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Abstract 

Classified as ‘zero emission vehicles’, fuel cell vehicles do not emit any greenhouse 

gases while driving, but still offer the familiar convenience of conventional vehicles. 

For this reason, they are expected to play a major role in combating climate change un-

der the European Union’s quest for reducing greenhouse gas emissions.  

However, the widespread deployment of fuel cell vehicles entails trade-offs and unin-

tended rebound effects, especially concerning the depletion of non-renewable resources. 

The excessive platinum requirement is of major concern, as this metal is used as the 

predominant catalyst material in automotive proton exchange membrane fuel cells. 

Platinum recycling is viewed as a vital strategy for mitigating environmental and re-

source-related impacts of extraction, as well as enhancing security of supply.  

This thesis thus aims to assess to what extent the recycling of fuel cell vehicles can con-

tribute to meeting this industry’s future platinum demand. Following a theoretical basis 

that provides the fundamental principles of current proton exchange membrane fuel cell 

technology, the market status of fuel cell vehicles and the global platinum market, a 

literature review examines the potential recycling chain of fuel cell vehicles in qualita-

tive terms. Analysing possible deficits in the recycling chain that could lead to sub-

optimal platinum recovery rates in the future, this part concludes that the recycling of 

fuel cell vehicles is still in its early stages and many aspects require further research.  

Using the software STAN 2.5, a dynamic material flow analysis is prepared to deter-

mine in quantitative terms the expected platinum requirements resulting from the diffu-

sion of fuel cell vehicles in Europe, as well as the platinum flows resulting from the 

recycling of end-of-life fuel cell vehicles.  

In the course of this research it is shown that the diffusion of fuel cell vehicles in 

Europe is unlikely to cause a depletion of primary platinum deposits, but could have 

severe impacts on the global platinum market and exacerbate structural and temporal 

scarcities. These effects could not only impede the market adoption of fuel cell vehicles, 

but also impact on other platinum-dependant technologies. The co-development of re-

cycling technologies and frameworks is hence considered a prerequisite, and sugges-

tions for the mitigation of deficits in the recycling chain of end-of-life vehicles are 

given. Further research on all steps of the recycling chain of fuel cell vehicles is deemed 

essential.  
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1 Introduction 

1.1 Background and context 

Climate change has become “the major, overriding environmental issue of our time, and 

the single greatest challenge facing environmental regulators” (UNEP 2015). Despite 

international agreements on climate change mitigation, which have, amongst others, 

delivered the long-term goal of limiting global warming to 2 degrees Celsius compared 

to pre-industrial times, climate change remains a growing concern. As global tempera-

tures continue to climb, ice loss in the Arctic and Antarctic is accelerating, sea levels are 

rising and weather patterns are changing, it is increasingly impacting on human interests 

such as food production, health and safety, availability of ecosystem services and the 

functioning of the global economy (cf. WMO 2013).  

While individual media statements may portray it differently, there is a general scien-

tific consensus that the global climate is indeed changing, and that humanity’s emis-

sions of greenhouse gases
1
 (GHG) are contributing to this. Although there is already 

alarming evidence that certain tipping points in the Earth’s climate are being ap-

proached, UNEP (2015) asserts that the worst impacts may still be avoided by installing 

specialised adaptation programmes and, above all, by facilitating the transition towards 

a low carbon economy
2
.  

In 2011, the European Council reconfirmed its determination to meet the 2 degree-target 

through EU-wide reductions of GHG emissions by 80% to 95% (compared to 1990 lev-

els) by 2050 (European Commission 2011, p. 3). As part of its ‘Roadmap for moving to 

a competitive low carbon economy in 2050’, the European Commission (2011) has 

identified key sectors and development pathways to enable the EU to reduce GHG 

emissions according to the targets agreed. Among these, transport plays a major role, as 

is represents Europe’s second-largest source of GHG emissions today, according to the 

European Climate Foundation (2015). Road transport alone makes up one-fifth of the 

EU’s total emissions of carbon dioxide (European Commission 2015b). In order to meet 

                                                 

1
 in particular carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) (UNEP 2013, p. 3). 

2
 No common definition for this term exists; however, it generally signifies an economy that produces 

only minimal GHG emissions. The reduction targets agreed by EU and G8 leaders in 2009 may be seen as 

a reference level for a ‘low carbon economy’ (RSC 2015). 
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the overall reduction target of 80% to 95% by 2050, transport-related GHG emissions in 

the EU must therefore be cut by 54% to 67% by 2050 (European Commission 2011, p. 

6).  

Despite ongoing improvements to the emission standards of internal combustion engine 

vehicles, under the current vehicle portfolio (i.e. the mix of small, medium and large 

vehicles) it will not be possible to meet these ambitious reduction targets without the 

integration of so-called ‘zero-emission vehicles’, which include battery electric and fuel 

cell vehicles (Mohrdieck et al. 2014, p. 60). In light of these developments, the concept 

of electromobility is gaining momentum and promises additional benefits. As the Euro-

pean Commission (2011) states:  

“The synergies with other sustainability objectives such as the reduction of oil 

dependence, the competitiveness of Europe's automotive industry as well as 

health benefits, especially improved air quality in cities, make a compelling 

case for the EU to step up its efforts to accelerate the development and early 

deployment of electrification” (p. 7).  

Although battery electric vehicles have been at the forefront of public attention, due to 

their short range, limited by battery capacities, they are best-suited for urban driving
3
. 

Fuel cell vehicles, on the other hand, combine the emission benefits of battery electric 

vehicles with the range and refuelling time provided by conventional internal combus-

tion engine vehicles. With these characteristics, they are ideally suited to personal trans-

portation in medium and larger cars, as well as longer trips (cf. BMVBS 2011). Accord-

ing to McKinsey & Company (2010, p. 32), this market segment alone accounts for 

around half of all passenger cars in the EU and is responsible for 75% of transport-

related CO2 emissions. Hence, substitution of conventional vehicles with fuel cell vehi-

cles within this segment offers the potential of relatively higher reductions in CO2 emis-

sions (ibid. p. 4). This powertrain technology will hence be at the focus of this thesis.  

However, potential trade-offs and unintended rebound effects resulting from the en-

dorsement of novel powertrain technologies have to be considered carefully. As high-

lighted by a number of research publications, electromobility not only entails environ-

mental benefits, but also has substantial impacts on the demand for non-renewable re-

                                                 

3
 Note that the advantages and disadvantages of the respective powertrain technologies will be discussed 

in more detail in Chapter 3.  
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sources, in particular for so-called special or technology metals (cf. Råde 2001; Gordon 

et al. 2006; Elshkaki 2007; Angerer et al. 2009; Buchert et al. 2009; Yang 2009; 

Buchert et al. 2011). 

With regards to fuel cell vehicles, platinum is of particular concern, as it represents the 

main catalyst material of the proton exchange membrane fuel cell that is used in auto-

motive applications. The extraction of platinum group metals from primary deposits 

involves high environmental impacts, including emissions of sulphur dioxide, of CO2 

equivalents in the range of 13,000 tons per ton of platinum group metals (Saurat & 

Bringezu 2008, pp. 760-761), excessive water and energy consumption (Mudd 2010, 

pp. 108-110), as well as habitat destruction, air and water pollution and generation of 

dust, particulate matter and solid waste (Cairncross 2014). In addition, platinum is con-

sidered a critical metal in the EU due to its geological scarcity, its use in a variety of 

technologies and its highly concentrated supply base (EC 2014b). Because of the lim-

ited annual supply and unfavourable mining conditions, platinum prices are expected to 

remain high, which has been identified as a major barrier to the diffusion of fuel cell 

vehicles by raising the cost of production (Bernhart et al 2014, p. 15). Taken altogether, 

these aspects cast doubts on the endorsement of fuel cell vehicles for sustainable devel-

opment.  

As UNEP (2012) points out, “Metal recycling is an important strategy to increase the 

economic benefit of extracted metals and to improve pressure on primary metals and 

the environment” (p. 22). However, while various publications discuss the diffusion of 

fuel cell vehicles and the resulting platinum demand (cf. Appendix 1), few examine the 

role of recycling in satisfying the industry’s platinum requirements. This is especially 

astonishing considering the fact that recycling rates vary significantly between applica-

tions. According to UNEP (2012), valuable precious metals, including platinum, typi-

cally have high recycling rates, “except in some applications” (p. 23). Passenger cars 

represent one such application with relatively low platinum recycling rates, as the recy-

cling quotas for exhaust gas catalysts reach a mere 50% to 60% (Hagelüken 2012, p. 5). 

This makes the automotive industry the largest net consumer of platinum today, even 

when growth of vehicle sales is ignored (Bernhart et al. 2014, p. 15).  
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“These rates signal a large amount of wasted metal and point to the need for 

strengthening institutional frameworks, and the logistics and technologies for 

metal recycling in many countries in the world. [...] Enhancing recycling for 

consumer applications needs to be a priority in developing policy, and practi-

cal solutions are required.” (UNEP 2012, p. 23).  

It is therefore in the interests of both fuel cell and car manufacturers to close these loops 

and focus on the contribution of recycling for meeting their future platinum demand. 

1.2 Aims and research objectives 

Accordingly, this thesis aims to assess in what way the recycling of fuel cell vehicles 

could play a role in mitigating or compensating for the resource-related issues explained 

above. 

Hence, the central research problem of this thesis is as follows: To what extent can the 

recycling of platinum from fuel cell vehicles contribute to satisfying the industry’s fu-

ture platinum demand? 

Research objectives arising from this central research problem are: 

1. How will fuel cell vehicles diffuse over time and what impact will this have on 

the global platinum demand?  

2. To what degree can this demand be satisfied by primary production considering 

the competition with other future-oriented technologies and the classification of 

platinum as a critical resource? 

3. What is the current status of platinum recycling from automotive fuel cells, 

which recovery rates can be achieved and what are barriers to effective recy-

cling? 

4. What lessons can be learned from the recycling of internal combustion engine 

vehicles in order to design efficient recycling frameworks for fuel cell vehicles? 

5. What platinum flows can be expected from the recycling of fuel cell vehicles at 

a future point in time? 
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Due to data availability, but especially with a view to the EU’s paradigm of sustainable 

development and its objective of reducing GHG emissions by 2050 as described above, 

this thesis focuses on the European market until 2050 in particular. This restriction ap-

plies both to the qualitative assessment of expected levels of market penetration and the 

recycling potential as well as to the quantitative assessment of platinum demand and 

recycling flows arising from a diffusion of fuel cell vehicles in Europe. 

1.3 Methodical approach and thesis structure  

The methodical approach employed in this thesis serves the purpose of answering the 

central research problem and subordinate objectives outlined above. It consists of a 

qualitative and a quantitative part, the general structure of which is shown in Figure 1. 

 

Figure 1: Structure and outline of thesis (own source)  

In order to lay down the theoretical foundations for the subsequent analyses, the thesis 

begins with a literature-based part (A) that addresses research objectives (1) and (2). 

This part discusses current proton exchange membrane fuel cell technology, the basic 

functioning of fuel cell vehicles and their market potential, as well as providing insight 

into the various factors that influence the global platinum market and the classification 

of platinum as a critical resource.   
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The following part (B) addresses research objectives (3) and (4) and forms the qualita-

tive basis for the later quantitative assessment of the recycling potential of fuel cell ve-

hicles. Based on a review of technical and non-technical literature, this part examines 

the current status of fuel cell vehicle recycling as well as options for the design of a fu-

ture recycling system. Drawing on analogies to the recycling of end-of-life internal 

combustion engine vehicles, potential deficits that could lead to suboptimal rates of 

platinum recovery are identified.  

At the core of this thesis is a dynamic material flow analysis
4
 (part C), modelling the 

flows of platinum throughout a fuel cell vehicle’s life cycle, in order to determine the 

potential for meeting platinum demand through the recycling of end-of-life fuel cell 

vehicles. This part hence forms the quantitative assessment for attending to research 

objective (5). It is based on the information gained in the preceding parts, as data con-

cerning, for example, the manufacturing process of fuel cells, the expected development 

of platinum loads and the market penetration of fuel cell vehicles, as well as possible 

recycling rates, govern the mass flows, stocks and processes established within the ma-

terial flow analysis.  

Based on the information presented in Part A, B and C, the discussion then focuses on 

evaluating both the qualitative and quantitative data to answer the central research ques-

tion. A conclusion is given concerning the role of recycling in meeting the future plati-

num demand arising from a diffusion of fuel cell vehicles in Europe.  

  

                                                 

4
 Note that the concept of material flow analysis will be explained in more detail in Chapter 6.1.  
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2 Proton exchange membrane fuel cells 

 ‘Fuel Cells [...] are electrochemical devices that directly convert chemical energy 

stored in fuels such as hydrogen to electrical energy’ (Wang et al. 2010, p. 982). Differ-

ent types of fuel cells, which are classified by their respective electrolyte, have distin-

guishing features and characteristics. Due to its favourable attributes, such as low oper-

ating temperature, fast start-up and fast response to varying loads, the type of fuel cell 

used in current automotive applications is the Proton Exchange Membrane fuel cell, 

which is also known as Polymer Electrolyte Membrane fuel cell (PEMFC)  

(Nel 2004, pp. 290-291). In the following, a brief overview of the function and design 

of a PEMFC is given. 

2.1 Function and design of proton exchange membrane fuel cells 

PEMFC consist of a membrane electrode assembly (MEA) and bipolar plates (cf. Figure 

2). The MEA comprises a compound structure of polymer electrolyte membrane (PEM), 

gas diffusion layer and catalyst. Serving as the fuel cell’s electrolyte, the PEM divides 

the cell into two “chambers”, i.e. a positive electrode (cathode) and a negative electrode 

(anode) (Mohrdieck et al. 2014, p. 78). Gas-proof but proton-conductive, the PEM con-

sists of a 50 to 150 µm thick foil, which is known mainly by its registered trade name 

Nafion® (Kurzweil 2013, p. 79).  The PEM is sandwiched between the electrodes, 

which consist of a gas diffusion layer (GDL) and a catalyst layer that is usually com-

posed of carbon-supported platinum or platinum-alloys (ibid., pp. 87-88).  

While the GDL serves several purposes, including gas dispersion and removal of by-

produced water (Mohrdieck et al. 2014, p. 79), the catalyst layer is incorporated into the 

MEA in order to speed up the required reactions by lowering the energy thresholds that 

must be overcome, i.e. lowering activation energy (Lehmann & Luschtinetz 2014, p. 

31). Flow field plates, made of graphite, specially coated steel or carbon-containing 

synthetics, frame the MEA and serve the purpose of electrical contact, gas supply, water 

removal and cooling (Kurzweil 2013, p. 94). The term ‘bipolar plates’ is derived from 

the fact that PEMFC are usually connected in series (i.e. fuel cell ‘stacks’) to increase 

voltage. Electrical contacting between individual cells takes place at the flow field 

plates, which hence must be bipolar (Lehmann & Luschtinetz 2014, p. 32).  
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Figure 2: Schematic view of a PEMFC (Bernhart el al. 2014, p. 6) 

PEMFC generate electricity as follows (cf. Figure 2): Hydrogen is supplied to the anode 

and oxygen to the cathode. At the anode, hydrogen molecules (H2) adsorb onto the 

platinum catalyst, where the hydrogen-hydrogen bond is broken. The resulting atomic 

hydrogen (H) releases an electron, thus leaving the catalyst surface as protons (Holton 

& Stevenson 2013, p. 260). The hydrated PEM lets protons pass through, while forcing 

electrons to flow towards the cathode through the external circuit, thus creating a cur-

rent (Bernhart el. 2014, p. 6). At the cathode, oxygen molecules (O2) are separated into 

atomic oxygen (O) by means of the catalyst. The atomic oxygen reacts with the protons 

that have passed through the PEM and the electrons supplied through the external cir-

cuit to form water (H2O) (Lehmann & Luschtinetz 2014, p. 31). This redox reaction 

takes place at a maximum of 80˚C
5
 and involves the following reaction steps (Kurzweil 

2013, p.78): 

  

                                                 

5
 This is true for the low-temperature PEMFC used in automotive applications, while high-temperature 

PEMFC operate at temperature of up to 180˚C (Lehmann & Luschtinetz 2014, p. 30).  
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Oxidation at the anode:  2H2 → 4H
+
 + 4e

-
 

Reduction at the cathode: O2 + 4e
-
 → 2O

2-
 

    2O
2-

 + 4H
+
 → 2H2O 

Cell reaction:   2H2 + O2 → 2 H2O 

Similar to a battery, a single PEMFC produces only a limited electrical potential below 

1 Volt. As mentioned above, fuel cells are therefore connected in series, in so-called 

‘fuel cell stacks’, in order to provide enough voltage to power the desired application 

(Lehmann & Luschtinetz 2014, p. 32). In this case, seals between individual cells are 

required to separate reactants and cooling mediums, as are metallic or synthetic end 

plates to ensure the stack’s solid bond (Mohrdieck et al. 2014, pp. 79-80).  

In order to integrate fuel cell stacks into the respective application, fuel cell systems that 

contain additional parts, such as balance of plants and other supporting components, are 

necessary. The definitions of fuel cell systems, and hence the components included, 

differ between publications. However, they may comprise pumps for fuel circulation, air 

blowers and compressors, power conditioning units (i.e. voltage converters), electric 

motor, fuel tank and control valves (Nel 2004, p. 292).  

2.2 Membrane electrode assembly fabrication 

According to Bladergroen et al. (2012), “the true potential of the MEA is not only de-

termined by the properties of the individual components but mainly by the MEA produc-

tion method” (p. 47). While different methods for the design of the electrode and con-

figuration of the MEA exist, all are aimed at achieving a MEA architecture with optimal 

utilisation of the ‘three-phase-boundaries’, a term which denotes the three-dimensional 

interface where reactant gases, catalyst and membrane meet and the reactions described 

in Chapter 2.1 take place (ibid.). In the following, designs and production methods 

common at the time of writing will be described briefly. It must, however, be noted that 

various other MEA configurations are available and data concerning weight propor-

tions, sizes and densities may vary accordingly.  

At present, the most widely used membrane material remains to be Nafion®, which is 

made of a polytetrafluorethylene (PTFE, also known as Teflon®) layer that is bonded to 

sulphonic acid ions by either dispersion or extrusion casting. Nafion® has a density of 

1.97g/cm³ and is 0.0508 mm thick when used as a PEMFC membrane.  
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The ratio of tetrafluroethylene (TFE) to perfluoroalkyl sulfonyl fluoride (PFS) is ap-

proximately 57.4 wt.% TFE to 42.6 wt.% PFS (Simons & Bauer 2015, p. 3). Nafion® 

provides a light-weight and chemically stable membrane. It must, however, be kept hy-

drated at all times and is susceptible to freezing at low temperatures as well as local 

overheating, which may cause tears (Kurzweil 2013, p. 79). Current research therefore 

focuses on increasing thermal stability, for example via the use of hydrophilic additives 

(Simons & Bauer 2015, p. 4). The membrane is typically purchased in a ready-to-use 

roll form and only needs to be cleaned and protonated before further processing (Korai-

shy et al. 2009, p. 5). 

The gas diffusion layer (GDL) commonly consists of carbon cloth or carbon paper, as 

this provides the desired characteristics of porosity, electrical conductivity, high stabil-

ity and corrosion resistance. This base material is hydrophobically treated with PTFE in 

order to prevent water from accumulating in the pores, a process called ‘flooding’ which 

reduces the ability of gases to contact the catalyst sites. Since the GDL pores are much 

larger in size than the catalyst particles, an additional micro-porous layer consisting of 

carbon or graphite particles mixed with PTFE is adhered to the GDL to improve both 

electrical contact and water transport. A GDL including a micro-porous layer has a den-

sity of 0.55g/cm³ and a thickness of 0.41 mm, respectively, and contains on average 

15% PTFE (Simons & Bauer 2015, p. 4). Development efforts focus on porosity, water 

management and reduction of area-specific resistance through an increased use of nano-

materials (ibid., p. 5). Figure 3 summarises the GDL production process.  

 

Figure 3: Gas diffusion layer fabrication process (Koraishy et al. 2009, p. 6)  
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Simply put, the catalyst layer enables the desired reactions within the fuel cell by pro-

viding the surface area on which these reactions take place. As Simons and Bauer 

(2015) state “a high surface area is therefore far more important for high performance 

than high mass of catalyst material” (p. 5). Due to its preferable characteristics, plati-

num is used as the main catalyst material in PEMFC (cf. Chapter 2.3). Small particles of 

the catalyst material (10 to 100 nm in size) are finely dispersed on a porous substrate, 

which usually consists of carbon powders. The resulting catalyst layer is between 10 

and 30 µm thick (ibid). 

According to Litster and McLean, the catalyst layer can be applied to either the PEM or 

the GDL, with the objective of bringing the catalyst particles as close to the membrane 

as possible (Litster & McLean 2004, p. 62). In addition, an intermediate procedure (the 

so-called ‘Decal-method’) can be employed, in which the electrode is cast onto a sub-

strate, such as Teflon film, hot-pressed to the membrane and the film then peeled off 

(Koraishy et al. 2009, p. 4).  

Figure 4 provides an overview of available techniques for application of the catalyst 

layer, which can be used in both catalyst coated membrane (i.e. the catalyst layer is ap-

plied to the membrane) and catalyst coated substrate (i.e. the catalyst is applied to the 

GDL) processes. With a view to the limited scope of this thesis, the various catalyst 

application methods listed below cannot be reviewed in detail, but may be examined 

further in Litster & McLean (2004), Kaz (2008), Koraishy et al. (2009) and Bladergroen 

et al. (2012). 
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Figure 4: Overview of catalyst application methods (Bladergroen et al 2012, p. 50) 

Many of the procedures listed above are used for low-volume, manual production in 

academia or for specific applications only and do not lend themselves to higher produc-

tion volumes. Commercial producers today typically use procedures similar to those of 

the printing industry, in which the supported or unsupported catalyst material is mixed 

with solvents, binder and other additives to form a ‘catalyst ink’ and then applied in wet 

form (Kaz 2008, p. 29; Koraishy et al. 2009, p. 6). For future higher-volume production, 

however, dry coating methods, in which the electrode material is deposited onto the 

substrate in the form of a powder, are considered a viable route of development (Kaz 

2008, p. 29).    

The most commonly used catalyst application methods today involve a spray-coating or 

doctor blade-coating process, in which a thin film of catalyst ink is applied directly to 

the membrane, resulting in a catalyst coated membrane (CCM) (cf. Kurzweil 2013; 

Bernhart et al. 2014; Simons & Bauer 2015). Various catalyst ink formulations have 

been developed, the exact recipes of which depend not only on the MEA’s desired per-

formance and application, but also on the fabrication method to be used, as the viscosity 

and solid content must be tuned to fit the procedure.  
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In general, however, the catalyst ink consists of the following ingredients in varying 

proportions (Koraishy et al. 2009, p. 6): 

 solvent (deionised water, isopropyl alcohol, glycerol etc.), 

 binder (perfluorosulfonic acid (PFSA) or other ionomer in protonated form), 

 catalyst (platinum, unsupported or supported on carbon powder), 

 additives (gelling agents, release agents, pore formers etc.). 

Although the development of such thin-film electrodes has resulted in a significant re-

duction of the required platinum loadings by increasing the surface area of the catalyst, 

research on improved MEA production methods, aimed at reducing the platinum load 

further, continues to be a major focus of fuel cell technology research (cf. Chapter 2.3).  

One possible development pathway is presented by current research on nanostructured 

thin-film (NSTF) catalysts, a technology developed and pursued by the US-based com-

pany 3M that features significantly lower platinum loadings, while also addressing per-

formance and durability issues. For the production of these catalysts, platinum alloys 

(platinum alloyed with nickel (Pt-Ni), cobalt (Pt-Co), manganese (Pt-Mn), iron (Pt-Fe) 

or titanium (Pt-Ti)) in a 3 to 1 ratio are sputtered consecutively, i.e. finely deposited in 

the form of a vapour, onto a polymer support. This produces polymer ‘whiskers’ or 

tubes finely covered with a thin film of the platinum alloy, thus increasing the active 

area of the catalyst (van der Vliet 2010, p. 105; Simons & Bauer 2015, p. 5). A further 

differentiation of this technology from other electrocatalysts is beyond the scope of this 

thesis, but can be reviewed in, for example, Debe (2012), Debe et al. (2012), Debe 

(2013), Steinbach et al. (2014) and US DOE (2014).  

In a final step, the catalyst coated membrane is hot-pressed to the GDL at around 130˚C 

and 80 bar pressure in order to form the MEA (Simons & Bauer 2015, p. 5). 

2.3 The role of platinum in proton exchange membrane fuel cells 

As described in the preceding chapters, a platinum catalyst is generally used for both the 

oxidation reaction taking place at the anode and the reduction reaction occurring at the 

cathode. While the oxidation of hydrogen proceeds very fast and incurs negligible volt-

age losses even at very low platinum loadings, the reduction of oxygen involves a much 

slower and more complicated mechanism.  
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Due to the slower kinetics, the oxygen reduction is responsible for a large portion of the 

voltage loss of a PEMFC and the cathode thus requires a several times higher platinum 

loading than the anode (cf. Holton & Stevenson 2013). Platinum content, however, is 

considered one of the main cost drivers of PEMFC, significantly limiting their market 

potential (cf. Chapters 2.3.2 and 3.3). Reduction of the platinum load is therefore a ma-

jor focus area of fuel cell technology research. Although platinum loadings at the anode 

do of course contribute to PEMFC’s overall platinum content, research on catalyst im-

provement generally focuses on the cathode rather than the anode process (Holton & 

Stevenson 2013, pp. 260-261). In the following, the characteristics of platinum which 

make it the material of choice for PEMFC catalysts, as well as the required platinum 

loadings at current and future technology levels, will be reviewed.  

2.3.1 Characteristics of platinum 

According to Holton and Stevenson (2013, p. 269), pure platinum outperforms all cur-

rently known substitutes in the characteristics Activity, Selectivity and Stability, which 

are crucial for an effective PEMFC catalyst.  

Adsorbing reactants strongly enough to break chemical bonds, but weakly enough to 

discharge the resulting products once the reaction has been completed, is the balancing 

act that effective catalysts must achieve. This ideal relationship between the catalyst 

material and the reactant is known as the ‘Sabatier Principle’ and can be visualised by a 

volcano diagram, which plots the catalyst activity against the binding energy for a given 

reaction (Holton & Stevenson 2013, p. 262). Figure 5 shows a volcano plot for binding 

of atomic oxygen with a number of metals, illustrating the fact that platinum is closest 

to the optimum activity level. Note that the optimal catalyst according to the Sabatier 

principle would sit at the peak of the diagram. 



 

15 

 

 

Figure 5: Oxygen reduction activity plotted as a function of oxygen binding energy (Norskov et al. 2004 in Holton & 

Stevenson 2013, p. 263) 

At the same time, catalyst materials must ensure that the oxygen reduction reaction fol-

lows the desired pathway leading to the formation of water (H2O) rather than the corro-

sive hydrogen peroxide (H2O2), which happens when oxygen is adsorbed onto a metal 

surface without the bond between the two oxygen atoms being broken. Platinum has 

been shown to demonstrate the highest selectivity for the desired H2O-producing 

mechanism among various metal catalysts, proceeding almost exclusively according to 

the desired pathway, as the oxygen bond is broken immediately upon adsorption (Hol-

ton & Stevenson 2013, p. 264).  

Since conditions inside the fuel cell include the presence of oxidants, reactive radicals, 

low pH value, high temperatures and potential fluctuations, stability within such a 

chemical environment is another prerequisite for an effective catalyst. The few other 

metals, including for example gold and iridium, which like platinum are noble enough 

to not dissolve in the PEMFC’s harsh conditions, perform worse in terms of activity and 

selectivity, making platinum the only pure metal suitable as a PEMFC catalyst material 

(Holton & Stevenson 2013, p. 265).  

Despite these favourable attributes, however, durability is an issue for platinum-based 

catalysts. For example, poisoning (i.e. chemical deactivation) by impurities contained in 

the fuel cell or the supplied reactants affects all catalysts and here, platinum is no excep-

tion. Poisoning by carbon monoxide (CO), sulphur (H2S, COS) and organic compounds 

is most problematic for platinum-based catalysts (Kurzweil 2013, p. 92).  
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While quality standards for hydrogen aimed at minimising impurity levels have been 

agreed, alloying of platinum with other metals to improve poisoning resistance would 

be beneficial (Holton & Stevenson 2013, p. 267). Additionally, sintering of platinum 

particles (i.e. accumulation of particles due to movement on the carbon support or disso-

lution and subsequent precipitation onto larger metal particles), dissolution of platinum 

from the carbon surface and corrosion of the carbon support may all negatively affect 

the stability and hence the durability of platinum catalysts (He et al. 2005, p. 43-44).  

2.3.2 The platinum content of fuel cell vehicles 

The superior characteristics of platinum in terms of activity, selectivity and stability 

combined with its high cost (cf. Chapter 4.4.2), as well as the above mentioned issues 

concerning durability, have sparked research aimed at reducing or replacing platinum 

loadings while maintaining or even improving PEMFC performance. Current research 

activities focus on the following approaches (cf. He et al. 2005; Holton & Stevenson 

2013; US DOE 2014): 

 alloying with other transition metals to bring the catalyst’s adsorption properties 

even closer to the Sabatier optimum, 

 layering platinum on or below the surface of another metal in order to create a 

structure binding oxygen atoms somewhat weaker than pure platinum, 

 core-shell approaches, in which a cheaper metal core is coated with platinum, 

 de-alloying approaches, in which the base metal content is leached from 

nanoparticles of platinum-alloy catalysts, 

 novel technologies aimed at replacing platinum by alternative materials entirely. 

Dedicated research programs have resulted in significant technology advances, allowing 

a considerable reduction of PEMFC platinum loadings without compromising perform-

ance in recent years. For example, He et al. (2005, p. 44) report a 50-fold reduction of 

catalysts’ platinum content from around 25 mg/cm² several decades ago to below 0.5 

mg/cm² in 2005. Although this presents a significant improvement, such platinum load-

ings still amounted to a total platinum content of almost 1 gram/kWnet (Spendelow & 

Marcinkoski 2014, p. 4) or around 80 gram per FCV in 2005, when a 100 kWgross fuel 

cell stack is assumed (NRC 2013, p. 32).  
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Research efforts have, however, continued over the past decade and succeeded in fur-

ther reducing the required platinum content. Table 1 lists the reduction in platinum load-

ings achieved from 2007 to 2013 through research programs governed by the US De-

partment of Energy (US DOE), as well as the corresponding stack performance. Note 

that the increases in platinum content per kW in 2012 and 2013 are due to newly intro-

duced mandates by the US DOE concerning minimisation of waste heat generation that 

required changes to system design parameters. 

Table 1: PEMFC stack power and corresponding platinum content (adapted from Spendelow & Marcinkoski 2014,   

p. 3)6  

Characteristics Unit 2007 2008 2009 2010 2011 2012 2013 

Stack Power kWgross 90 90 88 88 89 88 89 

System Power kWnet 80 80 80 80 80 80 80 

Platinum loading mg/cm² 0.35 0.25 0.15 0.15 0.19 0.20 0.15 

Platinum, total content g/kWgross 0.6 0.35 0.18 0.18 0.17 0.20 0.23 

Platinum, total content g/kWnet 0.68 0.39 0.20 0.20 0.19 0.22 0.25 

Assuming a fuel cell stack of 80 kWnet, the platinum loading reported for 2013 still 

translates into a total platinum requirement of around 20 gram per FCV. Moreover, as 

these are fuel cell stacks produced and tested under laboratory conditions, the platinum 

load of fuel cell stacks installed in FCV technology currently ‘on the road’ is likely still 

higher. Due to the proprietary nature of such data, exact and reliable numbers for the 

platinum content of FCV models manufactured today cannot be obtained; instead, as-

sessment of the current platinum load relies on estimates and proposals published by 

automobile manufacturers and researchers.  

General Motors, for example, propose a platinum content of 30 gram per automotive 

fuel cell system in 2015 (Lehmman & Luschtinetz 2014, p. 118). Bernhart et al. (2014, 

p. 13), on the other hand, deem a platinum load of 0.4 mg/cm² feasible at current tech-

nology levels. Based on their assumption of an average active area of 300 cm² per MEA 

and 350 MEA within one vehicle’s fuel cell stack (ibid. p.15), this adds up to 42 grams 

of platinum per FCV. According to estimates by Sui (P.-C. Sui 2015, pers. comm., 05 

June 2015), the 114 kW fuel cell stack of the current Toyota Mirai (cf. Chapter 3), 

                                                 

6
 Note that Spendelow & Marcinkoski (2014) use the term ‘PGM’ rather than ‘platinum’ loading and 

content in the cited table, but base cost calculations on platinum prices only and also mention only plati-

num throughout the accompanying text. It is therefore assumed that ‘PGM’ in this table does not denote a 

range of platinum group metals but is used synonymously for platinum.  
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which uses a Pt-Co alloy as catalyst material, is likely to contain around 40 grams of 

platinum, although no official figures have been published. 

While these estimates vary significantly, either amount is incommensurate with the 1 to 

8 grams of PGM used in current catalytic converters of ICE vehicles (Lucas et al. 2011, 

p. 33). This not only adds significantly to the cost of FCV, but also raises concerns re-

garding resource availability and sustainability (cf. Chapters 1 and 0).  

While research aimed at eliminating the use of PGM as catalyst materials altogether and 

replacing it with alternatives is ongoing, it is unlikely to produce any viable options at 

least in the coming decades (cf. Holton & Stevenson 2013; Bernhart et al. 2014). Hence, 

a further reduction of platinum load remains a vital prerequisite for commercialisation 

of FCV. Table 2 shows the platinum content target for PEMFC electrocatalysts in 2020, 

as applied throughout the US Department of Energy’s combined research programs on 

fuel cell technology (cf. US DOE 2015). 

Table 2: Technical targets for electrocatalysts in 80 kW automotive fuel cell systems (adapted from US Drive FCTT 

2013, p.  8) 

Characteristics Unit Status 2013 Target 2020 

Total platinum content g/kWrated 0.14 0.125 

Total platinum loading mg/cm² electrode area 0.15 0.125 

The figures given for the current status within Table 2 refer to platinum loadings 

achievable for so-called nanostructured thin-film (NSTF) electrocatalysts (cf. Chapter 

2.2). 

It must be noted that such ultralow-platinum NSTF catalysts at this point in time remain 

at a laboratory phase and are unlikely to represent the technology employed in current 

FCV. However, since NSTF catalysts demonstrate promising results in terms of per-

formance and durability and are cited as the technology to be pursued in order to 

achieve the technical targets set by the US Department of Energy’s hydrogen and fuel 

cell research program (cf. US Drive FCTT 2013; Spendelow & Marcinkoski 2014; US 

DOE 2014; Simons & Bauer 2015), the development of such catalysts on a larger scale 

appears feasible.  
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The total content of platinum within FCV, however, will depend not only on techno-

logical developments concerning the required platinum loading, but also on the vehicle 

power demanded by consumers. Developments in the sector of conventional combus-

tion engine cars have shown that advances in fuel economy, enabling a reduction in CO2 

emissions in theory, were in practice counteracted at least in parts by increases in vehi-

cle weight, size and power, which in turn diminished the reduction of CO2 emissions 

(cf. US EPA 2014). In 2014, for example, BMW’s i3 electronic vehicle was sold 2233 

times in Germany. In the same year, however, more than five times as many exemplars 

of BMW’s X5, a sport utility vehicle with a horsepower of 306 PS and CO2 emissions 

of around 199 g/km, were ordered despite a higher purchasing price (Brauck et al. 2015, 

p. 67). This underlines the fact that “consumer desires for large, powerful vehicles have 

been the major stumbling block in achieving a “green car”” (MacLean & Lave 2003, 

p. 5445).  

The same effect could present an issue in the further development of FCV. For example, 

the 80 kWnet fuel cell stack proposed by the US DOE, as mentioned above, carries a 

total platinum content of 20 grams per vehicle assuming a platinum load of 0.25 g/kW 

in 2013. Considering the fact that the 2014 Toyota Mirai offers a maximum power out-

put of 114 kW (cf. Chapter 3), a future FCV with a fuel cell stack of 150 kW may well 

be imagined. Based on the targeted platinum loading of 0.125 g/kW in 2020, such a 

FCV would still require a total of 18.75 grams of platinum, rendering any technological 

advances largely irrelevant.  

Similarly, governmental and other regulations may impact on the required platinum 

loading of future FCV. This can be observed in Table 1, showing that more stringent 

heat rejection regulations of the US DOE led to increased platinum loadings from 2012 

onwards due to necessary system changes. While a more detailed analysis of such 

trends in consumer wants as well as governmental and other regulations and the result-

ing impact on vehicle specifications would be highly useful, due to constraints of space 

and time these aspects cannot be considered further as part of this thesis. 
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3 Fuel cell vehicle technology  

3.1 Classification of fuel cell vehicles 

Converting the chemical energy of a fuel to electric energy and waste heat, fuel cells 

alone cannot propel a vehicle but require an electric motor to do so (Lehmann & 

Lutschinetz 2014, p. 52). Fuel cell vehicles therefore fall into the category of electric 

vehicles, a term which is used to describe a wide variety of vehicle concepts and propul-

sion systems. Electric vehicles can be further divided into hybrid electric vehicles, using 

both a conventional internal combustion engine (ICE) and an electric motor in varying 

ratios as power sources, and all-electric vehicles, which include battery electric vehicles 

(BEV) and fuel cell vehicles (FCV) (Tie & Tan 2013, p. 5). While both battery electric 

vehicles and fuel cell vehicles have zero tail-pipe emissions while driving and are hence 

classified as ‘zero-emission vehicles’ (CEPA 2012, p.1), they differ in inherent attrib-

utes such as driving range, efficiency, cost and recharging speed (Offer et al. 2010, p. 

25).  

Although superior to ICE vehicles in terms of power and acceleration, with a maximum 

range of approximately 150 kilometres per battery charge and a battery charging time of 

up to 8 hours, the current BEV technology cannot compete with typical ICE vehicles’ 

performance (Thielmann et al. 2012, p. 7). Due to the comparably low energy density of 

the power source, BEV are therefore best suited for ‘urban driving’, which typically 

constitutes small cars and short trips, as well as car sharing concepts (McKinsey & 

Company 2010, p. 4). FCV, on the other hand, combine the advantages of BEV with the 

convenience provided by conventional ICE vehicles. Able to deliver average power at a 

much higher efficiency than an ICE (Offer et al. 2010, p. 25), a FCV’s driving range is 

determined by its fuel tank size, which can be refuelled in approximately 3 minutes and 

achieves a range of around 400 kilometres (Thielmann et al. 2012, p. 7). FCV are there-

fore ideally suited to personal transportation in medium and larger cars and longer trips. 

According to McKinsey & Company (2010, p. 32), this market segment alone accounts 

for around half of all cars in the EU and is responsible for 75% of transport-related CO2 

emissions. Hence, the diffusion of FCV within this segment offers the potential of rela-

tively higher reductions in CO2 emissions (ibid. p. 4) and will therefore be at the focus 

of this thesis. 
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Though FCV are often praised for their comparably higher efficiency, realised through 

the electric motor’s above 90% efficiency (Lehmann & Luschtinetz 2014, p. 54) and the 

fuel cell’s efficiency of around 60% (Kurzweil 2013, p. 79), their well-to-wheels
7
 effi-

ciency compared to BEV and conventional ICE vehicles remains disputable. This is due 

to the fact that the hydrogen supplied to the fuel cell can be derived from a variety of 

sources, including renewable and fossil resources, and through different production 

methods. Hence, the required energy input and greenhouse gas emissions resulting from 

hydrogen production vary widely (Heywood 2010, p. 8). In addition, any vehicle’s fuel 

economy depends not only on the efficiency of energy conversion, but also on size, 

weight, road conditions and driving style (CAFCP 2014, p. 7).  

Assuming hydrogen production from a range of renewable and non-renewable feed-

stocks, McKinsey & Company (2010, p. 54) conclude that FCV achieve a well-to-

wheels efficiency competitive with ICE vehicles, while BEV remain the most efficient 

vehicle option at the current state of technology. As several studies point out, a portfolio 

of different vehicle concepts is therefore required to incorporate the various transport 

requirements as well as economic and environmental concerns in the move towards a 

low-carbon economy in Europe (cf. McKinsey & Company 2010; BMVBS 2011; Euro-

pean Commission 2013). 

In addition to personal transportation, fuel cell-powered vehicles are already deployed 

in public transport showcase projects in order to improve pollution levels in areas suf-

fering from high traffic loads and congestion (cf. Hydrogen London 2013). Other appli-

cation areas include heavy-duty vehicles used in freight transportation and material-

handling equipment, such as forklifts (cf. IEA/OECD 2009; NREL 2015). However, 

since not all of these applications are expected to have significant impacts on platinum 

demand (Nel 2004, p. 293), and not least with a view to the limited scope of this thesis, 

FCV other than light-duty passenger cars used for personal transportation are not going 

to be discussed further. 

                                                 

7
 The term „well-to-wheels“ was coined by TIAX LLC (2007) to assess the net material impact of differ-

ent vehicle/fuel combinations considering both the fuel cycle (i.e. fuel production, processing and deliv-

ery) and the vehicle cycle (i.e. vehicle energy use). 
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3.2 Technology overview 

Although the distinction between hybrid electric and all-electric vehicles described 

above is common, it may in fact be misleading, as the fuel cell vehicles developed and 

manufactured today are actually hybrids using both fuel cells and batteries as power 

sources for propulsion (Fuel Cell Today 2013, p. 3). Pure fuel cell vehicles as well as 

configurations with onboard reforming of methanol or petrol to generate hydrogen are 

continuously discussed in literature (cf. Nel 2004; Offer et al. 2010; Franzen 2013; 

Kurzweil 2013), but such technologies have, at least to this date, not been pursued by 

car manufacturers on a larger scale and will therefore not be included in the further 

analysis. 

From a structural perspective, FCV can be considered a type of hybrid vehicle, in which 

the fuel cell replaces the ICE (Chan et al. 2010, p. 591) (cf. Figure 6).  

 

Figure 6: Schematic illustration of FCV power-train (Edwards et al. 2014, p. 75) 

Using atmospheric oxygen and compressed gaseous hydrogen supplied from the on-

board tank, the fuel cell generates electricity, which powers the electric motor that pro-

pels the vehicle (Daimler AG 2015). In order to supply the necessary peak power during 

acceleration and warm-up, fuel cell vehicles not only contain a battery as an auxiliary 

power source for peripherals, such as lights, radio etc., but also a traction battery. The 

traction battery recovers energy from the electric motor during deceleration – a process 

called regenerative braking – and adds power to the fuel cell’s output during accelera-

tion, thus increasing efficiency (Lehmann & Luschtinetz 2014, pp. 54-55). A power 

control unit (not included in Figure 6) is required to effectively manage the energy 

flows between the electric motor and the two power sources (Kong et al. 2010, p. 1), as 

is a DC/AC and DC/DC converter to level voltages between fuel cell, electric motor and 

battery (Toyota Motor Corporation 2015).  



 

23 

 

This hybridization of the power-train offers certain advantages. Supported by battery 

power, the fuel cell does not need to be able to supply the only briefly required peak 

power, but can be configured for delivering average power only. This allows the use of 

smaller fuel cell stacks without reducing performance, as well as protecting the fuel cell 

from early degradation (Lehmann & Luschtinetz 2014, p. 55). Recharging the battery 

through regenerative braking, as well as allowing the fuel cell to operate at its optimum 

range by directing peak power demand to the battery, may lead to efficiency gains of up 

to 15%, depending on the level of hybridisation (Suh & Stefanopoulou 2005, p. 2).  

Fast transient response of the power source is critical in automotive applications but 

difficult to achieve with fuel cells alone, a problem which is negated by utilising battery 

power for start-up and fast power responses while driving (ibid. p. 1). Since the above-

mentioned drawbacks of BEV, including limited range and extensive recharging time, 

are counteracted by the higher energy density of the FCV’s energy storage system (i.e. 

the hydrogen carried onboard), hybrid FCV may be regarded as combining the benefits 

of both technologies (cf. Offer et al. 2010; Franzen 2013).  

3.3 Market penetration 

‘FCVs have largely overcome the technical barriers to commercialization’ (Fuels Insti-

tute 2013, p. 21), as for the first time several automobile manufacturers have recently 

moved beyond the production of mere demonstration models and are preparing for sales 

of market-ready FCV. While FCV, such as the Daimler F-Cell or Honda FCX Clarity, 

have been leased to select customers (predominantly in California) for several years in 

order to test the technology under real driving conditions and integrate consumer feed-

back (Fuel Cell Today 2013, p.5), the launch of the Toyota Mirai in Japan in December 

2014 marks their commercial debut. Sales of the Toyota Mirai, priced at around € 

66.000 before tax, are expected to launch in Europe in autumn 2015, but will be limited 

to several hundred vehicles (Webster 2015). Other brands, including Daimler, Honda 

and Hyundai, have announced plans to introduce series-produced versions of their FCV 

by 2017 (Fuel Cell Today 2013, pp. 14-20).   
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3.3.1 Hydrogen infrastructure as a barrier to market penetration 

Market introduction and subsequent diffusion of FCV within the abovementioned time 

scale faces two major barriers: infrastructure and cost. The development of a hydrogen 

supply infrastructure has to be driven alongside vehicle development, since the hydro-

gen-fuelled FCVs require a sufficient network of hydrogen stations, while operators of 

hydrogen stations rely on a sufficient number of customers for economic viability, a 

dilemma which is often referred to as the ‘chicken-and-egg problem’ (Fraunhofer ISE 

2013, p. 11). The construction of a suitable hydrogen infrastructure requires sophisti-

cated investment plans as well as political support, with a theoretical future FCV market 

share of 25% translating into investment costs of € 3 billion for Europe in the first dec-

ade in order to provide the required critical mass (McKinsey & Company 2010, p. 7).  

A number of automobile manufacturers, energy providers, public transport companies 

and oil companies are collaborating to develop hydrogen infrastructure solutions in 

Europe and several member states have dedicated development plans in place, aimed at 

achieving the required critical mass in hydrogen stations over the coming years. None-

theless, the options for hydrogen refuelling to this date remain limited. Germany, which 

is considered a leading market for FCV, for example, possessed only 30 hydrogen sta-

tions in 2011, though a further 20 are to be constructed by 2015 (Fraunhofer ISE 2013, 

p. 12).  

Hydrogen infrastructure developments in other European countries are lacking even 

further. Spain and France, for example, which can be considered large European coun-

tries in terms of surface area, currently operate only three and six hydrogen stations, 

respectively, while most Eastern European countries at this point in time offer no hy-

drogen infrastructure at all (TÜV Süd 2015). The United Kingdom and to some degree 

the Scandinavian countries present an exception and provide a more extensive hydrogen 

network due to political support for FCV development (Fraunhofer ISE 2013, p.12). 

Throughout the world, 594 hydrogen stations were operating at the time of writing, with 

many more currently at the planning or construction stage, especially in leading markets 

such as Germany, Japan and California (TÜV Süd 2015). 
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As mentioned above, fuel availability is a crucial prerequisite for consumer acceptance 

of fuel cell vehicles. However, it remains uncertain how many hydrogen stations must 

be available and in what proximities for successful market integration (Greene & 

Duleep 2013, p. 34). Early market introduction will therefore likely focus on ‘govern-

ment fleet and other return-to-base fleet operations and the high-end consumer car 

market in areas with an appropriate level of infrastructure’ (Fuel Cell Today 2013, p. 

5).  

3.3.2 Cost as a barrier to market penetration 

A more widespread and accelerated adoption of FCV by other consumer segments can 

be expected with further hydrogen infrastructure developments, but will ultimately de-

pend on how future FCV compare to alternatives in terms of cost and performance (Fuel 

Cell Today 2013, p. 5). Researchers of the US Hydrogen and Fuel Cells Program de-

termined that FCV costs need to be reduced to US$ 30 to 45 per kW in order to be com-

petitive with ICE vehicles (Ahluwalia et al. 2011, p. 4619) and strive to achieve a fuel 

cell system cost of US$ 40 per kW and a fuel cell stack cost of US$ 20 per kW by 2020, 

respectively (US Drive FCTT 2013, p. 3). 

As FCV share a number of common components and architecture with both BEV and 

ICE vehicles (cf. Offer et al. 2010; Greene & Duleep 2013), the following discussion 

will focus on the differentiating aspects of FCV, i.e. the fuel cell system. Note that the 

required hydrogen storage tank represents another major cost driver (Greene & Duleep 

2013, pp. 18-19), however, due to the limited scope of this thesis it will not be exam-

ined further. 

While cost is frequently cited as a major barrier to FCV market penetration (cf. Offer et 

al. 2010; Fuel Cell Today 2013; Fuels Institute 2013; Greene & Duleep 2013; US Drive 

FCTT 2013; Bernhart et al. 2014; James et al. 2014), detailed cost breakdowns are hard 

to obtain, as such information is highly confidential. The limited information on produc-

tion costs that is published by manufacturers or otherwise estimated is also difficult to 

analyse and compare, since different sources use varying levels of detail, define the 

term ‘cost’ in different ways and in some cases do not disclose the underlying calcula-

tions (Greene & Duleep 2013, p. 13). 
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While some include only costs that are directly production-related, such as labour, mate-

rial and energy inputs, others also count research and development, engineering, amorti-

sation of tools and machinery, as well as overhead costs towards the total production 

costs. FCV cost estimates also vary significantly depending on assumptions made con-

cerning the starting point of FCV development (i.e. whether fuel cell technology may be 

integrated into existing ICE vehicle architectures or structural modifications are re-

quired) and the applied learning curves
8
 (i.e. the rate of technological progress). Further 

important factors influencing suggested cost levels are the assumed production volumes, 

as higher volumes generally result in lower unit costs due to economies of scale, and 

assumptions regarding the FCV’s technical specifications, since these have a direct im-

pact on material requirements (Greene & Duleep, p. 13). The estimates given in Appen-

dix 2 exemplify cost breakdowns for the production of crucial FCV components and 

demonstrate the impact of economies of scale on unit costs.  

While the studies in Appendix 2 were selected based on their relative comparability and 

their extensive data basis, as mentioned above, these estimates rest upon differing as-

sumptions and calculations and hence this compilation does not raise claim to com-

pleteness. Rather, it serves the purpose of illustrating the fact that the MEA – and here 

predominantly the MEA’s catalyst – takes up a large share of FCV costs, ranging from 

51 to 33% of total fuel cell system costs, depending on the underlying assumptions. 

While other specialist components, such as the PEM, obviously contribute to the 

MEA’s high proportion of total fuel cell system costs (cf. Bernhart et al. 2014), the cata-

lyst layer is responsible for a major share of the MEA’s production cost, of the order of 

10 to 20%. Moreover, catalyst costs benefit less by economies of scale than other com-

ponents, leading to a higher share of costs at increased production volumes (cf. Appen-

dix 2).  

  

                                                 

8
 Also known as ‘experience curve’, it describes the idea that proficiency with any process increases as it 

is repeated over time (cf. Yelle 1979; Stump 1987). 
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As can be derived from the cost breakdown pictured in Figure 7, Bernhart et al. (2014, 

p. 13) come to a similar assessment, concluding that material costs are the driving factor 

and account for around 90% of MEA production costs and virtually all of the catalyst 

costs. 

 

Figure 7: Cost structure by MEA component (Bernhart et al. 2014, p. 13) 

As discussed in Chapter 2.3, due to its favourable characteristics platinum serves as the 

main catalyst material in PEM fuel cells and is likely to continue to do so over the com-

ing decade. However, at a current market price
9
 of around € 37 per gram, the platinum 

content is also responsible for a large proportion of catalyst and thus MEA costs. As-

suming, as examined in Chapter 2.3, current FCVs’ MEA contain 20 to 42 grams of 

platinum, at current market prices the platinum costs alone would amount to € 740 to € 

1554.  

Adding to this not only the remaining MEA costs, but also the costs of other vehicle 

components, such as electric motor, hydrogen tank etc., and assuming manufacturers 

apply the usual mark-up to recover overheads and generate a profit, Greene & Duleep 

(2013, p. 21) propose a retail price equivalent of US$ 77,000 (€ 70,900) at low produc-

tion volumes, which is consistent with the Toyota Mirai’s expected launch price of € 

66,000 before tax (Webster 2015). At such prices, FCV compare unfavourably with ICE 

vehicles and therefore face an economic barrier, limiting their potential for market 

                                                 

9
 As quoted by Johnson Matthey (2015a) on May 11, 2015. 
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adoption. This is likely to remain the case at least for the coming decade, unless techno-

logical breakthroughs (Greene & Duleep 2013, p. 21) or political measures, such as tax 

incentives (McKinsey & Company 2010, p. 5), are able to counteract this limitation. 

Since the high price of platinum contributes significantly to the material cost of FCV, 

the drivers of platinum prices, the supply-demand relationship and the assessment of 

platinum as a critical metal will be considered in the following chapter.  
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4 Platinum – a critical resource 

As analysed in the previous chapter, the current FCV technology requires platinum-

based catalysts and will likely continue to do so over the coming decade; however, 

platinum also occupies a major share of material costs, which ultimately act as a barrier 

to the diffusion of FCV. With a view to this thesis’ research focus, this chapter investi-

gates the global production capacity of platinum and the competing demands of its ap-

plications, considering the impact of price developments and the contribution of recy-

cling to satisfying global demand. 

4.1 Physical properties and occurrence 

The six precious metals referred to as the platinum group metals (PGM) are ruthenium, 

rhodium, palladium, osmium, iridium and platinum. All PGM are extremely rare in the 

Earth’s crust, with platinum present at about 0.0005 parts per million (ppm) (Zientek & 

Loferski 2014, p. 1). Although all six PGM are chemically similar, platinum and palla-

dium are the most commercially important, followed by rhodium (Gunn 2014, p. 285).  

The physical properties of the PGM vary markedly, though “all display properties typi-

cal of metals, including the ability to form alloys, to conduct heat and electricity, and 

some degree of malleability and ductility” (Gunn 2014, p. 285). Platinum and palladium 

are soft and ductile, but at the same time highly resistant to heat and corrosion, while 

platinum, iridium and osmium present the densest known metals on Earth (ibid.). The 

important properties that make PGM attractive for many industrial applications include 

their catalytic properties as well as high strength, high melting point and high resistance 

to corrosion (ibid. p. 297).  
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The PGM preferentially form bonds with iron, nickel, copper and sulphur, rather than 

with oxygen, and their distribution is thus governed by metallic phases (Gunn 2014, p. 

285). Rarely occurring as native metals, they commonly form alloys with one another or 

with other metals, particularly with iron and less often with tin, copper, lead, mercury 

and silver (Polinares Consortium 2012, p. 2). Most of the world’s PGM resources are 

magmatic ore deposits, which are formed through the cooling and crystallisation of 

magma (Gunn 2014, p. 286).  

At concentrations of 1 to 10 ppm of PGM, ore deposits are considered viable for exploi-

tation (European Commission 2014a, p. 124). Such enrichment of PGM can be found in 

several types of deposits, mainly associated with nickel and copper. PGM resources can 

be split into PGM-dominant resources (i.e. PGM are the main products with nickel and 

copper as by-products) and nickel-copper-based deposits (i.e. PGM are a by-product of 

nickel and copper production) (ibid.).   

4.2 World resources and primary production 

Estimating the global resources and reserves
10

 appears difficult and cited amounts differ 

between publications (cf. Cawthorn (2010) for a summary of publications on South Af-

rican PGM deposits and Mudd (2010) for detailed estimates of global resources and 

reserves). A figure cited throughout the relevant literature (cf. Mudd 2012, p. 3; Poli-

nares Consortium 2012, p. 3; European Commission 2014a, p. 125; USGS 2015, p. 121) 

is the estimate by USGS (2011, p. 121) quoting global PGM reserves of 66,000 metric 

tons and resources of more than 100,000 metric tons. According to Cawthorn (2010, p. 

213), platinum resources in South Africa’s Bushveld Complex alone exceed 10,000 

metric tons (approx. 350 million troy ounces) per kilometre depths. Due to the high cost 

of exploration and strict regulations concerning the publication of ‘proven’ or ‘inferred’ 

resources and reserves, mining companies generally only report resources they are con-

fident can be extracted within the next 20 years. PGM-containing geological deposits 

for which extraction may become feasible in the future, are therefore likely much 

greater than estimates published today suggest (ibid., p. 210).  

                                                 

10
 Resources = a concentration of naturally occurring material in such a form that economic extraction is 

currently or potentially feasible (includes reserves). Reserves = the share of total resources that can be 

economically extracted with technology available at the time of determination. (cf. Polinares Consortium 

2012, p. 15) 
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In any case, South Africa dominates in both world resources and production. Figure 8 

shows the distribution of the 2014 global platinum supply by country, illustrating the 

fact that with 3,070,000 troy ounces (approx. 95,000 kg) South Africa produced nearly 

65% of global mining supply, not counting changes in producer inventory. Although 

this represents an impressive market share, due to issues with labour rights and energy 

supply blocking the South African mining industry in 2014 (cf. WPIC 2015), this figure 

is actually far below the market shares achieved in previous years.  

 

Figure 8: Global platinum mining supply 2014 (WPIC 2015, p. 3) 

In 2010, for example, South African production accounted for 76% of global platinum 

supply (Gunn 2014, p. 302) and according to European Commission (2014a, p. 125), 

the country holds 95% of global PGM reserves. In addition, South Africa and to a lim-

ited extent Zimbabwe and the USA, are the only countries with PGM-dominant re-

sources, whereas in other locations PGM are produced as by-products of, for example, 

nickel and copper extraction only (Gunn 2014, pp. 286-293). While other countries do 

play an important role in the diversification of platinum supply sources, as can be seen 

in Figure 8, their production capacity is insignificant compared to that of South Africa 

as the dominant supplier.  

The production of platinum and PGM in general involves highly complex, costly and 

labour-, water-, and energy-intensive processing steps. Concerns regarding environ-

mental impacts and workers’ safety are an issue. While such aspects not only affect 

supply but also make PGM production highly controversial and should not be neglected 
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when assessing the sustainability of a continued reliance on platinum for ‘clean’ trans-

portation, discussing these issues is beyond the scope of this thesis. For a further exami-

nation of environmental impacts as well as health and safety and workers’ rights issues, 

confer Steinweg & de Haan (2007), Saurat & Bringezu (2008), Mudd (2010), Buchert et 

al. (2011), Mudd (2012), Yager et al. (2013) and Gunn (2014).  

Simply put, “The mining of pgm ores is through conventional underground or 

open cut techniques. The next stage is grinding and gravity-based separation, 

followed by flotation to produce a pgm-rich concentrate. [The] concentrate is 

then smelted to produce a pgm-rich nickel-copper matte, with the pgms ex-

tracted and purified at a precious metals refinery” (Mudd 2012, p. 3).   

A more detailed description of the production processes is not part of this thesis, but can 

be reviewed in, for example, Buchert et al. (2011) and especially Gunn (2014).  

4.3 Platinum areas of application 

Demand for PGM, especially platinum and palladium, has experienced rapid growth in 

the past decades. Of the 14,200 metric tons of PGM produced between 1900 and 2011, 

95% were produced since 1960 (Zientek & Loferski 2014, p. 2), as demand for platinum 

and palladium has increased by 180% since 1980 (SATW 2010, p. 23).  

4.3.1 Current demand 

Today, platinum is used in a wide range of applications. In 2014, global demand 

amounted to 7,925,000 troy ounces (approx. 218,500 kg), according to WPIC (2015, p. 

2). Since the contribution of recycling to platinum supply varies between sectors, a dis-

tinction between net and gross demand is useful, where net demand signifies gross de-

mand minus the amount of platinum supplied by recycling (ibid.). Table 3 shows the 

main uses of platinum by sector in 2011. 
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Table 3: Main uses of platinum and net demand by sector in 2011 (Gunn 2014, p. 298) 

Sector Main Uses Consumption  

(thousand troy ounces) 

Autocatalysts Catalysts for vehicle exhaust emission 

control 

3,105 

Investment Exchange Traded Funds, ingots, bars, 

coins 

460 

Jewellery Fabrication of platinum jewellery 2,480 

Chemical Catalysts for production of nitric acids 

and other bulk and speciality chemicals 

470 

Electrical Hard disk coatings, thermocouples 230 

Petroleum Catalysts for petroleum refining and 

production of petrochemicals 

210 

Glass Vessels for glass manufacture, brushings 

for fibre glass production 

 

Dental, medical and biomedical Anti-cancer drugs, implants such as 

heart pace-makers 

230 

Other Spark-plug tips, oxygen sensors for 

engine management, fuel cells. 

355 

Total global consumption  8,095 (≈ 251.783 t) 

 

As evident from Table 3, the largest net use of platinum today is in autocatalysts. De-

mand from this sector has grown significantly since the 1970s, when emission control 

legislation was introduced in a number of countries, necessitating the use of catalytic 

converters to eliminate toxic emissions. In Europe, where half of all newly registered 

vehicles are diesel-powered, catalysts and particulate-filters for diesel-engines are the 

main source of platinum demand (Gunn 2014, p. 297).  

Due to its white colour, strength and tarnish resistance, platinum is also a popular mate-

rial for jewellery (Zientek & Loferski 2014, p. 1). Traditionally used in Japan, demand 

for platinum-based jewellery has lately also been growing in China and Europe and in 

2011, this sector accounted for 31% of global platinum demand (Gunn 2014, p. 297).  

While in the past, platinum coins, ingots and bars have been sold to safely store wealth, 

in the last few years investors have increasingly purchased Exchange Traded Funds 

(ETF)
11

. Although interest in platinum ETF was relatively low when they were first 

launched between 2007 and 2010, they create opportunities for speculative buying, 

                                                 

11
 ETF = A marketable security, i.e. a type of fund which owns the underlying assets and divides owner-

ship of these into shares. ETFs combine the liquidity of shares with the risk diversification of a fund or 

index (cf. Finanzen.net GmbH 2015). 
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which could potentially lead to artificial platinum shortages in the world market (Yang 

2009, p. 1807).  

Another important application of platinum is its use in industrial catalysts for the pro-

duction of chemicals, pharmaceuticals and in petroleum refining. Although gross de-

mand from these applications is significantly higher than the net demand given in Table 

3, the catalysts are recycled with a high efficiency and thus additional platinum is only 

required to create additional catalysts or replace them at the end of their lifetime (Gunn 

2014, p. 298).  

Platinum is also a vital component of computer hard disk drives and multilayer ceramic 

capacitors (Zientek & Loferski 2014, p. 1), with demand from this sector growing rap-

idly in recent years. Finally, platinum is used in a number of drugs and medical equip-

ment, including anti-cancer drugs, pacemakers and dental alloys (Gunn 2014, p. 298).  

4.3.2 Future demand 

Although fuel cells represent only a minor use of PGM today, demand from this and 

other future-oriented applications
12

 is expected to rise. While demand for palladium 

may be affected, for example, by the need for desalinisation plants and hydrogen stor-

age technology, future demand for ruthenium could be driven by production of en-

hanced photovoltaic cells, in which ruthenium functions as the photoelectrical element. 

The major drivers for platinum demand, however, are expected to be increasing needs 

for catalysts in chemical and petrochemical industries and, particularly, a wide-spread 

deployment of fuel cells (Angerer et al. 2009, p. 295). 

The impact of FCV diffusion on platinum demand has been examined in various projec-

tions over the past 15 years. These have led to differing conclusions, depending on the 

time of publication, development status of technology at the time, forecast horizons, as 

well as assumptions concerning the future number of registered vehicles, market share 

of FCV, development of platinum loadings and recycling rates. Appendix 1 gives an 

overview of publications assessing the impact of FCV market penetration on global 

platinum demand, listing select assumptions and results, respectively.. 

                                                 

12
 This term has no official definition but rather describes an assumption of technologies with the poten-

tial for positive impacts on economic, environmental and social sustainability (cf. Angerer et al. (2009); 

Buchert et al. (2009)). 
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As indicated by the wide range of platinum demand forecasts in Appendix 1, neither the 

mode nor the impact of FCV market penetration are straightforward, but remain subject 

to uncertainty and speculation. Not only do estimates concerning the platinum demand 

of a future FCV fleet vary significantly between sources depending on the applied as-

sumptions, it is also highly uncertain to what degree this demand will be additional to 

the current and future demand of other industries. Total primary platinum requirements 

will depend not only on technology and market developments in other industries, such 

as chemical, petrochemical or electronic industries, and supply from secondary sources, 

but also on the degree to which FCV will replace ICE vehicles fitted with catalytic con-

verters, thus ‘liberating’ the contained platinum for use in other applications. While ex-

amining such issues would be highly useful, it is beyond the scope of this thesis. 

It must also be stressed that projections, by definition, only forecast possible develop-

ments and must not be misunderstood as precise predictions of the future. Based on a 

set of specific assumptions, different scenarios may provide a fan of projections that, 

hopefully, capture the actual development if any set of assumptions comes true. Despite 

these limitations, projections provide a valuable tool by indicating the drivers and influ-

ences of future developments (cf. Angerer et al. 2009, p. 7).  

4.4 The classification of platinum as a critical resource 

“In most of its industrial applications, platinum is either irreplaceable or can only be 

substituted with significant compromises in performance” (Yang 2009, p. 1805). This 

quote by Yang once again stresses the fact that platinum plays a vital role in a number 

of current and especially future-oriented technologies, which was already alluded to in 

Chapter 4.3. Due to this importance for the competitiveness of entire industries, plati-

num and PGM in general are deemed strategically important resources by a number of 

governments. Combining this strategic importance with their relative scarcity, PGM are 

typically considered ‘critical metals’ (cf. Buchert et al. 2009; US DOE 2011; BMBF 

2012; European Commission 2014b). 
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Although there is no common definition for the term ‘criticality’ of metals, the concept 

can be understood as a kind of risk assessment based on a range of determinants includ-

ing geological availability, concentration of supply, political conditions in the supplying 

countries, possibilities of substitution and recycling, and environmental implications of 

production and processing, combined with high demand (cf. Graedel et al. 2012; Albach 

2014). Consequently, “the denotation ‘critical’ could be considered a label, which is based 

upon various factors and circumstances that may change over time, and which may be dif-

ferently weighted by actors e.g. nations or industries” (Albach 2014, p. 35). Several meth-

odologies for assessing the criticality of resources exist. In the following, factors resulting 

in the classification of platinum as a critical metal will be addressed.  

As mentioned above, platinum can be considered a scarce metal and concerns regarding 

the availability of enough platinum for current and future demand have persisted for 

many years. This can not only be deduced from the number of studies analysing the 

impact of, for example, FCV deployment on platinum demand (cf. Appendix 1), but 

also from publications stressing the fact that platinum is a finite resource whose deposits 

will eventually be depleted if extraction rates continue to exceed geological processes of 

enrichment (cf. Gordon et al. 2006; Yang 2009).  

Although “unlike oil, which is irremediably consumed when used, metals have the po-

tential for almost infinite recovery and reuse” (Gordon et al. 2006, p. 1209), in practice 

the usability of metals depends on the thermodynamic form and concentrations at which 

they are available (Albach 2014, p. 25). As metal-containing goods are produced, metal 

stocks are transferred from the lithosphere to the anthroposphere
13

, with some amounts 

‘lost’ in mining and refining wastes at concentrations too low to be recovered. Over 

time, the metals in use are reused and recycled and again, some amounts are irrecovera-

bly lost for human use through corrosion and wear, ineffective recycling processes and 

disposal in those end-of-life products that are not recycled (Gordon et al. 2006, p. 

1209). Considering platinum as a non-renewable and finite resource therefore makes 

sense and the irrevocable depletion of its resources may indeed occur at some point in 

time.  

                                                 

13
 Anthroposphere = that part of the environment which is influenced by human activity, encompassing 

our technology, infrastructure, culture and activities connected to them (cf. Baccini & Brunner 2012, p. 

1). 
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However, although some sources propose this to be a matter of only decades and even 

warn against an “impending platinum crisis” (Yang 2009, p. 1805; also cf. Gordon et al. 

2006; Halada et al. 2008; Bardi & Corporali 2014), the majority assume that enough 

platinum is available in the Earth’s lithosphere for meeting demand for the foreseeable 

future (cf. Sealy 2008; SATW 2010; Zientek et al. 2010; Gunn 2014), or as Gunn 

(2014) states, “The physical availability of PGM is not likely to be a constraint on eco-

nomic growth in any sector in the long term. New supplies from both primary (mining) 

and secondary (recycling) sources are likely to be available with existing technology” 

(p. 309). ‘Scarcity’ in the context of PGM supply therefore does not necessarily refer to 

geological scarcity, but rather to structural scarcity created by the highly concentrated 

supply base and unstable conditions in the supplier countries, as well as temporal scar-

city caused by price volatility and inelastic supply.  

4.4.1 Criticality assessment of Germany and the European Union 

As mentioned in Chapter 4.2, South Africa holds 95% of platinum resources and has 

produced up to 76% of annual supply in recent years, with the remainder supplied by 

only four other countries (Zimbabwe, USA, Canada and Russia)
14

. This supply concen-

tration is represented by the Herfindahl-Hirschman-Index (HHI), a measure used in the 

criticality assessments of both the European Commission and the Deutsche 

Rohstoffagentur (DERA), as well as in several research publications (cf. Angerer et al. 

2009; DERA 2012; Polinares Consortium 2012; Silberglitt et al. 2013; European Com-

mission 2014a; European Commission 2014b).  

The HHI is the sum of the squared market shares of all market participants, with the 

value range limited as follows: 1/[number of market participants] < HHI < 1. The HHI 

reaches its lowest value if all market participants have equal shares, and its highest 

value (i.e. 1) if there is only one market participant claiming a monopoly. Since the HHI 

reaches very low numbers for markets with many participants, it is generally multiplied 

by 10,000 for ease of accounting. A value above 2,500 denotes a highly concentrated 

market (DERA 2012, p. 9).  

  

                                                 

14
 Note that the column ‘others’ in Figure 8 has been excluded from this recital. 
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Since countries exhibiting poor governance pose further supply risks, because political 

instability and unrest, but also infrastructure concerns may lead to interruptions in sup-

ply, the World Governance Indicators (WGI) published annually by the World Bank are 

a common measure of political stability used by both DERA (2012) and European 

Commission (2014a; 2014b). The WGI is a weighted aggregate between +2.5 and -2.5, 

composed of the following indicators (cf. DERA 2012, p. 10; World Bank 2014): 

 Voice and accountability, 

 Political stability and absence of violence, 

 Government effectiveness, 

 Regulatory quality, 

 Rule of law, 

 Control of corruption. 

The derived country risk is weighted with mining and refining shares of the respective 

country by DERA (2012) to arrive at an overall country risk between +1.5 and -1.5, 

with values below +0.5 considered a moderate risk and values below -0.5 considered 

critical. 

 

Figure 9: Criticality assessment of select elements for the EU in 2013 (European Commission 2014b, p. 24) 
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Figure 9 shows the result of the European Commission’s criticality assessment, plotting 

the identified supply risk (measured by HHI and WGI) against economic importance. 

All elements within the lightly-shaded box are considered critical for the EU at the time 

of publication. Details for HHI and WGI as calculated by DERA (2012) are given in 

Table 4. 

Table 4: Herfindahl-Hirschman Index and World Governance Indicators as calculated by DERA (2012, p. 14) 

 HHI WGI 

Platinum 6,226 0.09 

Colouration denotes criticality assessment as follows: red = high risk, yellow = moderate risk 

4.4.2 Platinum price developments 

As can be derived from the above criticality assessments, the accessibility and vulner-

ability of platinum supply raises concerns at national and international levels, a fact 

which is also reflected in the volatility of platinum price developments. Metal prices in 

general are driven by a number of factors, including structural costs (e.g. energy), de-

clining ore grades, long lead times between exploration and exploitation of deposits, 

rising labour costs due to labour shortages and currency-related cost issues. In addition, 

the market for platinum in recent years was governed by both price-inelastic (automo-

bile catalysts) and price-elastic demand (jewellery) as well as an increased presence of 

financial players, coupled with restrained responses to the increasing platinum price due 

to disruptions and expenditure cuts on the supply side (Perrot-Humphrey 2006, p. 40).  

Hence, market prices of platinum have oscillated considerably over the past decades and 

demonstrated a worrying inelasticity of supply, with supply driven by world events 

rather than platinum price (cf. Yang 2009, p. 1806; Zientek et al. 2010, p.80). Figure 10 

shows the platinum price developments in US$ per troy ounce from 1968 to 2011, illus-

trating the impact of world events. 
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Figure 10: Real and nominal (2005) platinum price in US$ per troy ounce from 1968-2011 and major events affecting 

prices (Zientek et al. 2010, p. 80) 

As outlined in Figure 10, the price of platinum has experienced times of strong volatil-

ity. Prohibitively high material costs can present a market barrier for new technologies, 

such as fuel cell vehicles (cf. Chapter 3.3), but may also have serious consequences for 

the profitability of established industries. Analysing the impact of PGM price fluctua-

tions on the automobile industry, Hagelüken (2005, p. 126), for example, concludes that 

PGM-related purchasing costs alone increased by US$ 2.4 billion for the whole industry 

in just one year (1999 to 2000). While this price pressure eased considerably in the fol-

lowing years, such time scales are too small for businesses to react and develop tech-

nologies with lower precious metal contents (cf. Alonso et al. 2007).  

Not only may unexpected price surges and a lack of raw materials seriously harm busi-

nesses, price volatility can also encourage inventory build-up, as companies or national 

governments form buffer stocks in order to prepare for times of high prices or low sup-

ply (Pindyck 2004, p. 1030). For example, national stockpiles of platinum are held by a 

number of governments, including the US Strategic Materials National Defense Stock-

pile (USGS 2015, p. 120). Inventory building, however, can lead to unexpected in-

creases in demand and raise prices in the short term, thus adding to price volatility 

(Pindyck 2004, p. 1030). Since a reliable availability of resources and planning security 
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are vital prerequisites for production and investment, price volatility can directly affect 

the competitiveness of both industries and entire economies, making the minimisation 

of supply risks a priority for national governments and international organisations (cf. 

Buchert et al. 2009; US DOE 2011; BMBF 2012; DERA 2012; European Commission 

2014a; European Commission 2014b).  

4.5 Secondary supply from recycling 

In its more comprehensive meaning
15

, recycling is defined as the recovery of raw mate-

rials from waste, their return to the economic cycle and their processing into new prod-

ucts (Umweltdatenbank 2015), and represents the most desirable waste management 

option after reduction and reuse (cf. Gertsakis & Lewis 2003).  

The benefits of recovering platinum through recycling compared to its primary produc-

tion have been commented on in a number of studies. Due to the low ore grades and 

complex mining processes, primary production of PGM involves high environmental 

impacts as a matter of principle. These include emissions of sulphur dioxide, of CO2 

equivalents in the range of 13,000 tons per ton PGM (Saurat & Bringezu 2008, pp. 760-

761), excessive water and energy consumption (Mudd 2010, pp. 108-110) as well as 

habitat destruction, air and water pollution and generation of dust, particulate matter and 

solid waste (Cairncross 2014). Altogether, each ton of platinum from primary produc-

tion comes with an ecological rucksack of 680,000 tons (Lucas et al. 2010, p. 22).  

The environmental impacts resulting from state-of-the-art secondary production using 

specialised equipment and processes are significantly lower, especially with regards to 

sulphur dioxide emissions and material requirements (Saurat & Bringezu 2008, p. 765). 

The ecological rucksack of platinum from secondary production is thus reduced by a 

factor of 78 (Lucas et al. 2010, p. 22), sulphur dioxide emissions are reduced by a factor 

of 100 (Handley et al. 2002, p. 346) and CO2 emissions lowered by a factor of 5, respec-

tively (Hagelüken 2009, p. 16). In addition, secondary production leads to slowing re-

source depletion, consumes up to 90% less energy, avoids solid waste from mining and 

reduces space requirements for landfills (Crundwell et al. 2011, p. 537).  

  

                                                 

15
 compared with the more restrictive definition of e.g. the Directive 2000/53/EC (cf. the following foot-

note)  
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In combination with the high supply risk examined in Chapter 4.4, it can thus be con-

cluded that “recycling the platinum in a fuel cell is an enabling technology for the fuel 

cell industry as it stabilises the supply of this metal” (Shore 2009, p. 4).  

Recovery of platinum from secondary sources not only bears environmental benefits, 

but most importantly, it contributes to an improved security of supply. Several studies 

emphasize the role of recycling in meeting future platinum requirements. Buchert et al. 

(2009), for example, state “A successful recycling of [...] critical metals is very impor-

tant regarding increase of resource efficiency, avoidance of possible scarcities, and 

reduction of the overall environmental impacts” (p. V). Tiax LLC (2003), assessing 

platinum demand from FCV production, stress that “Recycled platinum from the trans-

portation sector will be an increasingly critical source of supply” (p. 7). Boudreau et al. 

(2008, p. 41) conclude that assuming a longer FCV lifetime in the economic model ap-

plied for their study results in a higher platinum price, as less platinum is available 

through recycling. Also, as more and more FCV enter the end-of-life phase, the mod-

elled platinum price becomes increasingly sensitive to assumed recycling efficiencies 

(ibid.). Similarly, Saurat and Bringezu (2009) state “the requirement for primary PGM 

will remain constantly high [...] as long as recycling rates are not further increased. [...] 

This pinpoints again the need to arrange for improved international recycling.” (p. 

419).  

 

Figure 11: Platinum supply and demand in 2013/14 (adapted from Johnson Matthey 2015b) 
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Secondary production already contributes significantly to meeting gross demand for 

platinum today. Figure 11 compares global platinum demand by sector with the global 

supply from mining and recycling for the years 2013 and 2014. In 2014, for example, 

2,073,000 troy ounces (approx. 64.477 t) of platinum were recovered through recycling, 

which equates to around 25% of gross demand for that year. However, despite this con-

siderable contribution from secondary sources, in 2014 the platinum market ended in 

deficit, with global supplies falling short of demand by around 700 troy ounces (approx. 

0.022 t). For the second consecutive year, this forced companies and national govern-

ments to release part of their buffer stocks (WPIC 2015, p. 2). Again, this points to the 

importance of increasing recycling rates. 
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5 The recycling chain of fuel cell vehicles 

While it is technologically possible to recover virtually all of the platinum contained in 

end-of-life scrap without any quality losses (Lucas et al. 2011, p. 23), realised recycling 

rates differ highly between sectors, with industrial applications achieving recovery rates 

of 80 to 90% over the whole life cycle compared to only 5 to 60% for consumer goods 

(Hagelüken 2012, p. 33). This peculiarity can be explained by the fact that the recycling 

chain for any product consists of several consecutive steps, which are pictured in Figure 

12.  

According to Schluep et al. (2009), “the efficiency of the entire recycling chain depends 

on the efficiency of each step and on how well the interfaces between these interdepend-

ent steps are managed” (p. 12). If, for example, the collection rate for any product (or a 

specific material) is 50%, the efficiency of the dismantling and pre-processing proce-

dures 70% and the efficiency of material recovery 95%, this results in an efficiency of 

the overall recycling chain of only 23%. It follows thus that “all [...] steps should oper-

ate and interact in a holistic manner in order to achieve the overall recycling objec-

tives” (ibid, p. VI).   

 

Figure 12: Recycling chain (adapted from Umicore 2015) 

Substantial deficits in some of the steps illustrated in Figure 12 cause certain PGM ap-

plications to exhibit much lower recycling rates than others. As can be derived from 

Figure 13, which shows the dynamic recycling rate
16

 for a range of PGM-dependant 

applications, this is especially true for consumer goods, such as automotive catalysts or 

electronic equipment.  

                                                 

16
 The dynamic recycling rate states what proportion of the PGM amount that was used in a certain appli-

cation at the time x is recovered at the end of its life cycle (x+n). It is therefore more meaningful in as-

sessing the recycling efficiency than the static recycling rate, which states the ratio of secondary material 

supply to gross demand at a given point in time, neglecting the product life time and any market shifts (cf. 

Hagelüken et al. 2005a, pp. 228 + 232) 

Collection Dismantling 
Pre-

processing 
Material 
Recovery 
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Figure 13: Dynamic recycling rate of PGM from selected applications (adapted from Hagelüken et al. 2005a, p. 169) 

These significant deviations may be explained by the fact that consumer products pass 

through fundamentally different life cycles involving a number of different actors. Ana-

lysing the PGM material flows of Europe, Hagelüken et al. (2005a, pp. 169-173) con-

clude that unlike industrial goods, the life cycles of consumer applications often feature 

so-called ‘open loops’, which are exemplified in Figure 14 and characterised by the fol-

lowing (ibid.): 

 Lack of direct business relations between industrial actors throughout the life 

cycle, 

 Multiple change of ownership, 

 Lack of transparency of life cycle stages and actors involved, 

 Lack of actors’ integrity and reliability, 

 Difficulty of identifying and quantifying PGM losses over the life cycle. 
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Figure 14: Open loop life cycle of PGM applications (Hagelüken et al. 2005a in Molotova et al. 2013, p. 60) 

Although high recovery rates similar to those of industrial applications should be 

achievable in principle, these attributes lead to deficits in collection, dismantling, pre-

processing and material recovery, causing considerable PGM losses at each step of the 

recycling chain and thus resulting in suboptimal recycling efficiencies (Hagelüken et al. 

2005a, pp. 169-173). In order to assess in how far the preceding considerations may 

prove problematic for the future recovery of platinum from FCV, this chapter addresses 

each of the steps in the recycling chain of automotive fuel cells, examining how a future 

recycling system may be designed and highlighting potential ‘hot spots’ for PGM 

losses. 

5.1 Collection and Dismantling 

5.1.1 End-of-life vehicle treatment in the European Union 

In the European Union, the end-of-life treatment of vehicles is governed by the Direc-

tive 2000/53/EC on end-of-life vehicles, although other directives, such as Directive 

2012/19/EU on waste electrical and electronic equipment, Directive 2011/65/EU on the 

restriction of the use of certain hazardous substances in electrical and electronic equip-

ment and the REACH (registration, evaluation, authorisation and restriction of chemi-

cals) regulation No. 1907/2006, play an important role for the manufacturing and dis-

posal of certain vehicle components, too.  
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The end-of-life vehicle (ELV) Directive prescribes that 85% of the weight of vehicles 

per year is to be reused or recycled and 95% reused or recovered
17

 by January 1, 2015, 

respectively. It consists of 13 Articles which determine the Directive’s scope, set re-

quirements for waste prevention, collection, treatment standards and reporting proce-

dures, establish reuse and recovery targets and list exemptions from the restrictions on 

hazardous substances. Automobile producers are liable for take-back, treatment and 

recycling of ELV and incur the costs involved with these requirements; the end-of-life 

treatment is thus free of charge to consumers (Heiskanen et al. 2013, p. 2). While the 

precise organisation of collection and dismantling systems differs between the EU’s 

member states and typically involves a number of different business entities, the dis-

posal of ELV follows the general steps outlined in Figure 15. 

 

Figure 15: Overview of ELV treatment process (GHK 2006, p. 2) 

                                                 

17
 Reuse = reuse of components for their original purpose. Recycling = reprocessing of waste material for 

original or other purpose. Recovery = any operation provided by Annex IIB to Directive 75/442/EEC, 

which includes recovery of metals and other organic and inorganic materials, as well as use as fuel for 

energy recovery (cf. Directive 2000/53/EC).  
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The composition of the vehicle fleet and hence also the composition of ELV entering 

the recycling chain differs very much between member states, as automobile ownership 

in the original member states (EU-15) is high and the vehicles in use are relatively new 

(typically less than 10 years old), while ownership in the newer member states tends to 

be much lower and the fleet significantly older (Fergusson 2007, p. 57; Konz 2009, p. 

435).  The scrapping age, however, determines the dismantling and material recovery 

processes applied to ELV, as the material composition and thus value of recyclable 

components of cars is constantly evolving, which has a strong impact on the profitabil-

ity of recycling businesses (Heiskanen et al. 2013, p. 5). 

As Fergusson (2007) notes, “the quality of data on car scrappage is extremely variable 

across Europe” (p. 57); however, it is estimated that around 12.6 million vehicles are 

deregistered in the EU-25 each year, 75% of which arise in just five member states (i.e. 

Germany, United Kingdom, France, Spain, Italy).  Approximately 3 million of these 

deregistered vehicles are exported per year, with the majority (2 million) going to other, 

mainly Eastern European countries. Considering the rising weight of new vehicles as 

well as increased vehicle usage, it is estimated that by 2030, the total mass of ELV gen-

erated per year in the EU-25 will reach 14 to 17 million tons (Heiskanen et al. 2013, p. 

2). 

5.1.2 End-of-life treatment of electric vehicles 

In force since 2000, the ELV Directive, however, does not make any separate provisions 

for the treatment of EoL electric vehicles, which contain a number of components that 

differ very much from those installed in ICE vehicles. Depending on the type of power-

train technology, these may include, for example, power electronics, power control sys-

tems, traction batteries and fuel cell systems. Although significant volumes of EoL elec-

tric vehicles will not arise at least for several years to come, they will undoubtedly pro-

vide challenges to the current ELV recycling and disposal framework eventually, as 

questions concerning the waste classification of components, adaption needs of collec-

tion and dismantling systems, safety issues and recycling technologies remain unsolved 

(cf. NAFTC 2013; UBA 2014; European Commission 2015).  

According to Simons and Bauer (2015, p. 6), the balance of plant of a current fuel cell 

system accounts for 54% of its overall weight and consists of components that are rela-

tively similar to those used in ICE vehicles. Due to ongoing efforts aimed at producing 
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lighter stacks, this weight proportion is likely to increase further in future years. Given 

the weight-based recycling quota of the ELV Directive it is therefore assumed that 

FCV, once established, will follow the same EoL treatment processes as conventional 

ICE vehicles, a view which is shared by Saurat and Bringezu (2009, p. 409). Schiemann 

et al. (2007, p. 73), on the other hand, assume that EoL fuel cells, irrespective of their 

application, will be treated as waste electric and electronic equipment according to Di-

rective 2012/19/EU.  

Since BEV represent a more mature technology than FCV and their disposal may hence 

be considered a more immediate ‘problem’, the above-mentioned issues concerning this 

powertrain technology are currently the subject of ongoing research efforts (cf. TU 

Braunschweig 2009; Kwade & Bärwaldt 2012; UBA 2014; TU Braunschweig 2015). 

Kwade and Bärwaldt (2012, p. 35) assume that BEV-specific components will follow 

the EoL processes laid out by the ELV Directive up until the dismantling step, in which 

the battery is removed. The authors further suggest that as long as only limited numbers 

of EoL BEV arise, only few, branded workshops will have the specialist knowledge, 

personnel and equipment required for removal of the batteries. This is likely to change 

with increasing volumes of EoL BEV, which will force also independent workshops and 

ELV dismantlers to handle the contained batteries. Following the removal, the battery is 

expected to enter a dedicated recycling process consisting of the steps outlined in Figure 

16.   

 

Figure 16: End-of-life battery processing (own preparation based on Kwade & Bärwaldt 2012, pp. 35-38) 

Drawing on structural similarities between the batteries of BEV and fuel cells of FCV 

(i.e. a powertrain-specific component installed in common vehicle architecture), the 

author of this thesis assumes that future EoL treatment of automotive fuel cells may be 

organised in a similar way, meaning the FCV will be treated as ELV according to Fig-

ure 15 and upon removal in the dismantling step, the fuel cell will be directed to a sepa-

rate waste stream and enter a dedicated recycling process. In this regard, fuel cells hence 

also resemble PGM-loaded exhaust gas catalytic converters, whose removal prior to 

shredding is compulsory under the ELV Directive.  
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5.1.3 Potential deficits in collection and dismantling 

5.1.3.1 Collection 

According to Hagelüken et al. (2005a, p. 78) collection deficits represent the single 

largest cause for PGM losses in the recycling chain of automotive catalysts. Although, 

as mentioned above, the organisation of ELV collection and treatment frameworks dif-

fers between member states in detail, all states certify ‘Authorised Treatment Facilities’ 

that issue a ‘Certificate of Destruction’ to consumers when their deregistered vehicle 

enters the ELV process (cf. Fergusson 2007; Heiskanen et al. 2013). In many member 

states, however, the number of ELV registered this way represents less than 50% of the 

deregistered vehicles, making it clear that by no means all ELV in Europe are disposed 

of as prescribed by the ELV Directive (Heiskanen et al. 2013, p. 2).  

Figure 17 shows the destinations of the 3 million vehicles that were deregistered
18

 in 

Germany in 2008, demonstrating that less than 15% of these vehicles entered the ELV 

treatment process in Germany. This phenomenon can also be observed in other EU 

countries (cf. Heiskanen et al. 2013), although to a lesser extent. In 2000, for example, 

only 6.9 million vehicles were scrapped EU-wide while 10.9 million were deregistered 

(Hagelüken et al. 2005a, p. 68).  

 

Figure 17: Destinations of vehicles deregistered in Germany in 2008 (Wilts & Bleischwitz 2012, p. 3) 

                                                 

18
 i.e. finally deregistered; vehicles re-registered (as possible in e.g. Germany) have been deducted  
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While the majority of deregistered vehicles are exported to other (mainly Eastern Euro-

pean) EU countries and could therefore be available for recycling in the receiving coun-

tries after a second use phase, in practice a major share of these vehicles is resold to 

countries even further East or to developing countries, where a suitable recycling infra-

structure is lacking (Wilts & Bleischwitz 2012, p. 4). Only a small number of vehicles 

are exported directly from Germany to non-EU countries, the majority of these vehicles, 

however, end up in countries lacking the infrastructure required for environmentally 

sound recycling. In addition, the used vehicle market is characterised by numerous 

small traders, however, the intra-EU trade statistics cover only merchants whose trans-

action values exceed € 300,000 per year (Lucas et al. 2010, p. 39),  thus explaining at 

least part of the 0.85 million vehicles with unknown whereabouts in Figure 17.  Issues 

such as illegal exports of ELV falsely classified as used vehicles, lack of legal rigorous-

ness, unlicensed scrap operators, abandoned and garaged ELV represent further signifi-

cant barriers to maximising collection rates (Fergusson 2007, pp. 57-58).  

While the issues concerning ELV collection rates described above persist despite ongo-

ing research on possible causes and counter-measures, it is disputable in how far such 

issues will also prove problematic to a future FCV fleet. Saurat and Bringezu (2009, p. 

409) argue that not only is the efficiency of ELV collection schemes likely to improve 

in future years as a result of corrective actions taken today, but more importantly, the 

use of pure hydrogen as a fuel will provide a significant barrier for exports to non-

European countries. Requiring a suitable hydrogen supply infrastructure, FCV will be 

unattractive in countries where such an infrastructure does not exist, which at the time 

of significant market diffusion in Europe is likely to still be the case in the poorer non-

EU countries that provide the typical final destination of European ELV today. Exports 

of deregistered FCV to countries without a suitable recycling infrastructure should 

therefore only be a minor issue in the coming decades, meaning a large proportion of 

the platinum in use by this application will remain in Europe. 

In contrast, Cerri et al. (2012) proclaim that “recycling of PGM from Fuel Cells is not a 

technical issue but may be a challenge with regard to re-collection of stacks from used 

cars” (p. 19) and stipulate the development of highly efficient logistic chains to assure 

that EoL fuel cells actually reach specialised recycling facilities where recovery of the 

contained PGM is possible.  
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Similarly, Schittl (2012, p. 56) assumes that once FCV have achieved a relevant level of 

market penetration, deficits in the collection of EoL FCV could indeed lead to signifi-

cant losses of the contained precious metals, although detailed reasons for this assess-

ment are not given. The author highlights the need for economic incentives to increase 

collection rates and proposes the development of producer-led schemes, such as a re-

claimable deposit on fuel cells or a lease programme, in order to close the life cycle 

loop. 

Similarly, Kromer et al. (2009) discuss the option of a platinum lease program for FCV, 

in which ownership of the contained platinum remains with the (possibly governmental) 

lessor throughout the life cycle. Although the study’s main objective is not to analyse 

opportunities for increasing recycling rates but rather to assess such a programme’s im-

pact on FCV costs, the authors emphasize that “by concentrating ownership of the 

metal, a leasing program could greatly enhance the efficacy of vehicle or stack recy-

cling programs” (Kromer et al. 2009, p. 8287). Furthermore, it is assumed that the high 

residual value of platinum in FCV could encourage vertical integration of collection, 

dismantling and recovery businesses, which would lead to an increase in recycling effi-

ciency by reducing the number of actors involved (ibid., p. 8284).  

Having already acknowledged the need for closing the loop in automobile recycling 

(Morton 2014), the UK-based firm Axion Recycling is currently investigating the vi-

ability of a take-back system for EoL fuel cells from a number of applications, including 

fuel cell vehicles. This forms part of a more comprehensive research project that in-

volves also UK-based Johnson Matthey Fuel Cells Limited and Total Fibre Products, 

and focuses on material recovery. However, more detailed information on the possible 

design of such a take-back scheme is lacking at the time of writing (Axion Recycling 

2015).  

The actual platinum losses that could result from ineffective collection of EoL FCV at a 

future point in time remain subject to speculation. Nonetheless, both public and private 

stakeholders involved with fuel cell or fuel cell vehicle production, as well as automo-

bile recycling or platinum refining would do well to devise strategies aimed at minimis-

ing losses at the collection stage prior to a widespread diffusion of FCV.  
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5.1.3.2 Dismantling 

In the context of this paragraph, dismantling refers to the removal of the fuel cell system 

from the FCV and its subsequent partitioning into fuel cell stack, balance of plant and 

additional supporting components (cf. Chapter 2). The further disassembly of the fuel 

cell stack into its respective constituents will be covered in the subsequent Chapter 5.2. 

As mentioned previously, it is assumed that EoL FCV will be treated as conventional 

ELV, with the provision that the fuel cell system must be removed prior to shredding. 

However, since the ELV Directive prescribes that as of January 2015, 95% of an ELV’s 

weight must be reused or recovered and automobile manufacturers incur the costs in-

volved, dismantlers are under increased pressure to streamline and automate the disman-

tling process. Dismantling plants must hence be set up to efficiently handle a highly 

heterogeneous vehicle fleet while meeting the weight-based targets and minimising 

costs. For manual separation of certain parts to be economically feasible, a significant 

value must be retained in the respective component. In addition, the exact location of 

such components as well as safe removal techniques must be known in advance or be 

immediately detectable (Great Lakes Institute for Recycling Markets 1998, pp. 67/68).  

Due to the higher number of ‘alternative fuel vehicles’ in use, safety instructions for the 

salvaging and dismantling of FCV have been devised in the US, which not only empha-

size the safety hazards involved with inadvertently damaging high-voltage lines, fuel 

cell stacks, batteries and hydrogen tanks but also provide advice on how to distinguish 

FCV from conventional vehicles and on where to locate such high-risk components 

(NAFTC 2013, p. 55). Figure 18 shows the typical locations of those components 

(shaded in red and orange) that must be disconnected and/or removed with special care 

in order to avoid serious safety hazards. These components generally necessitate manual 

removal, discharge or other treatment before the vehicle can be further dismantled, 

which is likely to add significant costs. While the instructions mentioned above apply to 

a diverse range of FCV models and additional information may be given in the ‘Emer-

gency Responder Information’ of vehicle manufacturers (cf. Toyota Motor Sales Inc. 

2015), such guidelines are not available for Europe, specifically. 
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Figure 18: Cutaway view of FCV showing locations of high-risk components (NAFTC 2013, p. 55) 

While removal of exhaust gas catalytic converters is mandatory under Annex I of the 

ELV Directive, according to Hagelüken et al. (2005a, p. 69), around 4% of those cata-

lyst converters that reach an automobile recycling or dismantling facility inadvertently 

fail to be removed, meaning these precious metal-loaded components enter the shred-

ding process in which they are irrecoverably lost. In addition, catalysts may be stolen 

from vehicles prior to removal, as well as from recycling facilities (Westfälischer An-

zeiger 2012, Europol 2014, ka-news GmbH 2014).. Another issue is the possible dam-

age upon removal, which leads to the loss of monolith dusts (Hagelüken et al. 2005a, p. 

83).   

It is difficult to assess to what extent incorrect or incomplete removal of fuel cell stacks 

may lead to PGM losses in future recycling activities, as this will depend on a number 

of factors, including the degree of automation in dismantling businesses, the variety of 

FCV brands and models handled by a dismantler and the design and location of the fuel 

cell stack in different FCV models. However, based on the following deliberations one 

may assume that platinum losses in the FCV dismantling stage will be considerably 

lower than in dismantling of ICE vehicles. 

Due to the need for series connection, fuel cells are generally concentrated in a rela-

tively compact stack (cf. Figure 18). Therefore, only one component needs to be located 

and removed, rather than a number of small units dispersed throughout the entire vehi-

cle, as is the case with, for example, electrical equipment or certain types of magnets. 

Provided the vehicle is recognised as a FCV, incomplete removal of the fuel cell stack 

is therefore unlikely, even though stack design and shape may differ between brands. 
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As mentioned above, failure to remove the fuel cell stack and other components manu-

ally prior to further dismantling involves serious safety hazards. In addition, due to the 

stack’s high platinum concentration and the associated monetary value, manual removal 

is not only economically feasible but also less labour-intensive than the decanning of 

catalytic converters. Since the stack can be removed and transported intact, dust losses 

as described for catalytic converters are also considered insignificant (Kromer et al. 

2009, p. 8284). Whether this fact may pave the way for theft of stored fuel cell stacks 

from recycling facilities is, at this point in time, idle speculation and will hence not be 

considered further. 

It is, however, uncertain in how far fuel cell stacks of future FCV will be accessible and 

removable by independent workshops and ELV dismantlers. As mentioned in Chapter 

5.1, it is assumed that for some time following the wider market penetration of BEV, 

only few, branded workshops will have the specialist knowledge, personnel and equip-

ment required for removal of the batteries, which could well be the case for FCV, as 

well. As Papasavva et al. (2003) note, “all components of the PEM FC stack could be 

recycled in principle” (p.2), but “recyclability should be considered early in the product 

engineering design/development process in order to enhance its potential for reuse or 

recycling at the end of the vehicle’s useful life” (ibid., p. 1). Based on this conviction, a 

‘Recommended Practice to Design for Recycling of PEM Fuel Cell Systems’ was de-

vised in 2011, which can be obtained from the Society of Automotive Engineers (cf. 

SAE 2011).  

5.2 Disassembly and pre-processing 

While according to the ELV Directive, the reuse of components is to be favoured over 

recycling and material recovery, simply reusing a fuel cell vehicle’s MEAs at the end of 

its lifetime is not feasible, as fuel cell failure is often caused by degradation of the MEA 

and attempting to replace or repair any of its components would risk irrevocably damag-

ing the others (Simons & Bauer 2015, p. 6). Recycling of automotive fuel cells is hence 

aimed at recovering the valuable raw materials. The required disassembly and pre-

processing steps, as well as the fractions produced in this stage, hence depend on the 

objectives for material recovery and the applied recovery processes. 

Similar to the value-oriented disassembly of waste electric and electronic goods, the 

recycling of fuel cells requires a manual disassembly procedure. Although automated 



 

56 

 

processing of small fuel cells with a low power range, such as those used as battery re-

placement, may be conceivable in the future, such processes require high volumes of 

EoL fuel cells and have hence not been developed to date (Schiemann et al. 2007, p. 

77). It must be emphasized that recycling of fuel cells does not take place on a larger 

scale yet and the disassembly, pre-processing and recovery processes described in the 

following refer to procedures trialled in laboratory conditions or at very low input vol-

umes. 

Schiemann et al. (2007, pp. 28-31) provide exemplary information on the disassembly 

procedure of a PEM fuel cell stack into its respective fractions, an overview of which is 

given in Table 5. Note that the exact composition of the fractions produced will depend 

on the respective PEM technology and may differ between brand and age of the stack 

(cf. Chapter 2.2).  

Table 5: Disassembly process for PEM fuel cells and fractions produced (adapted from Schiemann et al. 2007, pp. 

28-31) 

Disassembly step Action taken Fractions produced 

Step 1 Removal of tie rods and casing  Connecting elements: 

high-grade steel 

Step 2 Removal of end plates  Connecting elements: 

high-grade steel 

 Insulation: plastics 

 End plates: high-grade 

steel or aluminium alloy 

Step 3 Withdrawal of the stack’s indi-

vidual layers, each consisting 

of bipolar plates, seal, gas dif-

fusion layer and membrane 

electrode assembly.  

 Seal: plastics 

 Bipolar plates: graphite, 

polymeric binders, addi-

tives, separating agents 

 GDL: non-woven fabric, 

carbon paper 

 MEA: polymeric mem-

brane coated with graph-

ite and platinum 

Nonetheless, the procedure described above produces fractions that are well-known 

from the disassembly of electric and electronic equipment and thus facilitates the further 

processing and valuing in the secondary materials market; however, economic feasibil-

ity was not considered in this approach (Schiemann et al. 2007, p. 23). It must be noted 

that this procedure assumes that the GDL is entirely separate from the MEA or can at 

least be separated with minor effort.  
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While this may be true for certain brands, age of technology or application of the fuel 

cell, in practice, the GDL is usually hot-pressed and laminated to the catalyst coated 

membrane in order to form the MEA (which is then labelled a 5-layer rather than a 3-

layer MEA), making separation of GDL and catalyst coated membrane difficult (cf. 

Chapter 2.2). Attempting to strip the GDL off a 5-layer MEA in order to expose the 

catalyst-coated membrane is not only labour-intensive but could also result in platinum 

losses and should thus be avoided (Shore 2009, p. 6).  

In addition, the fuel cell stacks of some manufacturers are moulded rather than screwed 

shut and can therefore not be disassembled by simply removing the casing and individ-

ual layers (Wegner et al. 2012, p. 433). In order to separate the MEA from other com-

ponents, the end adapters need to be cut off and the casing removed. The stack can then 

be broken into individual units of MEA and bipolar plate, from which the catalyst-

coated membrane may be separated. Although judging from the photographic process 

documentation supplied for this study it appears as though fragments of the catalyst-

coated membrane remain attached to the bipolar plates or are otherwise damaged (cf. 

Figure 19), the authors state that a complete capture of all materials can be assumed 

(ibid., p. 434). 

 

From top left: End adapter, contact plate, connecting element, unit of MEA and bipolar plate  

(shown from both sides), separated CCM 

Figure 19: Disassembled moulded-type fuel cell stack (Wegner et al. 2012, p. 434) 
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While other fractions also contain valuable materials and, as pointed out previously, in 

principle all components could be recycled (Papasavva 2003, p. 2), further processing of 

the MEA only will be considered in the following.  

Once the precious metal-loaded MEA has been separated from other fuel cell compo-

nents, the need for further processing prior to the material recovery step depends on the 

ensuing recovery methods as well as the targeted materials. Due to the high value of the 

contained platinum, it is likely that platinum recovery will constitute the major driver 

for fuel cell recycling, with other materials, such as the polymeric membrane, being of 

minor interest. Of the nine platinum recovery processes analysed in Chapter 5.3.2, the 

majority require a further comminution of the MEA following its separation from other 

fuel cell stack materials, in order to disintegrate the MEA’s laminate structure and ex-

pose the catalyst layer.   

While in most publications, no further information is given on exactly how the MEAs 

are to be comminuted (cf. Koehler et al. 2006) or the process is simply referred to as 

‘shredding’ (cf. Handley et al. 2002), Shore (2009) gives a more detailed description of 

the applied procedures and also mentions potential drawbacks of the employed tech-

nologies. However, as the different platinum recovery processes analysed in Chapter 

5.3.2 require different feed materials, ranging in size from intact MEAs over 1 cm-sized 

fragments to finely ground powder, it is uncertain in how far these technologies can be 

employed in the pre-processing for other recovery methods. Nonetheless, the issues 

experienced by Shore (2009), such as matting together of MEA fragments and subse-

quent obstruction of milling equipment (ibid., p. 20), overheating of equipment (ibid., p. 

39) and failure to successfully comminute MEAs due to the elastic properties of the 

membrane (ibid., p. 13) are likely to apply to other comminution requirements as well. 

In order to counteract these problems, Shore (2009) reports two possible approaches, 

cryogenic milling and granulation at room temperature followed by milling. Cryogenic 

milling involves the milling of previously shredded MEAs by an impact mill operating 

in a chamber filled with liquid nitrogen (i.e. at a temperature of -197˚C). While this ap-

proach successfully produces a fine, free-flowing and homogeneous powder and cir-

cumvents the above-mentioned issues (ibid. p. 13), the required equipment adds signifi-

cant costs. Instead, the shredded MEAs may also be granulated at room temperature 

using a special cutting mill that can handle flexible feed materials, which sufficiently 
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disintegrates the laminated MEA structure but requires a subsequent wetting of the ma-

terial prior the final recovery process (ibid. p. 21).  

5.2.1 Potential deficits in pre-processing 

As recycling of fuel cells is still in its very early stages and no commercial scale recy-

cling plants exist at the time of writing, the research focus appears to be on the devel-

opment of technically feasible material recovery processes rather than process effi-

ciency. Thus, little information is available on potential losses of platinum in the disas-

sembly and pre-processing stage of the recycling chain, let alone the magnitude of such 

losses. However, some conclusions may be drawn from the following deliberations.  

As mentioned previously, the disassembly of fuel cells is likely to remain a manual 

process unless significant volumes of EoL fuel cells become available that justify in-

vestment in automated disassembly processes. While this fact may decrease the likeli-

hood of false or incomplete disassembly of fuel cell stacks, the possible prevalence of 

moulded rather than bolted stacks could cause significant platinum losses, should frag-

ments of the CCM remain attached to the bipolar plates after disassembly and thus fail 

to enter the material recovery process dedicated to MEA. While Wegner et al. (2012, p. 

434) state that full material capture in the disassembly process was confirmed as part of 

their study and an assessment of this statement exceeds the expertise of this thesis’ au-

thor, it is conceivable that minimal dust losses occur when the stack is forcefully broken 

into individual units. When applied to high volumes of EoL fuel cells, the platinum 

losses resulting from such processes could be significant. 

As mentioned previously, the forceful removal of GDL from 5-layer MEA should be 

avoided as platinum-rich fragments may remain attached to the GDL. However, even 

careful delamination and subsequent removal of the GDL could result in significant 

platinum losses. This is due to the fact that over a fuel cell’s lifetime, platinum particles 

tend to migrate from the catalyst layer into both the membrane and the GDL. Thus, 

“Removal of the gas diffusion layer results in immediate loss of a portion of the pre-

cious metals originally present in the fuel cell that is otherwise available for recycling” 

(Shore & Matlin 2009).  

According to tests performed by Wegner et al. (2012, p. 436), precious metal losses of 

up to 0.017 mg/cm² (equal to 3.4% of the original load) could be experienced. While 
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these amounts obviously depend on the originally applied platinum load and recovery 

may still be possible if the catalyst particles accumulate elsewhere in the stack, it is im-

portant to take note of this fact in order to avoid significant losses.  

Shore (2009, p. 20) also acknowledges the fact that if cryogenic milling forms part of 

the pre-processing stage, special attention must be paid to prevent loss of platinum-rich 

dusts, as the finely dispersed platinum may be carried off by the nitrogen gas liberated 

during gasification of liquid nitrogen. This effect may lower the platinum concentration 

of the output material from 1.5% when no cryogenic milling is employed to 1.3% with 

cryogenic milling.  

Further difficulties in disassembly and pre-processing arise when it is assumed that in 

the future, specialised recycling facilities will handle a range of different types of fuel 

cells from different fields of application, as proposed by Handley et al. (2002, p. 350), 

Schiemann et al. (2007, p. 54) and Kromer et al. (2009, p. 8284). 

In a detailed analysis of the different types and brands of fuel cells available, Schiemann 

et al. (2007, p. 54) stress that it will likely be tremendously difficult for disposal firms to 

recognise the exact type of fuel cell system they are dealing with. With a view to recy-

cling efficiency, but especially health and safety issues and environmental protection, 

the authors emphasise that each type of fuel cell requires unique disassembly and proc-

essing steps and propose the use of flow charts, photographic guides and manufacturer 

catalogues to avoid misjudgement.  

Once again it must be acknowledged that fuel cell recycling does not take place on a 

larger scale yet and thus any assessment of the order of magnitude of process losses can 

be considered idle speculation. As Kromer et al. (2009) state, “without real-world ex-

perience with a fuel cell recovery supply chain the extent to which the process losses 

may be mitigated is unknown” (p. 8284).  However, based on the fact that fuel cell 

stacks may be removed, transported and disassembled largely without damaging the 

CCM the authors assume that total process losses of platinum recovery from automotive 

fuel cells will be in the order of 8 to 10%, which is around half of that estimated for 

automotive catalysts (ibid.).  
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Nonetheless, the issues portrayed above once more point to the importance of consider-

ing fuel cells’ end-of-life already in the design phase, as design for disassembly and 

recycling could avoid significant precious metal losses and thus have not only environ-

mental, but also economic benefits.  

5.3 Material recovery 

5.3.1 Platinum group metal recovery through pyrometallurgical processes 

As mentioned in Chapter 4.5, recycling already represents a major source of supply for 

a number of industries relying on platinum. Depending on the specific application and 

the concomitant material composition of the EoL product streams, a number of proc-

esses for PGM recovery are available, as shown in Figure 20. As evident from Figure 

20, pyrometallurgical processes prevail. Since the processing of automotive catalysts is 

representative of this route and both ICE and fuel cell ELV are expected to pass similar 

collection and dismantling processes, the recovery of platinum from automotive cata-

lysts will be considered in more detail in the following.  

 

Figure 20: PGM recovery processes of different applications (adapted from Hagelüken et al. 2005a, p. 192) 
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5.3.1.1 Platinum recovery from automotive catalysts 

Due to its high value, the recovery of platinum from automotive catalysts is well-

established and represents a major economic driver for the recycling of ELV. After dis-

mantling, catalytic converters are collected, decanned and the catalyst ceramic trans-

ported to specialised precious metal refineries, where the PGM recovery can be 

achieved by hydrometallurgical and pyrometallurgical procedures (Buchert et al. 2009, 

p. VII). Since hydrometallurgical procedures involve the use of strong acids or leaches 

to separate the PGM-containing washcoat from its ceramic carrier and thus produce 

toxic wastewater, as well as achieving only moderate recovery rates, pyrometallurgical 

processes are commonly employed at copper smelters or specialised PGM refineries in 

state-of-the-art facilities, where recovery rates of around 98% can be achieved 

(Hagelüken 2005, p. 289; Lucas et al. 2011, p. 35).  

In pyrometallurgical procedures the PGM are separated by smelting washcoat and ce-

ramic together in one process. Due to their high specific density and high melting point 

(density of 21450 at 25˚C and a melting point of 1769˚C, respectively, for platinum), 

the PGM in liquid or solid form fall through this slag into a collector metal bath consist-

ing typically of copper, or less commonly also of nickel, lead or iron (Rumpold & 

Antrekowitsch 2012, p. 697-698). 

This PGM-enriched collector metal is processed further by electrowinning or the more 

time-consuming electrorefining. During either process, a current is applied to the PGM-

rich solution, leading to the chemical reduction of the precious metal ions and their de-

positing at the cathode (Gottstein et al. 2006, p. 57). The resulting residue is then treated 

further by hydrometallurgical processes, including solvent extraction, precipitation and 

ion exchange (for further detail on these processes cf. Gottstein et al. 2006), in order to 

separate the individual elements with high purity levels (Rumpold & Antrekowitsch 

2012, p. 697-698).  

In state-of-the art facilities of specialised precious metal refineries, the ceramic slag 

resulting from the pyrometallurgical treatment as well as any arising side streams are 

fed into a second blast furnace process to recover any remaining precious metals, thus 

achieving a recovery rate of 98% and above. The processes described above require the 

use of sophisticated filter, scrubber and afterburning systems in order to prevent harmful 

emissions and waste streams (Hagelüken 2005, p. 291). 
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5.3.1.2 Applicability of pyrometallurgical procedures for PEMFC recycling 

Although FCV, as proposed above, are expected to undergo the same EoL treatment 

processes as ICE vehicles from collection to dismantling, recovering the platinum con-

tained in the MEA’s catalyst layer by the pyrometallurgical processes used for recycling 

of catalyst converters is, although technically possible, not feasible.  

This is due to the fact that incineration of the fluoropolymers contained in Nafion® and 

in the hydrophobically treated GDLs (cf. Chapter 2.2) leads to the formation of hydro-

gen fluoride (HF) (Wegner et al. 2012, p. 431). Although hydrogen fluoride is used in a 

number of industries, for example in glass etching or for the production of fluoride, it is 

considered a highly toxic compound that may be harmful to humans, animals and plants 

as well as having a highly corrosive effect on processing equipment (US EPA 2000). 

Boiling at room temperatures, hydrogen fluoride is typically found in a gaseous phase. 

If skin contact or inhalation and consequently dissolution in water occur, it is trans-

formed into hydrofluoric acid, which enters and continuously destroys deeper tissue 

layers, thus causing severe and often fatal injuries (CDC 2013).  

Employing the usual pyrometallurgical process route would therefore allow a high 

platinum recovery comparable to catalyst recycling, but require the refurbishment of 

existing plants with special protective linings for the furnaces as well as the installation 

of elaborate filter and scrubbing systems to eliminate HF from the off-gas. Such meas-

ures, however, are time-consuming and add significant costs, thus presenting a consid-

erable economic barrier that prevents refineries from investing in such technologies 

(Stolten 2010, p. 54). In addition, through incineration the valuable membrane material 

Nafion® is essentially destroyed in the process and cannot be recycled (Shore 2009, p. 

4) and any fluorine constituents remaining in the PGM-containing slag would hamper 

the later separation (Koehler et al. 2006).  

5.3.2 State of the art in fuel cell recycling 

In order to determine in how far the issues described above have been acknowledged by 

precious metal refiners, researchers and other stakeholders and have sparked the devel-

opment of alternative recovery processes, a patent search was performed. This search 

included patents registered under the European Patent Office, the US Patent & Trade-

mark Office and the World Intellectual Property Organization (WIPO) and yielded the 

results summarised in Table 6.  
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Note that with a view to the research focus of this thesis, the search focused solely on 

the recovery of PGM (as well as the more broadly phrased recovery of ‘noble metals’ or 

‘precious metals’, which may include additional elements, such as gold or silver) from 

PEM fuel cells. Procedures aimed exclusively at recycling another type of fuel cell, dif-

ferent constituents, such as the membrane material, or other kinds of fluorine-containing 

devices, as well as any patents published before the year 2000 or in a language other 

than English were neglected.  

The WIPO database also lists patents registered by national patent offices only and 

while further methods developed, for example, by Toyota Motor Corporation in Japan, 

Hyundai in Korea and by research institutes in China and Canada could be found, these 

were excluded from further analysis due to the limited scope of this thesis. In cases 

where process descriptions available via the WIPO database obviously represented a 

repetition of entries published with the regional patent offices, only the international 

publication is given in Table 6. 
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Table 6: List of patents for PGM recovery from MEAs avoiding hydrogen fluoride emissions 

Patent Number Inventor/s Proprietor Year of 

Publication 

Materials 

recovered 

Input material 

WO/2004/102711 Hagelüken 

Kayser 

Romero-Ojeda 

Kleinwächter 

 

Umicore AG 

& Co KG 

2005 PGM CCM, MEA (pos-

sibly shredded); 

electrolysis cells, 

batteries 

WO/2006/024507 Koehler 

Zuber 

Binder 

Baenisch 

Lopez 

Umicore AG 

& Co KG 

2006 PGM 

and/or fluo-

rine-

containing 

constituents 

CCM, MEA, 

whole fuel cell 

stacks, electrolysis 

cells, batteries, 

sensors; commin-

uted to pieces of 

1-3 cm edge 

length or pulver-

ised 

WO/2006/115684 

 

Shore 

Robertson 

Shulman 

Fall 

BASF Cata-

lysts LLC 

2006 PGM, 

ionomer 

5- and 3-layer 

MEA 

WO/2007/149904 Shore BASF Cata-

lysts LLC 

2007 PGM, 

ionomer 

5-layer MEA 

WO/2009/029463 Shore 

Matlin 

BASF Cata-

lysts LLC 

2009 PGM, 

ionomer 

CCM-type MEA 

(shredded and 

pulverized) 

WO/2009/149241 

 

Shore 

Matlin 

Heinz 

BASF Cata-

lysts LLC 

2009 PGM MEA (shredded 

and pulverized) 

WO/2010/132156 Shore 

Matlin 

Heinz 

BASF Cata-

lysts LLC 

2010 PGM MEA (shredded 

and granulated / 

pulverized) 

EP2700726A1 Romero 

Meyer 

Voss 

Heraeus 

Precious 

Metals 

GmbH 

2014 PGM any material with 

a fluorine content 

< 5 wt.% 

WO/2015/010793 Paepke Daimler AG 2015 PGM, 

ionomer 

CCM, MEA; seals 

removed and 

shredded to pieces 

of 0.1 mm² - 9 cm² 
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In the following, a brief overview of the different approaches outlined in the patents 

listed above will be given.  

5.3.2.1 Procedures developed by Umicore AG & Co KG 

a) Process for the concentration of noble metals from fluorine-containing fuel cell 

components (Hagelüken et al. 2005b) 

As part of this process, the MEAs are mixed with an inorganic additive, such as calcium 

carbonate (CaCO3), which chemically binds hydrogen fluoride and other fluorine com-

pounds during the subsequent thermal treatment. The fluorine-containing reaction prod-

uct is concentrated in the combustion residue or slag, rather than released into the ex-

haust gas, and can be separated from the precious-metal containing products using es-

tablished hydrometallurgical or melting procedures.   

For the concentration of platinum from fluorine-containing catalyst residues the elec-

trode layers are detached from CCMs to obtain a fluorocarbon polymer-containing cata-

lyst mixture with a fluorocarbon polymer content of 19 wt.%, a fluorine content of 15 

wt.% and a platinum content of 25 wt.%. In the patented sample process, the fluorine 

content amounts to 0.08 moles. Adding 0.8 moles (i.e. the tenfold amount) of anhydrous 

calcium carbonate (CaCO3), the material is mixed vigorously. This mixture is then 

heated to 1000˚C and held at this temperature for a period of two hours, during which 

no fluorine-containing combustion gases are detectable.  

Analysis of the combustion residue at the end of this process shows a calcium fluoride 

(CaF2) content of 7.2 wt.%, while the wash water maintains a neutral pH value and has 

a fluorine content below 3 parts per million (< 3 mg/l).  Using established hydrometal-

lurgical or melting processes, the fluorine-containing reaction product is separated and 

the precious metals refined further.  

This process can be represented by the following equation: 

(-CF2-CF2-)n + 2n MO + n O2 → 2n MF2 + 2n CO2;  

where: (-CF2-CF2-)n = a perfluoroalkyl compound (that may be substituted by perfluorinated compounds of the form 

(-CFR1-CFR2-)n) 

and: M = M2+ = Mg, Ca, Sr, Ba and others.  
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According to Schiemann et al. (2007, p. 78) this procedure is not only inexpensive but 

also able to recover 95% of the contained platinum. Umicore plans to build an industrial 

size recycling plant once significant volumes of EoL fuel cells arise.  

b) Process for recycling fuel cell components containing precious metals (Koehler 

et al. 2006) 

This process involves dissolving the fluorine-containing components by treatment with 

a medium in its supercritical state, thus separating the fluorine-containing compounds 

from the precious metal-containing residues. According to the inventors,  

“Substances such as water or carbon dioxide become highly effective solvents 

and reaction media when they are heated under pressure to far above the boil-

ing point. At a particular point, the density of the vapour becomes virtually as 

high as that of a liquid. In this "supercritical state" (i.e. liquid and gaseous at 

the same time), completely new physical properties are displayed. Thus, above 

374°C (647°K) and a pressure of 220.6 bar, water suddenly dissolves oils and 

other organic compounds” (Koehler et al. 2006).  

The materials to be recycled are shredded using jaw crushers and / or hammer mills to 

create a homogeneous mix of fragments with 1 to 3 cm in edge length or, if using mills, 

a fine powder. This mixture is then placed in a pressure reactor and mixed with the reac-

tion medium. In the patented sample process, a CCM, weighing 10 g and consisting of 1 

g catalyst coating (platinum supported on carbon black), perfluorinated ionomer 

(Nafion®) and a 25 µm perfluorinated ionomer membrane (Nafion®), is placed in a 

heatable stainless steel autoclave equipped with a stirrer together with 1500 ml of deion-

ised water (i.e. a 100- to 1000-fold amount based on the mass of the fluorine-containing 

compounds).  

This mixture is heated for seven hours, reaching a maximum temperature of 384˚C and 

a maximum pressure of 240 bar. The solution obtained from this treatment is filtered 

using commercial laboratory filters, which produces a filter cake that resembles carbon 

black as well as a transparent, greenish filtrate. Analysis of the filter cake shows that it 

consists of platinum and carbon-containing residues only, while fluorine-containing 

compounds are not present. From this filter cake, platinum can be recovered using con-

ventional hydrometallurgical processes. In addition, it is possible to concentrate the fil-

trate and recover the ionomer from the concentrate using a recasting process.  
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Apart from deionised water, the following supercritical media listed in Table 7 may be 

employed as solvents; however, this requires further research on appropriate process 

parameters. 

Table 7: Supercritical media for the extraction of fluorine-containing compounds (Koehler et al. 2006) 

Medium Temperature (˚K) Pressure (10
5
 Pa) 

Nitrogen (N2) > 126 > 33.9 

Carbon Dioxide (CO2) > 304.2 > 73.8 

Water (H2O) > 647.2 > 220.6 

Ammonia (NH3) > 405.6 > 113.7 

While the inventors state that platinum may be “obtained in very good yield” (Koehler 

et al. 2006), data on the efficiency of the recovery process is not provided.  

5.3.2.2 Procedures developed by BASF Catalysts LLC 

Since the several patents applied for by Shore et al. (cf. Table 6) were all developed as 

part of one perennial research project and in some cases represent enhancements of the 

initial process, a summary of the invention as provided in the project’s final report will 

be given only. Details for the respective procedures can be obtained from the patents 

listed in Table 6.  

Adapted to problems encountered in earlier versions of the recovery method, the proc-

ess published in the project’s final report separates precious metals from fluorine-

containing compounds by leaching, as illustrated in Figure 21.  

 

Figure 21: Process diagram for the recovery of platinum from MEA (Shore 2009, p. 16) 
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Since leaching is only viable if enough surface area is available for the acid to contact 

the precious metal sites, first of all 5-layer MEA with GDL of either carbon cloth or 

carbon paper are granulated at room temperature using a Press Side Granulator (Shore 

et al. 2009a, p. 1101). Due to the hydrophobic nature of the resulting MEA powder, an 

aqueous surfactant
19

 must be added to stop the powder from floating on the acid’s sur-

face (Shore 2009, p. 14-17). Noting that the surfactant acted as an agglomeration agent, 

an alternative approach was also tested by the inventors, which involves exposing the 

MEA powder to 10-fold reduced amounts of surfactant and facilitating material disper-

sion by sonication. Adding only insignificant costs but substantially improving platinum 

recovery in the subsequent leach, the latter procedure constitutes the preferred option 

(Shore et al. 2009a, p. 1101). 

The leach is then performed by adding aqua regia, a mixture of concentrated hydrochlo-

ric acid (HCl) and concentrated nitric acid (HNO3) in a 3:1 ratio (by volume) and heat-

ing the mixture. The resulting reaction produces water, nitrogen oxides (NOx), chlorine 

and aqueous hexachloroplatinic acid (H2PtCl6) and can be described by the following 

equations (Shore et al. 2009b): 

1) HNO3 + 3HCl → NOCl + 2Cl + 2H2O  

2) Pt + 2 HNO3 + 4 HCl → (NO)2PtCl4 + 3 H2O + ½ O2 

3) (NO)2PtCl4 + 2 HCl → H2PtCl4 + 2 NOCl 

4) H2PtCl4 + Cl2 → H2PtCl6 

However, it was noted that adding HNO3 in the ratio described above produces exces-

sive amounts of NOx as well as chlorine oxidants, which increases vessel pressure, ne-

cessitates extensive off-gas cleaning requirements, limits the possibility to recycle HCl 

and thus adds costs. Alternative approaches were therefore tested, which showed that 

decreasing the amount of HNO3 to approximately 15% of the aqua regia stoichiometry, 

as well as adding concentrated HCl before adding HNO3 improved the efficiency of 

platinum recovery. In addition, other oxidants, such as hydrogen peroxide, chlorine gas 

and sodium chlorate were trialled, but preference was given to using aqua regia. When 

adding HCl first, platinum yields of 99% were consistently achieved with one leach step 

(Shore 2009, p. 18).  

                                                 

19
 in this case, Plurafac LF 120 by BASF Corporation and Strodex PK-90 by Ashland Chemicals were 

used 
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In order to achieve the desired platinum concentration of 20 g per litre (cf. Figure 21), 

the leachate needs to be distilled (Shore 2009, p. 28). Following the distillation, above 

80% of the HCl added in the leach step can be recycled from the residues; however, 

since the leaching process requires concentrated rather than azeotropic HCl, a process 

must be chosen to yield concentrated HCl (ibid., p. 29). Other waste streams include 

NOx emissions and solid MEA residues, which must be treated according to environ-

mental regulations (ibid., p. 38). However, since employing a conventional combustion 

method for platinum recovery would lead to the liberation of 400 g hydrogen fluoride 

and 2 kg CO2 per kg of Nafion®-based MEA, the inventors stress the procedure’s envi-

ronmental benefits (ibid., p. 38).  

Although the process described above has so far only been tested under laboratory con-

ditions, its potential and economic viability for large-scale utilisation at a plant treating 

MEA from around 500,000 FCV per year was confirmed as part of the research project.  

Based on the standard platinum load per MEA and platinum price at the time of publica-

tion, the variable costs of this process amount to only a few percent of the platinum 

value (ibid., p. 26; p. 38).  

5.3.2.3 Procedure developed by Heraeus Precious Metals GmbH 

a) Device and method for the thermal treatment of products containing fluorine and 

precious metals (Romero et al. 2014) 

Referring to the process described by Hagelüken et al. (2005b), the inventors claim that 

this procedure is unsuitable for materials which release hydrogen fluoride at low tem-

peratures, as the inorganic additive’s absorption capability has proven insufficient or not 

fast enough and hydrogen fluoride gas is thus still released. Rather than providing a 

novel recovery process, their invention is therefore aimed at providing a plant that is 

able to handle thermal treatment of fluorine-containing components without any damage 

to the equipment or release of harmful substances. The plant consists of an ashing fur-

nace and a post-combustion chamber made of at least 85 wt. % aluminium oxide, mak-

ing it resistant to hydrogen fluoride, as well as several exhaust gas treatment steps in 

order to prevent harmful emissions.  
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Since no information can be obtained on potential cost advantages of this approach 

compared to the refurbishment of existing recycling plants with protective linings and 

other specialised equipment, the details of this invention will not be analysed further. If 

such cost advantages exist, however, the construction of separate furnaces at existing 

precious metal refiners could be a more viable approach than implementation of the 

laborious, multi-step procedures described above.  

5.3.2.4 Procedure developed by Daimler AG 

a) Method for recycling membrane/electrode units of a fuel cell (Paepke 2015) 

Claiming that the process invented by Hagelüken et al. (2005b) is unsuitable for materi-

als which release hydrogen fluoride at low temperatures and the procedure by Koehler 

et al. (2006) involves considerable safety requirements due to the high-pressure operat-

ing conditions, this invention proposes an alternative process for separating fluorine- 

and precious metal-containing compounds using ultrasound and a solvent.  

First of all, the CCM or 5-layer MEA are shredded to fragments measuring 0.1 mm² to 9 

cm². Care must be taken to ensure that the comminution does not lead to the formation 

of smaller particles, as this would result in the creation of an undesirable suspension or 

colloidal solution when mixed with the solvents. The shredded MEA are then placed 

into an ultrasonic bath filled with ethanol and water at a ratio of 4 to 1. During the ultra-

sonic treatment at a frequency of 20 to 110 kHz and a temperature of 5 to 40˚C, the 

mixture is continuously circulated by stirring or oscillating of the container.  

After around three minutes, the catalyst layer made of carbon black and precious metals 

is solved almost entirely from the membrane. As the precious metal-loaded substrate 

particles transition into the solvent, the precious metal-loaded and fluorine-containing 

fractions can be separated by a two-step filtration process. The PGM-loaded filters can 

then enter a conventional pyrometallurgical recovery process, while the remaining 

membrane material may be supplied to a subsequent material or energy recovery proc-

ess and the solvent is reused. Overall, PGM recovery rates of 98% and above can be 

achieved.  
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5.3.3 Potential deficits in material recovery 

Judging from the number of recovery procedures available that achieve yields of 95% 

and above it appears as though platinum recovery from EoL MEA is possible incurring 

only minimal losses. However, upon closer investigation it becomes clear that while 

avoiding HF emissions, all procedures described above continue to entail certain draw-

backs.  

As mentioned previously, mixing the MEA with an inorganic additive, such as calcium 

carbonate, has shown to be insufficient in binding HF, especially for materials which 

release hydrogen fluoride at low temperatures (Romero et al. 2014). Using water in its 

supercritical state, the process proposed by Koehler et al. (2006) relies on a high-

pressure operating environment, thus posing concerns for health and safety as well as 

untenable equipment costs.  

Similar reservations may be voiced for the HF-proof furnace and scrubbing process in-

vented by Romero et al. (2014), as its cost advantage compared to refurbishment of ex-

isting precious metal refining facilities is questionable. Finally, while the procedure 

proposed by Shore (2009) avoids HF emissions, it uses hydrochloric acid and nitric 

acid, both of which are harmful if skin contact occurs, and generates nitric oxides as 

well as solid MEA residues, which then require further treatment to avoid environ-

mental impacts.  

Furthermore insufficient yields of platinum may be problematic in those cases, where 

removal of the GDL is required in the pre-processing stage (cf. Chapter 5.2) or the re-

covery process is aimed at separating membrane and catalyst layer. This is due to the 

fact that over a fuel cell’s lifetime, platinum particles tend to migrate from the catalyst 

layer into the membrane and / or GDL, leading to the formation of nanocrystallites. 

Since these are less than 200 nm in size, the platinum-loaded nanocrystallites cannot be 

recovered by filtration and are hence lost in the solvent (Shore & Matlin 2009). In addi-

tion, some loss of theoretically recoverable platinum in waste streams, such as the proc-

ess water and solid waste from leaching, appears to be unavoidable (Shore 2009, p. 39).  

Several of the above mentioned patents also fail to elaborate on any further refining 

needs in order to obtain platinum of a purity level that is suitable for commercial use. 

As Shore (2009, p. 37) describes, the conventional combustion of MEA produces a 

platinum-rich ash, which must be further refined to remove impurities.  
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Although except for Shore et al., all of the above-mentioned patents assume a further 

downstream treatment in the form of hydrometallurgical and / or pyrometallurgical re-

covery and refining processes, the potential for and magnitude of platinum losses is not 

mentioned. In contrast, the leaching process proposed by Shore (2009) produces a dilute 

platinum solution, which is concentrated by distillation and can then be refined directly, 

thus already integrating a major part of the standard refining process (ibid., p. 37).  

Finally, it must be noted that to date, all processes have been implemented and tested at 

a laboratory level only. Although Shore (2009, p. 38) provides a cost analysis and 

comes to the conclusion that large-scale operations based on the invented process as 

described above would be feasible from a financial perspective, no such information is 

available for any of the other recovery methods. It is therefore not possible to determine 

whether industrial-scale implementation is possible at all, nor how any of the proce-

dures mentioned above compare to a HF-proof refurbishment of existing precious metal 

recovery facilities with special protective linings for the furnaces and off-gas treatment 

in terms of costs. Further research on recovery methods focussing on process efficiency 

and costs is likely to only take place once sufficient volumes of EoL fuel cells arise. 

To conclude, this chapter has shown that the recycling of platinum from fuel cell vehi-

cles is still in its very early stages. While methods for recovering platinum at a high 

efficiency are available at least at a laboratory level, it appears as though the preceding 

stages in the recycling chain have received little attention by the research community 

and other stakeholders so far. However, as demonstrated in this chapter, deficits in the 

stages of disassembly, dismantling and above all collection are often responsible for 

major losses and valuable materials becoming unavailable for recycling. Since the effi-

ciency of the entire recycling chain is determined by its weakest link, it is therefore vital 

to research and devise efficient strategies for collection, dismantling, pre-processing and 

material recovery before high volumes of end-of-life fuel cell vehicles arise.  
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6 Platinum flows from the diffusion and recycling of fuel cell vehicles 

By evaluating the progression of platinum demand from the fuel cell vehicle industry, to 

what degree this demand can be satisfied by primary production and what challenges 

may be present in a future recycling chain, the preceding chapters form the qualitative 

basis for the research question of this thesis. In order to assess the potential contribution 

of recycling to meeting the future platinum demand of the fuel cell vehicle industry in 

quantitative terms, this chapter will build on the insights gained and develop a dynamic 

material flow analysis. 

6.1 Methodology 

6.1.1 Material flow analysis 

“Increased consumption has led to an accumulation of significant stocks of 

metals in the anthroposphere, and the collection and recycling of metals from 

these secondary resources has become more and more important. These ac-

tivities rely on knowledge of anthropogenic material cycles regarding quanti-

ties, qualities and locations of metal-containing goods that have accumulated” 

(Müller et al. 2014, p. 2102).  

Providing this required knowledge of material cycles in the anthroposphere, material 

flow analysis (MFA) constitutes a useful tool for analysis, planning and forecasting of 

resource consumption. It helps to identify the depletion and accumulation of resource 

stocks in both natural and anthropogenic environments, models the shift of materials 

from natural reserves to anthropogenic stocks and thus aids in forecasting the scarcity of 

resources (Brunner & Rechberger 2004, p. 16).  

MFA is based on the principle of conservation of matter or mass balancing (i.e. input 

equals output) and is closely linked to the concept ‘metabolism of the anthroposphere’, 

which can be understood as an analogy to the human or natural metabolism. While a 

more detailed review of this idea is beyond the scope of this thesis, suffice it to note that 

the concept imitates the continuous cycling of material and energy present in biological 

processes and has been used to analyse and describe urban and regional material bal-

ances, especially for the purpose of environmental protection and waste management. 

The term was coined by Baccini and Brunner (1991), although similar ideas have 
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emerged in various disciplines throughout the 20
th

 century (cf. Baccini & Brunner 1991; 

Ayres & Ayres 2002; Brunner & Rechberger 2004).  

Depicting and quantifying the material stocks and flows of this anthropogenic metabo-

lism, MFA includes “the analysis of the throughput of process chains comprising ex-

traction or harvest, chemical transformation, manufacturing, consumption, recycling 

and disposal of materials [...] based on accounts in physical units” (Bringezu & 

Moriguchi 2002, p. 79). This way, MFA delivers a systematic assessment of the 

sources, pathways, intermediate and final sinks of a material within a system defined in 

space and time. By balancing inputs and outputs, flows of waste and environmental 

burdens as well as depletion and accumulation of material stocks can be identified 

(Brunner & Rechberger 2004, p. 3).  

Most MFAs on metal cycles in the anthroposphere use static models, thus providing 

only a snapshot in time but failing to deliver information on the dynamics of resource 

consumption and its impacts on stocks and flows (Müller et al. 2014, p. 2103). Since 

future changes in platinum stocks and flows are of particular interest for the purpose of 

this thesis, this chapter will instead focus on a dynamic MFA to model future platinum 

flows and thus provide information about the behaviour of this system over a time in-

terval. Various methods and principles for preparing dynamic MFAs have been devel-

oped in recent years (cf. Ayres & Ayres 2002; Müller et al. 2014), but most are based 

on the generic system depicted in Figure 22.  

 

Figure 22: Generic dynamic material flow model of metals (Müller et al. 2014, p. 2105) 

In terms of terminology, this thesis will follow the definitions established by Baccini 

and Brunner (1991) and developed further by Brunner and Rechberger (2004), which 

are summarised in the following.  
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First of all, it is necessary to distinguish between substances, materials and goods. For 

the purpose of MFA, ‘substance’ refers to “any (chemical) element or compound com-

posed of uniform units. All substances are characterized by a unique and identical constitu-

tion and are thus homogenous” (Sax & Lewis 1987 in Brunner & Rechberger 2004, p. 36). 

In contrast ‘goods’ are defined as “economic entities of matter with a positive or negative 

economic value [...] made up of one or several substances” (ibid.). Finally, ‘materials’ is 

used as an umbrella term for both substances and goods (ibid., p. 37).  

Modelling the movement of materials through the system, ‘processes’ are defined as “trans-

formation, transport or storage of materials” (Brunner & Rechberger 2004, p. 37) and can 

describe both natural and man-made processes. Encompassing the material that is stored 

within a process, ‘stocks’ form part of this process and are defined as “material reservoirs 

(mass) within the analyzed system” (ibid., p. 4). Stocks are essentially dynamic and can be 

accumulated or depleted, but also remain constant over time. With regards to processes, 

MFA assumes a ‘black box’ approach, meaning that sub-processes within a process are 

neglected20, as only inputs and outputs are of interest. Disclosing the quantity of materials 

stored within a process, stocks form the only exception to this approach. If the residence 

time of a stock exceeds 1,000 years, it is generally considered a ‘final sink’ (ibid., p. 38).  

The processes within the MFA are connected by ‘flows’ and ‘fluxes’ of materials. These 

terms are often used interchangeably although their actual denotation differs. While a flow 

describes the mass flow rate, i.e. the mass of a specific material that flows per time, in 

physical units (e.g. tons per annum) a flux is used to describe the mass flow rate per ‘cross 

section’. This  can be, for example, a studied region, city or inhabitant. A flux can thus be 

considered a specific flow; integration of all fluxes for the cross section then delivers the 

total flow. All flows/fluxes require both origin and destination, which is represented by an 

import and export process that crosses the system boundaries (ibid., pp. 39-40). 

Finally, a ‘system’ consists of “a set of material flows, stocks and processes within a de-

fined boundary” (Brunner & Rechberger 2004, p. 4). This boundary is defined in space and 

time and must be chosen carefully considering data availability, objectives, applied balanc-

ing period and residence time of materials.   

                                                 

20
 Otherwise the process must be divided into several sub-processes.  
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6.1.2 Software tool 

The dynamic MFA for this thesis is performed using the software tool STAN (short for 

SubSTance flow ANalysis), which is a freeware developed by the Institute for Water 

Quality, Resources and Waste Management at the Vienna University of Technology in 

cooperation with INKA software. The software is available in its third version (STAN 

2.5), which was published in 2012, from the TU Vienna’s dedicated website.
21

 STAN 

not only remediates some of the issues of earlier MFA instruments, such as the need for 

laborious and error-prone use of several software products, but also addresses the issue 

of data uncertainty and inconsistency. The software performs data reconciliation by 

automatically using redundant information to support uncertain data across time periods 

and data layers. In addition, statistical tests are used to detect gross errors, while corre-

sponding data uncertainties are calculated by error propagation. With its ‘period fea-

ture’, STAN is particularly useful for performing dynamic MFA covering a perennial 

time span (cf. Cencic & Rechberger 2008).  

6.1.3 Calculation approach 

The calculations performed as a preliminary basis to create the model of platinum flows 

arising from market penetration of fuel cell vehicles are derived from a top-down ap-

proach as summarised in Figure 23. While this chapter provides a general overview of 

the employed calculation approach, the specific calculations can be reproduced by con-

ferring to Appendix 3. Furthermore, the various data sources for the specific assump-

tions underlying these calculations will be explained further in the subsequent chapter 

6.2.  

                                                 

21
 http://www.stan2web.net/ 
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Figure 23: Calculation approach in preparation for the MFA (own source) 

The calculation originates from the FCV market penetration ratios given by the two 

scenarios in EC (2008, p. 17), which are applied to the analysed EU member states’ 

extrapolated vehicle stock to derive the absolute number of FCV in use per annum over 

the considered time scale of 35 years (cf. Chapter 6.2.1). In the next step, the annual 

energy requirements (kW/a) are calculated from the number of newly registered FCV 

per annum. Applying to this the platinum load per kW of the respective year as well as 

any losses occurring in the production stage, one can then determine the gross platinum 

requirements per annum. In order to determine the net platinum requirements, the poten-

tial supply from recycling is then calculated. Based on the two recycling scenarios given 

in Chapter 6.2.3, any platinum losses throughout the use phase and within the recycling 

chain are subtracted from the potentially available platinum content of end-of-life FCV 

assuming a vehicle lifetime of 10 years. The various material efficiency ratios of pro-

duction, use phase and recycling are used as transfer coefficients and transferred into the 

MFA software, together with the values obtained from the aforementioned calculations. 
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6.2 System boundaries and assumptions 

A number of assumptions and system boundaries have to be set in order to narrow down 

the scope of the MFA. While the complete list of parameters is given in Appendix 4, 

some of the assumptions made require a further examination and are thus explained in 

more detail in the following sub-chapters. 

6.2.1 Market penetration scenarios 

Since the projected level of market penetration provides the first step in the calculation 

and thus ultimately determines the mass and volume of platinum flows, a careful choice 

of scenario is critical for the validity of the later analysis. In this regard it must be 

stressed once more that projections, by definition, only forecast possible developments 

and must not be misunderstood as precise predictions of the future. Based on a set of 

specific assumptions, different scenarios may provide a fan of projections that, hope-

fully, capture the actual development if any set of assumptions comes true. Despite 

these limitations, projections provide a valuable tool by indicating the drivers and influ-

ences of future developments (cf. Angerer et al. 2009, p. 7).  

A number of studies are available projecting possible scenarios of FCV market diffu-

sion, some of which also include predictions of associated platinum requirements. As 

summarised in Appendix 1, these have come to highly diverging conclusions, depend-

ing on the time horizons, geographical locations and technologies considered, as well as 

on the applied assumptions concerning supporting aspects, such as infrastructure, politi-

cal measures and technological developments. Aiming to evaluate possible recycling 

pathways for FCV for a closed European system, for the purpose of this thesis it was 

especially important to select a study focusing on Europe specifically. This requirement 

already precluded a number of publications, as the majority take on a global perspec-

tive, with some also considering specific lead markets such as the US, Canada and Ja-

pan.  

From the remaining publications, the “HyWays” study, published by the European 

Commission in 2008, was chosen because it covers the most far-reaching time horizon 

(2010 to 2050) and for the equally important reason that the contained data is easily 

accessible. While this study provides four scenarios outlining possible rates of market 

penetration, depending on the level of policy support for hydrogen technologies as well 
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as the rate of technological progress, the overall study may be considered overly opti-

mistic with regards to FCV market penetration when compared to, for example, Råde 

(2001) or Carlson et al. (2003). It must therefore be noted that selecting this study as 

this thesis’ MFA basis involves the risk of adopting false assumptions on market diffu-

sion of FCV. In principle, however, this drawback applies to any study and cannot be 

eliminated.  

The HyWays report was published as part of an integrated project co-funded by re-

search institutes, industry and the European Commission, which ran from 2004 to 2007 

with the objective of developing a validated roadmap for the introduction of hydrogen 

technologies in Europe. Based on technology databases, sociological, technological and 

economic analyses as well as extensive interaction between science and industry experts 

from a range of member states, the study produced market penetration scenarios for 

various hydrogen-based technologies, including FCV. In doing so, the study focuses on 

the following ten European countries, which will also form the geographical focus of 

this thesis’ MFA: Finland, France, Germany, Greece, Italy, the Netherland, Norway, 

Poland, Spain and the United Kingdom.  

The four FCV market penetration scenarios provided by EC (2008, p. 17) include two 

rather optimistic scenarios that are characterised by high to very high policy support and 

fast technological progress and assume that mass production of FCV will begin by 

2013. In contrast, the two more conservative scenarios based on modest rates of techni-

cal learning delay the earliest mass-market rollout to 2016 and are characterised as fol-

lows:  

“the hypothetic start of mass production has been shifted to 2016 and the 

number of first movers
22

 reduced to 4 which will ramp-up their plant utiliza-

tion rate from 5% to 90% within a five year time frame (maximum production 

capacity of each of the four plants 100,000 units per year). After reaching full 

utilization of the production capacities of the first movers [...] after 5 years 

[...], it was assumed that followers are entering the market in a similar way 

and the first movers are doubling their production capacity” (European Com-

mission 2008, p. 16).  

                                                 

22
 i.e. the first companies to enter a specific market or industry (author’s note) 
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Given the current state of the FCV market and the recent launch of the Toyota Mirai (cf. 

Chapter 3), the assumptions underlying the two more conservative scenarios appear 

closer to reality. Hence, only the two conservative scenarios, which are pictured in Fig-

ure 24, will be considered for this thesis’ MFA.   

 

Figure 24: Market penetration rate of hydrogen vehicles for passenger transport (adapted from EC 2008, p. 17) 

It must be noted that the study does not differentiate between fuel cell vehicles and 

other hydrogen-based power-train technologies. However, as examined in Chapter 3, 

hydrogen-based combustion engine technologies and other options have not been pur-

sued by vehicle manufacturers in recent years. A market introduction in the near future 

thus appears highly unlikely and hence, technologies other than FCV as described in 

Chapter 3.2 will be neglected in this thesis.  

In addition, the study not only includes light-duty passenger vehicles, but also public 

transport buses in its analysis. Public transport is likely to represent an important market 

for fuel cell vehicles, thus failing to differentiate the penetration rates given in Figure 24 

by type of vehicle bears the potential of significantly overestimating the market poten-

tial of light-duty fuel cell vehicles. However, since this information is not disclosed in 

the report and the level of market penetration is given in ratios rather than absolute 

numbers, applying these ratios to the projected future numbers of light-duty passenger 

vehicles in the EU in order to deduce the number of FCV is considered a viable ap-

proach.  
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Historical and current data on car ownership in the EU can be obtained from the 

ACEA
23

 website; however, limited information is available on expected vehicle fleet 

growth rates. The car ownership growth rate of 2.18% supplied by the World Business 

Council on Sustainable Development appears to be a commonly used value (cf. Fulton 

& Eads 2004, Annex A 6; Albach 2014, p. 78). While this value may be true for the 

world as a whole, given the declining demand for passenger transport documented by 

the European Environmental Agency (EEA 2014) in recent years, such assumptions 

appear somewhat unrealistic when focusing on the EU specifically. Other publications 

come to much more conservative estimates, as summarised in Table 8.  

With a view to the geographical focus of this thesis, the mean value of the growth rates 

suggested below will be applied, with the latest publication on passenger cars in use in 

the EU (Eurostat 2014) used as the baseline amount. It must be noted that several stud-

ies forecast the level of vehicle ownership to peak at some point in the future and then 

decline. While the MFA would undoubtedly benefit from an accurate calculation of the 

vehicle fleet’s growth per year, for simplicity reasons only an average annual growth 

rate will be used. 

Table 8: Estimates for growth rate of vehicle fleet in literature (own source) 

Source Geographic focus Time Horizon Average annual growth 

rate of vehicle fleet
24

 

BMVBS (2006) Germany 2002 – 2050 -0.06%; -0.02%; 0.24% 

McKinsey & Company 

(2010) 

EU 27, Norway & 

Switzerland 

2010 – 2050 0.32% 

Shell Germany (2014) Germany 2014 – 2040 -0.11% 

World Energy Council 

(2011) 

OECD countries 2010 – 2050 0.81% to 0.91% 

Mean value   0.30% 

The average annual growth rate is then applied to the number of vehicles in use reported 

by the ten member states in 2011, which represents the latest data available via Eurostat 

(2014). However, no vehicle stock figures have been reported by Greece in the past few 

years, hence this country will be excluded from further analysis due to a lack of data. In 

addition, no data is available on the vehicle stock of France prior to 2012; hence this 

figure has been used to calculate vehicles in use in 2011 instead of actual 2011 data. 

                                                 

23
 European Automobile Manufacturers Association 

24
 if not stated explicitly, this was calculated based on latest data on vehicle ownership given by Eurostat 

(2014) 
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Based on the vehicle stock reported by Eurostat (2014) and the above mentioned aver-

age annual growth rate, the vehicle fleet in the 9 analysed EU member states will de-

velop as illustrated in Figure 25. In 2050, the market penetration rates given by the two 

scenarios are equivalent to 87,521,198 fuel cell vehicles (=7,001,695,862 kW) in Sce-

nario 1 and 78,769,078 fuel cell vehicles (=6,301,526,276 kW) in Scenario 2, respec-

tively. 

 

Figure 25: Development of the vehicle stock from 2011 to 2050 and share of fuel cell vehicles (own source based on 

EC (2008); Eurostat (2014)) 

6.2.2 Technical assumptions 

In addition to the market penetration scenarios described above, certain assumptions 

have to be made concerning technical aspects. These include the current and future 

platinum load per kW installed power, material leakage during the FCV use phase, as 

well as production and assembly of fuel cells and FCV and the respective efficiencies of 

these processes. 

As mentioned in Chapter 2.3, the required platinum load per kW has been reduced con-

tinuously. Future research efforts are likely to result in further reductions of the catalyst 

quantities required and possibly even in ultimately replacing platinum by a cheaper ma-

terial altogether. Nonetheless, for the purpose of this MFA it is assumed that platinum 

will continue to constitute the main catalyst material until 2050.  
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As mentioned previously, little is known about the actual platinum content of current 

FCV rather than the platinum load documented in laboratory experiments. However, 

Simons and Bauer (2015, p. 3) assume a platinum content of 0.25 g per kW in 2012, a 

value which will be also be used in this thesis’s MFA, although the authors base their 

assumption on a much lower vehicle power. In light of the significant technological 

improvements in the past decade, the already achieved platinum reductions, and further 

progress towards ultralow-platinum catalysts since publication of the target values cited 

in Chapter 2.3, this thesis will also conform to researchers of the US Department of En-

ergy and assume a platinum loading of 0.125 g/kW and 0.125 mg/cm², respectively, for 

the year 2020 (cf. US Drive FCTT 2013, p. 8).  

From 2020 onwards, the required platinum load is likely to be reduced further and reach 

a level of approximately 0.07 g/kW by 2030, as forecasted by Adamson (2015, p. 37). 

This platinum load is roughly equivalent to the loading required in diesel exhaust gas 

catalysts in 2015. While further reductions of platinum requirements from 2030 on-

wards are conceivable, any technology development forecasts reaching even further into 

the future may be considered idle speculation.  

This thesis thus complies with the hypothesis of Gerboni et al. (2008, p. 44), who as-

sume that the rate of technological progress eventually levels out as the technology be-

comes more established. This idea is supported, for example, by Saurat and Bringezu 

(2009, p. 409), who also assume a decreasing rate of material efficiency gains. For the 

purpose of the MFA it is therefore assumed that from 2030 onwards, a platinum load of 

0.07 g per kW will continue to be applied (cf. Figure 26). 
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Figure 26: Development of platinum load per kW (own source based on US Drive FCTT (2013, p. 8); Adamson 

(2015, p. 37)) 

With regards to the manufacturing process of fuel cells and FCV, the MFA describes 

the production of a CCM-style MEA using a spray-coating method. Detailed informa-

tion concerning the efficiency of this process and possible material losses cannot be 

obtained, which is likely due to the fact that the research focus currently lies on improv-

ing performance parameters rather than production efficiency. Since a large proportion 

of the fuel cells in use today is produced manually in small-scale laboratories, options 

for automated assembly and the associated process efficiencies have likely not been 

investigated yet. In addition, such information may also be considered highly relevant 

for competitors and therefore closely guarded by fuel cell manufacturers.  

Manufacturers of coating machinery praise their equipment for ‘minimising wasteful 

overspray
25

’ and ‘maximising coating precision’ (cf. Ultrasonic Systems Inc. 2014; So-

naer Ultrasonics 2015; Sonotek 2015). However, the efficiency of any application proc-

ess depends on a number of factors, including geometry of the workpiece, viscosity, 

composition and particle size of the applied material, handling of application equipment 

and other process parameters. Experience with coating methods for other applications 

has shown that material loss caused by overspray cannot be avoided entirely, especially 

if using manual coating procedures.  

                                                 

25
 that part of the applied material that does not deposit on the workpiece, caused by spraying past the 

workpiece as well as by lateral flows of finely dispersed material droplets (cf. Betrieblicher Umwelt-

schutz Baden-Württemberg 2015) 

0 

0,02 

0,04 

0,06 

0,08 

0,1 

0,12 

0,14 

0,16 

0,18 

0,2 

P
la

ti
n

u
m

 lo
ad

 (
g/

kW
) 



 

86 

 

According to Wagner (P. Wagner, Fuel Cell Division Next Energy, pers. comm. 22 July 

2015), process losses in the region of 5% to 20% can be expected for automated, indus-

trial-scale coating of membrane rolls, while Bernhart et al. (2014, p. 13) propose a 

catalyst ink scrap rate of 10%. Ehrenberger (S. Ehrenberger, Deutsches Zentrum für 

Luft- und Raumfahrt, pers. comm. 01 October 2015), assuming future NSTF catalysts 

are applied using a magnetron sputter system, deems catalyst material losses so low 

they can be neglected altogether.  Fraunhofer IPA (as quoted by Betrieblicher Umwelt-

schutz Baden-Württemberg 2015), on the other hand, suggests the typical overspray 

losses for different coating methods given in Figure 27, depending on the specific 

method used as well as the workpiece structure. 

 

Figure 27: Typical overspray losses of various coating methods (adapted from Fraunhofer IPA, in Betrieblicher Um-

weltschutz Baden-Württemberg 2015) 

It must also be noted that overspray occurring in electrostatic coating methods, which 

generally use a dry powder instead of an ink or emulsion, can be recycled immediately 

if collection mechanisms are in place, as the powder does not change its characteristics 

during the coating process (Kaz 2008, p. 30).  
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Based on the estimates given above and an application of the concept of ‘learning 

curves’ (cf. Yelle 1979; Stump 1987), which suggests that production processes become 

more efficient as experience with a process increases, the MFA assumes that losses of 

the catalyst ink’s solid content in the coating process will decrease over time, as illus-

trated in Figure 28. Note that this figure may appear rather optimistic when considering 

the estimates given in Figure 27, however, it only considers material that is no longer 

available for use, while any amounts that can presumably be collected and recycled in-

ternally have been incorporated.  

In addition, it is assumed that the solid content is made up of 28 wt.% Nafion (dry) and 

72 wt.% Pt/C (Simons & Bauer 2015, p. 5). These substances, in turn, are assumed to 

consist of 57.4 wt.% tetrafluorethylene (TFE) and 42.6 wt.% perfluoroalkyl sulfonyl 

fluoride (PSF) (ibid.) and the Pt/C of 19.8 wt.% platinum and 80.2 wt.% carbon, as 

given by Wilson and Gottesfeld (1992, p. 3). Regrettably, a more recent publication 

citing the latter details could not be obtained. In addition, solvents, water, additives and 

any other possible constituents have been neglected. However, since overspray losses 

usually refer to the loss of solid contents, this should not affect the conclusions drawn.  

 

Figure 28: Development of catalyst ink loss in coating process (own source) 
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Since alternative application methods as well as the production of gas diffusion elec-

trode-type MEA
26

 are likely to involve different levels of material loss, these will be 

neglected for the purpose of the MFA. In addition, it is assumed that any material losses 

or defects arising during the assembly of the fuel cell stack, manufacturing of FCV and 

associated transport processes will be recycled internally. While this bears the potential 

for significantly underestimating both primary platinum requirements and the contribu-

tion of fuel cell recycling to meeting the industry’s platinum needs, due to a lack of 

available data these additional processes cannot be incorporated into the MFA. 

Finally, with regards to the FCV use phase, according to Kromer et al. (2009, p. 8283) 

and Dyck (A. Dyck, Fuel Cell Division Next Energy, pers. comm. 22 April 2015) mate-

rial leakage in the form of platinum leaving the FCV (as is the case with exhaust gas 

catalysts, for example) is below 1%. For the purpose of the MFA, use phase losses of 

0.68% of the contained platinum are thus assumed, which represents the (rounded) 

mean value between the 0.35% estimated by Kromer et al. and the 1% estimated by 

Dyck. 

6.2.3 Recycling scenarios 

As evident from Chapter 5, exact numbers for platinum losses arising from deficits in 

the respective steps of the recycling chain cannot be given before real-world experience 

with a recycling system for fuel cells is gained. In order to capture a range of possible 

recycling chain developments, the MFA will thus model two recycling scenarios with 

diverging assumptions, as listed in Table 9.  

The first of these scenarios will be a baseline scenario providing a snapshot of the cur-

rent state of platinum recovery from exhaust gas catalysts. This scenario is based on 

Hagelüken et al. (2005a) but adapted to account for factual information concerning fuel 

cell recycling efficiency that is already available.  

The second scenario, the pro-recycling scenario, can be considered a more optimistic 

case based on the idea that due to both political measures and industry support effective 

policies are in place that ensure a high collection rate as well as limited platinum losses 

during the dismantling, pre-processing and material recovery stages. Thus, for each step 

                                                 

26
 in which catalyst particles are applied to the gas diffusion layer rather than the membrane, cf. Chapter 

2.2  
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of the recycling chain, this scenario assumes the most efficient values of the ranges por-

trayed in Chapter 5.  

Table 9: Parameters of the two recycling scenarios (own source) 

Parameter Baseline Scenario Recycling Scenario 

Share of EoL vehicles collected by recycling facilities  33% 85% 

Share of fuel cell stack recovered in dismantling step 96% 99% 

Share of platinum-containing components recovered in 

pre-processing step 

96% 98% 

Share of platinum recovered in material recovery step 95% 98% 

Total efficiency 28.9% 80.8% 

As evident from Table 9, the improvements within the recycling chain assumed in the 

pro-recycling scenario apply mostly to the efficiency of collection. As elaborated in 

Chapter 5.1, it is rather likely that not only will ELV collection systems improve con-

siderably, but more importantly, FCV will be of use only in those countries, where a 

suitable hydrogen infrastructure is in place, making the issue of illegal ELV exports 

largely irrelevant. The quantities of platinum gathered through recycling are assumed to 

be available for FCV production in the subsequent year.  

6.3 Limitations 

It must be emphasized that despite all due care being exercised in preparing the material 

flow analysis and the corresponding calculations, certain limitations persist that may 

question the results of this thesis.  

First of all, the analysis rests on the market penetration ratios suggested by EC (2008, p. 

17). As mentioned previously, such projections must not be misinterpreted as precise 

predictions of future developments. Rather, the diffusion of fuel cell vehicles will be 

governed by a range of influencing factors that cannot be foreseen at this point in time, 

such as political support, consumer wants, manufacturer choices, private investment, 

market trends and technological progress. It is therefore possible that the diffusion of 

FCV in Europe will follow paths entirely different to those assumed in this thesis. 

Similar objections apply to the two recycling scenarios. As explained in Chapter 5, ma-

terial losses arising from deficits in the respective steps of the recycling chain are likely 

to be considerably lower with regards to fuel cells from FCV than is the case for ex-

haust gas catalysts from ICE vehicles. The baseline scenario is therefore likely to sig-

nificantly overestimate platinum losses in the recycling chain. At the same time, the 
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recycling scenario may be considered overly optimistic with regards to the efficiency of 

collection, dismantling, pre-processing and material recovery and is thus likely to un-

derestimate platinum losses in the recycling chain. As mentioned previously, projec-

tions must be understood as providing a range of possible outcomes; the actual outcome 

of a real-world recycling chain for fuel cells is thus likely to lie somewhere in between 

the two scenarios outlined as part of this thesis. In addition, the efficiencies of material 

recovery adopted as part of the MFA, have only been reported in literature but not been 

re-confirmed in practice. 

As stated previously, the platinum loading per kW achieved at a laboratory stage repre-

sents the best-available technology, but must not be confused with the technology avail-

able on the road. It is hence possible that the platinum load targets set by the US DoE 

are under real-world conditions not achieved on time, if ever. Furthermore, it is as-

sumed that certain processes, such as the application of the catalyst layer but also the 

required platinum content, are going to improve continuously. However, this does not 

generally apply to the manufacturing of vehicles, which are usually produced in series, 

meaning that improvement will rather take place in steps.  

Also, even if the assumed rate of improvement is accurate, the assumed initial values for 

process losses may significantly under- or overestimate the actual losses. At the same 

time, the catalyst ink composition used to calculate production losses stems from 1992, 

and may thus well be outdated, although this does not affect the resulting platinum de-

mand. Additionally, the MFA incorporates efficiency gains for the production proc-

esses, but not for the recovery process.  

Finally, the MFA only considers platinum used as the catalyst material of PEMFC in 

fuel cell drivetrains, while any PGM alloys (e.g. ruthenium) within the fuel cell as well 

as other components of the fuel cell vehicle that may contain additional quantities of 

platinum and other PGM have been neglected.  

While the results’ applicability would obviously benefit from addressing the limitations 

listed above, due to the given time and space constraints as well as issues concerning 

data availability this cannot be accomplished as part of this thesis. 
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6.4 Results 

The Material Flow Analysis prepared in STAN yields the diagram given in Appendix 5 

and four separate data sets for the four market penetration/recycling scenario combina-

tions, each modelling the flows of goods and of the substance platinum separately. Note 

that in Appendix 5, flows containing platinum are depicted in red. The use phase’s sub-

system, pictured in blue, is shown in Appendix 6. 

Based on the assumptions described in Chapter 6.2, the material flow analysis delivers 

the following results with regards to the development of platinum demand arising from 

a market diffusion of fuel cell vehicles: 

As shown in Figure 29 and Figure 30, annual platinum requirements for the production 

of FCV alone could rise to a maximum of 23.42 t in 2047 in the high policy support 

scenario (1) or 39.66 t in 2050 in the moderate policy support scenario (2).  

 

Figure 29: Scenario 1 - Annual gross demand for platinum and contribution of secondary supply (own source) 
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Figure 30: Scenario 2 - Annual gross demand for platinum and contribution of secondary supply (own source) 

These results may appear somewhat astonishing at first, as in either scenario the plati-

num demand does not increase continuously, but rather rises in leaps. However, this 

observation can be explained by the continuously decreasing platinum load and produc-

tion losses assumed as part of the MFA. Thus, while the rising numbers of FCV pro-

duced drive platinum requirements up, these factors have an opposite effect and there-

fore cause the platinum demand to actually fall in years with only small increases in the 

number of FCV. Note that Scenario (1) also assumes a state of market saturation and 

thus declining numbers of newly produced FCV from 2047 onwards.  

Furthermore, it is conspicuous that the maximum gross platinum requirements docu-

mented in Scenario (2) exceed those of Scenario (1). This is due to the fact that the final 

market penetration rates in 2050 do not deviate too strongly between the two scenarios 

(40% in Scenario 1 and 36% in Scenario 2, respectively), but in Scenario (2), this high 

market penetration rate is achieved in a shorter time scale (30 years rather than 35 

years). Thus the numbers of newly produced FCV increase faster, leading to a steep 

increase in platinum demand. Considering the cumulative platinum demand illustrated 

in Figure 31, it becomes apparent that the overall demand arising from Scenario (1) cer-

tainly exceeds that of Scenario (2) (537.06 t in Scenario (1) and 459.24 t in Scenario (2), 

respectively).  
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Figure 31: Cumulative platinum demand, not including contribution of secondary supply (own source) 

Both the annual platinum requirements and the cumulative platinum requirements 

shown above indicate that the diffusion of FCV according to either scenario will have a 

significant impact on global platinum demand. As mentioned in Chapter 4.3, it is im-

possible to establish at this point in time to what extent any platinum demand from the 

fuel cell industry will be additional to or replace the demand from other areas of appli-

cation, such as that of automotive exhaust gas catalysts. The results of Figure 31 also 
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could therefore increase the required quantities of platinum dramatically. 

In contrast, a comparison of the maximum annual gross demand established by the two 
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possibility of supply shortages as well as the dependency of a number of industries on a 

critical resource and emphasises the importance of recycling.  

With regards to the role of recycling in meeting the platinum requirements of a growing 

FCV fleet, Figure 29 and Figure 30 show a significant recycling potential, the exploita-

tion of which could greatly reduce this industry’s dependence on the volatile platinum 

market. As demonstrated in Figure 29, the secondary supply of platinum could eventu-

ally cover up to 85.6% (17.14 t) of the platinum requirements in 2050 assuming the op-

timistic Pro-Recycling scenario’s efficiencies. While the Baseline scenario falls short of 

such values, even under these rather conservative assumptions, recycling could contrib-

ute up to 31.5% (6.32 t) of annual gross demand in 2050, thus underlining the need for 

research and investment in fuel cell recycling.  

In Figure 30, however, the benefits of recycling are much less obvious, as secondary 

supply contributes a maximum of 32.6 % (26.74 t) in the Pro-Recycling scenario in 

2050 and 12.3% (4.86 t) in the Baseline scenario in 2050, respectively. This is due to 

the fact that as mentioned previously, the FCV fleet is built up much faster in Scenario 

(2) than in Scenario (1), which already assumes a stage of market saturation by 2050. 

With an assumed lifetime of 10 years, the first (relatively few) end-of-life FCV will 

only be recycled in 2031 and thus demand continues to outpace secondary supply. The 

true benefits of the high recycling efficiencies assumed in the Pro-Recycling case may 

only become apparent in years later than 2050, when higher volumes of end-of-life FCV 

arise and the rise in production output may decline.  

Nonetheless, in both Scenario (1) and (2) the discrepancy between the two recycling 

scenarios becomes apparent. This is underlined in Figure 32 and Figure 33, which plot 

the recycling potential (in terms of platinum content available in end-of-life vehicles) of 

Scenario (1) and (2) against the realised quantities of secondary supply under the as-

sumptions of the Baseline and Pro-Recycling cases. As the results show, with a maxi-

mum of 4.76 t and 4.48 t, respectively, significant quantities of platinum are lost every 

year even in the Pro-Recycling scenario. These amounts are, however, far below the 

maximum annual losses of 15.64 t (Scenario 1) and 13.72 t (Scenario 2), respectively, 

that fail to be recovered from end-of-life FCV under the Baseline scenario.  



 

95 

 

 

Figure 32: Scenario 1 - Recycling potential and share of Pt recovered (own source) 

 

Figure 33: Scenario 2 - Recycling potential and share of Pt recovered (own source) 

Considering the entire time span from 2016 to 2050, Table 10 lists the cumulative plati-

num contents of end-of-life FCV as well as the shares recovered under the four scenario 

combinations. While the platinum losses are substantial even in the Pro-Recycling sce-

narios, the losses documented as part of the Baseline scenario are excessively high.  

  

0 

5 

10 

15 

20 

25 

2
0

2
6

 

2
0

2
7

 

2
0

2
8

 

2
0

2
9

 

2
0

3
0

 

2
0

3
1

 

2
0

3
2

 

2
0

3
3

 

2
0

3
4

 

2
0

3
5

 

2
0

3
6

 

2
0

3
7

 

2
0

3
8

 

2
0

3
9

 

2
0

4
0

 

2
0

4
1

 

2
0

4
2

 

2
0

4
3

 

2
0

4
4

 

2
0

4
5

 

2
0

4
6

 

2
0

4
7

 

2
0

4
8

 

2
0

4
9

 

2
0

5
0

 

R
e

cy
cl

ab
le

 p
la

ti
n

u
m

 (
t/

a)
 

High policy support (Scenario 1) 

Platinum content of end-of-life FCV 

Share of platinum recovered (Pro-Recycling Scenario) 

Share of platinum recovered (Baseline Scenario) 

0 

5 

10 

15 

20 

25 

R
e

cy
cl

ab
le

 p
la

ti
n

u
m

 (
t/

a)
 

Moderate policy support (Scenario 2) 

Platinum content of end-of-life FCV Platinum recovered (Pro-Recycling scenario) 

Platinum recovered (Baseline scenario) 



 

96 

 

Table 10: Recycling potential from end-of-life FCV and amount of Pt recovered per scenario (own source) 

 Scenario 1 (high policy support) Scenario 2 (moderate policy 

support) 

Cumulative platinum content of 

end-of-life FCV 

293.51 t 155.23 t 

Cumulative amount of platinum 

recovered (Baseline scenario) 

84.8 t (208.71 t lost) 44.85 t (110.38 t lost) 

Cumulative amount of platinum 

recovered (Pro-Recycling sce-

nario) 

230.02 t (63.49 t lost) 119.17 t (36.06 t lost) 

In general, the results of the MFA point out the high uncertainty involved in projecting 

metal demand and flows arising from any application in the future. It is neither possible 

to give precise predictions of the future platinum requirements arising from the diffu-

sion of FCV in Europe, nor of the quantities of secondary platinum supply becoming 

available through recycling, which is demonstrated by the wide range of estimates given 

in the figures above.  

In addition, it is difficult to compare the results of this MFA to other estimates and ex-

trapolations of platinum demand resulting from the diffusion of FCV, as all are based on 

diverging assumptions, time scales and geographical locations (cf. Appendix 1). None-

theless, when comparing the results of this MFA to the estimates given by Bernhart et 

al. (2014), which can be viewed as applying the most similar assumptions, it becomes 

apparent that the results do not differ drastically. Bernhart et al. (2014) assume a global 

FCV stock of 300,000 to 5 million vehicles in 2020 and a platinum load of 10 to 16 g 

per vehicle, which results in a cumulative platinum demand of 4.8 t to 50 t. This MFA, 

on the other hand, is based on a European FCV stock of 0 to 1.5 million vehicles and a 

platinum load of 10 to 14.1 g per vehicle, which results in platinum requirements of 0 to 

20.14 t. Other publications, however, arrive at much higher estimations of the platinum 

demand resulting from a diffusion of fuel cell vehicles (cf. Appendix 1). 
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7 Discussion 

In spite of the significant differences between the four market penetration/recycling 

scenario combinations, the results supplied in the previous chapter indicate that while 

exact quantities are difficult to predict, the adoption of fuel cell vehicles in Europe will 

have a significant impact on global platinum demand.  

It is common for resource availability to be assessed simply in terms of matching geo-

logical deposits against the required quantities of the material in question. As concluded 

in Chapter 6.4, the increased demand for platinum projected by this thesis can likely be 

met by a raise in primary production capacity from a geological perspective, since the 

known PGM reserves and resources are large enough to cover demand for the foresee-

able future. However, while platinum depletion may not be an issue in the short to me-

dium term, with a view to the Brundtland Commission’s
27

 definition of sustainable de-

velopment that grants future generations equal rights to resource access, this non-

renewable resource base must not be considered inventory for the current generation to 

consume.  

Even if the currently known reserves indicate that sufficient quantities of platinum are 

available (for a certain scenario), problematic levels of resource depletion and scarcity 

cannot be ruled out in the long term. In addition, as stressed previously, not only does 

this thesis restrict itself to the future platinum demand resulting from a single applica-

tion in a single world region and within a well-defined time span, it is further not known 

to what extent this demand will be additional to or replace demand from other areas of 

application. Any advice on the long-term availability of sufficient quantities of platinum 

must therefore be considered premature.  

At the same time, not only is the projection of future resource demand afflicted with 

uncertainties, but future production capacities are similarly difficult to predict. While 

according to USGS (2011, p. 121) those PGM reserves whose extraction is economical 

at current prices and technology levels amount to at least 66,000 t, it is unclear which of 

the cited deposits are actually in production at the time of writing. Due to the long lead 

times required by mining businesses to pursue exploration activities, go through the 

                                                 

27
 „Sustainable development is development that meets the needs of the present without compromising the 

ability of future generations to meet their own needs.” (WCED 1987, p. 41)  
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respective legal and political procedures and set up the required infrastructure and 

equipment, responses by the mining industry to increases in platinum demand have been 

sluggish in the past.  

As mentioned previously, this could lead to supply shortages, price surges and inven-

tory build-up. Adding to this the highly concentrated supply base in countries with a 

relatively poor political stability and governance, as well as the labour issues and infra-

structure insecurities experienced in the past, an increase in the vulnerability of plati-

num supply is inevitable.  

On a similar note, the primary production of platinum involves not only excessive car-

bon emissions, but also other environmental burdens, such as excessive energy con-

sumption or air and water pollution (cf. Chapter 4.5). This could impact on the diffusion 

of FCV in several ways.  

First of all, it remains uncertain whether fuel cell vehicles may actually be regarded a 

‘greener’ option, let alone a ‘zero-emission vehicle’, when the environmental aspects of 

both raw material production and hydrogen production are factored in (cf. Chapter 3). 

Although a number of life cycle assessments (LCA) have been produced in recent years 

(cf. Pehnt 2000; Pehnt 2003; Gerboni et al. 2008; Simons & Bauer 2015), these have 

come to ambiguous conclusions and again rely on a number of assumptions that are 

difficult to compare. However, conclusions drawn from such publications may not only 

impact on public perception, but also on political support for FCV and hydrogen infra-

structure and can thus have significant impacts on the market potential of FCV.  

In addition, possible stricter environmental regulations in the prime supplier countries 

of platinum could have serious impacts on resource availability in the future. Imposition 

of stricter regulations could both make mining more expensive, rendering some deposits 

uneconomical, and prohibit the exploitation of others entirely. Such developments 

could, in turn, restrict mining businesses’ ability to supply the demanded quantities of 

platinum and thus increase the vulnerability of the platinum market once more. 
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The diffusion of fuel cell vehicles in Europe may thus significantly raise dependence on 

a critical resource that is not available for production in the EU itself – not only for fuel 

cell and car manufacturing, but also for the various other platinum-dependant industries. 

Given that these include vital applications such as chemical and petrochemical indus-

tries as well as pharmaceuticals, an increase in the criticality of platinum cannot be de-

sirable from a European perspective. 

In order to ease such dependencies, stabilise the platinum supply base and minimise 

risks, costs and environmental impacts,  the co-development of recycling procedures for 

recovering the platinum from end-of-life FCV may hence be considered a prerequisite.  

As the results of Chapter 6.4 have demonstrated, the quantitative assessment of future 

platinum flows from FCV recycling is afflicted with uncertainties and may be consid-

ered highly speculative. Nonetheless, the results of this thesis’ MFA imply that well-

devised recycling systems could contribute quantities of secondary platinum in an order 

of magnitude that could ease the dependencies and possible supply shortages described 

above considerably. As analysed in Chapter 6.4, up to 85.6% of the platinum required 

for FCV production could be obtained from recycling of end-of-life FCV in 2050 (Sce-

nario 1; Pro-Recycling), while the other three scenario combinations deliver much more 

conservative results of 31.5% (Scenario 1; Baseline), 32.6% (Scenario 2; Pro-

Recycling) and 12.3% (Scenario 2; Baseline), respectively. Although the latter three of 

these estimates appear much less promising, even the lowest of these values still repre-

sents 4.86 t of platinum (worth € 179,820,000 at today’s market price
28

) that would oth-

erwise have to be produced from primary sources. 

Their presumed high recycling potential is one of the reasons that a number of studies 

portray FCV and the impacts of their market diffusion on platinum demand in a rather 

positive way. However, when comparing the results of both the qualitative (cf. Chapter 

5) and quantitative assessment (cf. Chapter 6.4) of this thesis with previous publica-

tions, one may conclude that several studies tend to overestimate the platinum supply 

achievable from FCV recycling. For example, Råde (2001), Tiax LLC (2003) and Sau-

rat & Bringezu (2009) assume recycling rates of 90%, 95% and 75%, respectively. This 

thesis, on the other hand, proposes much more conservative recycling rates of 28.9% 

and 80.8%, respectively.  

                                                 

28
 approx. € 37 per gram; as quoted by Johnson Matthey (2015a) on May 11, 2015. 
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As analysed in Chapter 5, highly efficient recycling chains as the ones cited above may 

be conceivable in theory in the future, but are incommensurable to the quotas realised 

for vehicles today and exceed those achieved in the majority of platinum applications by 

far. Such assumptions, however, also impact on the platinum demand arising from a 

diffusion of FCV as suggested in these studies, and hence involve the potential for sig-

nificantly underestimating the net platinum requirements. Considering the fact that 98% 

is the highest recovery rate reported by any of the patents analysed in Chapter 5.3 for 

the final step of material recovery, all the preceding stages in the recycling chain would 

need to collect the respective material handled with 99% efficiency in order to achieve 

an overall recycling rate of 95% (as suggested by Tiax LLC 2003). As shown in Chap-

ter 5, the recycling of platinum from fuel cell vehicles is still in its very early stages, 

largely due to the fact that significant volumes of end-of-life fuel cells do not exist yet. 

Any values stated for possible recycling chain efficiencies, fractions recovered and 

amounts lost must therefore be understood as an indication only and the underlying as-

sumptions considered with due circumspection.   

It appears as though stakeholders of the precious metal industry that are already in-

volved in the recycling of platinum-containing applications, including amongst others 

Umicore & Co KG and Heraeus Precious Metals GmbH, have acknowledged both the 

opportunities and challenges arising from a further diffusion of fuel cells and FCV in 

particular. A number of procedures for recovering platinum from end-of-life fuel cells 

with high efficiencies and under the premise of avoiding problematic HF emissions ex-

ist, yet it must be stressed that none of these have been implemented at an industrial 

scale. This fact raises a number of questions, concerning not only the commercial appli-

cability of such procedures, but also with regards to environmental impacts and profit-

ability when compared to established pyrometallurgical recovery processes.  

Nonetheless, Umicore, for example, claim that their recycling plant in Hoboken, Bel-

gium, is already set up to handle the volumes of end-of-life fuel cells likely to occur in 

the medium term, stating that “... [the recovery] process will be upscaled into a produc-

tion plant when volumes from the upcoming mass application of fuel cells especially 

from the automotive sector are expected” (Zuber et al. 2004a, p. 223). While it is hardly 

possible to verify such statements, it is likely that recycling businesses in general will 

hesitate to invest in dedicated plants and technologies as long as it remains uncertain 

which type of powertrain technology will prevail. The great uncertainty that persists not 
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only regarding the political endorsement of specific powertrain technologies, but also 

concerning the future direction of technological advances in the FCV industry as well as 

of the current fuel cells’ material compositions pose further barriers for investment by 

recycling businesses. 

However, what appears even more problematic is the fact that even less is certain about 

the preceding stages in the recycling chain, which seem to have received much less at-

tention than the material recovery stage by producers, recycling businesses, researchers 

and other stakeholders. This is especially concerning when considering, as shown in 

Chapter 5, that deficits in the preceding steps (i.e. collection, dismantling and pre-

processing) account for a major share of PGM losses in the recycling chain of other 

platinum-rich consumer goods and could potentially do so for FCV as well.  

Deficits in the collection system for end-of-life conventional vehicles in the EU have 

been made public and counteracting strategies discussed in the research community for 

a number of years, yet collection rates have not improved notably (cf. Hagelüken 2005a; 

Fergusson 2007; Lucas et al. 2010; Wilts et al. 2011; Wäger et al. 2012; Wilts & 

Bleischwitz 2012; Heiskanen et al. 2013). This emphasises not only the complexity of 

this issue, but also demonstrates that the effects of any measures taken will likely not 

become visible for a number of years.  

Recycling businesses, such as Axion Recycling and Umicore, have acknowledged a 

need for action and are researching options for closing the loop in fuel cell recycling by 

means of, for example, a producer-led take-back or lease system (cf. Chapter 5.1). As 

mentioned previously, the high number of actors involved in the life cycle of consumer 

goods represents one of the major reasons for inefficient interfaces within the recycling 

chain, thus the aforementioned strategies do well in trying to address this issue.  

However, Wilts et al. (2011) state “As there is and will be no single person or 

institution who owns processes and produces throughout the whole cycle of 

extraction, production, consumption, recycling, and disposal, the question is 

how responsibility [...] can be attributed to the actors along the chain in a way 

that favours sustainable management of the substances involved” (p. 905).  
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This indicates what the authors title a ‘responsibility gap’, which means that even con-

cepts such as Extended Producer Responsibility
29

 (EPR) for vehicles, already imple-

mented within the EU and one of the cornerstones of the European waste legislation, 

fail to prevent open systems and a loss of secondary resources (ibid.). 

Several aspects that contribute to this issue can be identified. First of all, the high mass-

based recycling targets prescribed within the EU (cf. Chapter 5.1) as well as the associ-

ated high environmental compliance and labour costs have created incentives not only 

for legal used vehicle exports, but also for illegal shipments of waste end-of-life vehi-

cles. Naturally, producers will base their choice of disposal option on economic criteria. 

Recycling targets that refer to the total weight of the vehicle thus give no incentive for 

the recycling of platinum (or other critical metals), which makes up only a small per-

centage of the overall weight in both conventional ICE vehicles (here present mainly in 

the catalytic converter) and fuel cell vehicles.  

Additionally, secondary raw material markets have failed because “an asymmetrical 

distribution of information between recyclers and industry purchasing secondary raw 

materials has been impairing efficient agreements” (Wilts & Bleischwitz 2012, p. 2). 

Even though in the case of platinum, recycling should be economical in principle, trans-

action costs
30

 caused by the spatial and temporal distribution of secondary sources, the 

unpredictability of volumes and a knowledge gap concerning the contained materials, 

may lead to a preference for primary platinum (Wilts et al. 2010, pp. 32-33).  

In addition, both material and waste streams increasingly take place on a global scale, 

rather than being restricted to specific countries or world regions. Environmental regula-

tions at a national or EU level are therefore relatively limited in their effectiveness, or as 

Wilts et al. (2011) put it: “In order to actually set effective incentives for resource con-

servation and recycling of raw materials by EPR, the manufacturers’ responsibility 

cannot be allowed to end at the border” (p. 906). Practice-oriented environmental regu-

lations will therefore require new forms of governance that also include stakeholders in 

the countries of raw material extraction and in the destination countries of used vehicle 

                                                 

29
 „An environmental policy approach in which a producer’s responsibility for a product is extended to 

the post-consumer stage of a product’s life cycle” (OECD 2015) 
30

 A concept of economic theory; i.e. costs associated with the exchange of goods and services incurred 

by market participants for overcoming market imperfections, including, for example, costs for informa-

tion, communication, legal fees etc. (Johnson 2005). 
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exports (ibid.). Furthermore, governments lack the knowledge on material flows re-

quired to effectively correct and regulate the consistently failing markets (Wilts & 

Bleischwitz 2012, p. 2).  

In order to counteract the abovementioned limitations of the existing ELV regulations, 

an international covenant of the stakeholders involved within a vehicle’s value chain has 

been proposed. This voluntary but binding contract is to be based on set recycling tar-

gets for specific materials, recycling facilities according to European environmental 

standards in the destination countries, sanctions and enhanced monitoring and reporting. 

Despite the benefits of both raw material access and partnership deriving from such a 

contract, the substantial costs of both negotiating and maintaining this kind of voluntary 

agreement must not be underestimated (cf. Wilts et al. 2010; Wilts et al. 2011; Wäger et 

al. 2012; Wilts & Bleischwitz 2012). In addition, it must be noted that similar voluntary 

environmental self-regulations have failed in the past, which signifies the need for po-

litical endorsement of and participation in this matter. While the European Commission 

(2014, p. 10) already acknowledges the need for international cooperation to secure ac-

cess to critical raw materials, this target should hence be extended to secondary re-

sources and actively pursued.  

While this could lead to a significantly improved collection quota of end-of-life vehicles 

of any powertrain technology, much less advice appears to be available on remedying 

deficits in the dismantling and pre-processing stages of the recycling chain. Integrated 

research efforts that include all stages and actors of a potential fuel cell recycling chain 

and are aimed at devising practice-oriented strategies would therefore be highly benefi-

cial in order to achieve a closed European system and minimise losses of a critical re-

source. While the first projects addressing such aspects have been announced recently 

(cf. European Commission 2015a), many open questions remain to date.  

As mentioned in Chapter 5, similar issues persist with regards to the end-of-life treat-

ment of lithium-ion batteries from BEV. However, although by far not all questions 

have been resolved satisfactorily, at least research projects have recently begun looking 

at aspects such as design of collection systems, cost-benefit analyses of manual and 

automated dismantling procedures, health and safety aspects, infrastructure and equip-

ment requirements, investment needs and legal classification of components, all of 

which will prove crucial knowledge once significant volumes of end-of-life lithium-ion 

batteries arise (cf. Kwade & Bärwaldt 2012). Although these developments have only 



 

104 

 

taken place on a laboratory scale so far (if at all), several universities and research insti-

tutions are also engaging in setting up actual automated disassembly lines, which will 

likely prove necessary for handling the larger volume of lithioum-based traction batter-

ies that will presumably arise in the coming decades (cf. Weyrich & Natkunarajah 2013; 

Markowski et al. 2014; TU Braunschweig 2015). 

Regrettably, such comprehensive analyses and, above all, practice-oriented evaluations 

are not (yet) available for FCV. Instead, most publications dealing with this topic have 

only focused on isolated aspects of fuel cell recycling from a theoretical perspective, 

with the majority pursuing the final stage of material recovery but neglecting the pre-

ceding stages in the recycling chain (cf. Chapter 5).  

Another aspect that could not be addressed sufficiently in this thesis due to a lack of 

data is the potential for internal recycling of production scrap. The MFA conducted as 

part of this thesis assumes that a maximum of 15% of the catalyst material is lost in the 

coating process in 2016, with the ratio of process losses improving continuously. This is 

likely to severely underestimate the level of platinum losses experienced under current 

production methods, as currently these tend to employ a catalyst ink rather than dry 

powder and thus require entirely different coating methods. This uncertainty is also 

demonstrated by the range of estimates given in Chapter 6.2.2. In how far such process 

losses are already being recycled today is beyond the knowledge of this author. How-

ever, given that Zuber et al. (2004b, p.17), for example, specifically mention the oppor-

tunity for recycling production scrap, while other sources imply material scrap rates of 

up to 90% (cf. Chapter 6.2.2), this could be an even more important point for interven-

tion in order to prevent platinum losses.  

Should the diffusion of FCV actually proceed as projected in the either of the two sce-

narios used in this thesis, the first significant volumes of end-of-life FCV will arise in 

around ten years time. At the current rate of scientific and technological progress, how-

ever, it is likely that the build-up of recycling capacities will lag behind substantially. 
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8 Conclusion and Outlook 

As established in this thesis, the platinum requirements arising from a diffusion of fuel 

cell vehicles in Europe may have significant impacts on the global platinum market. 

While the exact quantities demanded by this application in the future are difficult to 

predict, it is unlikely that they will lead to a depletion of primary platinum deposits in 

the short term. However, at levels of up to a quarter of the global platinum demand in 

2014, an aggravation of the already persisting structural and temporal scarcity of plati-

num supply appears inevitable.  

This demonstrates that an unequivocal endorsement of fuel cell vehicles with the objec-

tive of reducing GHG emissions from the European transport sector may be uncalled 

for, as it causes concerns with regards to other aspects of sustainable development. In 

the long term, this applies above all to problematic levels of resource depletion, but also 

to other aspects of primary platinum production, such as environmental impacts of min-

ing activities. In the short term, however, increased structural and temporal scarcity of 

platinum supply could not only raise the EU’s dependence on this critical resource and 

hinder the diffusion of fuel cell vehicles, but also impede the development of other 

platinum-dependant future-oriented technologies. This must be considered antithetical 

to the EU’s paradigm of sustainable development.  

Such concerns could be eased considerably with the co-development and implementa-

tion of effective recycling strategies. Ideally, once FCV are well-established, recycling 

of platinum from end-of-life FCV should cover the basic demand of this application, 

while primary production would only need to replace inevitable losses as well as cover 

growth in this sector. However, as shown in this thesis, the recycling of FCV is still in 

its initial stages of development and many questions remain unsolved. In particular, this 

applies to the recycling logistics accompanying material recovery, i.e. collection, dis-

mantling and pre-processing of the fuel cell stacks. An international metal covenant, as 

well as producer-led schemes, have been proposed to tackle deficits in collection, in 

addition to further practice-oriented research on the entire recycling chain.  

While the step of platinum recovery appears to be the most thoroughly analysed, uncer-

tainties remain here as well. Not only is it debatable to what degree the procedures out-

lined as part of this thesis are suitable for large-scale application, it is further not known 

whether recycling of platinum will have monetary benefits under the given circum-
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stances. Without economic incentives, however, actual future recycling rates could be 

much lower than proposed in this thesis. A timely specification and analysis of costs 

would thus be highly useful, especially if such a report were to come to the conclusion 

that governmental incentive structures are necessary.  

In addition, not only is the environmental advantage of fuel cell vehicles debatable 

when aspects such as resource extraction and fuel production are factored in, the envi-

ronmental advantage of the recycling technologies presented as part of this thesis is 

equally uncertain. Further holistic life cycle assessments that cover a fuel cell vehicle’s 

entire life cycle from ‘well to wheels’, respectively compare the various recycling pro-

cedures available with each other and with primary production, are thus recommend-

able.  

As mentioned previously, the potential for internal production scrap recycling was 

largely ignored in this thesis due to a lack of data. This could represent an important 

point for promoting resource efficiency, which should be investigated more thoroughly. 

Furthermore, the achievable recycling rate will depend to a large degree on whether 

recyclability is considered in the design of fuel cell vehicles. While this aspect was al-

luded to only briefly in this thesis, design for dismantling or design for recycling, re-

spectively, should be considered in more detail. 

In general, platinum may be considered one of the most thoroughly researched elements 

with regards to material flows in the anthroposphere (cf. Hagelüken et al. 2005a; UNEP 

2012). Nonetheless, as this thesis has demonstrated, the spatial and temporal distribu-

tion of the platinum contained in consumer goods and in particular, the lack of knowl-

edge thereof, poses a challenge for effective exploitation of these secondary resources. 

Here, comprehensive material flow analysis could provide an important tool to gather 

information on timing, location and expected quantities of end-of-life vehicles, in order 

to lower the transaction costs involved in their recycling.  

Finally, it must be emphasised that even under the most ideal circumstances, some dis-

sipative losses of platinum are inevitable, for example in the use phase, but also through 

human errors and technical limitations in recycling. Neglecting any growth of platinum-

dependant applications, simply maintaining the status quo will therefore continue to 

require additional primary resource input to replace these losses. While recycling thus 



 

107 

 

cannot resolve the issue of resource depletion entirely, it can contribute to prolonging 

resource availability considerably, as demonstrated in this thesis.  

However, the time span by which the depletion of primary platinum deposits may be 

postponed depends also on the strategies devised and implemented today, before sig-

nificant volumes of end-of-life vehicles arise. Uncertainty concerning the market adop-

tion and technological development of fuel cells prevails and prevents recycling busi-

nesses from exploring and investing in recycling options. Further research should hence 

be promoted to resolve the issues listed above and initiate expedient recycling strate-

gies. 



 

 

Bibliography 

Adamson, Kerry-Ann (2015). The fuel cell and hydrogen annual review, 2015. Avail-

able from: http://www.4thenergywave.co.uk/annual-review/ [Date accessed: 09 

October 2015].  

Ahluwalia, R.K.; Wang, X.; Kwon, J.; Rousseau, A.; Kalinoski, J.; James, B.; Marcin-

koski, J. (2011). Performance and cost of automotive fuel cell systems with ul-

tra-low platinum loadings. Journal of Power Sources, Vol. 196, pp. 4619-4630. 

Albach, Sabine (2014). Sustainable Resource Management – Challenges regarding the 

powertrain of electric vehicles. Master thesis submitted to the University of 

Oldenburg, July 15, 2014.  

Alonso, Elisa; Field, Frank; Gregory, Jeremy; Kirchain, Randolph (2007). Material 

Availability and the Supply Chain: Risks, Effects and Responses. Research and 

teaching output of the MIT. Available from: 

http://dspace.mit.edu/handle/1721.1/35728 [Date accessed: 11 July 2015]. 

Angerer, Gerhard; Marscheider-Weidemann, Frank; Lüllmann, Arne; Erdmann, Lo-

renz; Scharp, Michael; Handke, Volker; Marwede, Max (2009). Rohstoffe für 

Zukunftstechnologien. Fraunhofer Institut für System- und Innovationsfor-

schung; Fraunhofer Institut für Zukunftsstudien und Technologiebewertung. 

Stuttgart: Fraunhofer IRB Verlag. 

Axion Recycling (2015). UK closed-loop fuel cell component recycling is a step closer. 

Available from: http://www.axionpolymers.com/tag/fuel-cell/ [Date accessed: 25 

August 2015]. 

Ayres, Robert; Ayres, Leslie (eds.) (2002). A Handbook of Industrial Ecology. Chelten-

ham: Edward Elgar. 

Baccini, Peter; Brunner, Paul (2012). Metabolism of the Anthroposphere: analysis, 

evaluation, design. Cambridge: MIT Press. 

Bardi, Ugo; Corporali, Stefano (2014). Precious Metals in Automotive Technology: An 

Unsolvable Depletion Problem? Minerals, Vol. 4, pp. 388-398. 

Bernhart, Werner; Riederle, Stefan; Yoon, Manuel (2014). Fuel Cells – A realistic al-

ternative for zero emission? Roland Berger Strategy Consultants. Available 

from: http://www.rolandberger.de/medien/publikationen/2014-01-12-rbsc-pub-

Fuel_cells_Realistic_alternative_for_zero_emission.html [Date accessed: 23 

June 2015]. 

Betrieblicher Umweltschutz Baden-Württemberg (2015). Nasslackieren (Spritzla-

ckieren). Available from: http://www.bubw.de/?lvl=465 [Date accessed: 09 Oc-

tober 2015]. 

Bladergroen, Bernard; Su, Huaneng; Pasupathi, Sivakumar; Linkov, Vladimir (2012). 

Overview of Membrane Electrode Assembly Preparation for Solid Polymer 

Electrolyte Electrolyzer. Published in: Kleperis, Janis; Linkov, Vladimir (2012). 

Electrolysis. In-Tech. Available from: 

http://www.intechopen.com/books/electrolysis [Date accessed: 11 August 2015]. 



 

 

BMBF (2012). Wirtschaftsstrategische Rohstoffe für den Hightech-Standort Deutsch-

land. Bonn: Bundesministerium für Bildung und Forschung. 

BMVBS (2006). Szenarien der Mobilitätsentwicklung unter Berücksichtigung von Sied-

lungsstrukturen bis 2050. Magdeburg: Bundesministerium für Verkehr, Bau und 

Stadtentwicklung, Traffic and Mobility Planning GmbH, Deutsches Institut für 

Urbanistik, Institut für Wirtschaftsforschung Halle.  

BMVBS (2011). Elektromobilität – Deutschland als Leitmarkt und Leitanbieter. Avail-

able from: 

http://www.bmvi.de/SharedDocs/DE/Publikationen/G/elektromobilitaet-

deutschland-als-leitmarkt-und-

leitanbi-

eter.html?linkToOverview=SiteGlobals%2FForms%2FArchiv%2FPublikationen

%2FPublikationen_Formular.html%3Fgts%3D116734_list%25253Dtitle_text_s

ort%25252Basc%23id69228 [Date accessed: 16 June 2015]. 

Boudreau, Justin: Choi, Eugene; Rezhdo; Oljora (2008). Platinum Supply and the 

Growth of Fuel Cell Vehicles. Project Report submitted to the Worcester Poly-

technic Institute, December 18, 2008. 

Brauck, Markus; Hawranek, Dietmar; Salden, Simone; Zand, Bernhardt (2015). Guter 

Kunde, böser Kunde. Der Spiegel, No. 16 (2015), pp. 62-71.  

Bringezu, Stefan; Moriguchi, Yashi (2002). Material flow analysis. In: Ayres; R. & 

Ayres, L. (2002). A Handbook of Industrial Ecology, pp. 79-90. Cheltenham: 

Edward Elgar. 

Brunner, Paul H.; Rechberger, Helmut (2004). Practical Handbook of Material Flow 

Analysis. Boca Raton (FL): Lewis Publishers. 

Buchert, Matthias; Jenseit, Wolfgang; Dittrich, Stefan; Hacker, Florian; Schüler-

Hainsch, Eckhardt; Ruhland, Klaus; Knöfel, Sven; Goldmann, Daniel; Rasenack, 

Kai; Treffer, Frank (2011). Ressourceneffizienz und ressourcenpolitische Aspek-

te des Systems Elektromobilität. Darmstadt: Öko-Institut e.V. 

Buchert, Matthias; Schüler, Doris; Bleher, Daniel (2009). Critical Metals for Future 

Sustainable Technologies and their Recycling Potential. Freiburg: Öko-Institut 

e.V. for United Nations Environment Program. 

CAFCP (2014). Air, Climate, Energy, Water, Security: A guide to understanding the 

well-to-wheels impact of fuel cell electric vehicles. Available from: 

http://cafcp.org/getinvolved/stayconnected/blog/well_wheels_fcevs-energy 

[Date accessed: 20 June 2015].  

Cairncross, Eugene (2014). Health and environmental impacts of platinum mining: 

Report from South Africa. Presentation on behalf of PHM, March 2014. Avail-

able from: http://www.thejournalist.org.za/wp-

content/uploads/2014/09/Environmental-health-impacts-of-platinum-

mining1.pdf [Date accessed: 29 August 2015]. 

Carlson, Eric J.; Anderson, Arlene; Clearly, Bill (2003). Precious Metal Availability 

and Cost Analysis for PEMFC Commercialization. Hydrogen, Fuel Cells and In-

frastructure Technologies FY 2003 Progress Report. Available from: 



 

 

https://www.eecbg.energy.gov/hydrogenandfuelcells/pdfs/iva4_carlson.pdf 

[Date accessed: 11 July 2015]. 

Cawthorn, R. Grant (2010). The Platinum Group Element Deposits of the Bushveld 

Complex in South Africa. Platinum Metals Review, Vol. 54, No. 4, pp. 205-215. 

CDC (2012). Facts about Hydrogen Fluoride (Hydrofluoric Acid). Available from: 

http://www.bt.cdc.gov/agent/hydrofluoricacid/basics/facts.asp [Date accessed: 

03 July 2015]. 

Cencic, Oliver; Rechberger, Helmut (2008). Material Flow Analysis with Software 

STAN. Journal of Environmental Engineering and Management, Vol. 18, No. 1, 

pp. 3-7. 

CEPA (2012). The Zero Emission Vehicle (ZEV) Regulation. Available from: 

http://www.arb.ca.gov/msprog/zevprog/factsheets/factsheets.htm [Date ac-

cessed: 16 June 2015].  

Cerri, I.; Lefebvre-Joud, F.; Holtappels, P.; Honegger, K.; Stubos, T.; Millet, P. (2012). 

Scientific Assessment in support of the Materials Roadmap enabling Low Car-

bon Energy Technologies: Hydrogen and Fuel Cells. Petten: Joint Research 

Centre, Institute for Energy and Transport.   

Chan, C.C.; Bouscayrol, Alain; Chen, Keyu (2010). Electric, Hybrid and Fuel-Cell Ve-

hicles: Architectures and Modeling. IEEE Transactions on Vehicular Technol-

ogy, Vol. 59, No. 2, pp. 589-598. 

Crundwell, Frank K.; Moats, Michael; Ramachandran, Venkoba; Robinson, Timothy 

J.; Davenport, William G. (2011). Extractive Metallurgy of Nickel, Cobalt and 

Platinum-Group Metals. Amsterdam: Elsevier.  

Daimler AG (2015). Fuel Cell Drive Technology: Components of the fuel cell power-

train. Available from: https://www.daimler.com/dccom/0-5-1228971-1-

1231030-1-0-0-1401206-0-0-135-0-0-0-0-0-0-0-0.html [Date accessed: 17 June 

2015]. 

Debe, Mark. A. (2012). Nanostructured Thin Film Electrocatalysts for PEM Fuel Cells 

– A Tutorial on Fundamental Characteristics and Practical Properties of NSTF 

catalysts. ECS Transactions, Vol. 45, No. 2, pp. 47-68. 

Debe, Mark. A. (2013). Tutorial on the Fundamental Characteristics and Practical Prop-

erties of Nanostructured Thin Film (NSTF) catalysts. Journal of the Electro-

chemical Society, Vol. 160, No. 6, pp. 522-534. 

Debe, Mark. A.; Steinbach, Andrew J.; Hendricks, Susan M.; Kurkowski, Michael J.; 

Vernstrom, George D.; Hester, Amy. E.; Iverson, Eric; Luopa, Sean; Kadera, 

Paul; Atanasoski, Radoslav T. (2012). Advanced Cathode Catalysts and Support 

for PEM Fuel Cells. FY 2012 Annual Progress Report. US Department of En-

ergy. Available from: 

http://www.hydrogen.energy.gov/annual_progress12_fuelcells.html#d [Date ac-

cessed: 03 November 2015]. 



 

 

DERA (2012). DERA-Rohstoffliste 2012: Angebotskonzentration bei Metallen und In-

dustriemineralen – Potenzielle Preis- und Lieferrisiken. Berlin: Deutsche 

Rohstoffagentur.  

Directive 2000/53/EC of the European Parliament and of the Council of 18 September 

2000 on end-of-life vehicles (OJL 269).  

Directive 2011/65/EU of the European Parliament and of the Council of 8 June 2011 on 

the restriction of the use of certain hazardous substances in electrical and elec-

tronic equipment (recast). 

Directive 2012/19/EU of the European Parliament of the Council of 4 July 2012 on 

waste electrical and electronic equipment (recast). 

Directive 75/442/EEC of the Council of 15 July 1975 on waste (OJL 194). 

Edwards, Robert; Hass, Heinz; Larive, Jean-Francois; Lonza, Laura; Maas, Heiko; 

Rickeard, David (2014). Well-to-wheels Analysis of Future Automotive Fuels 

and Powertrains in the European Context. Version 4.a. Ispra, Italy: European 

Commission Joint Research Centre. 

EEA (2014). Passenger Transport Demand. Available from: 

http://www.eea.europa.eu/data-and-maps/indicators/passenger-transport-

demand-version-2/assessment-4 [Date accessed: 08 October 2015]. 

Elshkaki, Ayman (2007). Systems Analysis of Stock Buffering. Development of a dy-

namic substance flow-stock model for the identification and estimation of future 

resources, waste streams and emissions. Doctoral thesis submitted to the Insti-

tute of Environmental Sciences at Leiden University on 6 September 2007. 

European Climate Foundation (2015). Transport. Available from: 

http://europeanclimate.org/home/what-we-do/transport/ [Date accessed: 27 Oc-

tober 2015].  

European Commission (2008). HyWays – The European Hydrogen Roadmap. Project 

Report. Available from: 

http://www.hyways.de/docs/Brochures_and_Flyers/HyWays_Roadmap_FINAL

_22FEB2008.pdf [Date accessed: 08 October 2015]. 

European Commission (2011). A roadmap for moving to a competitive low carbon 

economy in 2050. Available from: http://eur-lex.europa.eu/legal-

content/EN/ALL/?uri=CELEX:52011DC0112 [Date accessed: 27 October 

2015]. 

European Commission (2013). Clean Power for Transport: A European alternative 

fuels strategy. Available from: http://eur-lex.europa.eu/legal-

content/EN/ALL/?uri=CELEX:52013PC0017 [Date accessed: 16 June 2015]. 

European Commission (2014a). Critical Raw Materials Profiles. Annex to the Report 

on Critical Raw Materials for the EU. Available from: 

http://ec.europa.eu/enterprise/policies/raw-materials/critical/index_en.htm [Date 

accessed: 08 July 2015]. 



 

 

European Commission (2014b). Report on Critical Raw Materials for the EU. Avail-

able from: http://ec.europa.eu/enterprise/policies/raw-

materials/critical/index_en.htm [Date accessed: 08 July 2015].  

European Commission (2015a). FCH2 JU Call for Proposals 2015: Recycling and 

dismantling strategies for FCH technologies. Available from: 

http://ec.europa.eu/research/participants/portal/desktop/en/opportunities/h2020/t

opics/18077-fch-04.1-2015.html#tab1 [Date accessed: 08 June 2015].  

European Commission (2015b). Reducing emissions from transport. Available from: 

http://ec.europa.eu/clima/policies/transport/index_en.htm [Date accessed: 27 Oc-

tober 2015]. 

Europol (2014). Thieves stealing catalytic converters from parked cars. Available 

from: https://www.europol.europa.eu/content/thieves-stealing-catalytic-

converters-parked-cars [Date accessed: 02 July 2015]. 

Eurostat (2014). Passenger cars in the EU. Available from: 

http://ec.europa.eu/eurostat/statistics-

explained/index.php/Passenger_cars_in_the_EU [Date accessed: 08 October 

2015]. 

Fergusson, Malcolm (2007). End of Life Vehicles (ELV) Directive – An assessment of 

the current state of implementation by Member States. Brussels: Policy Depart-

ment Economy and Science of the European Parliament. 

Finanzen.net GmbH (2015). Grundwissen zu ETFs. Available from: 

http://www.finanzen.net/special/nachricht/08-ETFs-fuer-Eilige-2715847 [Date 

accessed: 04 September 2015]. 

Franzen, Folkert (2013). Vergleich verschiedener Hybridisierungsgrade von Brenn-

stoffzellenfahrzeugen. Seminar paper submitted to the professorship for combus-

tion engines at RWTH Aachen University, March 28, 2013.  

Fraunhofer ISE (2013). Wasserstoff-Infrastruktur für eine nachhaltige Mobilität. Ent-

wicklungsstand und Forschungsbedarf. Stuttgart: e-mobil BW GmbH. 

Fuel Cell Today (2013). Fuel Cell Electric Vehicles: The Road Ahead. Available from: 

http://www.fuelcelltoday.com/analysis/surveys/2012/fuel-cell-electric-vehicles-

the-road-ahead [Date accessed: 16 June 2015].  

Fuels Institute (2013). Tomorrow’s vehicles. What will we drive in 2023? Available 

from: fuelsinstitute.org/ResearchArticles/TomorrowsVehicles.pdf [Date ac-

cessed: 20 September 2015]. 

Fulton, L.; Eads, G. (2004). IEA/SMP Model Documentation and Reference Case Projec-

tion. World Business Council on Sustainable Development. 

GDRC (2015). Sustainability Concepts: Ecological Rucksacks. Available from: 

http://www.gdrc.org/sustdev/concepts/27-rucksacks.html [Date accessed: 11 

August 2015].  

Gerboni, Raffaella; Pehnt, Martin; Viebahn, Peter; Lavagno, Evasio (2008). Final re-

port on technical data, costs and life cycle inventories of fuel cells. Deliverable 

No. 9.2-RS 1a of the NEEDS project. Available from: http://www.needs-



 

 

project.org/index.php?option=com_content&task=view&id=42&Itemid=66 

[Date accessed: 09 October 2015]. 

Gertsakis, John; Lewis, Helen (2003). Sustainability and the Waste Management Hier-

archy. Discussion Paper prepared for EcoRecycle Victoria, March 2003. Mel-

bourne: RMIT. 

GHK (2006). A study to examine the benefits of the End of Life Vehicles Directive and 

the costs and benefits of a revision of the 2015 targets for recycling, re-use and 

recovery under the ELV Directive. Final Report to DG Environment. Birming-

ham: GHK. 

Gordon, R.B.; Bertram, M.; Graedl, T.E. (2006). Metal stocks and sustainability. Pro-

ceedings of the National Academy of Sciences, Vol. 103, No. 5, pp. 1209-1214. 

Gottstein, Günter; Winning, Myrjam; Friedrich, Bernhard (2006). Metalle. In: 

Dittmeyer, Roland; Keim, Wilhelm; Kreysa, Gerhard; Oberholz, Albrecht (ed.) 

(2006). Chemische Technik: Prozesse und Produkte. Weinheim: Wiley.  

Graedel, T.E., Barr, R., Chandler, C., Chase, T., Choi, J., Christoffersen, L., et al., 

(2011). Methodology of Metal Criticality Determination. Environmental Science 

& Technology, Vol. 46, No. 2, pp. 1063-1070. 

Greene, David L.; Duleep, Gopal (2013). Status and Prospects of the Global Automo-

tive Fuel Cell Industry and Plans for Deployment of Fuel Cell Vehicles and Hy-

drogen Infrastructure. Prepared by Oak Ridge National Laboratory / U.T. Bat-

telle, LLC for the US Department of Energy. Revised July 2013. 

Gunn, Gus (2014). Platinum-group metals. In: Gunn, Gus (2014). Critical Metals 

Handbook. Hoboken (NJ): Wiley. 

Hagelüken, Christian (2005). Autoabgaskatalysatoren. 2
nd

 ed. Renningen: expert ver-

lag. 

Hagelüken, Christian (2009). „Urban Mining“ ist wichtiger Beitrag zum Klimaschutz. 

Dow Jones Trade News Emissions, No. 5, pp. 14-16. 

Hagelüken, Christian (2012). Reycling the PGM – A European Perspective. Platinum 

Metals Review, Vol. 56, No. 1, pp. 29-35. 

Hagelüken, Christian; Buchert, Matthias; Stahl, Hartmut (2005a). Stoffströme der Pla-

tingruppenmetalle. Systemanalyse und Maßnahmen für eine nachhaltige Opti-

mierung der Stoffströme der Platingruppenmetalle. Clausthal-Zellerfeld: GDMB 

Medienverlag. 

Hagelüken, Christian; Kayser, Bernd; Romero-Ojeda, José-Manuel; Kleinwächter, Ingo 

(2005b). Process for the concentration of noble metals from fluorine-containing 

fuel cell components. WIPO Patent No. WO/2004/102711. Available from Pat-

entscope [Date accessed: 29 July 2015]. 

Halada, Khomei; Shimada, Masanori; Ijima, Kiyoshi (2008). Forecasting of the con-

sumption of metals up to 2050. Materials Transactions, Vol. 49, No.3, pp. 402-

410. 



 

 

Handley, C.; Brandon, N.P.; van der Vort, R. (2002). Impact of the European Union 

vehicle waste directive on end-of-life options for polymer electrolyte fuel cells. 

Journal of Power Sources, Vol. 106, pp. 344-352. 

He, Chunzhi; Desai, Sanket; Brown, Garth; Bollepalli, Srinivas (2005). PEM Fuel Cell 

Catalysts: Cost, Performance and Durability. The Electrochemical Society Inter-

face, Fall 2005. 

Heiskanen, J.; Kaila, J.; Vanhanen, H.; Pynnönen, H.; Silvennoinen, A. (2013). A look 

at the European Union’s End-of-Life Vehicle Directive – Challenges of treat-

ment and disposal in Finland. Contribution to the 2
nd

 International Conference 

on Final Sinks: “Sinks – a vital element of modern waste management”. 16-18 

May 2013 in Espoo, Finland. 

Heywood, John B. (2010). Assessing the Fuel Consumption and GHG of Future In-use 

Vehicles. PEA-AIT International Conference on Energy and Sustainable Devel-

opment: Issues and Strategies (ESD 2010), Chiang Mai, Thailand, 2-4 June 

2010.  

Holton, Oliver T.; Stevenson, Joseph W. (2013). The Role of Platinum in Proton Ex-

change Membrane Fuel Cells. Platinum Metals Review, Vol. 57, No. 4, pp. 259-

271. 

Hydrogen London (2013). London Hydrogen Bus Project. Available from: 

http://www.hydrogenlondon.org/projects/london-hydrogen-bus-project/ [Date 

accessed: 17 August 2015]. 

IEA / OECD (2009). Transport, Energy and CO2: Moving towards Sustainability. 

Paris: International Energy Agency Publications. 

James, Brian D.; Moton, Jennie M.; Colella, Whitney G. (2014). Mass Production Cost 

Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applica-

tions: 2013 Update. Prepared by Strategic Analysis Inc. for the US Department 

of Energy.  

Johnson Matthey (2015a). Price Charts. Available from: 

http://www.platinum.matthey.com/prices/price-charts [Date accessed: 11 June 

2015].  

Johnson Matthey (2015b). Summary of platinum supply and demand in 2014. Avail-

able from: http://www.platinum.matthey.com/services/market-research/may-

2015 [Date accessed: 26 August 2015].  

Johnson, Paul (2005). Transaction costs. Available from: 

https://www.auburn.edu/~johnspm/gloss/transaction_costs [Date accessed: 24 

October 2015]. 

ka-news GmbH (2014). Dreister Klau: Katalysatoren von neun LKW in Malsch ge-

stohlen. ka-news online May 27, 2014. Available from: http://www.ka-

news.de/region/karlsruhe/Dreister-Klau-Katalysatoren-von-neun-Lkw-in-

Malsch-gestohlen;art6066,1401036 [Date accessed: 24 June 2015]. 

Kaz, Till (2008). Herstellung und Charakterisierung von Membran-Elektroden-

Einheiten für Nidertemperatur Brennstoffzellen. Doctoral Thesis submitted to 



 

 

the Faculty of Energy, Process- and Bio-Engineering at the University of Stutt-

gart on August 22, 2008.   

Koehler, Joachim; Zuber, Ralf; Binder, Matthias; Baenisch, Volker; Lopez, Marco 

(2006). Process for recycling fuel cell components containing precious metals. 

WIPO Patent No. WO/2006/024507. Available from Patentscope [Date ac-

cessed: 29 August 2015]. 

Kong, Zhiguo; Shi, Guankui; Wang, Bin; Wang, Hongxiu (2010). Development of the 

Electric Control Unit for a Full Hybrid Power-train structure. World Electric Ve-

hicle Journal, Vol. 4, pp. 550-558. 

Konz, Raymond J. (2009). The End-of-Life Vehicle Directive: The Road to Responsi-

ble Disposal. Minnesota Journal of International Law, Vol. 18, No. 2, pp. 431-

457. 

Koraishy, Babar; Meyers, Jeremy M.; Wood, Kristin, L. (2009). Manufacturing of 

membrane electrode assemblies for fuel cells. SUTD-MIT International Design 

Center. Available from: https://idc.sutd.edu.sg/design-contributions/journal-

publications-2000-2009/# [Date accessed: 04 September 2015]. 

Kromer, Matthew A.; Joseck, Fred; Rhodes, Todd; Guernsey, Matthey; Marcinkoski, 

Jason (2009). Evaluation of a platinum leasing program for fuel cell vehicles. 

Journal of Hydrogen Energy, Vol. 34, pp. 8276-8288. 

Kurzweil, Peter (2013). Brennstoffzellentechnik. Grundlagen, Komponenten, Systeme, 

Anwendungen. 2nd edition. Wiesbaden: Springer-Vieweg. 

Kwade, Arno; Bärwaldt, Gunnar (2012). LithoRec – Recycling von Lithium-Ionen-

Batterien. Abschlussbericht des Verbundprojekts. Brunswick: Technische Uni-

versität Braunschweig. 

Lehmann, Jochen; Luschtinetz, Thomas (2014). Wasserstoff und Brennstoffzellen. Un-

terwegs mit dem saubersten Kraftstoff. Wiesbaden: Springer-Vieweg. 

Litster, S.; McLean, G. (2004). PEM fuel cell electrodes. Journal of Power Sources, 

Vol. 130, pp. 61-76. 

Lucas, Rainer; Wilts, Henning; Sokolova, Irina (2011). Weltweite Wiedergewinnung 

von Platingruppenmetallen (PGM). Wuppertal: Wuppertal Institut für Klima, 

Umwelt, Energie GmbH. 

MacLean, Heather L.; Laves, Lester B. (2003). Life Cycle Assessment of Automo-

bile/Fuel Options. Environmental Science & Technology, Vol. 37, pp. 5445 – 

5452. 

Markowski, Jens; Narra, Satya; Ay, Peter; Pempel, Harry; Müller, Mike (2014). Auto-

matic disassembling and recycling of lithium-traction-batteries. XXVII Interna-

tional Mineral Processing Congress; Santiago de Chile 2014. 

McKinsey & Company (2010). A portfolio of power-trains for Europe: A fact-based 

analysis. The role of Battery-Electric Vehicles, Plug-In Hybrids and Fuel Cell 

Electric Vehicles. Available from: 



 

 

http://www.hydrogen.energy.gov/analysis_repository/project.cfm/PID=266 

[Date accessed: 07 June 2015]. 

Mohrdieck, Christian; Venturi, Massimo; Breitrück, Katrin; Schulze, Herbert (2014). 

Mobile Anwendungen. Published in: Töpler, Johannes; Lehmann, Jochen 

(2014). Wasserstoff und Brennstoffzelle. Technologien und Marktperspektiven. 

Wiesbaden: Springer-Vieweg. 

Molotova, Evgenia; Pandya, Jaideep; Klein, John (2013). Catalysts and Metal Recy-

cling. Hamburg: Joh. Berenberg, Gossler & Co. KG. 

Morton, Roger (2014). High Value Manufacturing – What makes material recovery 

viable? Presentation given at the Green Alliance Novel Materials Workshop on 

14 January, 2014. Available from: http://www.green-

alliance.org.uk/page_1426.php [Date accessed: 02 July 2015]. 

Mudd, Gavin M. (2010). Platinum group metals: a unique case study into the sustain-

ability of mineral resources. The 4
th

 International Platinum Confer-

ence:Platinum in transition ‘Boom or Bust’, pp. 113-120. Johannesburg: The 

South African Institute of Mining and Metallurgy. 

Mudd, Gavin M. (2012). Sustainability Reporting and the Platinum Group Metals: A 

Global Mining Industry Leader? Platinum Metals Review, Vol. 56, No. 1, pp. 2-

19.  

Müller, Esther; Hilty, Lorenz M.; Widmer, Rolf; Schluep, Matthias; Faulstich, Martin 

(2014). Modeling Metal Stocks and Flows: a Review of Dynamic Material Flow 

Analysis Methods. Environmental Science & Technology, Vol. 48, pp. 2102-

2113. 

NAFTC (2013). Safety Booklet Automotive Recycling. Available from: 

http://naftc.wvu.edu/cleancitieslearningprogram/firstrespondersafetytraining/tow

ing-recovery [Date accessed: 02 July 2015]. 

Nel, W.P. (2004). The diffusion of fuel cell vehicles and its impact on the demand for 

platinum group metals: research framework and initial results. International 

Platinum Conference ‘Platinum Adding Value’, pp. 287-328. Johannesburg: The 

South African Institute of Mining and Metallurgy. 

NRC (2013). Transition to alternative vehicles and fuels. Washington DC: National 

Academic Press. 

NREL (2015). Early fuel cell market demonstrations. Available from: 

http://www.nrel.gov/hydrogen/proj_fc_market_demo.html [Date accessed: 17 

June 2015]. 

OECD (2015). Extended Producer Responsibility. Available from: 

http://www.oecd.org/env/tools-evaluation/extendedproducerresponsibility.htm 

[Date accessed: 24 October 2015]. 

Offer, G.H., Howey, D., Contestabile, M., Clague, R., Brandon, N.P. (2010). Compara-

tive analysis of battery electric, hydrogen fuel cell and hybrid vehicles in a fu-

ture sustainable road transport system. Energy Policy, Vol. 38, pp. 24-29.  



 

 

Paepke, Markus (2015). Method for recycling membrane/electrode units of a fuel cell. 

WIPO Patent No. WO/2015/010793. Available from Patentscope [Date accessed 

29 July 2015].  

Papasavva, Stella; Coyle, Angie; Goldman, Stefanie; Privette, Robert; Legati, Renato; 

Huff, Connie; Frisch, Larry; Paul, Richard (2003). Development of Recycling 

Guidelines for PEM Fuel Cell Systems. SAE Technical Paper Series, 2003-01-

1141. 

Pehnt, Martin (2000). Life Cycle Analysis of Fuel Cells and Relevant Fuel Chains. 

Proc. Hyforum 2000, Munich, September 2000.  

Pehnt, Martin (2003). Life-cycle analysis of fuel cell system components. In: Vielstich, 

W.; Lamm, A.; Gasteiger, H. (eds.) (2003). Handbook of fuel cells – Fundamen-

tals, Technology and Applications. 4
th

 ed. Chichester: J. Wiley. 

Perrot-Humphrey, Fiona (2006). Hot Metals. Optima, Vol. 52, pp. 38-49. 

Pindyck, Robert S. (2004). Volatility and Commodity Price Dynamics. The Journal of 

Futures Markets, Vol. 29, No. 11, pp. 1029-1047. 

Polinares Consortium (2012). Platinum Group Metals. Annex II to Work Package 2: 

Future availability for oil, gas and key minerals. Available from: 

http://www.polinares.eu/publications_deliverables_d2_1.html [Date accessed: 

08 July 2015]. 

Råde, Ingrid (2001). Requirement and Availability of Scarce Metals for Fuel-Cell and 

Battery Electric Vehicles. Thesis for the Degree of Doctor of Philosophy. Göte-

borg: Chalmers University of Technology and Göteborg University. 

Regulation (EC) No. 1907/2006 of the European Parliament and of the Council of 18 

December 2006 concerning the Regulation, Evaluation, Authorisation and Re-

striction of Chemicals (REACH), establishing a European Chemicals Agency, 

amending Directive 1999/45/EC and repealing Council Regulation (EEC) No. 

793/93 and Commission Regulation (EC) No. 1488/94 as well as Council Direc-

tive 76/769/EEC and Commission Directives 91/155/EEC, 93/67/EEC, 

93/105/EC and 2000/21/EC. 

Romero, Jose-Manuel; Meyer, Horst; Voss, Steffen (2014). Device and method for the 

thermal treatment of products containing fluorine and precious metals. Euro-

pean Patent No. EP2700726A1. Available from Espacenet [Date accessed: 29 

July 2015]. 

RSC (2015). Tackling climate change by shifting to a low-carbon economy. Available 

from: http://www.rscproject.org/indicators/index.php?page=tackling-climate-

change-by-shifting-to-a-low-carbon-economy [Date accessed: 30 October 2015]. 

Rumpold, R.; Antrekowitsch, J. (2012). Recycling of platinum group metals from 

automotive catalysts by an acidic leaching process. Platinum 2012, pp. 695-714. 

Johannesburg: The Southern African Institute of Mining and Metallurgy. 

SAE (2011). Recommended Practice to Design for Recycling Proton Exchange Mem-

brane (PEM) Fuel Cell System. Available from: 

http://standards.sae.org/j2594_201109/ [Date accessed: 01 July 2015]. 



 

 

SATW (2010). Seltene Metalle. Rohstoffe für Zukunftstechnologien. Zürich: Schweize-

rische Akademie der technischen Wissenschaften.  

Saurat, Mathieu; Bringezu, Stefan (2008). Platinum Group Metal Flows on Europe, 

Part I. Journal of Industrial Ecology, Vol. 12, No. 5/6, pp. 754-767. 

Saurat, Mathieu; Bringezu, Stefan (2009). Platinum Group Metal Flows on Europe, 

Part II. Journal of Industrial Ecology, Vol. 13, No. 3, pp. 406-421. 

Schiemann, J.; Kerßenboom, A.; Prause, H. J.; Peil, S. (2007). Handbuch Verwertung 

von Brennstoffzellen und deren Peripherie-Systeme. Duisburg: Institut für Ener-

gie- und Umwelttechnik e.V. 

Schittl, Gernot (2012). Recyclingpotenzial von kritischen Rohstoffen in Technologien 

zur Energieumwandlung. Master thesis submitted to the Department of at the 

University of Natural Resources and Life Sciences (Vienna) on 07 March 2012.  

Schluep, Mathias; Hagelüken, Christian; Kuehr, Rüdiger; Magalino, Federico; Maurer, 

Claudia; Meskers, Christina; Mueller, Esther; Wang, Feng (2009). Recycling – 

From E-Waste to Resources. Paris: United Nations Environment Programme. 

Sealy, Cordelia (2008). The problem with platinum. Materials Today, Vol. 11, No. 12, 

pp. 65-68. 

Shell Germany (2014). Shell PKW Szenarien bis 2040. Available from: 

http://www.shell.de/aboutshell/media-centre/annual-reports-and-

publications/shell-pkwszenarien.html#vanity-

aHR0cDovL3d3dy5zaGVsbC5kZS9wa3dzdHVkaWU [Date accessed: 09 Octo-

ber 2015]. 

Shore, Lawrence (2007). Process for recycling components of a PEM fuel cell mem-

brane electrode assembly. WIPO Patent No. WO/2007/149904. Available from 

Patentscope [Date accessed: 29 July 2015]. 

Shore, Lawrence (2009). Platinum Group Metal Recycling Technology Development. 

Final report to BASF Catalysts LLC and US DOE Office of Hydrogen, Fuel 

Cells, and Infrastructure Technologies Program. Available from: 

http://www.osti.gov/scitech/biblio/962699 [Date accessed: 29  July 2015]. 

Shore, Lawrence; Epping Martin, Kathi; Typer, Reginald; Benjamin, Thomas G. 

(2009a). Platinum Group Metal Recycling Technology Development. FY 2009 

Annual Progress Report. US Department of Energy. Available from: 

http://www.hydrogen.energy.gov/annual_progress09_fuelcells.html#f [Date ac-

cessed: 29 July 2015]. 

Shore, Lawrence; Matlin, Ramail (2009). Simplified process for leaching precious met-

als from fuel cell membrane electrode assemblies. WIPO Patent No. 

WO/2009/029463. Available from Patentscope [Date accessed 29 July 2015]. 

Shore, Lawrence; Matlin, Ramail; Heinz, Robert (2009b). Method and apparatus for 

recovering catalytic elements from fuel cell membrane electrode assemblies. 

WIPO Patent No. WO/2009/149241. Available from Patentscope [Date ac-

cessed: 29 July 2015]. 



 

 

Shore, Lawrence; Matlin, Ramail; Heinz, Robert (2010). Method for recovering cata-

lytic elements from fuel cell membrane electrode assemblies. WIPO Patent No. 

WO/2010/132156. Available from Patentscope [Date accessed: 29 July 2015]. 

Shore, Lawrence; Robertson, Arthur B.; Shulman, Holly S.; Fall, Morgana L. (2006). 

Process for recycling components of a PEM fuel cell membrane electrode as-

sembly. WIPO Patent No. WO/2006/115684. Available from Patentscope [Date 

accessed: 29 July 2015]. 

Silberglitt, Richard; Bartis, James T.; Chow, Brian G.; An, David L.; Brady, Kyle. 

(2013). Critical Materials. Present Danger to U.S. Manufacturing. Santa 

Monica (CA): RAND National Defense Research Institute.  

Simons, Andrew; Bauer, Christian (2015). A life-cycle perspective on automotive fuel 

cells. Applied Energy, Article in Press. Available from: 

http://dx.doi.org/10.1016/j.apenergy.2015.02.049 [Date accessed: 27 July 2015]. 

Sonaer Ultrasonics (2015). Fuel Cell Coatings. Available from: 

http://sonozap.com/Fuel_Cell_Coating.html [Date accessed: 06 October 2015]. 

Sonotek (2015). Ultrasonic Nozzle Overview. Available from: http://www.sono-

tek.com/ultrasonic-nozzle-overview/ [Date accessed: 06 October 2015]. 

Spendelow, Jacob; Marcinkoski, Jason (2014). Fuel Cell System Cost 2013. DOE Fuel 

Cell Technologies Office Record No. 14012. Available from: 

http://www.hydrogen.energy.gov/pdfs/14012_fuel_cell_system_cost_2013.pdf 

[Date accessed: 30 June 2015].  

Steinbach, Andrew; van der Vliet, Dennis; Duru; Cemal; Komlev, Andrei; Miller, Dar-

ren; Hester, Amy; Yandrasits, Mike; Haug, Andrew; Abulu, John; Pejsa, Matt-

hew (2014). High-Performance, Durable, Low-Cost Membrane Electrode As-

semblies for Transportation Applications. FY 2014 Annual Progress Report. US 

Department of Energy. Available from: 

http://www.hydrogen.energy.gov/annual_progress14_fuelcells.html [Date ac-

cessed: 03 July 2015]. 

Steinweg, Tim; de Haan, Esther (2007). Capacitating Electronics. The corrosive effects 

of platinum and palladium mining on labour rights and communities. Amster-

dam: SOMO – Center for Research on Multinational Corporations.  

Stolten, Detlef (2010). Hydrogen and Fuel Cells: Fundamentals, Technologies and 

Applications. Bognor Regis: John Wiley & Sons Ltd. 

Stump, Evin (1987). Composite Learning Curves for Fast Estimating. The Journal of 

Cost Analysis, Vol. 5, No. 1, pp. 59-69. 

Suh, Kyung-Won; Stefanopoulou, Anna G. (2005). Coordination of Converter and Fuel 

Cell Controllers. Proceedings of the 2005 IEEE Symposium on Intelligent Con-

trol. Mediterranean Conference on Control and Automation, 27-29 June 2005.  

Thielmann, Axel; Sauer, Andreas; Isenmann, Ralf; Wietschel, Martin (2012). Techno-

logie-Roadmap Energiespeicher für die Elektromobilität 2030. Fraunhofer-Institut 

für System- und Innovationsforschung (ISI). Karlsruhe: Fraunhofer Verlag. 



 

 

Tiax LLC (2003). Platinum Availability and Economics for PEMFC Commercialisa-

tion. Report to US DOE. Cambridge (MA): Tiax LLC. 

TIAX LLC (2007). Full Fuel Cycle Assessment: Well-to-wheels energy inputs, emis-

sions, and water impacts. Consultant Report: State Plan to increase the use of 

non-petroleum transportation fuels. Available from: 

http://energy.ca.gov/low_carbon_fuel_standard/index.html [Date accessed: 20 

June 2015]. 

Tie, Siang Fui; Tan, Chee Wie (2013). A review of energy sources and energy man-

agement system in electric vehicles. Renewable and Sustainable Energy Re-

views, Vol. 20, pp. 82-102. 

Töpler, Johannes; Lehmann, Jochen (2014). Wasserstoff und Brennstoffzelle. Techno-

logien und Marktperspektiven. Wiesbaden: Springer-Vieweg. 

Toyota Motor Corporation (2015). Technology File Fuel Cell Vehicle. Available 

from: http://www.toyota-

global.com/innovation/environmental_technology/technology_file/fuel_cell_hyb

rid.html [Date accessed: 17 June 2015].  

Toyota Motor Sales Inc. (2015). FCHV-adv 2009 model Emergency Response Guide. 

Available from: 

https://techinfo.toyota.com/techInfoPortal/appmanager/t3/ti?_pageLabel=ti_erg

&_nfpb=true [Date accessed: 02 July 2015]. 

TU Braunschweig (2009). Thema und Ziel des Verbundprojekts. Available from: 

http://www.lithorec.de/ [Date accessed: 02 July 2015]. 

TU Braunschweig (2015). LithoRec II: Recycling von EV-Lithium-Ionen-Batterien. 

Available from: http://www.lithorec2.de/ [Date accessed: 02 July 2015]. 

TÜV Süd (2015). Hydrogen Filling Stations Worldwide. Available from: 

http://www.netinform.net/H2/H2Stations/H2Stations.aspx?Continent=NA&Stati

onID=-1 [Date accessed: 24 June 2015]. 

UBA (2015). Altfahrzeuge: Aktuelle Herausforderungen. Available from: 

http://www.umweltbundesamt.de/themen/abfall-

ressourcen/produktverantwortung-in-der-abfallwirtschaft/altfahrzeuge [Date ac-

cessed: 02 July 2015]. 

Ultrasonic Systems Inc. (2014). Fuel Cell. Available from: 

http://www.ultraspray.com/markets/fuel-cell [Date accessed: 06 October 2015]. 

Umicore (2015). Recycling chain. Available from: 

http://www.preciousmetals.umicore.com/recyclables/eScrap/RecyclingChain/ 

[Date accessed: 02 July 2015]. 

Umweltdatenbank (2015). Das Umweltlexikon: Recycling. Available from: 

http://www.umweltdatenbank.de/cms/lexikon/44-lexikon-r/932-recycling.html 

[Date accessed: 20 July 2015]. 

UNEP (2012). Responsible Resource Management for a Sustainable World: Findings 

from the International Resource Panel. Available from: 



 

 

http://www.unep.org/resourcepanel/Default.aspx?tabid=104289 [Date accessed: 

27 October 2015]. 

UNEP (2015). Climate Change – Introduction. Available from: 

http://www.unep.org/climatechange/Introduction.aspx [Date accessed: 27 Octo-

ber 2015]. 

US DOE (2011). Critical Materials Strategy. Available from: 

http://energy.gov/epsa/initiatives/department-energy-s-critical-materials-strategy 

[Date accessed: 11 July 2015]. 

US DOE (2014). 2014 Annual Progress Report Section V: Fuel Cells. Hydrogen and 

Fuel Cells Program 2014 Annual Progress Report. Available from: 

http://www.hydrogen.energy.gov/annual_progress14_fuelcells.html#a [Date ac-

cessed: 29 June 2015]. 

US DOE (2015) Hydrogen and Fuel Cells Program: Library. Available from: 

http://www.hydrogen.energy.gov/library.html [Date accessed: 30 June 2015]. 

US Drive FCTT (2013). Fuel Cell Technical Team Roadmap. Available from: 

http://energy.gov/eere/vehicles/downloads/us-drive-fuel-cell-technical-team-

roadmap [Date accessed: 23 June 2015]. 

US EPA (2000). Hydrogen Fluoride. Available from:  

http://www.epa.gov/ttnatw01/hlthef/hydrogen.html [Date accessed: 03 July 

2015]. 

US EPA (2014). Light-Duty Automotive Technology, Carbon Dioxide Emissions, and 

Fuel Economy Trends: 1975 through 2014. Available from: 

http://www.epa.gov/oms/fetrends.htm [Date accessed: 27 July 2015].  

USGS (2011). Mineral Commodities Summary 2011. Available from: 

http://minerals.usgs.gov/minerals/pubs/mcs/ [Date accessed: 8 July 2015].   

USGS (2015). Mineral Commodity Summaries 2015. Available from: 

http://minerals.usgs.gov/minerals/pubs/mcs/ [Date accessed: 8 July 2015]. 

van der Vliet, Dennis F. (2010). Fuel Cell Electrocatalysis. Doctoral Thesis submitted 

to the College voor Promoties at Leiden University on September 21, 2010. 

Wäger, Patrick; Lang, Daniel; Wittmer, Dominic; Bleischwitz, Raimund; Hagelüken, 

Christian (2012). Towards a more sustainable use of scarce metals – A review of 

intervention options along the metals life cycle. GAIA, Vol. 21, No. 4, pp. 300-

309. 

Wang, Yun; Chen, Ken S.; Mishler, Jeffrey; Cho, Sung Chan; Adroher; Xavier Cordo-

bes (2011). A review of polymer electrolyte membranes: Technology, applica-

tions, and needs on fundamental research. Applied Energy, Vol. 88, pp. 981-

1007. 

WCED (1987). Our Common Future. Available from: http://www.un-

documents.net/our-common-future.pdf [Date accessed: 22 October 2015]. 

Webster, Tom (2015). Hydrogen-powered 2015 Toyota Mirai – new price info and 

specs. Available from: http://www.autocar.co.uk/car-news/motor-



 

 

shows/hydrogen-powered-toyota-mirai-unveiled-ahead-2015-launch [Date ac-

cessed: 23 June 2015]. 

Wegner, Rainer; Fokkens, Elgar; Holdt, Hans-Jürgen; Bukowsky, Heinz; Trautmann, 

Michael; Nettesheim, Stefan; Jakubith, Sven; Scholz, Peter; Mollenhauer, Tho-

mas; Theuring, Steffen; Klicpera, Tomas; Hildebrandt, Christoph (2012). react – 

Rückgewinnung und Wiedereinsatz von Edelmetallen aus Brennstoffzellen. In: 

Thomé-Kozmiensky, Karl J.; Goldmann, Daniel (2012). Recycling und Rohstof-

fe, Vol. 5, pp. 429-441. Nietwerder: Vivis TK-Verlag.  

Westfälischer Anzeiger (2012). Metalldiebe sind hinter Katalysatoren her. West-

fälischer Anzeiger July 18, 2012. Available from: http://www.wa.de/nordrhein-

westfalen/katalysatoren-begehrt-metalldieben-2410946.html [Date accessed: 24 

June 2015].  

Weyrich, Michael; Natkunarajah, Nirugaa (2013). Conception of an automated plant 

for the disassembly of lithium ion batteries. The 6
th

 International Conference on 

Life Cycle Management, Gothenburg 2013. 

Wilson, M.S.; Gottesfeld, S. (1992). Thin-film catalyst layers for polymer electrolyte 

fuel cell electrodes. Journal of Applied Electrochemistry, Vol. 22, pp. 1-7. 

Wilts, Henning; Bleischwitz, Raimund (2012). Combating Material Leakage: a Pro-

posal for an International Metal Covenant. S.A.P.I.E.N.S., Vol. 4, Issue 2, pp. 1-

9. 

Wilts, Henning; Bleischwitz, Raimund; Sander, Joachim (2010). Ein Covenant zur 

Schließung internationaler Stoffkreisläufe im Bereich Autorecycling. Abschluss-

bericht des Arbeitspakets 3 des Projekts „Materialeffizienz und Ressourcen-

schonung“ (MaRess). Wuppertal Institut. 

Wilts, Henning; Bringezu, Stefan; Bleischwitz, Raimund; Lucas, Rainer; Wittmer, 

Dominic (2011). Challenges of metal recycling and an international metal cove-

nant as possible instrument of a globally extended producer responsibility. Waste 

Management & Research, Vol. 29, No. 9, pp. 902-910. 

WMO (2013). A summary of current climate change findings and figures. Available at: 

http://www.unep.org/climatechange/Publications/Publication/tabid/429/language

/en-US/Default.aspx?ID=6306 [Date accessed: 27 October 2015]. 

World Bank (2014). Worldwide Governance Indicators. Available from: 

http://info.worldbank.org/governance/wgi/index.aspx#home [Date accessed: 11 

July 2015]. 

World Energy Council (2011). Global Transport Scenarios 2050. Available from: 

https://www.worldenergy.org/publications/2011/global-transport-scenarios-

2050/ [Date accessed: 09 October 2015]. 

WPIC (2015). Q4 2014. Platinum Quarterly. Available from: 

www.platinuminvestment.com/files/WPIC_Platinum_Quarterly_Q4_2014.pdf 

[Date accessed: 11 July 2015] 



 

 

Yager, Thomas R.; Soto-Viruet, Yadira; Barry, James J. (2013). Recent Strikes in South 

Africa’s Platinum-Group Metal Mines – Effects Upon World Platinum Group 

Metal Supplies. Reston (VA): US Geological Survey.  

Yang, Chi-Jen (2009). An impending platinum crisis and its implications for the future 

of the automobile. Energy Policy, Vol. 37, pp. 1805-1808. 

Yelle, Lewis E. (1979). The learning curve: Historical Review and comprehensive sur-

vey. Decision Sciences, Vol. 10, No. 2, pp. 302-328. 

Zientek, Michael L.; Causey, J. Douglas; Parks, Heather L.; Miller, Robert J. (2013). 

Platinum-Group Elements in Southern Africa – Mineral Inventory and an As-

sessment of Undiscovered Mineral Resources. Reston (VA): US Geological Sur-

vey. 

Zientek, Michael L.; Loferski, Patricia J. (2014). Platinum Fact Sheet. Reston (VA): 

US Geological Survey. 

Zuber, R., Hagelüken, C., Seitz, K., Privette, R., Fehl, K. (2004a). Recycling of Pre-

cious Metals from Fuel Cell Components. Proceedings of the 2004 Fuel Cell 

Seminar, San Antonio, Texas, 2004. 

Zuber, R., Hagelüken, C., Seitz, K., Privette, R., Fehl, K. (2004b). Recycling of Pre-

cious Metals from Fuell Cell Components. Presentation given at the 2004 Fuel 

Cell Seminar in San Antonio (TX); Nov. 1-5, 2004. 



 

 

Appendix 1: Projections of fuel cell vehicle diffusion and resulting platinum de-

mand in literature 

Source Assumptions Year of projection Projected platinum 

demand from FCV 

Angerer et al. (2009) - platinum load of 0.8g/kW 

- total installed capacity 430 

GW  

2030 Cumulative demand: 344 

metric tons  

Arthur D. Little 

(2001), as cited in 

Yang (2009) 

- platinum load 200g/vehicle 

- 500,000 FCV at 50kW (≈25 

GW installed capacity) 

n/a Cumulative demand: 100 

metric tons 

Bernhart et al. (2014) - conservative scenario: plati-

num load of 16g/ vehicle; 

300,000 FCV 

- optimistic scenario: platinum 

load of 10g/vehicle; 5 million 

FCV 

2020 Cumulative demand 

- conservative scenario: 

4.8 metric tons 

- optimistic scenario: 50 

metric tons 

Buchert et al. (2011) - platinum load of 10g/vehicle 

- 4.2 million new FCV regis-

trations 

2030 Annual gross demand: 42 

metric tons 

Carlson et al. (2003) - platinum load of 30g/ vehicle 

- 5 million FCV in US, Japan, 

Western Europe, China, India  

2030  Cumulative demand: ≈ 

150 metric tons 

Gordon et al. (2006) - platinum load of 0.4mg/cm² 

- 500 million FCV at 75kW 

average power (≈ 37,500 GW 

installed capacity) 

- recycling rate of 45% 

n/a - Cumulative: 15,000 

metric tons 

- Annual net demand: 

1,000 metric tons 

Rade (2001) - platinum load of 19g/vehicle 

- 5,328 million FCV at 50kW 

(≈ 266,400 GW installed 

capacity) 

- recycling rate of 90% 

2100 - Cumulative demand: 

101,000 metric tons 

- Annual net demand: 

2,700 metric tons 

Saurat & Bringezu 

(2009) 

- platinum load of 16g/vehicle 

- no. of FCV not disclosed but 

market penetration ratio repre-

sented graphically 

- recycling rate of 75% 

2030 Annual net demand: 84 

metric tons 

Tiax LLC (2003) - platinum load of 15g/vehicle 

- 35 million FCV at 75kW (≈ 

2625 GW installed capacity) 

- recycling rate of 95% 

2050 - Annual net demand: 250 

metric tons 

Note that all units were converted to metric tons in order to improve comparability. Cumulative demand = 

total platinum content of FCV fleet in the projected year; annual gross demand = annual platinum demand 

from new FCV registrations in the projected year; annual net demand = annual platinum demand from 

new FCV registrations minus supply from FCV recycling in the projected year. 

  



 

 

Appendix 2: Cost estimates of various fuel cell components in literature 

Source 
Cost Estimates Assumptions 

Technology 

Level of Year 

Cost 

share Component Cost  

Power 

Output 

Production 

volume 

M
c
K

in
se

y
 &

 C
o
m

p
a

n
y
 

(2
0
1

0
) 

 
85 kW 20.000 units 2015 

 
MEA (incl. Catalyst) € 6.164  

   

33% 

Catalyst € 3.194  

   

17% 

Structure and other 

components € 3.212  
   

17% 

Balance of Plant € 9.516  
   

50% 

Total Fuel Cell System € 18.892  

     

   85 kW 200.000 units 2020 
 

M
c
K

in
se

y
 &

 C
o

m
-

p
a

n
y
 (

2
0

1
0

) 
(a

s 

su
m

m
a

r
iz

e
d

 b
y

 

G
re

e
n

e
 &

 D
u

le
e
p

 

2
0
1
3

, 
p

. 
1

4
) 

 

€ 2.465  

   

33% 

Catalyst € 1.420  

   

19% 

Structure and other 

components € 1.050  
   

14% 

Balance of Plant €  3.960  
   

53% 

Total Fuel Cell System € 7.475  

    

J
a
m

e
s 

e
t 

a
l.

 (
2
0
1

3
) 

  

 80 kW 1.000 units 2013 

 
MEA (incl. Catalyst) € 10.592  

   
51% 

Catalyst € 2.063  
   

10% 

Structure and other 
components € 2.676  

   

13% 

Balance of Plant € 7.276  

   

35% 

Total Fuel Cell System € 20.632  
    

J
a
m

e
s 

e
t 

a
l.

 (
2
0
1

3
) 

  

 80 kW 10.000 units 2013 

 
MEA (incl. Catalyst) € 3.224  

   

42% 

Catalyst € 1.075  

   

14% 

Structure and other 

components € 761  

   

10% 

Balance of Plant € 3.562  

   

46% 

Total Fuel Cell System € 7.669  

    

J
a
m

e
s 

e
t 

a
l.

 (
2
0
1

3
) 

  
 80 kW 100.000 units 2013 

 
MEA (incl. Catalyst) € 1.774  

   

36% 

Catalyst € 995  

   

20% 

Structure and other 

components € 613  
   

12% 

Balance of Plant € 2.429  
   

49% 

Total Fuel Cell System € 4.908  

     



 

 

Appendix 3: Detailed calculation approach 

Step Explanation Calculation 

1 
Extrapolation of vehicle fleet in the 

countries examined 
vehicle fleet 2011 * average annual growth rate 

2 
Annual market share of FCV in 

absolute numbers 

vehicle fleet of year X * market share of year X accord-

ing to scenario (1) and (2) 

3 Number of new FCV per year number of FCV in year X - number of FCV in year X-1 

4 
Energy requirements per year 

(kW) 
number of new FCV per year * 80 kW 

5 Platinum requirements per year energy requirements of year X * platinum load of year X 

6 Mass concentration of Pt per FCV 
platinum requirement in year X / (weight of FCV* num-

ber of new FCV in year X) 

7 
Mass concentration of Pt per fuel 

cell stack 

platinum requirement in year X / (weight of fuel cell 

stack * number of new FCV in year X) 

8 
Catalyst material requirements per 

year 

platinum requirement in year X / Platinum content of 

catalyst ink 

9 Catalyst material loss per year 
catalyst material requirements of year X * production 

loss 

10 Number of end-of-life FCV end-of-life FCV of year X = FCV fleet of year X-10 

11 
Platinum content of end-of-life 

FCV 

end-of-life FCV of year X = platinum requirements of 

Year X-10 * (1- use phase loss) 

12 End-of-life FCV collected per year  
end-of-life FCV of year X * collection rate according to 

scenario (A) and (B) 

13 
Fuel cell stacks dismantled per 

year 

end-of-life FCV collected in year X * dismantling rate 

according to scenario (A) and (B) 

14 
Catalyst material processed per 

year 

fuel cell stacks dismantled in year X * pre-processing 

rate according to scenario (A) and (B) 

15 Platinum recovered per year 
catalyst material processed in year X * recovery rate 

according to scenario (A) and (B) 

16 
Secondary platinum available for 

catalyst ink preparation 

secondary platinum available for production in year X = 

platinum recovered in year X-1 

 

  



 

 

Appendix 4: Assumptions and parameters of Material Flow Analysis 

Parameter System Boundary / Assumption Source/s 

Geographic boundary Finland, France, Germany, Italy, 

the Netherlands, Norway, Poland, 

Spain, the United Kingdom. 

European Commission (2008); 

Greece excepted due to lack of data 

Time Scale 2016 to 2050 Own choice based on data avail-

ability 

Market penetration scenarios High policy support, modest learn-

ing rate; modest policy support, 

modest learning rate 

European Commission (2008) 

Type of vehicle Light-duty passenger vehicle Own choice 

Average annual growth rate of 

vehicle fleet 

0.3% Mean value of estimates in litera-

ture 

Vehicle lifetime 10 years Simons & Bauer (2015) 

Average vehicle power 80 kW US DOE 

Average vehicle weight 1447 kg Simons & Bauer (2015) 

Average fuel cell stack weight 40.8 kg Simons & Bauer (2015) 

Platinum load per kW 2020: 0.125 g, 2030: 0.07 g, 2050: 

0.07 g 

US Drive FCTT (2013), Adamson 

(2015) 

Catalyst ink loss in manufactur-

ing 

2020: 15%; 2030: 5.2%; 2050: 

1.1%  

Own calculation based on literature 

estimates and average annual im-

provement rate of ~ 0.8% 

Use phase material loss  0.67% Pers. Comm. (Dyck 2015); Kromer 

et al. (2009) 

Recycling scenarios Baseline, Pro-Recycling Own preparation, in parts based on 

Hagelüken et al. 2005a 

 



 

 

Appendix 5: STAN material flow diagram including flow codes (own source) 

 

Platinum-containing flows depicted in red, use phase subsystem depicted in blue



 

 

Appendix 6: STAN use phase sub-system of the material flow diagram including 

flow codes (own source) 

 

Platinum-containing flows depicted in red 
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