opportunity to addaessde range of methodological challenges and to
explore linkages between cases. An evaluation aftimal experiences with ISA implementation in
the case studies will provide guidance on the &rrttnprovement of methods and tools. Results will
also contribute to more informed policy advice.

What is ISA?

Within the MATISSE project, Integrated SustaindapilAssessment (ISA) has been defined as a
cyclical, participatory process of scoping, envisng, experimenting, and learning through which a
shared interpretation of sustainability for a speaontext is developed and applied in an integgtat
manner, in order to explore solutions to persisfgoblems of unsustainable development. ISA is
conceptualised as a complement to other forms sfasability assessment, such as Sustainability
Impact Assessment, Integrated Assessment and Reyulenpact Assessment. Whereas these other
forms of assessment fulfil the pragmatic needeforantescreening of incremental sectoral policies
that are developed within the prevailing policyineg, ISA is conceptualised as a support to longer-
term and more strategic policy processes, whereolijective is to explore persistent problems of
unsustainable development that have a systemi®lpgth and possible solutions to these. ISA is
therefore oriented toward supporting the develogn@ncross-sectoral policies that specifically
address sustainable development and at explorirgbliag policy regimes and institutional
arrangements.

MATISSE Working Papers

Matisse Working Papers are interim reports of mtoetivities that are published in order to ilrase
ongoing work and some provisional conclusions, e & providing the opportunity for discussion of
the approaches taken by the project and interimlteesThis discussion should be both within the
project and between project members and the braadentific and policy communities. Readers are
encouraged to contact the authors to discuss titermoof MATISSE Working Papers.

Jill Jager and Paul Weaver
Editors of the MATISSE Working Paper Series
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Foreword

This working paper presents some of the work tlatlieen conducted as part of the MATISSE case
study 5.1 on “resource use, waste and dematetialida The case study analyses aspects of the
“socio-industrial metabolism” of the EU. This tedraws its analogy from the biological meaning of
“metabolism” and is used as a metaphor to desthibevay by which socio-industrial systems use and
“digest” materials, temporarily embodying some mate in products and emitting others as wastes.
The system thus comprises all materials crossiegbibundary between the environment and the
economy. Patterns of sustainable or unsustainad®eofl resources are thus the result of complex
interactions within the production and consumptiystem of a given region and its relation to the
environment and the rest of the world.

Resource use is driven by a large number of ag$vitndertaken in the socio-economic system, such
as construction, agriculture and manufacturingvaes, which in turn are influenced by numerous
underlying factors, including economic developmegmbduction and consumption patterns, patterns
of technological development and technology usaddrpatterns, demographic development and
institutions, to name but a few. In order to cagttire essentials of such a system a certain defree
simplification and selection of relevant areashast necessary. This is why the work of WP5.1 is
focusing on selected resource groups, materiaésysiand products, which are particularly relevant
from the points of view of sustainable resource ag@ment and technological change in large,
resource-intensive sectors, such as metal miniag,egsing and manufacturing as well as automotive
industries.

In doing so, the work of WP5.1 is following a mtlléivel approach, looking at different aspects &f th
macro (the whole economy), the meso (material syst@nd the micro (product) level, which are
analytical elements of an ISA process. This papemsarizes some of the work that has been carried
out at the material systems level. At this leved thcus of this paper is on platinum group metals
(PGM), as obtaining these is particularly resoyrpellution- and waste-intensive due to the high
amounts of overburden and mining waste producékeatxtraction and production stages and due to
the emission of large amounts of sulphur dioxiddanduproduction. However, although the analysis
predominantly focuses on the meso level it alsdoegp the interlinkages across and implications for
the different levels, demonstrating the usefulredssich a multi-level approach in conducting ISA.

For ease of readability the work is presented io parts (Working Papers 20 and 21). Part One
presents an overview of the material system. Iintfies the PGM flows to and from Europe,
describes the uses of PGM in different industriesl goroduct groups and quantifies their
environmental impacts. It provides an integratestesy analysis and describes the unsustainability
problem associated with the current patterns of #adds in PGM flows. Among the different
industries the automotive industry is identifiedthe single largest user of primary PGM. Part One
thus mainly relates to the scoping stage of the ¢$éle. Part Two, on the other hand, largely ralate
to the experimenting and learning phase of the ¢$&le. It explores the effects of different potahti
development pathways for the production and use@fl. Given the importance of the automotive
sector the focus is laid on this sector. Here, aGes are developed to model the PGM flows of car
catalysts, as well as those of an emerging teclggolduel cell vehicles. In addition, technological
and institutional potentials to minimize resourse and environmental impacts associated with PGM
flows are modelled.

Given that, in the context of current technologikabw-how, PGM form a vital component of low
temperature fuel cells, the work presented hereptemments work that is conducted in WP 7.1 of the
MATISSE project, which explores the possible usehgtirogen in the transport sector, as an
alternative and ‘clean at point of use’ energy iearthat provides also for instant vehicle refueli
which so far offers advantages over electric vesidh terms of range. The results, however, show
that PGM-based fuel cells are not at all “cleanemvbonsidering the whole system of production and
consumption.

Isabel van de Sand
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ABSTRACT

The flow of platinum group metals (PGM) such astiplan, palladium and rhodium and the
environmental impacts of the supply of Europe axa@yzed. For that purpose, a model of the demand
side (i.e. use of PGM in European industries) reenldeveloped and combined with a model of the
environmental pressures related to PGM production.

Part | in the series of papers presented the base scenario for the material flow analyses of PGM
production and use. The importance of the autoradtidustry as the single largest user of primary
PGM in Europe was underlined, as was the probleshiffing the impacts of diffuse emissions of air
pollutants in Europe to point source pollutionla extraction and refining sites mainly in Sibemal
South Africa.

This paper - Part 1l of the series- quantifiesitifience that different potential development$ &M
production and use could have on the environmémiahcts and the PGM resources. Some potential
mitigation strategies are assessed in comparist¢im thhe base case. In the field of cleaner PGM
production, two options are discussed. First, thaned reduction of sulphur dioxide emissions (By 7
%) in the smelting process of Norilsk (Siberia)nr@010 onwards could mean a 35 % reduction of
the cumulative SO2 emissions associated with tkeeofi?GM in Europe for the period 2005-2020.
Second, a cleaner electricity production in SoufnicA from coal-fired power plants could help
reduce the cumulative SO2 emissions by another 9 %.

The automotive sector could contribute to the ratimn of environmental impacts by improving the
recycling rate of end-of-life catalytic convertefslinear increase from today’s level (30 % recwygli
rate) up to 70 % in 2020 could help save 15 % efdimulative PGM input into car catalysts and 10
% of the SO2 emissions associated with this usethfe period 2005-2020. In 2020, the PGM
requirements and the emissions would be 40 % ard RRver than in the base case respectively.

An increasing recycling rate of old car catalystsaiso an option to counter the potential undesired
effects of the substitution of palladium for pattlee platinum used in diesel catalysts. Coupletth ai
probable increase of the price of palladium, thésstution strategy could imply 15 % more
cumulative SO2 emissions for the period 2005-2086teasing recycling rates would prevent the
increase and allow a slight decrease.

The potential future introduction of fuel cell velds requires important technological improvements
to reduce the PGM content of the fuel cell stalck,wide scale introduction of this technologyasie
considered. Independently from technological pregrehe basic design of future fuel cell vehicles
will have a great influence on key parameters deténg the total PGM requirements, such as the
power of the vehicle.

Keywords: material flow analysis, platinum, rhodiypalladium, cleaner production, learning curves,
technological development, resource policies, ihpasessment
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PLATINUM GROUP METAL FLOWS OF EUROPE:
Part II: Exploring Technological and Institutional
Potentials to Reduce Environmental Impacts

1 Introduction

This paper presents the second part of a serigamdrs that focuses on the platinum group metal
flows of Europe and their associated environmeptassures. Part | of the series (MATISSE
WORKING PAPER 20) provided a comprehensive systeralyais of the flows of primary and
secondary PGM to, from and within Europe. It highted the special relevance of the automotive
sector as the single largest user of primary PGtaman industry that is associated with largest®ss
of PGM in the system (mainly due to exports of oltts outside Europe). In addition, the paper
guantified the environmental pressures associaitbdtine production of PGM and pointed to the issue
of problem shifting that results from the reductiohdiffuse air pollution in Europe through the
introduction of car catalysts, which leads to iased point source pollution at the PGM production
sites.

This second part of the series changes the pergpéam analysing the PGM flows at the status quo
(as done in Part | for the year 2004) to a moreadyio model that considers the PGM flows over time
(from 1990 till 2020). Due to its special relevartiee model is focused on the automotive sectoreHer
PGM flows are modelled for car catalysts as wefloas possible introduction of fuel cell vehiclds.
doing so, the model provides an ex-ante assessofetiie environmental implications that are
associated with the introduction of an emergingptetogy, in this case fuel cell vehicles.

The paper first presents two past examples of tdofital and institutional changes that influenced
the environmental impact of PGM production and uBee paper continues with the base case
scenario for the PGM stocks and flows for car gatal and fuel cell vehicles and associated
environmental impacts. It then goes on to explaemtial technological and institutional changes to
reduce environmental impacts. This is done forgrauction phase of PGM metals, as well as for
both the specific product groups of car catalystsfael cell vehicles.

2 Technological and institutional levers at work i n the past

2.1. Primary production in South Africa

In 2004, Anglo Platinum, the largest producer attipum group metals in South Africa and the world
commissioned the new Anglo Platinum Converting Bssc(ACP) plant. As a consequence the old
Pierce-Smith converters were placed on cold standAbith the latter traditional and still widely ube
technology, the intermittent nature of the conwvertprocess renders the treatment of the weak off-
gases by a sulfuric acid plant very difficult. Hendliffuse sulphur dioxide emissions can not be
avoided and can add up to considerable amountsnélecontinuous ACP eliminates the problem of
diffuse emissions inherent to batch processes,alads an efficient treatment of exhaust gases by
contact plants. Anglo Platinum’'s $@missions decreased by 72 % year-on-year dueigondw
technology.

South African PGM producers extracted 282 506ftore and emitted 335 t of sulphur dioxide per
tonne refined PGM in the 1990s (Hochfeld 1997, pr@6ults without allocation). In 2004, extraction
intensity had increased by 118 % up to 616 90hilevthe emission intensity dropped by 56 %, down
to 148 t SQ per tonne of refined PGM. In the same time theolaibs production of refined PGM
increased from 165.2 t in 1995 to 252.5 t in 2004erefore, total ore extraction increased more than

In this article, 1t = 1 metric tonne = 1 Mg.
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threefold (from 46.7 Mt in 1995 to 155.8 Mt in Z0)0while on the other hand absolute,®missions
decreased by 32 % (from 55,300 t in 1995 to 3¥{48 2004).

The ongoing depletion of the Merensky reef andhHi§M prices drive mining companies towards
lower grade ore bodies, which explains why incregisamounts of natural material need to be
extracted for the same final output. The risingligudnd corporate concern (e.g. over sulphur diexid
emissions), illustrated by e.g. the yearly “susthle development” report that has been published by
Anglo Platinum for a few years and is revised byiratependent external auditor, led some mining
companies to invest in cleaner processing teclgieso Counter-examples, however, do exist: in
Russia, for instance, Norilsk Nickel does not seefine treating off-gases from the smelters, resylti
in large amounts of S&missions. According to Hochfeld (1997) and denN0D05) these amount to
around 2 million tonnes per year, although actedh ds not available. Part of the explanation fas t
lack of initiative can be found in the economichiidy of,e.g., a sulphuric acid plant. In Canatieo
greatly reduced SQOemissions from its Sudbury facilities, but was sot succesful in Manitoba,
whose location is remote from potential marketsstdphuric acid.

2.2. Substitution of palladium in the electronic se ctor

At the world level, the manufacture of electronierponents used to be the largest market for primary
palladium until the manufacture of car catalystktthe lead in 1996. Dentistry and electronics have
alternatively occupied the position of the secoadyést world market for palladium since 2001.
Several factors explain this momentum and offeica example of how technological change can be
triggered by the interplay of regulatory action andrket mechanisms. One can then investigate the
consequences for the environmental performandeeaihtdustrial sectors involved.

The demand for palladium dramatically increasedthia 1990s triggered by the substitution of

platinum by palladium in catalytic converters fatil cars. In Europe, the demand started to iserea

in 1995 with the introduction of the Euro Il standidor air emissions from passenger cars. The
substitution effect, coupled with the rapidly inaseng equipment rate of passenger vehicles, dimve t

palladium prices towards an all-time high. The {yeaverage price for palladium was even higher
than that for platinum in 2000 and 2001.

As a consequence the incumbent palladium-demandiagtronic industry did what any cost-
conscious industry would do: they found substitutése world demand for primary palladium in 2001
represented 32 % of that in 2000 (21.8 t agains® &) In Europe, the primary input into the
electronic industry was reduced by 49 % in 2001 @ do in 2004 compared to the input level in
2000 (4.2t and 2 t against 8.2 t). A top-downnegte of the final use of palladium in electronics
Europe (i.e. palladium in electronic end-productediin Europe) provides the results presented in
Figure 1. This figure also shows the results obtidm-up estimate for palladium use in car catalyst
in Europe. It is quite visible that the fierce cagtipon for palladium between these two sectorstéed
the substitution of about 70 % of that preciousahased in electronic components in the period of
2000-2001.

Manufacturers of multi-layered ceramic capacitoMLCCs or ‘computer chips’ in common
language), especially in the Far East, have indestenew production lines where nickel replaces
palladium. According to Cross (2004), two thirdstleé MLCC production capacity went for nickel
substitutes. Assuming that the European consumptiaiectronic goods remained constant in 2000
and 2001, the substitution implied that 13.4 t dfmary palladium have been saved in 2001. The
production of this amount of precious metal woukivér been responsible for 64 *>10 sulphur
dioxide emissions, 300 * @ carbon dioxide emissions and 4.1 ® 1@tal material requiremeﬁt.

2 These estimates are based on production from ¢he 3004 and the allocation procedure uses theageer
market values as in 2000 (i.e. before the substityirocess and the subsequent decrease of pafiautioe) of
the different metal products of the mining-smeltnefjning process.

10
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For the purpose of the comparison, it is assumattkie nickel substituted for palladium comes from
the Inco’s facilities of Sudbury, Ontario. Platinugnoup metals also occur there as mining by-
products. The quantity of nickel needed to suligtitune unit of palladium is unknown. However, it is
possible to try and estimate how high it shouldsbdhat the enviromental impact associated with the
production of MLCCs remains at the 2000 level. |gsan allocation procedure based on the 2001
average market prices, it appears that 47 000 @0B0t and 54 000 t of nickel would have the same
environmental impact, with regard to & TMR.,and SQ., respectively, as the 13.4 t of palladium
saved in 2001. That is, the substitution ratio eidk palladium would have to be situated between
3500:1 and 4000:1 in order to keep the level ofrenmental impacts as before. It is highly unlikely
that the real substitution rate lies even closiab value. This comparison — even though rathedecr

— clearly shows that the substitution of nickel pailadium had a beneficial impact with regards to
SO, and CQ emissions, as well as TMR. The difference in thegs of metals plays a key role in the
comparison. The rationale behind the allocatiorc@dare implies that the cheaper a metal, the lower
the share of the environmental impacts associatédproduction it receives.

The producers of high performance MLCCs did nothggssively for nickel but instead increasingly

replaced palladium by silver. Alloys of 90:10 siivi® palladium are now commonly found (Cross

2004). This might raise other environmental congesince the primary production of silver requires

the use of large amounts of mercury or cyanidgseni@ing on the type of process, which can lead to
very harmful air and water emissions.

Figure 1: Final use of primary palladium in Europetween 1994 and 2004.

11
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3 Methodology

The main objective has been to model the envirotahénpacts associated with the supply and use of
platinum group metals to Europe. For that purpaseiodel of the demand side (i.e. use of PGM in
Europe) is linked with a model of the environmenpaéssures related to PGM production. The
combined model offers the possibility to test ptisriechnological and institutional levers to miéte
environmental impacts.

The PGM production side of the model consists ofaterial flow analysis focusing on three
environmental indicators: G£) emissions, S§, emissions and TMR These environmental
pressures are allocated to platinum group metals nespect to their share in the monetary value of
the total production. The methodology is descriimedietail in Part I.

The PGM use model is applied here to the prodwmipgs ‘catalytic converters for passenger cars’ and
‘fuel cell vehicles’ (FCVs). The former represettie most relevant use of primary PGM inputs. The
European automotive industry uses over 75 % ofithorts of primary PGM to Europe for the
manufacture of catalytic converters. A promisingeeging technology, the fuel cells, could, however,
take the lead in the future. With a large spreadhis technology in the automotive sector, traffic-
induced air pollution could be significantly redd¢ceand at the same time fuel cells could address
climate change issues, provided that the fuelaslypced from renewable sources. At the current state
of the art, fuel cells require platinum for theatalytic parts and in the case of fuel cell velsgleCV)

the amount needed is still substantially highenttieat contained in a car catalyst.

The use of PGM in car catalysts in Europe is medellith the help of a bottom-up simulation of the
European fleet of passenger cars. The model cédsulbe associated flows of primary and secondary
PGM. The characteristics of the model have beerflpescribed in Part I.

The evolution of the future fleet of fuel cell velds is modelled in order to simulate the assodiate
future demand for platinum in Europe. The fuel £atbnsidered are of the PEM type (Proton
Exchange Membrane) and tank pure hydrogen. Thisisn#at options with on-board reforming of
other fuels are not considered and that platinuthdsonly PGM used (Weil3 2004, p.79). The amount
of platinum contained in a fuel cell stack depeonsts total power, its power density and its plath
loading. The last two parameters are given perafrsurface, in kW/mand g/r, respectively. These
parameters change over time. Thus technologicatawgments ought to be accounted for in the
model. The technology evolution for the PEM fudlc@stalled in passenger cars is modelled using
learning curves. This tool was primarily developedrepresent the relation between cumulative
production of a given product and the reductiothefmarginal production costs. It is extended here
simulate the increasing power density and the dsang platinum loading of fuel cell stacks. The
general equation is as follows:

Yi=Yo*(Xp)' (2.1)

X; represents the cumulative number of product$ ptaduction, Y stands for the platinum loading or
the inverse of the power density of a product"gtroduction. ¥ can be interpreted as the platinum
loading or the inverse of the power density of FQMsvadays, before mass production. The last
parameter r is used to build the so called progess (PR), defined as follows:

PR=2 (2.2)

The expression 1 2 represents the rate of power density increaséatinpm loading decrease each
time the cumulative production doubles. Tsuchiyd Knbayashi (2004) propose three progress ratios
(PR) for the power density and another three ferpratinum loading. These data were fed into the
model, resulting in three scenarios for the evolutf power density (rapid increase, medium inaeas

12
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and slow increase) and three scenarios for theowepnents of platinum loading (rapid decrease,
medium decrease and slow decrease). At a given (fimefor a given FCV power and technology
level), the total platinum contained in a fuel clck, is obtained using the following formula:

FCV Pt content [g] = (FC power [kW] / Power dengky/m?]) * Pt loading [g/n] (2.3)

Figure 2 illustrates the three steps for modeltimg platinum content of a FCV with learning curves.
This example combines a high registrations scen@i®) with a medium learning rate for power
density (MP) and for platinum loading (MC).

Figure 2: The three steps to model the platinunteoinof a FCV: (a) learning curve for FC
power density, (b) learning curve for FC platinupadiing and (c) evolution of total power.

13
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4 Results

4.1. Base case car catalysts

New registrations in Western Eurdgacreased from 13.4 million passenger cars in 1@90% of
which were diesel vehicles) to 14.7 million in 20@48 % diesel). The resulting vehicle fleet expahde
from 143.7 million units in 1990 (10 % diesel) 186914 million in 2004 (27 % diesel). In the EU-10,
new registrations decreased from 1.3 million car$995 (10 % diesel) to 0.8 million in 2004 (20 %
diesel). The fleet expanded from 16.4 million pagee cars in 1995 (10 % diesel) to 23.1 million in
2004 (12 % diesel).

The model is calibrated in order to match the eiwglidata from Eurostat and ACEA for the period
1990-2004, and the modelling results of the base saenario of the TREMOVE model for the period
2005-2020. The resulting base case scenario iepa@is/e. New registrations are assumed to remain
constant at 15 million after 2008 in Western Eur¢(fk % diesel) and at 1.8 million after 2010 in the
EU-10 (20 % diesel). The car fleet reaches then228llion in Western Europe and 34.7 million in
the EU-10 in 2020.

The increasing stock of PGM in the European passeogr fleet is presented in Figure 3 (upper

graph). It expands from 63.5 t in 1995 to 522.8 2005 and reaches 1063.9 t in 2020. Primary input
of PGM rises from 15.5 t in 1995 to 60.2 t in 20814 decreases after 2010 to reach 55 t in 2020
(Figure 3, middle graph). Over the same periodatheunt of PGM secondary input goes up from 0.1

tin 1995 to 4.3 tin 2005 and 16.3 t in 2020 (F&y8, lower graph).

The expansion of the European car fleet, assochatthd the high demand for diesel and the low
recycling rate of car catalysts (set to 30 %) ketygsplatinum primary input at a high level (about
three times higher than palladium primary inputtfur period 2010-2020). Diesel requires more PGM
than petrol for a given cylinder capacity and Enmym. Hageliken et al. (2005) showed that the
recycling rate of end-of-life car catalysts does exceed 30 %, mainly because of the export of used
cars towards Eastern Europe or Africa where theneoi recollection scheme. After 2010, all input
parameters are kept constant to match the baseta&EMOVE, therefore total PGM input remains
constant (the decrease of primary input is comgedséor by the increase of secondary PGM
available from end-of-life vehicles).

% In the present study, ‘Western Europe’ standstferEU-15 + Norway + Switzerland.
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Figure 3: Modelled development of PGM stocks amqiis of primary and secondary metals
for car catalysts in Europe
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4.2 Base case fuel cell vehicles

The model developed in the present paper simulaéepenetration of fuel cell vehicles in Europe and
the associated platinum use between 2010 and Zi@casts for future registrations of FCVs are
combined with scenarios regarding the evolutiothefplatinum content of the fuel cell stack both fo
the base case as well as for the alternative sosnar

Two scenarios for the introduction of fuel cell idbs in Europe are considered: high and low
registrations scenarios (HR and LR scenarios).niimber of registrations assumed in both scenarios
were provided by the Fraunhofer Institute for Systeand Innovation Research and correspond to
those used in the European HyWays 'Hydrogen Roatpraject. In accordance with HyWays, an
average lifetime of twelve years is consideredtierfuel cell vehicles. Therefore, in the modelltge
years after being registered, FCV are de-registeneldenter dismantling and recycling processes. It
assumed that 75 % of the total PGM contained indiheegistered vehicles is recovered and reused
for the production of new vehicles.

Such a recycling rate is much higher than the 3s&@ in the car catalyst model. Two reasons can be
given in support of this choice. First, it is ligkelhat the collecting-recycling chain for end-d&li
vehicles will be more efficient in the future thiams today. Second, it is assumed that the FCV bl
fuelled exclusively with pure hydrogen, which raggi an infrastructure for hydrogen supply in the
EU, at the time when mass production starts. Tha neason for the low recycling rate of end-of-life
car catalysts is the export of vehicles toward(eQ countries that have not implemented recycling
schemes. In the case of FCV tanking pure hydrogeah export effects would virtually not exist
assuming that no hydrogen infrastructure is put piace outside the EU and OECD countries before
2030.

These forecasts for future registrations of FCVa. he HR and LR scenarios) are combined with
scenarios regarding the evolution of the platinumtent of the fuel cell stack. For the base case th
average power of the fuel cell stack is assumedd®ase from 75 k\Wto 100 kW both for the HR
and LR scenarios. With a motor conversion efficjeat 80 % (Weil3 2004, p.81), 75 kYfrom the
stack corresponds to 60 kW available from the gteengine. For comparison, the average power of
newly registered cars in EU-15 increased from 63ik\V/994 to 80 kW in 2004. To have an effective
power of 80 kW at the engine, a fuel cell stack@® kW, is needed with a higher platinum content
than for a 75 kWY stack (at a given platinum content per unit of pgw

The combination of assumptions regarding mass ptemuand technological improvements (through
learning curves) delivers a wide range of resutis glatinum inputs. The spectrum of modelled
increases of the platinum stock in the fuel cefl fb@et is shown in Figure 4 (upper graph). In the
worst case scenario, which results from the contimineof the high registration scenario with low
progress ratios (i.e. implying a slow learning yatee platinum stock reaches 2318.9 t in 2030. The
best case combines the low registrations scenadtto the high progress ratio (i.e. implying a fast
learning rate) assumptions. Then the stock amotmts29.8 t in 2030. A possible medium case
(combining HR scenario with medium PR scenariosiildidead to 775 t platinum in FCVs stock in
2030.

The range of modelled primary platinum inputs isggented in Figure 4 (middle graph). Total and
primary inputs are actually equal in the first tweelyears of each scenario, corresponding to the
assumed average lifetime of fuel cell vehiclesthia worst case (i.e combination of high registratio
and low progress ratio), primary input of platinumses from 2 t in 2013 to 278.1 t in 2030
(cumulative input: 2360.7 t). In the best case (p& registrations and high progress ratio), prima
input of platinum goes up from 0.6 t in 2016 to98.in 2030 (cumulative input: 132.1 t). In the
medium case platinum primary input increases fro2r 10 84 t (cumulative input: 792.7 t).
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The lower graph depicted in Figure 4 shows howveele amounts of secondary platinum become
available only years after the introduction of tteev technologl The first years of rapid adoption are

thus almost exclusively dependent on primary pletininput. Even in 2030, secondary platinum
provides only 13 % to 18 % of the total input, degiag on the scenario considered.

* This is based on the assumption that secondatinyta will not become available from other sectdfbe
amount of secondary platinum shown here thus cporegs to the amount that becomes available from
deregistered fuel cell vehicles.
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Figure 4. Modelled development of PGM stocks andouts of primary and secondary
metals for fuel cell vehicles in EuropeA high progress ratio implies a high learning rdice
platinum loading and therefore a low platinum caorntef the fuel cell. Conversely, a low
progress ratio is associated with a high platinuomtent of the fuel cell.
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5 Exploring technological and institutional changes to reduce
environmental impacts

5.1 PGM production phase

Sulphur dioxide emissions associated with the prtdno of PGM used in Europe in 2004 reached 3
% of total EU-15 direct S£, emissions in 2003. Although this still seems ratbws, one has to bear

in mind that, at that time, the direct PGM inputEarope only amounted to about 126.5 tonnes.
Therefore, it is considered that the ;gQemissions associated with PGM production cannot be
disregarded. At the same time, when comparing & Bnd CQ.q associated with PGM use with
EU-15 totals, the TMR appears to be three timesemelevant than CLQ, when relating the life-cycle
impacts to the magnitude of EU-wide pressures (@0Zr TMR and 0.06 % for C£J,).

Cleaning the production of primary PGM in Russipresents a potential lever to tackle the problem
of sulphur dioxide. The Russian production is tredwusly more S@intensive than that of other
regions. The Russian company Norilsk Nickel comroatgs a lot about its project to reduce the
environmental impacts of its activities, especiabncerning the emissions of acidifying substances.
The planned investments worth billions of dollansd lead to a 70 % reduction of S€missions in
2010 with respect to today’s emissions level (whslstill to date, not officially disclosed).

If one assumes that the new installations are tipaed in 2010 and that the announced emissions
reduction is achieved, then the cumulative sulghoxide emissions associated with the production of
PGM used in Europe over the period 2005-2020 wdelttease by 35 % compared to the base case.
The cumulative emission reduction would even re&kcho for the period 2010-2020. This means that
fostering technological improvement in Norilsk, wihiprovides about 26 % of European total PGM
input, could help avoid half of the sulphur dioxitet will be emitted between 2010 and 2020 to
produce the PGM used in Europe.

The study of PGM primary production in South Afriseows that indirect emissions of S@ue to
electricity generation represent 70 % of the Sothcan SQ emissions associated with PGM
production. South Africa has, however, in relatigems a much cleaner production than Russia and
North America when it comes to sulphur dioxide esaiss (SQ intensity allocated to PGM is four
times higher in North America and ten times in RajsBut South Africa also remains by far the
largest PGM producer in the wotldnd, consequently, its contribution to S&@nissions allocated to
world PGM production represents 5 % of direct efoiss 94 % of indirect ones and 14% of the sum.

Power is comparatively cheap in South Africa (Hetthfl997, p.47) and, consequently, South African
PGM producers use electricity for their processtlar than fossil fuels when possible (e.g. electri
furnaces). Direct emissions are therefore reduded:ever, in the South African energy mix, 92 % of
the electricity is generated from hard coal, whiraplies high indirect emissions of Gout also SQ
because the thermal power plants do not seem te hih environmental standards in this field
(which might also partly explain why power is chpap

Let us assume that from 2010 onwards, due to téabical improvements, the S@mission factor

for coal-fired electricity generation in South Afai equals that of electricity used for secondary
production in Europe (Belgium). This would implyathcumulative emissions associated with the
production of the PGM used in Europe over the pk2i005-2020 would decrease by 9 % compared to
the base case, which is significant. Each yearuta®®o of the base case sulphur dioxide emissions
would be avoided. This means that if the (alreastive low) SQ intensity of South African PGM
production were to be further mitigated, this wolddd to a significant reduction of overall sulphur
dioxide emissions because of the dominant shaBooth Africa in PGM primary production.

As South Africa still heavily depends on coal, tlee of the Clean Development Mechanism (CDM)
could be appropriate to change the fuel base, wdtndghis may be a delicate issue for some of the

® South Africa represented in 2004 about 77% ofrBdpction, 33% of Pd production and 81% of Rh puaidun
(in mass).
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local players (Kim 2003). Our data indicate thapraper implementation could provide multiple
benefits. If EU companies with the support of thgavernments invest in new power stations or in
refurbishing older ones in South Africa, the moffcient technology employed would reduce £0
intensity and could — viz. should — be combinedhwither cleaning technologies, including ;SO
emissions control. This could enable South Afrioaface the challenges of climate change and
pollution control simultaneously, and to help Ewdp improve the environmental performance of its
“prolonged work bench”.

5.2 Car catalysts

A number of parameters related to the productiah@mnsumption patterns of car catalysts drive the
use of primary PGM and, hence, the environmentglaots associated with their extraction and
refining. The European legislation, which defineaximum emissions allowed per driven kilometre
for a number of chemical compounds, is the firgjger for PGM use in catalytic converters. For a
medium sized petrol car (1.4 litres - 2 litres oglier capacity), the amount of PGM needed in the
catalyst increased twofold between the Euro | dedBuro IV standard (Hagellken et al. 2005, p.73-
74).

The physical expansion of the European car fleetnisther main overall driver for PGM primary
input. If the number of new registrations excedasrtumber of de-registered passenger vehicle ther
will be no chance that secondary input could cakerdemand for PGM, even with a 100 % recycling
rate. In addition to the expanding fleet, the agereylinder capacity of newly registered cars ighan
increase. Between 1994 and 2004, the average pmiwem cars in the EU-15 went up from 64 kW to
80 kW. This has an influence on the total demamdPf®M, as the catalytic converter of a small (< 1.4
litres cylinder capacity) Euro IV petrol car comtsiabout 1.81 g PGM, which is more than three times
less than the catalytic converter of a big car (itr@s cylinder capacity).

Simultaneously, the demand for diesel cars is gigwFor a given cylinder capacity, a diesel car
catalyst can contain up to 1.9 times more PGM thaatrol car. There is a large disparity between th
EU members regarding the adoption of diesel, bthexaggregate level the share of diesel carswn ne
registrations more than doubled in ten years inBbel5 (from 23 % in 1994 to 49 % in 2004). This
share already reached 70 % in countries such asi&udelgium or France. The increasing oil prices
play in favour of the diesel engine, being morecafht than the petrol one. The now mature
technologies of particulate filters and catalytneerters have also contributed to reduce the fpatiu
problems linked to diesel. In the base case (cuatiee), it is assumed that the share of diesed car
among new registrations remains constant at tadayel (51 % in Western Europe and 20 % in the
EU-10).

5.2.1 Potentials for car catalysts

Compared to other product groups containing PGMcatalysts are characterized by the highest end-
of-life PGM losses. It is assumed that, to datéy 80 % of the PGM contained in end-of-life catadyt
converters are recovered (Hageliken et al. 20@) pIn the first place, the collection rate is low
because of the exports of ELV or second-hand eavards African or Eastern European countries.
The PGM contained in those cars thus escape thap&an recycling chain and enter a system where
no such scheme is in place. Even if the catalygioverter is collected, the subsequent processans st
are crucial for the recycling rate. The dismantlargl other mechanical processing, if not conducted
by professionals with the adequate equipment, eaa ajor source of metal losses. In Europe, the
subsequent smelting and refining steps are operbyed small number of highly specialised
professionals and the losses are therefore extydoel

There is thus theoretically some potential to iaseerecycling, mainly by focusing on recollectionl a
the first mechanical processing steps. The EU Aband Parliament have adopted the ELV directive
in 2000 dealing with reuse, recovery and recyclingthe automotive sector. The directive sets
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minimum targets for “reuse and recycling” of pdrtsm end-of-life vehicles as high as 80 % from the
year 2006 and 85 % from 2015. The directive dog¢specify targets for car catalysts and their PGM
but it does cite the removal of the catalytic catereamong the minimum technical requirements
(Van Maele and Hageliken 2005).

Furthermore, PGM secondary production presents airénsity one order of magnitude lower (two
orders of magnitude in the case of palladium) tinan of primary production. The PGM recycling rate
drives the amount of secondary PGM available tosstwite primary metal, and thus is indeed a
potential lever to mitigate environmental pressuassociated with PGM use in car catalysts in
Europe.

Taking into account the aforementioned optionsaléernative scenario is tested in the model for car
catalysts in Europe. The recycling rate is assutaddcrease linearly from 30 % in 2004 to 70 % in
2020 (the same assumption is made by Hagelikeh @085)). In the base case, the recycling rate
remains constant at the 2004 level. Figure 5 ptesenomparison between the recycling and the base
case scenarios.

According to the recycling scenario, 15 % of thenalative use of primary PGM over the period
2005-2020 could be saved in comparison to the tase. In 2015, 20 % of the primary PGM used in
car catalysts in the base case could be savedpdteatial savings increase then rapidly until 2020,
when they reach a maximum of 40 %. In the model ,niimber of new registrations remains constant
from 2010 onwards. That is, the expansion of theopean car fleet slows down dramatically. Thus,
the results reflect the fact that primary inpuhéeded to sustain physical growth. When the market
stagnates, as here after 2010, primary input oalyes to compensate losses, which are low when
recycling is high.

The cumulative S@emissions associated with the total PGM input itao catalysts for the period
2005-2020 are reduced by 10 %, when comparing ¢lagcling scenario to the base case. The
maximum reached in 2020 is more than twice as mR2Ho. The results for GGand TMR present
slightly lower variations than those for S(@umulative savings reach 8 % for C&ahd 9 % for TMR).
Secondary production of PGM is indeed about 85gitnkeaner’ than primary production with regard
to SGQ emissions whereas G@missions per tonne primary PGM produced are ahfyut 10 times
higher than in the case of secondary productiomaReng TMR, the ratio of primary to secondary
production amounts to 55:1.

The aforementioned figures correspond to a gladdliction of S@emissions. It is interesting to note
that, under the assumption that secondary produdt&es place in Europe, the cumulative,SO
emissions in Europe would increase by 8 % whendagy of car catalysts is enhanced. The
maximum increase (in 2020) compared to the base, casild be as high as 17 %. The problem of
shifting environmental impacts from Europe, wheig &he emissions from cars are reduced, towards
other parts of the world, where the PGM are mireh be mitigated by increased recycling rates.
Environmental pressures associated with PGM udeuiope decrease in South Africa, Russia and
North America; they are also reduced at the gldba¢l. But, if recycling occurs in Europe, the
pressures will increase there. However, for sulgtiaride, which is the most relevant of the three
environmental indicators at the EU level, it alseams that diffuse sources of acidifying compounds
(e.g. NQ from cars) are replaced by point sources (PGMalecs-refiners), which are possibly easier
to monitor and control.
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Figure 5: Primary PGM used in car catalysts and @gsated environmental impacts,
relatively to the base case

5.2.2 Potentials for diesel cars

The strong interest in diesel cars sustains a tieghand for primary platinum and thus, high prices.
Until recently, platinum was the only PGM used iesgl car catalysts because of its properties of
resistance to sulphur and oxidation. However, meteand development work undertaken by catalysts
manufacturers, associated with the growing avaitglof low-sulphur diesel fuel and the increasing
sophistication of modern engine management systitdp a technological breakthrough. In 2006,
Umicore announced that it had developed a new t#oby allowing the use of palladium in diesel
catalytic converters. For a start, about 25 % ef dictual platinum content could be replaced by
palladium (Umicore 2006).

The model has been run applying the redistribut@#MRcontent to diesel car catalysts from 2006
onwards (and holding all other things equal to lhse case). Palladium cumulative primary input
increases by 70 % for the period 2005-2020 whibgiplim primary input decreases by 23 %. Of
course, at the PGM aggregate level no differencebesanoted. As a consequence, cumulative SO
emissions even decrease by 3 %. This is due tdaittethat the S@intensity of palladium (SO
emissions allocated to the production of 1 t of Bdpwer than that of platinum. Pd is cheaper tRan
and this makes the difference after the allocgpimtedure.

However, shortly after Umicore’s announcement téahnological breakthrough regarding diesel car
catalysts, the palladium price reached a seventemith high, while the price for platinum decreased
by 20 USD per troy ounce. The price ratio Pd:Pt aeisially not strongly modified but this might
change when the new generation of catalytic coeveiis put on the market. Palladium prices are
particularly volatile and analysts seem to agreenupe fact that increasing sales of diesel vesiitle
Europe and in China (where diesel is widely usedypled with the use of palladium in diesel
catalytic converters, should sustain a rise ofgollim prices.
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Before the background of this recent technologyettgpment, a new scenario has been developed,
assuming that diesel car catalysts contain 25 %gham from 2006 onwards, setting palladium prices
at half the level of platinum from 2006 onwards {ethrepresented a two-fold price increase of
palladium compared to 2004). Here again, compaveith¢ base case, cumulative primary input of
palladium increases by 70 % while demand for prymaatinum drops by 23 %. At the same time,
cumulative sulphur dioxide emissions (2005-20203camted with the use of primary palladium
almost triple. Total S@emissions, i.e. corresponding to the use of theetimetals, increase by 12 %,
which is not negligible. This results from a congdreffect of the larger allocation to palladiumédu
to increased price and use) and the smaller conitito of platinum (due to decreased use).

Figure 6: Platinum and palladium used in car cattl/ and associated sulphur dioxide
emissions after the introduction of diesel car bats containing palladium, relatively to the
base case

The model was re-run after introducing a 70 % rkegaate for car catalysts in 2020 (with a linear
increase from 2004 onwards as in the previous fegycscenario). In this scenario, cumulative
palladium primary input “only” goes up by 43 % owle 2005-2020 period. Cumulative platinum
primary input drops by 33 % compared to the base.clstead of increasing by 12 % as in the
scenario with low recycling, total cumulative S€missions actually decrease by 5 %. Figure 6 shows
the year-by-year comparison of the base case wliPt and Pd primary inputs, and,Sfnissions as
calculated in both scenarios, with or without imsi@g recycling. In 2020, for instance, sulphur
dioxide emissions associated with the use of PGMaitalytic converters in the scenario with low
recycling and use of palladium in diesel catalgsts 12 % higher than in the base case. For the same
year, SQ emissions are reduced by 32 % in the recyclingage when compared to the base Case.

® The continuity break occuring between 2010 andid@figure 6 is due to the assumption that at dhite the
EU-10 will massively implement the Euro IV normeddy in use in Western Europe. The palladium cardkn
small petrol cars (40 % of all new registrationstlie EU-10) is assumed to be 2.6 times higher iro El
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5.2.3 Summary

To sum up the modelling results regarding the edalgsts, on the one hand, the substitution of
palladium for platinum in diesel catalytic convestavould lead to an increase in demand for primary
palladium and a decrease in demand for platinumth@nother hand, under the assumptions and
limitations of the present model, the total ;S€nissions would remain virtually unchanged, if ahet
prices remain constant as well. However, should ghiee of palladium double, SCemissions
associated with the use of PGM in car catalystshigignificantly rise (12 % for 2005-2020
cumulative emissions). This would be the consequ@ia higher S@intensity of palladium due to
the allocation factors reflecting metal prices. Is@ccase is by no means unrealistic: the price of
palladium would still remain half of that of platim and it would still be far from the extremes tud t
year 2001 (when Pd was twice as expensive as Rg.again shows that the allocation procedure, i.e.
metal prices, has a non-negligible influence onrpesentation of the environmental pressures by
the indicators. At the same time it becomes clédamt the technological improvement was no
environmental breakthrough.

The SQ emissions problem would be offset if recyclingreesed. Global sulphur dioxide emissions
associated with the production of the PGM usedumogean cars would even decrease by 32 % in
2020 compared to the base case. Higher secondauy implies that demand for primary palladium
would drop, therefore reducing the impact of Russmoduction (50 % of the world primary
palladium production). A larger part of the burddrproduction would remain in Europe where also
the benefits of car catalysts occur: the,®missions associated with secondary productionldvou
increase there but the net effect of the use ofcatalysts would still be a reduction of acidifying
compounds in Europe.

5.3 Fuel cell vehicles

The model is run for three scenarios with differéstels of stack power. In the "base case”, as
described in section 2.2, the power increaseafipdrom 75 kW, to 100 kW, by 2030. In the two
alternative scenarios, the power either remainsteon (75 kW) or decreases (from 75 ko 50
kWel)-

Figure 7 shows the evolution of cumulative platinpnmary input for all three power scenarios,
assuming a high registration of FCVs in Europe argh learning rate (i.e. low progress ratio). By
keeping the power of the fuel cell stack constaft% of the cumulative primary input of platinum
could be saved compared to the base case (inoggamiver). In 2030, the savings would almost reach
30 % of the yearly primary input. Comparable shdade®ut 20 %) of cumulative GOSQ, and TMR
could be saved. The cumulative and yearly savimgsdcattain 38 % and 58 % of the 75-100 kW
scenario if the FCV power decreased instead okasing. On the one hand, if the trends observed
until today for the power of thermal engines camginsuch an option seems unlikely. Legislation
could, on the other hand, set incentives or rdgiris to directly or indirectlyreduce the power of
cars (combustion engines and FCV) and future desfgnars could orient towards light weight
vehicles which do not need such powerful enginashSneasures could affect the market penetration
of the product (positively or negatively) and mayngewhat lower the incentives for the constructors
to reduce platinum density (in g/kW).

catalysts than in Euro IV. The relative decreaspaittadium primary input is stronger in the bassechecause
no palladium is used in diesel cars. Thereforadhie ‘scenario:base case’ increases.

"In the current debate on climate change mitigatte limitation of GHG emissions may be regardedaas
priority target the implementation of which woulejuire a reduction of fuel consumption, therefdse aower.
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Figure 7: Cumulative platinum primary input for asgn FCV introduction scenario and for
different evolutions of the fuel cell stack power

As shown in section 2, learning curves are useaddel the technological development of the PEM
fuel cells installed in passenger cars, and heheeptatinum content. Figure 8 shows the range of
possible cumulative platinum inputs for FCVs in &ue. The high registrations scenario is applied to
simulate the evolution of mass production combingth the progress ratios proposed by Tshuchiya
and Kobayashi (2004). The power of the FC staelsssimed to increase from 75 k\é 100 kW,

The modelled cumulative platinum primary input2080 reach 2361 t, 793 t and 312 t in the case of
a low, medium or high learning rate, respectiv€lgmpared to the world known platinum reserves —
which stand at 29 000 t according to Gordon ef28l06), the introduction of FCVs in Europe would
mean the extraction of 8 %, 3 % or 1 % of theseldvet reserves, for the low, medium or high
learning rate scenarios, respectively. This needbd put in perspective with the assumptions
regarding the size of the future European FCV flaéetthe high registrations scenarios used here,
FCVs represent “only” 15 % of the European cartflee2030 and forecasts say that the European car
fleet will represent “only” 20 % of the world fleéh 2030. This means that in the worst case
mentioned above, 8 % of the world platinum resemvesld be needed to equip 3 % of the world
passenger car fleet.
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Figure 8: Cumulative platinum primary input for avgn FCV introduction scenario in
Europe with a spectrum of progress ratios (or leagrates)

A simple model is developed to test the problenplatinum availability in combination with the
world-wide introduction of fuel cell vehicles. Giveghe uncertainties, two penetration scenarios are
considered where the new registrations of FCVdalten as a share of the total car sales, taken from
the IEA/SMP model (Fulton and Eads 2004, p.32) rentied wHR and wLR scenarios, which stands
for high and low world registrations, respectiveéBombined with that, three scenarios concerning the
improvement of the fuel cell platinum content astéd (Table 1). In this somewhat rough model, the
technological improvement is given, using previsusaulations of technological progress in Europe
via learning curves. The three scenarios for theeton of the platinum content of FCVs correspond
to the best, the average and the worst cases @osarihe model developed for Europe under the
assumptions ’high registrations’ and 'FC stack tamis power’ (75 kW). In the best case, the
platinum content of the stack in 2030 is similathat of a car catalyst today. FCVs are assumed to
have an average lifetime of ten years and the legycates are set to 75 % as in the model for
Europe.

Table 1: Scenarios for the introduction of faell vehicles at the world level

Units 2010 2020 2030 2040 2050
Low learning g Pt/ FCV 80.67 46.28 41.52 39.11| 139.
Medium learning | g Pt/ FCV 50.98 20.95 17.76 16.23/16.23
High learning g Pt/ FCV 30 7.06 5.32 455 4.55
High registrations | % of sales 2 10 30 70 80
Low registrations | % of sales 0 2 5 15 20
High registrations | % of car fleet 0 2.2 12.1 279 | 5.73
Low registrations | % of car fleet 0 0.6 2.2 54 9.1

In the 'high registrations scenario’, FCVs reprasgh % of the 2 billion passenger car fleet in 2050
Depending on the evolution considered for FCVstiplan content, the cumulative use of primary
platinum would represent 18 %, 63 % or 150 % of wwld resources, as estimated in 2005 by
Gordon et al. (2006, p.1213) (Table 2). Even thooglv deposits might be discovered in the future, it
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is clear that an important technological improvetiemeeded (such as the one considered in the best
case) in order to be able to introduce FCV at ddwsrale without jeopardizing the world’s supply of
platinum resources, not to mention environmentdlezonomic implications of depletion.

Table 2: Use of primary platinum associated with thtroduction of fuel cell vehicles at the
world level

_ Cumulative primary platinum input

Modelling results i ) . Share of world
Up: low registrations scenario ) o

2010 — 2050 identified resources
Down: high registrations scenario

Low progress ratio 9960t 34 %

(40 g Pt/ FCV in 2050) 43 560t 150 %

Medium progress ratio 4150t 14 %

(16 g Pt/ FCV in 2050) 18 150 t 63 %

High progress ratio 5150t 4%

(5 g Pt/ FCV in 2050) 5160t 18 %

6 Conclusions

Platinum group metals, especially platinum, patladiand rhodium, are currently essential inputs for
a number of industrial processes and consumer gddasmaterial flow analyses of PGM in Europe
and of PGM primary and secondary production hawviged the core of the modelling of the
environmental impacts associated with the use dfiRGEurope. The model allows the comparison
of the environmental impacts of primary and secongaoduction and the investigation of potential
institutional and technological levers, at the mpmitbn or consumption level, to mitigate
environmental pressures.

From a methodological point of view, the allocatipmcedure has a decisive influence on the final
values of the environmental indicators. One shdngddr in mind that the prices for platinum group

metals, on which the allocation procedure is bakagle an essential influence on the results, which
need to be interpreted accordingly.

Among the three investigated environmental press@@®., SQeq and TMR,), it seems that the
sulphur dioxide emissions associated with the petido of PGM used in Europe can be considered as
most relevant when compared with total,Sissions at the EU level. The same sort of corspar
shows that carbon dioxide and TMR are of lessewvegice at the European level. It appears, however,
that the TMR related to PGM use in Europe reprasamshare of the EU total TMR at least three times
larger than that of COemissions associated with PGM use in Europe wberpared to EU total CO
emissions.

The amount of SPemissions, as well as the problem shifting issueild be mitigated through
increased recycling, which couples the advantafswosulphur dioxide intensity and preservation of
primary resources. For catalytic converters in cacycling rates are still relative low and needé¢o
enhanced. The recycling strategy is however limited physically growing economy when primary
metals are required and for the build-up of nevhtetogies’ material stock. Therefore, and also for
reasons of life-cycle-wide cleaner production, ¢hisr a necessity to also improve the environmental
performance of primary production (especially irsBia when considering $@missions).

The automobile sector, producing catalytic convertis the largest consumer of PGM. Therefore, the
consumers’ demand patterns (e.g. concerning dizssl) or the technological evolution (e.g. the
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introduction of diesel car catalysts containinggudilim) could significantly impact the use of PGM i
the EU and the environmental impacts associated itvit

Regarding the potential future introduction of faell vehicles, it appears that important techniclalg
improvements are needed to reduce the PGM confteénée duel cell stack and thus allow a wide scale
introduction of this technology. Independently freteshnological progress, the power of a FCV seems
to be a key parameter determining the total amoti®GM of the vehicle and thus the related global
environmental impacts. Thus, the design of thel fpraduct, e.g. in the direction of light-weight
vehicles, and the development of related consumedegnces, will have a decisive influence on the
future flows of PGM in Europe and beyond.
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