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I 

Abstract 
Recycling and recovery of materials and energy from waste is a key factor to mitigate virgin 
material demands and reduce resource consumption by utilising waste as a resource for 
new products. However, some critical materials, such as neodymium, are barely recycled 
because of missing information on amount and disposition of these critical materials within 
the waste streams. The goal of the study is to quantify recycling potentials from small and 
electric motors originating from end-of-life vehicles (ELV), electric bicycles and industrial 
machinery in Germany and the EU with focus on currently lost rare earth elements. 
Furthermore, innovative approaches to improve recycling of these motors shall be 
investigated. Therefore, a calculation model to predict current and future waste streams 
and the incorporated recycling potentials has been developed. The results show an 
increasing trend of recycling potentials from small and electric motors for all waste 
streams. The recycling potential of neodymium is estimated at a range of 150 t to 240 t in 
2020 in Germany. However, data inaccuracy and the calculation model are likely to cause 
overestimation of actually available recycling potential and have to be interpreted 
carefully. In conclusion, disassembly of small and electric motors from ELV and electric 
bicycles in combination with a subsequent specific recycling process has been identified as 
promising to improve utilisation of the recycling potentials of rare earth elements from 
small and electric motors. However, in case recycling quotas are the prior goal of 
improvement, the application and further optimisation of post shredder technology is 
more relevant. 

 

Key words: recycling potential; end-of-life vehicles, electric bicycles, electric motor, rare 
earth element recycling 
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1 Introduction 
Recycling and recovery of materials and energy from waste is a key factor to mitigate virgin 
material demands and reduce resource consumption by utilising waste as a resource for 
new products (European Commission, 2016b). This is especially true for high-tech 
industries which are dependent on importing resources, e.g. Germany. Although, recycling 
is already known for centuries, the impact and importance of recycling have been ever 
increasing since times of industrialisation and globalisation. In 2015, the European Union 
(EU) adopted a legislative package concerning circular economy with the goal of closing 
resource loops through greater recycling and re-use of waste (European Commission, 
2016a). The German federal environmental agency (UBA) points out that Germany was 
consuming 200 kg of resources per capita per day in 2012, and thus is in the vanguard of 
global resource consumption rates (UBA, 2012), which is more than four times the average 
of a European citizen (European Commission, 2016b). This high level of resource 
consumption inevitably leads to substantial amounts of waste. In 2013, the total amount of 
waste in Germany accumulated to 386 million tonnes (Destatis, 2016). Furthermore, high 
levels of resource consumption are also linked with emissions and environmental 
degradation, social and economic difficulties, such as poverty alleviation, food security and 
access to drinking water (UBA, 2014). Thus, decreasing resource consumption by recycling 
and recovery of materials and energy from waste is a challenge that needs to be tackled by 
politics, society and also research. 
 
Besides, the UBA calls for economical use of resources in combination with efficient 
recycling, especially of scarce and valuable metals, to meet the challenge of increasing 
resource efficiency (UBA, 2012). However, shifting towards electric mobility and renewable 
energy production further amplifies the demand for critical materials like rare earth 
elements (REE) and platinum group metals (PGM) (Schüler et al., 2011). These trends occur 
globally and possibly cause supply risks and price instabilities for various critical materials, 
e.g. the price for neodymium (Nd) skyrocketed in 2012 after China issued export 
restrictions (Schüler et al., 2011). Permanent magnets necessary for highly efficient electric 
motors are the single most important application of Nd today (Bast et al., 2014). Those 
permanent magnets are incorporated into various products of our daily life, e.g. speakers, 
hard disk drives, electric bicycles and cars. The dependence on suppliers regarding REE is 
particularly high because current recycling systems and technologies cannot recover REE 
(Bast et al., 2014). 
 
Two waste streams concerning critical materials are seen as especially important for 
recycling actions: waste electrical and electronic equipment (WEEE) (Wilts et al., 2014) and 
end-of-life vehicles (ELV) (Kohlmeyer et al., 2015). The end-of-life (EOL) products 
constituting these waste streams contain manifold applications based on a blend of critical 
materials, such as permanent magnets in motors, hard disk drives and speakers but also 
conductor boards, electric drives and many more. In addition, also other materials, such as 
iron, copper and aluminium are incorporated. These mass metals are focused in recycling 
systems in Germany and recycling rates reach about 80 % (Wilts et al., 2014). For some 
critical materials, such as palladium and platinum, recycling rates in Germany already reach 
30 % while globally about 50 % of virgin material is substituted with secondary raw material 
originating mostly from post-consumer waste (Wilts et al., 2014). In contrast, REE such as 
neodymium and yttrium, hold recycling rates less than 1 % (Wilts et al., 2014). So, why are 
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REE not recycled and what recycling potentials are neglected by not recovering these 
materials from waste? Recycling potential in this context means the content of a particular 
element or compound within EOL products or waste streams. Wilts et al. (2014) identified a 
shortfall of information concerning the amount and disposition of critical materials, e.g. 
REE, as the single most important reason for negligible recycling rates. This means that 
determining the quantitative recycling potential of REE within different waste streams is an 
essential prerequisite to design more effective recycling systems. 
 
This opinion is confirmed by the work of various authors. Zepf (2015) estimates the 
recycling potential of Nd from electric cars in Germany at 36 t yearly from 2030 onwards. 
However, he also identified the necessity for further research to clarify which waste 
streams hold further recycling potentials of Nd. Kohlmeyer et al. (2015) argue that 
increasing electronics in passenger cars will lead to rising recycling potentials of ELV for 
various precious metals and critical materials, e.g. gold, silver, palladium, tantalum and 
REE. Furthermore, several authors pointed out that more accurate data and knowledge 
about quantities and composition of waste streams and EOL products, e.g. permanent 
magnets, is needed to reliably assess recycling potentials (Buchert et al., 2014, Kohlmeyer 
et al., 2015, Zepf, 2015, Faulstich et al., 2015). Faulstich et al. (2015) suggested to focus on 
quantification of recycling potentials of small and electric motors as those constitute the 
single most important application of REE containing magnets. Faulstich et al. (2015) further 
identified the waste streams of industrial machinery, ELV and electric power assisted cycles 
(EPAC) to be most likely to contain a significant amount of these motors. EPAC are 
synonymous to electric bicycles. Therefore, quantifying recycling potentials of small and 
electric motors from industrial machinery, ELV and electric bicycles helps to provide the 
information necessary to increase the recycling rate of critical materials, such as REE. 
 
This thesis is embedded into the joint research project “Demontagefabrik im urbanen 
Raum” (disassembly factory in urban areas) of the CUTEC Institute and the Fraunhofer 
Institute UMSICHT on behalf of the federal environmental agency of Baden-Württemberg, 
Germany. The overarching aim of the research project is to propose a conceptual model of 
a disassembly factory and provide guidance for implementation in urban areas (Faulstich et 
al., 2015). The concept could help to secure the supply of crucial materials for the local 
industry in a resource-poor federal state. Furthermore, the concept of disassembly as 
recycling alternative to conventional shredding and subsequently sorting different material 
fractions shall be explored by means of the project. Several authors already indicated the 
capability of improving recycling output by disassembly in contrast to shredding (Tasala 
Gradin et al., 2013, Reuter et al., 2006, Kohlmeyer et al., 2015). Especially, the recycling of 
critical materials can benefit from targeted dismantling of specific components containing 
these materials. For example, permanent magnets incorporated in small and electric 
motors often contain substantial amounts of neodymium and thus are promising for 
targeted dismantling and specific recycling actions to recover REE. As one step to reach the 
goal of the joint research project, this thesis focuses on quantifying recycling potentials of 
waste streams of small and electric motors from ELV, electric bicycles and electric motors 
from industrial machinery on a national and a European level. These waste streams have 
already been identified to be rich in important materials for the local industry in an earlier 
stage of the joint research project. Special attention is directed to recycling of magnet 
material containing rare earth elements because REE have been identified as the single 
most important raw material for the industry in Baden-Württemberg (Kroop et al., 2014). 
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In addition, also other material streams, such as iron (Fe), copper (Cu) and aluminium (Al), 
shall be investigated during the study. 

1.1 Aim and objectives 
Based on the deliberations above, the following research questions for this study are 
deduced: 
 

1. What is the quantitative magnitude of waste streams of small and electric 
motors from ELV, e-bikes and electric motors from industry and their recycling 
potential in Germany and the EU? 

2. Can the prior disassembly of small and electric motors from the investigated 
waste streams be beneficial to improve recycling output? 
 

These research questions are translated into the following aim of the study: 
 
This thesis aims to investigate recycling potentials of waste streams from small and electric 
motors from ELV, electric bicycles and industrial machinery in Germany and the EU and to 
develop recommendations concerning prior disassembly in order to improve recycling 
output. 
 
The following objectives shall be achieved:  

 
1. Examine the quantitative magnitude of waste streams connected to ELV, 

electric bicycles and electric motors from industrial machinery in Germany 
and the EU. Calculate future development and recycling potentials of these 
waste streams. 

2. Investigate innovative approaches to increase recycling rate, recycling 
quantity or recycling quality of small and electric motors from the relevant 
waste streams. 

3. Propose an alternative recycling scheme improving utilisation of recycling 
potential from small and electric motors from the relevant waste streams. 
Complement this alternative model with drivers and challenges. 

 
Before addressing the research questions and fulfilling the objectives, a contextual 
background is given in Chapter 2. This background shall foster a basic understanding of 
current recycling systems and technology. Furthermore, this enables people with limited 
previous knowledge of recycling systems to follow and assess the arguments related to an 
alternative recycling scheme. The customers of the joint research project are political 
actors, which might not be acquainted with up-to-date questions and challenges of modern 
recycling systems. Research question one has directly been translated into objective one. 
Answering objective one provides the quantitative context of waste streams and recycling 
potentials to give the perspective of relevance. Research question two is answered by 
fulfilling objective two and three. Before possible benefits of disassembly for recycling on a 
systems basis can be examined, it is necessary to get a general idea of solutions and 
innovations, which are in the course of being researched. This will help to identify whether 
possible solutions will be available in the near future and where to focus political action to 
foster technological development. Lastly, dealing with the third objective provides the 
theoretical basis for an alternative recycling scheme and gives starting points for discussion 
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and further deliberation by presenting drivers and challenges. Together, the findings 
concerning the objectives two and three facilitate recommendations whether prior 
disassembly can improve recycling of small and electric motors from the investigated waste 
streams. 

1.2 Scope 
In order to cope with the various objectives, some delimitations for the scope of the study 
have been necessary. First, the geographical boundaries of the investigated recycling 
systems, waste streams and recycling potentials are set to Germany, neighbouring 
countries of Germany and on a total European level. However, the focus of the study is on 
Germany. As already described above, only specific products containing small and electric 
motors are investigated. Namely, small and electric motors originating from ELV, electric 
bicycles and industrial machinery are of interest for this thesis. The time frame of the study 
is set to the recent past and recent future. Furthermore, also data availability dictated the 
investigated periods. For ELV, officially reported data from 2006 to 2013 is complemented 
with projections ranging from 2016 to 2031. However, due to the methodology and 
available specific data the projected time period varies for each country. Furthermore, 
presented and analysed data is restricted to passenger cars. In the case of electric bicycles, 
no officially reported waste data is available. Therefore, only projections for the period of 
2016 to 2025 are provided.  
 
The intended outcomes of the study can be split into practical and theoretical ones. On the 
theoretical side the study shall provide a methodology to calculate waste stream quantities 
as well as recycling potentials. This methodology, with appropriate adjustment, might also 
help to quantify other waste streams and recycling potentials than those carried out here. 
Furthermore, the sought alternative recycling scheme for particular current and future 
waste streams shall foster a basis for discussion on how to approach future challenges of 
recycling with emphasis on the approaches of disassembly and post shredder technology 
(PST). On the practical side, the intended outcome of the study is to quantify current and 
future waste streams of ELV, electric bicycles and electric motors from industrial machinery 
as well as provide the corresponding recycling potentials of small and electric motors 
within these waste streams. 
 

1.3 Structure 
The further thesis is structured based on the aim and objectives outlined above. Chapter 
two gives a contextual background concerning recycling systems and technology in place in 
Germany today. Chapter three clarifies the applied methodology. Then, chapter four 
presents the obtained results, objective by objective. First, the quantitative dimension of 
waste streams and recycling potentials is presented. Subsequently, innovation and current 
research to overcome recycling challenges today is presented and put into a systems 
perspective by proposing an alternative recycling model in the last section of the results 
chapter. The fifth chapter provides the discussion and critically reviews the applied 
methodology, utilised data and achieved results of the thesis. Lastly, chapter six 
summarises the findings in the context of the initially posted research questions and 
provides answers to these questions. 
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2 Contextual Background 
This section summarises the literature about recycling systems and technology applied in 
Germany today and constitutes the contextual background of this study. First, recycling 
systems available for processing the waste streams of ELV, electric bicycles and electric 
motors from industrial machinery are presented. Although, the relevant recycling systems 
are similar within the EU, because of overarching legislation, only German recycling 
systems are investigated in detail. Then, the applied recycling and recovery technology 
within these systems is explained. 

2.1 Recycling systems  
This section gives an overview concerning the relevant recycling systems of the 
investigated waste streams in Germany. Given the fact, that no specialized recycling for 
small and electric motors from ELV and electric bicycles yet exists, the general recycling 
systems of these products are described. First, the system for ELV is presented and 
followed by the description of the recycling system of waste of electrical and electronic 
equipment (WEEE). Electric bicycles as well as electric motors from industrial machinery 
are subject of the WEEE law and thus recycled through the same system (BMUB, 2015). 
However, additional information for electric bikes as well as the electric motors from 
industrial applications are given. 

2.1.1 ELV 

The recycling system for cars in Germany is following the steps issued by the Directive 
2000/53/EC of the EU (European Commission, 2000). First, a take-back system handles 
collection. Then, cars are depolluted, dismantled, shredded and materials impractical to 
recycle are finally used for energy recovery or landfilled (Sakai et al., 2013, Zorpas and 
Inglezakis, 2012, Vermeulen et al., 2011). These tasks are carried out by 1196 certified 
dismantlers and 52 certified shredding facilities (BMUB, 2015). 
 
The recycling of ELV in Germany is regulated by the Altfahrzeugverordnung (Decree on EOL 
vehicles) which was first enacted in 1997 and lastly updated on 31th of August 2015 (BMJV, 
2015b). This regulation is based on the principle of extended producer responsibility. Thus, 
car manufacturers are subject to an obligation to take back cars of their own brand and 
transfer it to certified dismantlers. Cooperation of car manufacturers with dismantlers and 
take-back sites is permitted so that car owners can dispose of their vehicles at certified 
partners directly. However, a network of take-back sites that guarantees a maximum 
distance of 50km to the next disposal site for every car owner in Germany has to be 
established. Furthermore, car owners who want to dispose of their EOL car have to bring it 
to a certified take-back site which issues a certificate of destruction (BMJV, 2015b). 
 
Before shredding, ELV have to be depolluted which means the removal of hazardous 
materials and liquids. Typically, the battery, fluids from engine and brake systems (oils and 
cooling agents), oil and oil filters, cooling agents from air condition and remaining fuel is 
removed (BMJV, 2015b, Vermeulen et al., 2011). After removing the toxic parts, further 
dismantlement takes place. Compulsory components for dismantlement are tires, catalytic 
converters, balancing weights, glass and aluminium rims (BMJV, 2015b). Furthermore, 
preferred additional dismantled components possess high recyclability and are easy to 
remove. However, the key factor for further dismantlement are economics which in turn 
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are influenced by the condition of the ELV, labour cost, supply and demand of spare parts, 
scrap prices and available recycling technologies (Schmid and Zur-Lage, 2014). Nowadays, 
small and electric motors are usually not dismantled before shredding the vehicle (Faulstich 
et al., 2015).  
 
After dismantlement, the stripped car is taken to a shredder facility. A hammer mill 
shredders the car hulk into small pieces which are separated in different fractions using 
mechanical and magnetic separation processes (Vermeulen et al., 2011). Fractions 
obtained after separation are ferrous metals, non-ferrous metals and automotive shredder 
residue (ASR) which can be further divided into light ASR and heavy ASR (Sakai et al., 2013, 
Vermeulen et al., 2011). Depending on the available technology the ASR is further 
processed using post shredding technology (PST) or landfilled. As PST is a relatively new 
technology many methods are still in development. The researched technologies so far 
concentrate either on upgrading ASR or improving energy recovery. Details on the 
particular technologies can be found in section 2.2. 
 
The recycling system for ELV in Germany is depicted in Figure 1. Rounded shapes stand for 
in- or outputs of the system. Quadrangular shapes picture processes within the system. The 
ASR-box is an exception. Depending on the applied technology, ASR is further processed 
and possibly adds to the ferrous metal and non-ferrous metal fraction and provides 
feedstock for thermal recovery. However, landfilling some of the residue is still inevitable 
(Zorpas and Inglezakis, 2012).  
 
Whether small and electric motors from ELV are dismantled and repaired or reused 
depends primarily on the economic factors. As shown by Kohlmeyer et al. (2015) some 
electric components, such as the alternator and gearbox controls, can be dismantled and 
sold for a profit, although interfering components need to be removed before these parts 
can be dismantled. Other components, such as servomotors and starters, often would still 
be economically viable for dismantling and sale, if no interfering components delay the 
dismantlement process. However, for some components the disassembly is not 
economically viable, regardless whether interfering components delay the disassembly or 
not. In addition, Kohlmeyer et al. (2015) also found that profits generated by selling the 
dismantled components as spare parts outweigh the possible profits that those 
components could generate if recycled. 
 
The next paragraph describes the recycling systems for WEEE in Germany. Electric bicycles 
as well as electric motors from industrial machinery are processed within this system. 
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Figure 1 ELV recycling system Germany (modified from Vermeulen et al. (2011)) 

2.1.2 WEEE 

Similar to the recycling system of cars, a European Directive outlines the procedure of 
recycling electronic waste – the WEEE Directive 2012/19/EU (European Commission, 2012). 
In Germany, electric bicycles without the need for registration as well as wasted electric 
motors from industrial applications are processed according to the Elektro- und 
Elektronikgerätegesetz (WEEE law) which translates the terms of the EU Directive into 
national law (BMUB, 2015). The steps encountered in this recycling system match the steps 
of the ELV recycling system. First, a take-back system manages the collection of WEEE 
before the waste is either recycled or reused. If components or products still work, they 
can be used as 2nd hand products. In case the product is broken, it is exploited for spare 
parts. Then, materials are recycled and preferably used as secondary raw materials. 
However, also fractions which end up in thermal recovery or landfills are obtained (Walther 
et al., 2009). In the following paragraphs details for the electric bicycles and electric motors 
from industrial machinery are presented separately. More details on the applied recycling 
technologies are given in section 2.2. 
 
E-bikes: 
A take-back system guarantees the collection of electric bicycles together with other WEEE. 
According to the WEEE law (BMJV, 2015a) electric bicycles are subject to product 
category 7, toys, sports equipment and leisure machines and are collected together with 
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other products in collection group 5 (Walther et al., 2009). Most of the take-back sites are 
managed by public waste management authorities (Wertstoffhöfe) but also retailers and 
producers have to take back WEEE under specific circumstances (BMJV, 2015a). Batteries 
and accumulators have to be removed by the owners before disposing of the electric 
bicycles. The old batteries can be handed in at retailers (Wachotsch et al., 2014).  During a 
first processing of the EOL product, reusability of the product and/or parts has to be 
checked if economically reasonable. However, no information on whether motors from 
electric bicycles are dismantled as standard procedure was found. Then, depollution 
ensures liquids and remaining batteries are removed. Obtained material fractions from 
disassembly are further treated in associated recycling processes. Thus, effective material 
recycling is guaranteed using shredding, sorting, separation and post-shredding technology. 
Fractions not suitable for recycling have to be processed by thermal recovery or landfilled 
(Walther et al., 2009).  
 
Electric motors from industrial machinery: 
Broken electric motors from industrial machinery are subject of the WEEE law and 
categorised in product group 6 “power tools” and collected in collection group 5 (BMJV, 
2015a, hesselmann kommunikation GmbH, 2016). The take-back system is the same as 
described for electric bicycles. However, Schischke et al. (2012) found that broken electric 
motors from industrial machinery are often recycled in a business-to-business scheme or 
sold abroad as part of second-hand machinery. This claim was confirmed by Buchert et al. 
(2014). Furthermore, motors containing REE are not treated separately due to the small 
amounts of these EOL motors and missing markets for post-consumer magnet scrap 
(Buchert et al., 2014). 
 
Thus, the recycling potential of small and electric motors which contain not only mass 
metals but also other materials, e.g. REE, cannot be fully utilised by the prevailing recycling 
systems. This is also recognised by various authors dealing with the subject of REE recycling 
(Schüler et al., 2011, Tsamis and Coyne, 2014, Bast et al., 2014, Binnemans et al., 2013). 
Buchert et al. (2014) also found that some companies already store NdFeB-magnets from 
broken motors for future recycling. Nevertheless, both studies emphasise the need for 
further research to clarify the exact procedure of waste disposal concerning electric motors 
from industrial machinery. 

2.2 Recycling Technology 
This section gives a brief overview of today’s well-established recycling technologies 
applied to recycle passenger cars and WEEE. First, separation and sorting techniques are 
presented. Then, upgrading and recycling processes are described divided according to the 
recovered material. For each technology literature describing the processes in detail is 
referred to. 

2.2.1 Separation and sorting techniques  

First, several separation and sorting techniques are presented. The different processes are 
grouped according to their mode of functioning as well as their logical order within the 
recycling chain. However, not all materials and products are recycled within the same 
systems and not all facilities apply all techniques. Nonetheless, effective recycling begins 
and depends on high-quality sorting and separation of different material fractions which is 
achieved by combining different techniques.  



 

9 
 

Shredding 
The shredding process is the first in a chain of separation techniques and leads to 
disaggregation of material compounds. Furthermore, shredding provides the right particle 
size for subsequent processes such as mechanical and magnetic separation. Dependent on 
the required particle size often more than one shredding process is applied. Typically, ELV 
are shredded using a hammer mill with movable blow bars which prevent jamming of 
materials within the mill (Martens, 2011). Hammer mills are categorised as coarse grinding, 
producing pieces correlating to fist size with diameters over 100mm (Vermeulen et al., 
2011, Martens, 2011). Rotor crackers and rotor shears are also used to crush car scrap and 
small electric motors.  
 
WEEE is often dismantled by hand or shredded using special cross flow shredders such as 
the Querstromzerspaner QZ and Smash Boom Bang SB². These are examples of specialised 
machines to crush down WEEE without destroying the components based on separating 
weld technology (Andritz AG, 2016, MeWa Recycling, 2016). Some WEEE also requires fine 
grinding corresponding to a particle size between 1 and 2 mm or less. This can be achieved 
using cutting mills and cryogenic preliminary treatment which cools down the materials 
with help of liquid nitrogen. Cryogenic treatment is also very effective  to separate 
materials from plastic parts with metal coatings (Martens, 2011). Details on the described 
shredding processes can be found in Martens (2011), Vermeulen et al. (2011), Ressource 
Deutschland TV (2014) and Stagner et al. (2013). 
 
Physical separation 
The shredder output is further processed physically, through air classification. Most air 
classifiers used for the relevant waste streams are based on gravity. A constant air flow 
separates particles with low density from particles with higher density by transporting 
them on the air flow into a separate collection bin. Air classifiers can be combined with a 
cyclonic separation which removes particles from the airflow based on vortex separation 
and without need of any filters. Yet another common practice, is the integration of air 
classification into the shredding process. In this case, an airflow separates light particles 
during the crushing process of the hammer mill. More details on air classification can be 
found in Martens (2011) and Ressource Deutschland TV (2014). Another density-based 
processing procedure to separate the shredder output materials from each other is the 
sink-float process. During this process, the different materials are introduced into a fluid 
whose density lies between the densities of the materials which are separated. Thus, the 
material with higher density sinks whereas the material with lower density floats (Martens, 
2011). 
 
Magnetic separation  
Magnetic separation techniques liberate ferromagnetic materials from non-ferromagnetic 
materials. Common applications are drum cobber, permanent magnetic separators and 
eddy current separation. A drum cobber utilises a rotating magnetic drum that pulls 
ferromagnetic materials out of the feed, whereas a permanent magnetic separator usually 
consists of two conveyor belts of which one is magnetic. This magnetic belt again pulls 
ferromagnetic materials out of the mixed feed. Preferred particle size for these two 
separation techniques are between 1 and 10 mm. Lastly. the eddy current separation 
works based on induced eddy currents in metallic materials. The magnetic field of these 
eddy currents is antipodal to the inducing magnetic field and thus resulting in a repulsion 
effect that leads to separation of ferromagnetic and non-ferromagnetic material (Martens, 
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2011). Preferred particle size for eddy current separation is between 10 and 20 mm. A 
detailed description of magnetic separation techniques can be found in Martens (2011), 
Ressource Deutschland TV (2014) and Jujun et al. (2014). 
 
Sensor-supported sorting 
In modern recycling factories, sensor-supported sorting technology separates mixed 
materials from each other. Manifold different technologies have been developed for this 
purpose. Sensors determine optical characteristics: conductibility, density and 
electromagnetic radiation. Due to their individual characteristics, these sensors can identify 
different materials, which are then separated with the help of precise air inlets or 
mechanical pickers. Even more efficient is the combination of different sensors which 
complement each other. Examples of applied combinations for sorting ELV or WEEE 
fractions are a colour sensor in combination with electromagnetic sensors to sort mixed 
metals and electronic scrap or infrared analysis in combination with an electromagnetic 
sensor to sort plastics and metals and, above all, identify isolated copper cables (Martens, 
2011). More details can be found in Martens (2011), Ressource Deutschland TV (2014) and 
Wotruba (2008). 

2.2.2 Upgrading 

After separating the scrap into different material fractions utilising the methods described 
above, these fractions have to be upgraded to secondary raw materials. Therefore, 
different processes and methods have been developed. The most common approaches for 
the relevant materials in the waste streams of ELV and WEEE are presented below. The 
processes are grouped according to the element or material that is upgraded. Furthermore, 
sources with detailed information on the processes are referenced.  
 
Iron (steel) 
Iron and steel is recycled via selective oxidation. Impurities are oxidised by 1600° Celsius 
and then removed as gas or as scum (Martens, 2011). However, not all substances can be 
removed that way. Usually, C, W, P, Cr, Mn, V, Si, Ti, Al, Mg and Ca are removed without 
difficulties whereas Cu, Pb, Ni, Co and Sn cannot be eliminated by selective oxidation. Thus, 
before refining the steel fraction, effective sorting and separation, especially from copper 
and tin, is essential to guarantee high quality of recycled steel (Martens, 2011). After 
refining the steel fraction, electro steel processing or oxygen steelmaking processes are 
used to melt the steel. Finally, secondary metallurgy processes, such as de-oxidation of iron 
oxide, complete the steel recycling process (Martens, 2011). Details on the particular 
processes can be found in Martens (2011) and Björkman and Samuelsson (2014). 
 
Copper 
Pre-sorted copper fractions, originating from different products, are processed differently. 
For example, almost pure by-product fractions from copper production can be easily re-
melted. However, copper fractions from ELV and WEEE have to be cleaned and 
concentrated before further processing (Martens, 2011). Similar to the steel refining 
process, copper is also cleaned using selective oxidation to remove impurities. 
Furthermore, the copper is concentrated utilizing the converter-process and finally refined 
through electrolysis (Martens, 2011). This refining electrolysis can be improved by 
combination with a sulphuric acid copper sulphate electrolyte which provides ultrapure 
copper with a purity of 99.98 % (Martens, 2011). Another possibility to recycle copper is via 
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hydrometallurgy. This process can be advantageous for electronic equipment with low 
copper contents and a lot of other materials, especially iron and alloys. Hydrometallurgy is 
based on selective resolution of copper and subsequent recovery of electrolytic copper or 
cuprous salt. Details on the described processes are given in Martens (2011) and 
Samuelsson and Björkman (2014).  
 
Aluminium 
When refining aluminium, it is essential to separate cast from wrought alloys to ensure 
efficient cleaning. Cast alloys, for example, are obtained from engine blocks, whereas 
wrought alloys are used for wrought materials in cars, such as sheets or pipes. Usually, the 
scrap is sorted before being processed in a melting factory. Due to unfavourable 
characteristics of aluminium, melting processes have to be facilitated by addition of 
melting salts (NaCl, KCl and low concentrations of fluoride). Typically, melting takes place at 
temperatures between 700° and 900° Celsius. The melting salts increase efficiency and 
protect the aluminium from contamination (Martens, 2011). However, in special cases of 
very pure aluminium scrap fractions from wrought materials, also melting with almost no 
melting salts is possible. This is done in so-called remelters. On the contrary, cast alloys and 
usual aluminium scrap has to be processed as described above. This is done in so-called 
refiners. Details are given in Martens (2011). 
 
Plastics 
Bigger plastic parts from ELV can be dismantled and shredded separately. Furthermore, 
certain plastic fractions can be mixed with virgin material to produce plastic material for 
new products after shredder output has been sorted. However, different sorts of plastic 
that are hard to separate from each other as well as car paint or metal alloy layers lead to 
contamination of plastic fractions (Martens, 2011). Therefore, instead of material recycling, 
these contaminated fractions often are utilised energetically in combustion processes. Tires 
and wasted rubber is also shredded. The rubber powder can be used as recycled India 
rubber for sports fields, cinder tracks or as asphalt additive. Together with virgin India 
rubber, the powder is also used in new tires, mats or soles of shoes (Martens, 2011). More 
elaborate explanations of the different processes and recycling possibilities can be found in 
Shen and Worrell (2014) and Martens (2011).  
 
Precious metals 
Precious metals are often recycled during the copper smelting process. During selective 
oxidation, most of the precious metals accumulate in the anode slag. This slag is then 
processed in several hydrometallurgical steps leading to refined precious metals. Special 
treatment also allows to adjust this process to increased concentration of Ni, Pb and Sn 
(Martens, 2011). The described process works best with scrap containing rather low 
concentrations of precious metals and high contamination of copper. Logically, recycling of 
precious metals is often directly connected to copper recycling. Another important source 
of precious metal recycling, especially for platinum group metals, is the recycling of 
catalysts. Special processes have been developed for different kind of catalysts. 
Automotive catalysts are melted in plasma with Cu, Fe or Ni. Also, electric or converter 
furnaces can be used to recover platinum group metals (Rombach and Friedrich, 2014). 
More details on precious metal recycling can be found in Martens (2011) and Rombach and 
Friedrich (2014). 
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3 Methodology 
This section contains detailed information about the applied methodology. First, the 
approach of calculations and data used to obtain the results of the quantification of waste 
streams and recycling potentials are illustrated. Then, the applied method of guided expert 
interviews is depicted. 

3.1 Calculation of waste streams and recycling potentials 
The recycling potentials of small end electric motors from the three different waste 
streams were calculated following a top-down approach. This means that first the waste 
stream of the generic products, meaning an ELV, EOL EPAC or an industrial machine was 
investigated. Then, the waste streams were reduced to the incorporated small and electric 
motors. Finally, the recycling potentials were calculated using average composition data of 
the incorporated motors.  

3.1.1 ELV 

In order to describe the waste stream and recycling potential of ELV various basic 
indicators and information are necessary. The waste stream of ELV had to be described by 
the number of disassembled cars per year and complemented by the sum of the total 
weight of these disassembled cars each year. To calculate the recycling potential of small 
and electric motors incorporated in the ELV, the amount of motor per vehicle was needed. 
Furthermore, also the mass of these incorporated motors and their material composition 
was necessary to finally obtain the mass of the single material fractions, such as iron, 
copper, aluminium, neodymium and others. Therefore, the average of nine specific 
components of a passenger car previously analysed in detail by other authors (Kohlmeyer 
et al., 2015, Böckmann, 2016) were used as basis to project single material fractions within 
the total waste stream of ELV. Those nine components were starter, alternator, 
servomotor, electric window lift, windscreen wiper motor, mirror adjusting, antenna, 
headlight range control and engine fan. The components were chosen due to data 
availability. Detailed formulae used for the calculations are given below. 
 
Number of ELV per year 
An ELV is defined as a finally deregistered passenger car which is legally categorised as 
waste and has to be processed according to waste law. The approach used to calculate the 
number of ELV per year was based on the assumption that each new vehicle registered in a 
particular country will finally be deregistered at the end of its average product lifetime in 
the same particular country. From this, it follows that the amount of new registrations in 
one year determines the amount of final deregistrations in a future year, dependent on the 
product lifetime. Thus, the amount of finally deregistered cars in a specific year 𝑡 equals 
the amount of registrations of new cars in year 𝑣, where 𝑣 equals 𝑡 − 𝑝, and 𝑝 is the 
average product lifetime in years. For example, cars in Germany have an average product 
lifetime of 𝑝 = 13 years (Møller Andersen et al., 2008, Spielmann and Althaus, 2007), thus 
the amount of finally deregistered cars in Germany in 𝑡 = 2020 equals the amount of 
registrations of new cars in Germany in year 𝑣 = 2007. However, not all of the finally 
deregistered cars are legally defined as waste and are scrapped in the country of 
deregistration. Therefore, a factor determining the share of finally deregistered cars, which 
will actually be scrapped, was used to calculate the amount of ELV. In this study, this factor 
is defined as scrappage rate. The detailed formula is given below. This approach of 
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deducing future waste quantities based on sales figures and average product lifetime rests 
upon a study carried out by the Fraunhofer Institute for building physics (Fraunhofer 
Institut für Bauphysik IBP) (Albrecht and Schwitalla, 2015). 
 
The future amount of ELV 𝑥𝐸𝐿𝑉 in year 𝑡 was calculated using the equation 
 

𝑥𝐸𝐿𝑉(𝑡) = 𝑟𝑣 × 𝑠    (1) 
 

𝑟𝑣 is the number of new registrations of cars in year 𝑣, where 𝑣 equals 𝑡 − 𝑝, and 𝑝 is the 
average product lifetime [a]. 𝑟𝑣  also equals the amount of finally deregistered cars in year 
𝑡. 𝑠 is the scrappage rate of finally deregistered cars. 
 
Aggregated mass of ELV per year 
Based on the number of ELV per year, also the aggregated mass of ELV could be 
determined. Therefore, an average weight per ELV of 1,025 kg was used based on literature 
data (Hatzi-Hull, 2011). The detailed equation for calculation is as follows: 
The estimated aggregated mass of future waste generated 𝑚𝐸𝐿𝑉 [kg] in year 𝑡 due to ELV 
was calculated using the equation 
 
 𝑚𝐸𝐿𝑉(𝑡) = 𝑥𝐸𝐿𝑉(𝑡) × 𝑚𝑎    (2) 
 

where 𝑥𝐸𝐿𝑉 (𝑡) is the amount of ELV 𝑥 in year 𝑡 and 𝑚𝑎 is the above mentioned average 
mass of one ELV [kg]. 
 
Number of small and electric motors within the waste stream of ELV per year 
An estimation of the total amount of small and electric motors within the future waste 
streams of ELV was conducted. Due to different brands and applied technologies, a specific 
amount of motors per application often cannot be determined. Therefore, a range of 
minimum and maximum amounts of motors per component was determined and is 
presented in Appendix VII. Based on these extrema, an average range of small and electric 
motors obtained from the waste stream of ELV in a specific year was calculated. As 
supplementary information, the configuration degree of ELV with extras and applications 
containing electric motors was considered. The configuration degree was obtained from 
the yearly reports of the Deutsche Automobil Treuhand GmbH (DAT). Calculations are 
based on the following formulae: 
 
 𝑎𝑚𝑎𝑥(𝑡) = ∑ 𝑐𝑦(𝑣)𝑧

𝑦=1 × 𝑏𝑦   (3) 
 

𝑎𝑚𝑎𝑥(𝑡) is the maximum amount of motors in the waste stream of ELV in year 𝑡. 𝑐𝑦 is the 

average configuration degree of component 𝑦 of a new car in in year 𝑣. 𝑏𝑦 is the maximum 

amount of motors incorporated in component 𝑦. 
 

𝑎𝑚𝑖𝑛(𝑡) = ∑ 𝑐𝑦(𝑣)𝑧
𝑦=1 × 𝑑𝑦    (4) 

 

𝑎𝑚𝑖𝑛(𝑡) is the minimum amount of motors in the waste stream of ELV in year 𝑡. 𝑐𝑦 is the 

average configuration degree of component 𝑦 of a new car in year 𝑣. 𝑑𝑦 is the minimum 

amount of motors incorporated in component 𝑦. 
 



 

14 
 

Recycling potential of single material fractions from small and electric motors 
Lastly, this obtained range of quantity of motors was used to calculate the range of 
recycling potential of single fractions based on an average weight and average material 
composition data of these motors: 
 

𝑚𝑓𝑚𝑎𝑥(𝑡) = 𝑎𝑚𝑎𝑥(𝑡) × 𝑞𝑓    (5) 
 

𝑚𝑓𝑚𝑎𝑥(𝑡) is the maximum aggregated mass of a material fraction 𝑓 of small and electric 

motors from ELV in year 𝑡. 𝑎𝑚𝑎𝑥(𝑡) is the maximum amount of motors in the waste stream 
of ELV in year 𝑡 and 𝑞𝑓 is the average mass fraction of material 𝑓 in one average small and 

electric motor from an ELV.  
 

𝑚𝑓𝑚𝑖𝑛(𝑡) = 𝑎𝑚𝑖𝑛(𝑡) × 𝑞𝑓    (6) 
 

𝑚𝑓𝑚𝑖𝑛(𝑡) is the minimum aggregated mass (kg) of a material fraction 𝑓 of small and 

electric motors from ELV in year 𝑡. 𝑎𝑚𝑖𝑛(𝑡) is the minimum amount of motors in the waste 
stream of ELV in year 𝑡 and 𝑞𝑓 is the average mass fraction of material 𝑓 in one average 

small and electric motor from an ELV. 

3.1.2 EPAC 

In order to describe the waste stream and recycling potential of EPAC, various basic 
indicators and information are necessary. The waste stream of EPAC shall be described by 
the number of EOL electric bicycles per year and complemented by the sum of the total 
weight of these bicycles per year. The amount of electric motors was assumed to match 
the amount of EPAC. Furthermore, also the mass of the motor was necessary to finally 
obtain the mass of the single material fractions such as iron, copper, aluminium, 
neodymium and others. Detailed formulae used for the calculations are given below. 
 
Number of EOL EPAC per year 
Similar to the calculation of ELV, the amount of EOL EPAC was based on the assumption 
that each new electric bicycle sold in a particular country will finally become waste at the 
end of its average product lifetime in the same particular country. From this, it follows that 
the amount of sold EPAC in one year determines the amount of wasted EPAC in a future 
year, dependent on the product lifetime. Thus, the amount of EOL EPAC in a specific year 𝑡 
equals the amount of sales of new EPAC in year 𝑣, where 𝑣 equals 𝑡 − 𝑝, and 𝑝 is the 
average product lifetime in years. EPAC have an average product lifetime of 𝑝 = 10 years 
(Dierig, 2008, Masih-Tehrani et al., 2015), thus the amount of EOL electric bicycles in 
Germany in 𝑡 = 2020 equals the amount of sales of new electric bicycles in Germany in 
year 𝑣 = 2010.  
 
The future amount of EOL EPAC 𝑥𝐸𝑃𝐴𝐶 in year 𝑡 equals the amount of EPAC sales 𝑏𝑣 in the 
year 𝑣, where 𝑣 equals 𝑡 − 𝑝, and 𝑝 is the average product lifetime in years [a]: 
 

𝑥𝐸𝑃𝐴𝐶(𝑡) = 𝑏𝑣    (7) 
 

The simplification that all EPAC are scrapped in the country of original sale after reaching 
the end of their average product lifetime was assumed due to missing information on 
collection and scrappage rates or the like. 
 



 

15 
 

Aggregated mass of EOL EPAC per year 
Multiplying the future amount of EOL EPAC in a specific year with the average mass of an 
EPAC accounts for the aggregated total mass of the waste stream of EOL EPAC in that 
specific year. The average mass of an EPAC is 24 kg (Greenfinder, 2014). 
 
The estimated mass of future waste generated 𝑚𝐸𝑃𝐴𝐶  [kg] in year 𝑡 due to EOL electric 
bicycles was calculated using the equation 
 
 𝑚𝐸𝑃𝐴𝐶(𝑡) = 𝑥𝐸𝑃𝐴𝐶(𝑡) × 𝑚𝑏    (8) 
 

where 𝑥𝐸𝑃𝐴𝐶 (𝑡) is the amount of EOL EPAC in year 𝑡 and 𝑚𝑏 is the average mass of one 
EOL electric bicycle [kg].  
 
Aggregated mass of electric motors from EOL EPAC per year 
Similar to this, the aggregated mass of electric motors within the waste stream of EOL EPAC 
was calculated. Therefore, the assumption that each EPAC incorporates one electric motor 
over its lifetime was adopted. The number of scrapped EPAC in a specific year was 
multiplied with the average mass of an EPAC motor. The average mass of an EPAC motor is 
based on data for 19 typical e-bike motors (e-motion Technologies, 2016) and answers to 
3.614 kg. 
 
Thus, the estimated future mass of waste generated 𝑚𝐸𝑀 [kg] in year 𝑡 due to the 
incorporated electric motors of these EPAC was obtained using the equation 
 
 𝑚𝐸𝑀(𝑡) = 𝑥𝐸𝑃𝐴𝐶(𝑡) × 𝑚𝑐    (9) 
 

where 𝑥𝐸𝑃𝐴𝐶 (𝑡) is the amount of EOL EPAC in year 𝑡 and 𝑚𝑐 is the average mass of an 
electric motor of an EPAC. 
 
Recycling potential of single material fractions from electric motors 
Average material composition data of electric motors for e-bikes was used to obtain the 
recycling potential of single material fractions from electric motors within the waste stream 
of EPAC. The average material composition data of electric motors incorporated in e-bikes 
is based on two different sources. The disclosed calculations presented in the results 
section refer to literature data published by Langkau et al. (2016) whereas the classified 
results in Appendix VI refer to manufacturers’ data.  
 
The mass 𝑚𝑔(𝑡) [kg] of a specific material fraction 𝑔 in year 𝑡 is calculated using the 

equation 
 
 𝑚𝑔(𝑡) = 𝑚𝐸𝑀(𝑡) × 𝑐𝑔     (10) 
 

where 𝑐𝑔 is the average share of material fraction 𝑔 in an average electric motor 

incorporated in EPAC.  

3.2 Expert Interviews 
The aim of the interviews was to gather information about the service and recycling system 
for electric motors from industrial machinery as well as market developments. 
Furthermore, questions concerning the emergence and future potential of REE containing 
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motors were asked. In a previous study connected to the project “Disassembly factory in an 
urban area” at the Fraunhofer Institute UMSICHT, similar interviews were already 
conducted with producers of magnets and half-finished products, recycling companies, 
relevant unions, a scrap trader and metallurgical processing companies (Faulstich et al., 
2015, Böckmann, 2016). To complement the information for the project mentioned above, 
the Fraunhofer Institute UMSICHT instructed the author to target service companies 
specialised on repair and maintenance of electric motor industry applications for his 
interviews. The interviews were conducted following the methodology of guided expert 
interviews (Gläser and Laudel, 2010). The interviewees were all staff members of 
companies specialised on repair and maintenance of electric motors from industrial 
machinery. The guideline of the interview is presented in Appendix I. The questions were 
always asked in the same order with small differences in wording. Additional questions 
were posed when interviewees mentioned interesting facts that were related to the fields 
of interest.  
 
It was aimed to reach a sample size between N = 5 and N = 15 depending on the rate of 
return of answers and following a general recommendation for diploma projects 
(Helfferich, 2009). In order to motivate the possible participants, the survey was kept short 
and took around ten minutes. The interviews were all conducted by the same interviewer. 
Possible companies matching the profile have been searched via the internet and 
contacted by phone call. A total of 50 companies were called and asked for participation in 
the survey. Nine of the 50 companies took part in the survey. Thus, the rate of return adds 
up to 18 %. An overview of the answers and statements extracted from the interviews is 
shown in Appendix II. A list of the contacted companies is given in Appendix III. 
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4 Results 
This chapter comprises the results of the study and is structured according to the declared 
objectives. First, waste streams of ELV, electric bicycles and electric motors from industrial 
machinery are investigated and the quantitative magnitude is calculated. Then, the 
recycling potentials of these waste streams are determined where possible. Subsequently, 
innovations and best practices for future recycling options of the waste streams are 
depicted. Finally, based on the results obtained before, recommendations for an 
alternative model to improve recycling of small and electric motors is presented. 

4.1 Waste streams  
To complement the already given picture of recycling systems and the applied technology 
in chapter two, this part of the thesis will supply the quantitative dimensions of the waste 
streams of ELV, electric bicycles and motors from industrial machinery. Before recycling 
potentials for small and electric motors of the investigated products are calculated, data on 
the products containing the small and electric motors is presented. The data availability for 
ELV is sufficient to present recently reported figures on waste generated as well as base 
calculations about future waste streams on these data. For electric bicycles at least 
fundamental data is available so that future waste streams can be estimated. In contrast, 
the data availability concerning electric motors from industrial applications is scarce and 
vague. Thus, no quantitative results could be obtained. However, trends and tendencies 
identified are explained and additional information on the recycling system was found. 

4.1.1 ELV 

As described in section 3.1 a top-down approach was applied to estimate the recycling 
potential of small and electric motors from ELV. Thus, initially the total waste stream 
generated by ELV was investigated before recycling potentials are calculated in section 
4.2.1. As a start, the waste stream in Germany was quantified and then complemented 
with results related to the EU and neighbouring countries of Germany.  

Germany 

Situation today 
The stock of passenger cars in Germany amounts to 44.4 million (Status in January, 2015) 
with an average age of 9 years (KBA, 2015). The average lifetime of a passenger car is 
estimated at 13 years (Widmer et al., 2015, Spielmann and Althaus, 2007, Møller Andersen 
et al., 2008). Data on ELV are not as up to date as stock data. In 2013, around 8.15 million 
passenger cars were taken out of service and approximately 3.3 million were finally 
deregistered in 2013. A car taken out of service is only temporarily deregistered, e.g. to 
save taxes. In contrast, a finally deregistered car is not re-registered and turns into an ELV if 
processed via the official recycling system in Germany. However, only roughly 0.5 million 
ELV were officially registered and processed in Germany which corresponds to only 15 % of 
all passenger cars finally deregistered in Germany. The major share, 48 %, was exported 
either within (38 %) or outside (10 %) the EU. Furthermore, the whereabouts of 1.18 
million (36 %) of the finally deregistered cars are unknown and are possibly undocumented 
exports, theft or used on private ground (BMUB & UBA, 2015). 
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Figure 2 shows the amount of reported number of ELV and the corresponding total weight 
of ELV in Germany. The blue bar indicates the number and the orange bar shows the 
corresponding total weight of ELV for each year. The number of processed ELV has been 
rather constant over the past years. Between 2006 and 2013 a number of ELV ranging from 
around 420,000 to 500,000 has been reported yearly. An exceptionally high number of 
almost 1.8 million ELV was registered in 2009 (Eurostat, 2015). This extraordinarily high 
amount of ELV can be explained with the so called “Umweltprämie” (scrappage bonus) 
which was introduced to mitigate the negative effects of the financial crisis on the 
automobile industry (Höpfner et al., 2009). The bonus was granted up to 2500 € in case an 
old car was scrapped and a new car was bought. 
 

 
Figure 2 Reported number and mass of ELV in Germany 2006 - 2013 (Eurostat, 2015) 

Projected future situation 
No relevant predictions for future amounts of ELV were found in the literature. Therefore, 
own estimations based on an average lifetime of a passenger car and sales data in 
Germany were conducted. Sales figures for cars in Germany are obtained from the 
Kraftfahrtbundesamt (2016) and ACEA (2016). The scrappage factor in Germany is based on 
historical data from 2006 to 2013 (KBA, 2016) and averages at 15.31 %. Note that for this 
average the scrappage rate of 2009 was excluded due to effects of the “Umweltprämie”. 
The average weight of an ELV is estimated at 1,025 kg based on Hatzi-Hull (2011) and GHK 
and Bio Intelligence Service (2006). The waste stream was predicted for the period from 
2016 to 2028. The detailed methodology for the calculation is described in section 3.1.1. 
The future amount of ELV is calculated using equation 1 whereas the future aggregated 
mass of waste generated due to ELV uses equation 2 (see page 13 for both formulae). 
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Figure 3 gives an overview of the estimated yearly amounts of ELV and the corresponding 
total weight of the waste stream. Again, blue bars indicate the number and orange bars 
show the corresponding total mass of ELV in a particular year. The more or less saturated 
passenger car market in Germany leads to only small variations in future number of ELV. 
The predicted amount of ELV ranges between about 445,000 (2023) and 580,000 (2022). It 
shall be noted that these two extreme values are caused by the “Umweltprämie” which led 
to increased sales in 2009 and decreased sales in 2010, respectively. Excluding those years, 
the range of ELV shrinks to 450,000 to 530,000. The waste generated amounts to a range of 
460,000 t to 600,000 t per year. However, excluding these two extrema with respect to the 
“Umweltprämie” the predicted range decreases to 465,000 t to 540,000 t. Comparing these 
ranges to the reported figures of 2006 to 2013 presented above, trends of ELV occurrence 
are slightly increasing. 
 

 
Figure 3 Projected number and mass of ELV in Germany 2016 - 2028 

Figure 4 contrasts officially reported ELV numbers for 2006 up to 2013 (Figure 4 a) on the 
left-hand side and the calculated numbers of ELV between 2016 and 2028 (Figure 4 b) on 
the right-hand side. The trend of hardly increasing amounts of ELV matches the 
expectation of slightly increased passenger car stocks up to a peak car between 2020 and 
2025 (Shell Deutschland and Prognos AG, 2014). Furthermore, the figure indicates that the 
predicted amount of ELV is in the ballpark of reported amounts of ELV in previous years. 
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Figure 4 a) Number of reported  ELV in Germany 2006 – 2013 (Eurostat, 2015) and 

b) Number of projected ELV in Germany 2016 – 2028 (own calculations) 

EU and neighbouring foreign countries 

Situation today 
For the EU and neighbouring foreign countries of Germany, additional sources to 
complement statistics of Eurostat are provided. Table 1 contrasts reported figures 
according to Eurostat and the additional sources found. In some cases, the additional 
sources do not match the official European statistics. For the EU, Poland, Netherlands and 
Austria, secondary sources reported significantly more ELV than Eurostat. Especially, for 
the EU the discrepancy of 4.75 million ELV is tremendous. Furthermore, in Poland and 
Austria the differences of 350.000 and approximately 185.000 ELV are also substantial. As 
Switzerland is not part of the EU, no data about ELV could be obtained using Eurostat. 
However, the Stiftung Auto Recycling Schweiz (2014) reported 105.000 ELV in Switzerland 
in 2014. 
 

Table 1 Overview of ELV arising in neighbouring foreign countries 

Country Numbers of ELV 
2013 (Eurostat, 
2015)  

Literature   
Number of ELV 

Source 

EU 6,250,000 11,000,000 p.a. Menad et al. (2013) 

Austria 73,993 ca. 260,000  RecyclingPortal (2014) 

Belgium 134,506 134,506 in 2013 Febelauto (2014) 

Czech Republic 121,838 n.a. - 

Denmark 125,650 n.a. - 

France 1,115,280 1,115,280 in 2013  CCFA (2015) 

Luxembourg 2,290 n.a. - 

Netherlands 183,451 230,000  ARN (2016) 

Poland 402,416 
 (2012: 344,809) 

700,000 in 2012 Lewicki (2009) 

Switzerland n.a. 105,000 in 2014 Stiftung Auto Recycling 
Schweiz (2014) 
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Projected future situation 
Future waste quantities in the EU have been calculated in a similar way as future ELV in 
Germany. However, due to missing data on scrappage factors, only data on final 
deregistrations are given. Figure 5 depicts the projected amount of finally deregistered cars 
in the EU. Blue bars indicate the total number of finally deregistered cars whereas orange 
bars show the corresponding total mass in a particular year. For detailed figures for the 
neighbouring countries please see Appendix IV. The amount of future deregistrations was 
calculated using equation 1 (see page 13) with a scrappage factor 𝑠 = 1 and an average 
product lifetime of 15 years based on Møller Andersen et al. (2008). The sales figures were 
obtained from ACEA (2016). The country-specific calculations in Appendix IV are also based 
on values taken from these two sources. The average weight of a future car was again 
estimated at 1,025kg (Hatzi-Hull, 2011, GHK and Bio Intelligence Service, 2006). 
 
Until 2022 an increasing amount of deregistered cars is expected. Note that this increase is 
partly due to the enlargement of the EU between 2004 and 2007. This means that 
projected amounts of finally deregistered cars between 2016 and 2018 are based on 15 
Member States, whereas amounts of 2019 to 2020 and amounts of 2021 to 2030 are based 
on 25 and 27 Member States, respectively. However, after 2022 the expected amount of 
finally deregistered cars is decreasing. The range of the expected finally deregistered cars 
lies between 11.9 million (2028) and 15.6 million (2022). Accordingly, the aggregated mass 
of finally deregistered cars ranges from 12.2 million t to 16 million t. 
 

 
Figure 5 Projection of finally deregistered cars in the EU in number and mass 

2016 – 2018:  Based on the 15 Member States of the EU from 1995 to 2004 
2019 – 2020: Based on the 25 Member States of the EU from 2004 to 2006 (excluding Cyprus and Malta) 
2021 – 2030:  Based on the 27 Member States of the EU in 2007 (excluding Cyprus and Malta due to missing data)  
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4.1.2 EPAC 

Similar to the waste stream of ELV also for EPAC no particular data on wasted components 
was available. Thus, a top-down approach was applied to estimate the waste stream of 
EPAC and the incorporated electric motors. First, the total waste stream generated by EPAC 
was investigated. Results for Germany were obtained and complemented with results 
related to the EU and neighbouring countries of Germany. However, no officially reported 
waste data was available due to the novelty and low dissemination of the product. 

Germany 

According to CONEBI (2015) the stock of EPAC in 2014 amounted to 2.1 million which 
equalled a share of 3 % of all bicycles in Germany. Summing up the sales statistics for 2009 
to 2015 (Statista, 2016) a stock of 2.45 million EPAC was calculated for 2015. This 
calculation was based on the assessment of an average lifetime of EPAC of 10 years (Masih-
Tehrani et al., 2015, Dierig, 2008). This is backed up by comparing the stock numbers 
published by Wachotsch et al. (2014) and Destatis (2015a) and adding the sales figures of 
2014 and 2015 (Statista, 2016). Although, the trend of overall sales of bicycles was 
decreasing over the last 15 years, sales of EPAC increased by 17 % to 480,000 in 2014 
compared to the previous year. Germany is by far the major sales market in the EU, holding 
a share of 42 % of sold EPAC in 2014 (CONEBI, 2015). Furthermore, Wachotsch et al. (2014) 
predicted that the stock of EPAC could increase to 10.65 million (around 15 % of total 
bicycle share in Germany) within the medium term. This would mean an EPAC stock five 
times bigger than today. 
 
Unfortunately, no data of EOL electric bicycles was available. Therefore, own estimations 
based on sales figures and average product lifetime have been carried out to predict the 
waste accumulations. The methodology has been explained in detail in section 3.1.2. The 
future amount of EOL EPAC was obtained using equation 7 (see page 14) whereas the mass 
of EOL EPAC was predicted using equation 8 (see page 15). The average mass of an EPAC 
was estimated at 24 kg (Greenfinder, 2014). Today EOL electric bicycles are collected 
together with other WEEE. Information on the separate waste stream of EPAC is very 
scarce. However, statistics published by Eurostat (2016b) show that of the total 7.6 kg of 
WEEE collected per capita in Germany in 2013, only 0.08 kg were associated to product 
group 7 toys, sports equipment and leisure machines which includes EPAC amongst other 
products. Thus, it was assumed that the magnitude of the current waste stream is almost 
negligible. 
 
Figure 6 gives an overview for the calculated number and mass of EOL EPAC in Germany for 
the period of 2017 to 2025. Blue bars indicate the number of EOL EPAC whereas the orange 
line plot shows the course of the corresponding total mass of the wasted products. Due to 
rapid growing markets, the waste stream is also expected to gain momentum. For 2017, a 
small amount of 70,000 EOL EPAC is assumed, which will triple by 2020 to 200,000 and 
more than increase sevenfold by 2025 to 520,000. As the market of EPAC is expected to 
grow fivefold before saturation is reached (Wachotsch et al., 2014), also waste streams are 
expected to grow even further than the estimated amounts. Similar to rapidly increasing 
numbers of EOL electric bicycles also the amount of waste generated by these bicycles is 
constantly growing from less than 2,000 t in 2017 up to 12,500 t in 2025. 
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Figure 6 Projected number and mass of EOL EPAC in Germany 2017 - 2025 

Neighbouring foreign countries 

According to CONEBI (2015) the second-largest market for EPAC was the Netherlands with 
a sales volume of 223,000 in 2014. Belgium and France followed with a sales volume of 
130,000 and 78,000, respectively. In Switzerland, EPAC are also a booming product and 
sales amounted to roughly 57,500 in 2014 (Velosuisse, 2015). Sales of EPAC amounted to 
50,000 in Austria, 20,000 in Denmark, and 4,000 in Poland whereas in Luxembourg only 
1,000 and in the Czech Republic less than 1,000 EPAC were sold in 2014 (CONEBI, 2015). 
 
Similar to the situation in Germany, no data on waste streams resulting from EPAC is 
available, neither for neighbouring foreign countries nor for the EU as a whole. Therefore, a 
calculation of future waste streams was carried out for the neighbouring countries and the 
EU. Figure 7 shows the calculated waste arising from electric bicycles in the EU, including 
waste figures from Germany. Like before, blue bars indicate the total number of EOL EPAC 
whereas the orange line plot shows the course of the corresponding total mass of EOL 
EPAC. A more detailed split per country can be found in Appendix V. The European trend 
matches the trend in Germany with negligible small waste amounts today and the near 
future. However, the growing market also causes a sharp increase of expected waste from 
electric bicycles. Within 10 years from 2016 onwards, the expected amount is estimated to 
grow eleven fold from roughly 2,350 t to more than 27,000 t. Similarly, the number of EOL 
electric bicycles will raise from about 100,000 in 2016 to about 1.15 million in 2024. Apart 
from Germany, most of the wasted EPAC in Europe will origin from the Netherlands, 
Belgium, France, Switzerland and Austria. 
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Figure 7 Projected number and mass of EOL EPAC in the EU 2016 - 2024 

4.1.3 Electric motors from industrial machinery 

Before investigating the quantitative magnitude of the waste streams connected to electric 
motors from industrial machinery, it is necessary to describe the procedure of disposal in 
greater detail. As presented in 2.1.2, this disposal procedure is likely to differ from the 
procedure mapped out in legislation. Instead, electric motors from industrial machinery are 
taken care of in a business-to-business scheme. Often, service companies that repair 
motors and other machine parts undertake the required recycling steps on behalf of the 
customer. All interviewed service companies confirmed this within the conducted survey 
(Interviews, 2016). Usually, these service companies exploit scrap motors for spare parts or 
valuable materials, especially copper. In some cases, also other metal fractions, e.g. 
aluminium and iron, are separated within the service companies. Then, the remaining 
motor scrap and the separated fractions are sold to scrap dealers that shred and sort the 
scrap into more pure material fractions and hand these over to the appropriate melting 
factories (Buchert et al., 2014). The interviewees confirmed that motors containing 
permanent magnets with REE are treated in the same manner as the conventional motor 
types without REE magnets. Although, service companies know about the incorporated 
REE, those motors are primarily exploited for copper. This is because of the low quantities 
of these motors (Interviews, 2016) and the lack of effective technology to recover REE in 
the prevailing recycling systems. This is also recognised by various authors dealing with the 
subject of REE recycling (Schüler et al., 2011, Tsamis and Coyne, 2014, Bast et al., 2014, 
Binnemans et al., 2013). Separate recycling schemes are not (yet) economically 
advantageous (Interviews, 2016). Figure 8 depicts the recycling system for WEEE (as 
described in 2.1.2) in addition with the information obtained from the conducted 
interviews. 
 
Information on the quantity of the waste stream related to industrial electric motors is 
scarce. Literature and industry data available were not sufficient to get a holistic idea of the 
waste stream. Furthermore, differences in classification and the huge diversity in motor 
products make it difficult to compare and combine different data sources. Thus, no 
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quantitative description of the market and waste stream could be achieved within this 
thesis. Nevertheless, a qualitative description as well as indication of future trends are 
presented in the following. 
 
First, a comparison of different motor application and technology is shown in Table 2. 
Separately excited asynchronous machines are compared to motors containing permanent 
magnets. The former are standard technology for industrial applications such as pumps, 
drives for conveyor belts or fans. The latter are of special interest, as they contain rare 
earth elements, which are of high value and promising for future recycling innovation. 
Typical application areas are electric drives, speakers, engine fans and generators, e.g. in 
wind power plants. By contrast, conventional motors, such as separately excited 
asynchronous machines, are effectively recycled with today’s recycling technology. 
Furthermore, permanent magnet motors more and more replace separately excited 
asynchronous machines in standard industry applications due to increasing efficiency 
requirements (Buchert et al., 2014). In combination, the two different technologies cover 
88 % of the market share of electric motors in industrial machinery in Germany (Deutsches 
Kupferinstitut, 2011). 
 
Table 2 Comparison of separately excited asynchronous machines and permanent magnet 

motors (Buchert et al., 2014) 

 Sep. asynchronous Permanent magnet motors 

Application Industrial standard drive 
(pumps, fans, conveyor 

belts etc.) 

Servomotors, car 
electronics, precision 

mechanics and group drives 

Power 100 W to 50 MW <1 W to 100 kW 

Mode of operation Asynchronous Synchronous or commutator 

Type of current Rotary current Rotary or direct current 

Market share Germany 
2008 (Deutsches 
Kupferinstitut, 2011) 

83.2 % 4.8 % 
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Figure 8 WEEE recycling system Germany (modified from Walther et al. (2009) and Rotter et al. (2011)) 
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Although, repair and maintenance of motors is the preferred option in case of damage, an 
increase in the amount of waste from electric motors from industrial applications can be 
assumed based on the conducted expert interviews. This has several reasons. First, prices 
of new standardised motors are dropping and thus, economic pressure on repair and 
maintenance services is increasing. Especially, motors with low performance levels are too 
cheap to be worthwhile repairing. Second, despite no blanket statements about average 
product lifetimes of electric motors were given by the experts, 78 % mentioned that older 
motors (built in the 80s and older) are more robust and have higher lifetimes compared to 
modern motors. This is because of differences in efficiency, construction and mode of 
operation. In fact, more than half of the experts stated that operation and surroundings 
conditions, such as humidity and temperature, are the most important factors that 
determine the lifetime of electric motors. Furthermore, modern motors have to compete 
with cheap products, especially from China, and thus, reduction in quality is often 
necessary to be able to keep up with competitive market prices. Lastly, 33 % of the experts 
also reported that service loadings of some motors are so high that even constant 
maintenance and repair cannot balance the deterioration of these motors. All of these 
results are based on the conducted interviews and can be reviewed in detail in Appendix II. 
 
This trend is further matched by market analysis expecting a rise in market volume of 
electric motors. According to Nagial et al. (2013) from Frost & Sullivan the market volume 
of electric motors (not limited to industrial machinery) amounts to 5 € billion in Western 
Europe (1.9 € billion in Germany) and is likely to surmount 5.9 € billion up to 2017. 
However, this growing market is not confirmed by the interviewed experts, which 
answered ambiguously to the question of personal order situation in recent years and also 
gave widely varying answers concerning the question of expected order situation in the 
next years (Interviews, 2016). 
 
In addition to the indicated trend of increasing waste from electric motor applications from 
industry, also literature data about the stock and production of these motors shall be 
presented. Plötz and Eichhammer (2011) report global stocks of 2 billion electric motors 
with power less than 0.75 kW, 230 million motors with power between 0.75 and 375 kW 
and 0.6 million motors with power of more than 375 kW. In total, this means a global stock 
of 2.231 billion electric motors. According to the union ZVEI for electrical engineering and 
electronic industries, the stock of electric motors in Germany adds up to 35 million (ZVEI, 
2015). In Germany, the total amount of electric motors produced was about 104 million in 
2012 and then declined to roughly 91 million in 2013 and 92.5 million in 2012, respectively 
(Destatis, 2015b). However, these numbers contain all electric motors produced in 
Germany and are not limited to motors for industrial machinery.  
 
Lastly, Bast et al. (2014) numbered the production amount of permanent magnet 
containing electric motors for industrial machinery to two million in 2012. Of these two 
million motors, about 50 % was produced in Germany and around 0.5 million motors 
remained in Germany whereas the other 0.5 million motors were exported either directly 
or as part of industrial machinery.  
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4.2 Recycling potential 
Based on the figures and estimations presented above, the recycling potential of single 
material fractions within the different waste streams was predicted. Initially, a projection 
of the recycling potential of small and electric motors from ELV is given. Also, recycling 
potential of electric motors originating from electric bicycles is calculated. 

4.2.1 Small and electric motors from ELV 

An estimation of the total sum of small and electric motors in current and future waste 
streams of ELV was carried out. The methodology and equations 3 and 4 used to calculate 
the minimum and maximum amount of motors occurring in the waste stream of ELV in 
Germany in the period of 2013 to 2027 is described in section 3.1.1 on page 13. 
Appendix VII provides the detailed calculation results of minimum and maximum amount 
of motors per single ELV with regard to the different configuration degrees of ELV. 
Compared to the waste stream of 2013 containing a range between 7.2 million and 11.3 
million motors, the quantity of small and electric motors is rising until 2022 to a range 
between 9.6 million and 16.3 million before again reaching levels between 7.3 million and 
12.7 million in 2027. This course of development roughly matches the amount of motors 
per single ELV which peaks at a range of 16.94 to 29.31 in 2021 – one year before the peak 
of ELV is expected. 
 
Based on the estimated total sum of motors from ELV in Germany, the recycling potential 
of single fractions incorporated in these motors was calculated. Equations 5 and 6 (see 
page 14) were used to obtain the recycling potentials of the single fractions. Average 
shares of material fractions of small and electric motors from passenger cars were used 
according to values published by Kohlmeyer et al. (2015). According to that, iron 
constitutes 66 %, plastics 16 %, aluminium 8 %, copper 9 % and neodymium 0.9 %. The 
average weight of small and electric motors from ELV was estimated at 1.72 kg based on 
analysis of 12 components and a total of 20 motors carried out by Kohlmeyer et al. (2015) 
and Böckmann (2016). 
 
An overview of the results for neodymium is given in Figure 9. The blue bar shows the 
average recycling potential whereas the whiskers indicate the minimum and maximum 
range of the predicted recycling potential for Nd. Furthermore, Appendix VIII contains 
detailed information for each calculated fraction. The average range of recycling potentials 
from Nd amounts to 130 t to 210 t for the investigated period. The complete recycling 
potential will be lost each year if current recycling systems are not adjusted accordingly. 
Today, recycling systems in Germany are not recovering any neodymium. The calculated 
results mean the following recycling potential for an average ELV in Germany occurring 
between 2016 and 2027: 21.95 motors weighing 1.72 kg each which corresponds to a 
recycling potential of roughly 25 kg iron, 6 kg plastics, 3.4 kg copper, 3 kg aluminium and 
340 grams of neodymium per ELV. 
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Figure 9 Recycling potential of Nd in tonnes from small and electric motors from ELV in 

Germany 

4.2.2 Small and electric motors from EPAC 

The recycling potential of EPAC is calculated using average literature data of component 
weights and manufacturer’s data on material composition of one EPAC motor. The 
information on the detailed composition of this motor is classified and calculation results 
are presented in Appendix VI which is not publicly disclosed. The detailed calculation 
methodology is described in section 3.1.2. The aggregated mass of electric motors from 
EPAC was obtained using equation 9 (see page 15). The recycling potential of a specific 
fraction from EPAC electric motors was calculated using equation 10 (see page 15). The 
average electric motor incorporated in an EPAC weighs 3.61 kg with a range of 2.5 kg to 
4.5 kg (e-motion Technologies, 2016). The only publicly disclosed single fraction of the 
motors, namely Nd, is based on 325 grams of NdFeB per electric motor of an electric 
bicycle (Langkau et al., 2016) of which 33 % are REE (Schüler et al., 2011). This corresponds 
to 107.25 grams of Nd per motor. 
 
Table 3 gives an overview of the calculated recycling potentials from EPAC from 2020 to 
2024 in Europe, Germany and Switzerland. The projected total weight of wasted electric 
motors from EPAC in Germany in 2020 is estimated at 723 t. Within the EU, the waste 
stream adds up to 2,125 t. Additionally, in Switzerland a mass of 142 t is expected for 2020. 
This correlates to 21.5 t of neodymium in Germany, 63 t in the EU and 4.25 t in Switzerland, 
respectively. A sharp increase is evident in the following years. In Germany, a total mass of 
1,373 t is expected in year 2022 which will increase to 1,735 t in 2024. This trend is also 
apparent within the EU, where waste quantities are increasing from 3,086 t in 2022 to 
4,116 t in 2024. The same trend is also observed in Switzerland. However, the expected 
increase from 191 t in 2022 to 208 t in 2024 is not as steep as in Germany or on European 
level. The corresponding recycling potential of Neodymium in Germany adds up to 40.8 t in 
2022 and 51.5 t in 2024, respectively. In the EU, 91.6 t of Nd could be recycled in 2022 
which is rising to 122.2 t in 2024. In Switzerland, recycling potential of Nd will rise from 
5.7 t in 2022 to 6.2 t in 2024. A detailed overview of calculation results for all investigated 
countries can be found in Appendix IX. 
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Table 3 Recycling potential of electric motors from EOL EPAC 2020 - 2024 

Country EOL EPAC 
Aggregated mass of 
electric motors [t] 

Nd [t] 

2020 

EU 588,000 2125 63 

Germany 200,000 723 21.5 

Switzerland 39,500 142 4.25 
2022 

EU 854,000 3,086 91.6 

Germany 380,000 1373 40.8 

Switzerland 53,000 191 5.7 

2024 

EU 1,139,000 4,116 122.2 

Germany 3.614 1735 51.5 

Switzerland 57,500 208 6.2 

4.3 Recycling innovation and best practices 
The increasing importance of electronics and electric motors in manifold applications has 
been shown in the previous chapters of this study. Recycling innovations to reuse the 
incorporated REE are required. This was one of the research areas of the MORE (Motor 
Recycling) project carried out on behalf of the German government. Some of the results 
are presented below and complemented with other innovative approaches for recycling of 
electric motors. Subsequently, also recycling innovations concerning ELV are presented. 

4.3.1 Disassembly 

During the established recycling and treatment processes of waste streams containing 
electric motors, REE and other precious materials cannot be recovered. Therefore, the 
MORE project investigated disassembly to obtain homogenous fractions of magnet 
material which can be directly reused or processed to secondary raw material. The 
construction of motors with surface mounted permanent magnets (SPM) and motors with 
integrated permanent magnets (IPM) called for different approaches concerning 
dismantlement.  
 
Surface mounted permanent magnets 
Before separating the magnets from the rotors of the electric motors, a pre-treatment 
removing glues and resins was required. Thermal treatment was identified most efficient 
and conducted in an oven at 350 °C using air (Bast et al., 2014). From 200 °C upwards, the 
glues and resins start to dissolve and the magnetic repulsion can cause some magnets to fly 
off the rotor. Thus, a temporarily fixation, e.g. a perforated plate covering, is necessary to 
prevent the magnets and the oven from suffering damage (Bast et al., 2014). The thermal 
pre-treatment also demagnetises NdFeB-magnets at around 350 °C. After the material has 
quenched, the magnets can be peeled off easily and are ready for reuse (Bast et al., 2014). 
 
In addition to the dismantlement experiments, the MORE project also developed a 
conceptual model for automated dismantlement of electric drives. After separating the 
rotor and stator of the electric motors, attachments are stripped off the SPM motors and 
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the fibreglass bandage is unwound with the help of heating. With a special hook, build in a 
L-shape, the magnets are then sheared off the laminated core (Bast et al., 2014). The 
isolated magnets adhere to the hook and are stored in a depot. Now, demagnetisation and 
further processing is required. A prototype that successfully dismantles magnets from SPM 
motors and subsequently stores these magnets in a depot was built (Bast et al., 2014). 
 
Integrated permanent magnet 
Dismantling of IPM was achieved by shearing single subrings of a laminated core of the 
rotor. Subsequently, the magnets were driven out using suitable plungers. Fixation, e.g. 
glues or resins, has to be considered when designing the plungers. Furthermore, all 
magnets of a subring should be driven out with a single pass (Bast et al., 2014). The 
separated magnets have to be demagnetised before reuse. Thus, heating to the Curie 
temperature of 350 °C for NdFeB-magnets is required. This is preferably done using a 
continuous furnace via convection or infrared radiation (Bast et al., 2014). 
 
Similar to the motors with SPM, also automated disassembly of motors with IPM was 
conceptualised during the MORE project. The single subrings of the laminated cores of the 
rotors were sheared as described above. Due to high magnetic attraction the subrings 
cannot be stored together and thus magnets were driven out directly after shearing the 
subrings. The magnets were demagnetised on a metallic conveyor belt that steered 
through a continuous furnace heated with infrared radiation. To prevent conglutination, a 
cylinder with helical conveyor tracks was used to transport the driven out magnets to the 
conveyor belt. Prototype test runs successfully produced automatically disassembled, 
demagnetized magnets from IPM motors (Bast et al., 2014). 
 
In Japan, Hitachi developed a disassembly process to recover REE containing magnets from 
hard disk drives (HDD) and air conditioner compressors (Baba et al., 2013). The HDD are 
first dismantled automatically and the separated reusable parts are sorted by hand. The 
magnets are part of the voice coil motors which are fed into a magnet recovery machine 
that demagnetises the motors and splits the magnets from yokes (Baba et al., 2013). 
Compressors from air conditioners are first automatically cut open and rotors are removed. 
Then, magnets are demagnetised using resonance damping and a drop impact machine is 
utilised to separate the magnets from the remaining parts of the compressor (Baba et al., 
2013). The disassembled magnets are then processed through pyrometallurgy and allow 
REE output at a purity of 98.8 % at a 86.6 % recovery rate (Saeki et al., 2014). Both, 
disassembly as well as further processing was tested on a semi-industrial scale and is 
planned to be implemented on industrial scale (Saeki et al., 2014, Baba et al., 2013). 

4.3.2 Waste processing 

Innovations concerning the disassembly of motors from generic products have been 
shown. This enables to collect a homogenous waste stream consisting of small and electric 
motors from different applications. A requirement for material recovery from this waste 
stream is the dismantlement and cleaning of the magnets. Before removing adhesive 
residues, magnets were demagnetised in an oven. Then, adhesive residues were removed 
with a slide grinding process utilizing silicon carbide (SiC) as lubricant (Bast et al., 2014). 
Subsequently, the cleaned magnet material had to be crushed for further processing. The 
project identified hydrogen embrittlement as the most efficient method for crushing to 
obtain a low contaminated magnet powder with high brittleness. This powder was then 
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mixed with virgin material in a relation of 30 % recovered material to 70 % virgin material. 
The powder was pressed, vitrified and thermally processed to achieve optimal magnetic 
properties. Comparing these magnets containing 30 % recycled material to magnets from 
100 % virgin material showed only negligible differences in the product performance (Bast 
et al., 2014). 
 
Furthermore, the MORE project investigated raw material recycling from magnet scrap. 
The first step of the recycling process was shredding. For applications containing magnets 
as well as various other electronic waste the Querstromzerspaner QZ was the shredding 
device of choice, due to its flexibility concerning incoming feed and its gentle separation 
process that doesn’t destroy single components. The QZ was able to shred and separate 
magnetic scrap material without destroying the magnets. However, the output of QZ 
required further processing, e.g. via hydrometallurgy, as the generated fraction contained 
up to 20 % impurities (Bast et al., 2014). This further processing guaranteed magnet 
material that was suitable for reuse. This way, about 80 % to 85 % of the introduced 
magnet material was obtained after shredding, whereas the other 15 % to 20 % were lost 
as contaminants in other fractions or dust. Due to the necessary treatment steps to finally 
obtain reusable material, other recovery processes, such as material grade recovery and 
selective dismantlement, were identified as preferable (Bast et al., 2014).  
 
Besides, Chinese scientists are very active developing recycling methods for REE. Wang et 
al. (2006) recovered Dy2O3 from magnet scrap to an extent greater than 99 %. In addition, 
Tang et al. (2009) were able to recover Nd2O3 at a rate of 82 %. However, the major 
problem of recovering the oxides of the REE is the hardly economical energy intensive 
process (Schüler et al., 2011). Based on electrical reduction, Zhang et al. (2010) proved that 
REE can be recovered by a rate of 96.1 % from magnet scrap at substantially lower 
expenses. In addition, also Japanese researchers are investigating innovative recycling 
methods for REE. Takeda et al. (2014) re-melted magnet scrap with fluoride flux to obtain a 
master alloy of REE, iron and boron that can be used for new magnet production. 
Furthermore, a rare earth oxide dissolved in flux was obtained and further processed by 
molten salt electrolysis to gain recycled metal. Advantages of this process is its simplicity of 
the reactor, suitability for massive treatment, low energy consumption and prevention of 
waste solution (Takeda et al., 2014). The process has been successfully executed with 
mildly contaminated waste such as EOL magnets. 

4.3.3 PST: Automotive Shredder Residue (ASR) treatment 

Most of the latest innovations concerning the recycling of ELV have been in the field of PST 
concerning the recycling or energy recovery from previously landfilled ASR. ASR accounts 
for roughly 15 % to 25 % of the ELV mass and contains various materials which have not 
been separated through the common sorting mechanisms. Different composition of ELV 
and mixture with other white goods during shredding leads to fluctuations in ASR 
composition. However, typical fractions are ferrous and non-ferrous metals, plastics, 
rubber, textiles and fibre material, wood and glass (Vermeulen et al., 2011, Zorpas and 
Inglezakis, 2012, Krinke et al., 2005). The improved treatment and recovery of materials 
and energy from ASR is often seen as most promising alternative to comply with the 
requirements of 85 % of reuse and recycling and 95 % reuse and recovery targets of the EU 
ELV Directive (Vermeulen et al., 2011, Reuter et al., 2006). The following paragraphs 
present innovations in the field of ASR treatment. 
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VW-Sicon 
An overview of the VW-Sicon process and its outcomes is depicted in Figure 10. It is based 
on the combination of various mechanical separation techniques and treats the shredder 
light fraction (SLF). First, a filter separates all parts smaller than 12 mm in diameter which is 
used as mine filling material or slag former in metallurgy. Pieces with greater diameter than 
12 mm are shredded using a hammer mill and an iron concentrate is attained by magnetic 
separation (Martens, 2011). The iron fraction is fed into the standard system of iron 
recycling as described in section 2.2.2. The leftover fraction is again filtered and either fed 
into the raw sand section or further divided using air classification to obtain a light fraction, 
so-called raw fluff, and a heavy fraction (Martens, 2011). This fluff consists of a mixture of 
textiles, fibres as well as foam and is upgraded and subsequently used as drainage additive 
in sludge treatment substituting carbon dust (Krinke et al., 2005). 
 
The heavy fraction obtained after air classification is further processed through a blade 
granulator and again split into a light and a heavy fraction through air classification 
(Martens, 2011). The heavy fraction is separated into a Cu and an Al/Mg fraction by density 
sorting. The fractions can be further recycled as described in 2.2.2. The remaining light 
fraction, consisting of plastic pellets, is the main product of the VW SiCon process and is 
upgraded through wet density sorting to isolate PVC (Martens, 2011). It is used in the 
Vinyloop process to produce PVC recyclate (Krinke et al., 2005, VinyLoop, 2013). Finally, the 
remaining upgraded plastic granulate fraction complies with the requirements for reducing 
agents in blast furnaces, substituting heavy oil in this process (Krinke et al., 2005). 
 
Other processes: 
Furthermore, ASR can also be upgraded to fuel or incorporated into manufactured 
products. Although, the calorific value of ASR is quite high (14 - 40 MJ/kg), contaminants, 
such as heavy metals and chlorine, have to be removed before using ASR as a fuel 
substitute (Vermeulen et al., 2011). Density separation, thermal treatment in combination 
with washing, or extraction of chlorine with calcium hydroxide or a sodium 
hydroxide/ethylene glycol mixture, are suitable ways to lower chlorine contamination 
(Vermeulen et al., 2011, Kameda et al., 2009, Hwang et al., 2008). Heavy metals 
contamination can be resolved using mechanical and eddy current separation (Vermeulen 
et al., 2011). ASR can also be used in manufactured products, e.g. as a filler for concrete or 
as a binder in asphalt (Péra et al., 2004, Rossetti et al., 2006). 
 
Lastly, also ASR to energy applications are an alternative to landfilling the shredder residue. 
Conveniently, co-incineration of ASR together with municipal solid waste is feasible in 
various types of incinerators (Vermeulen et al., 2011). Generally speaking, a low 
percentage of co-incinerated ASR is unproblematic. However, when reaching 40 % or more, 
bridging and plugging of the conveyor transfer chutes and other problems in the feed 
system are likely (Vermeulen et al., 2011). Furthermore, ASR can also be used as fuel 
substitute in metallurgical processes, e.g. in blast furnaces (Jody and Daniels, 2006). 
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Figure 10 Overview of the VW SiCon process and its products based on Martens (2011) and 

Krinke et al. (2005)  
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4.4 Alternative recycling scheme 
Based on the results described in the section before, this sub-chapter provides an 
alternative to the recycling scheme of ELV and electric bicycles. The alternative model 
focuses on utilising the, so far, lost recycling potential of REE from small and electric 
motors from these waste streams. Furthermore, drivers and challenges for this model are 
described and crucial stakeholders are identified. 

4.4.1 Model 

The model presented here is focused on the waste stream of small and electric motors 
from ELV and electric bicycles. In section 4.3 two different concepts of improving recycling 
schemes are presented. On the one hand PST, e.g. the VW Sicon process, and on the other 
hand targeted disassembly of specific components, e.g. small and electric motors, before 
shredding. Although, overall recycling rate is significantly increased through PST, REE are 
still completely lost during the process. Therefore, the alternative model presented here 
focuses upon prior disassembly of small and electric motors from the EOL products before 
shredding the remainders. This facilitates specialised recycling of these components 
containing the main share of REE incorporated in ELV and EOL electric bicycles.  
 
A schematic overview of the model is shown in Figure 11. Round shapes in the figure stand 
for materials or intermediate products, whereas rectangular shapes depict processes. At 
the core of the alternative model is a magnet recycling factory that recycles small and 
electric motors from ELV and EPAC. During the conventional recycling scheme of ELV, 
depollution and dismantlement of specific components has to be carried out anyway. 
Therefore, the model suggests to augment this dismantlement to also target small and 
electric motors and collect them separately. Focusing on components containing heavier 
motors such as starters, servomotors and alternators as well as components that are easy 
to dismantle, is recommended. However, the amount of work for dismantling varies 
significantly dependent on brand and model of the vehicle (Kohlmeyer et al., 2015). 
Furthermore, it is suggested to solely dismantle motors containing permanent magnets. 
While the dismantled small and electric motors are stored and then transported to the 
magnet recycling factory, the remaining car hulk of the ELV is further processed according 
to the conventional ELV recycling scheme presented in section 2.1.1. Integrating the VW 
Sicon process as standard for ASR treatment offers an additional possibility to improve 
recycling output. 
 
The second feed for the magnet recycling factory are electric motors from EPAC. To 
facilitate purity of the waste stream as well as considering the estimated rather steep 
increase of the waste amount from EPAC, a separate collection group of WEEE for EPAC is 
recommended. During the reusability check of the conventional WEEE recycling scheme, 
electric motors shall be dismantled, stored and finally transported to the magnet recycling 
factory. The remainders of the dismantled EPAC are processed within the conventional 
WEEE recycling scheme. Within the magnet recycling factory, the first step is to sort SPM 
and IPM. This is necessary to guarantee effective automated magnet disassembly following 
the prototypes described by Bast et al. (2014). Both disassembly processes generate 
magnet material that can be further processed by hydrogen embrittlement and turned into 
magnet powder. This magnet powder is then used to produce new magnets. A share of up 
to 30 % magnet powder from recycled magnet material is feasible for magnet production 
without considerable drawbacks on performance of these magnets (Bast et al., 2014). 
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4.4.2 Drivers & Challenges 

The conceptual model to improve recycling of small and electric motors from ELV and 
electric bicycles presented above, shall now be embedded in today’s context by identifying 
drivers and challenges. Drivers are facts and trends likely to support and facilitate the 
implementation of this model. In contrast, challenges are facts and trends likely to hinder 
or even prevent implementation of this model. Before introducing the challenges in more 
detail, the identified drivers for the proposed model are presented. First of all, the driver of 
rising demands for REE and precious metals due to technology shifts is explained. 
Furthermore, rising waste quantities as well as clear legislation focusing on progressing 
towards a circular economy within Europe are driving forces for the proposed model. 
 
Drivers 
More and more products that are part of our daily life become more and more complex 
regarding design and construction. Especially electronics and automation features are 
integrated in an ever increasing palette of products. Thus, demand for REE for new 
products and more complex products is rising. Logically, technology shifts towards 
renewable energy production as well as electric mobility will inevitably further boost 
demands of REE. Most of today’s technology within these branches highly depend on these 
elements. Several authors predicted rising demands for various REE with neodymium, 
dysprosium, terbium, praseodymium and lanthanum being most critical due to wide variety 
of booming applications such as wind energy production, electric mobility and energy 
storage (Schüler et al., 2011, Kingsnorth, 2011, Chen, 2011, Binnemans et al., 2013) 
Furthermore, Hörnig (2015) expects supply shortages for neodymium from 2020 onwards. 
This trend can be dampened by recycling of REE leading to diminished demands for virgin 
material. 
 
Another driving trend is the expected increase of waste quantity. Especially, the waste 
stream of EOL EPAC will sharply rise in the near future. As shown in section 4.1.2, the 
expectation of less than 2,000 t of waste in Germany in 2017 will increase more than 
sevenfold by 2025 to 12,500 t. Although, only small variations are predicted for the waste 
stream of ELV, a peak in car stock is expected between 2020 and 2025 (Shell Deutschland 
and Prognos AG, 2014), which means that peak ELV is to be expected between 2033 and 
2038. Thus, not only complexity of the products is changing but also quantity of waste is 
increasing and further enhancing the recycling potential of REE within these streams. 
Higher recycling potential also means higher output from the proposed improved recycling 
system and thus greater benefits by generating more secondary raw materials for the 
economy. 
 
Lastly, the EU has been constantly evolving legislation on sustainable resource use, waste 
prevention, reuse and recycling and just recently adopted a package on circular economy 
(European Commission, 2016a). All of these strategies and directives are focused on 
diminishing environmental impacts, waste generation and resource use while fostering 
innovation, growing the economy and benefiting the environment. One cornerstone is the 
further improvement of recycling and effective utilisation of secondary raw materials. The 
presented model fits into this context and contributes to the vision of the circular economy 
to close resource loops. 
 



 

38 
 

Challenges 
In contrast to the just described drivers, also challenges potentially hindering or even 
preventing the implementation of the proposed model exist. Three of these challenges, 
namely reaching a crucial mass for efficient recycling, economic performance and 
implementing the automation and recycling processes on industrial scale, shall be 
described here in detail. 
 
First, although the identified recycling potentials are quite promising, it is far from 
guaranteed that a crucial mass for efficient recycling can be obtained within a short period 
of time. Due to the rather low mass of small and electric motors, a huge quantity of motors 
needs to be collected to provide meaningful outputs of secondary raw material for magnet 
production. Motors from EPAC are rather easy to disassemble and collect. However, the 
waste quantities of EPAC are low compared to ELV and it will take at least up to 2020 until 
the momentum of increased sales from recent years will also become manifest in waste 
figures. Thus, the major share of small and electric motors for recycling has to be obtained 
from ELV. Certainly, disassembly of small and electric motors from ELV is challenging 
because of product complexity and design variations between different car brands and 
models (Kohlmeyer et al., 2015). Most likely, only a fraction of motors will be disassembled 
and thus available for further recycling. 
 
Second, the challenge of economic performance shall be investigated here. Most of the car 
components containing REE cannot be dismantled economically (Kohlmeyer et al., 2015). 
This fact is amplified by challenges of increasing product complexity and design making 
automatic disassembly solutions for ELV even more difficult. Furthermore, often also 
recycling products such as refurbished motors or magnets are superfluous due to missing 
demands on secondary markets (Bast et al., 2014). However, the proposed model would 
provide REE powder that can substitute virgin material during magnet production which 
has environmental benefits compared to conventional magnet production (Bast et al., 
2014). But, current prices of rare earths are too low to compensate for emerging recycling 
costs (Schüler et al., 2011). Nevertheless, varying supply and demand curves with expected 
supply shortages from 2020 onwards might change this mismatch in the near future. 
 
Lastly, also the implementation of automated disassembly and recycling processes of REE 
on industrial scale remain a challenge. So far, only limited experiments on small laboratory 
scale have been carried out for the innovative technologies and processes of the presented 
alternative recycling scheme (Bast et al., 2014). This fact implies uncertainties, e.g. how the 
developed disassembly technologies deal with different designs and possibly deformed or 
damaged motors within the waste stream. Furthermore, only experiments based on 
homogenous waste from magnet production with known composition have been carried 
out so far (Bast et al., 2014). It is assumed that motors collected from ELV and electric 
bicycles will show lower purity and diminished output rates compared to the tested waste 
from magnet production due to higher contamination and variations in compositions. Thus, 
further testing of the proposed technologies under more realistic circumstances is 
recommended before considering implementation on larger scales. 
 
The next chapter provides a discussion of the applied methods and achieved results of the 
study. 
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5 Discussion 
This chapter provides a critical review and discussion of the presented results. Strengths 
and weaknesses of the applied methodology and obtained results are identified and 
compared to approaches and findings of other authors. Therefore, the discussion is split 
into two parts. First, applied methods and data are reviewed. Then, the obtained results 
are discussed thoroughly. 

5.1 Methods & Data 
This section discusses the applied methods and utilised data. First, the underlying model 
for the calculation of the waste streams is reviewed. Then, data availability, uncertainty 
and accuracy and their influence on the obtained results of the thesis are scrutinised. 
 
The calculation of waste stream quantities is based on a simplistic model arguing that all 
newly sold products will become waste at the end of the average product lifetime in the 
country of original sale. Naturally, this simplification disregards some complexity of the real 
situation such as import and export of products during their lifetimes. Nevertheless, 
checking the accuracy of the calculation model for the waste stream of ELV in Germany 
against reported data from 2006 to 2013 reveals an average error of 10.6 % with a range 
between -2 % and 19 %. This error margin is keeping up with the best results of 10 - 15 % of 
a more complex calculation alternative presented by Møller Andersen et al. (2008). 
Although, based on a simpler approach the introduced model delivers comparable accuracy 
and is not as dependant on data availability of multiple factors as the model introduced by 
Møller Andersen et al. (2008). The model is also applied to the calculation of waste streams 
generated by electric bicycles. Due to missing data the calculation methodology assumes 
that all bicycles reaching their EOL will also be processed as waste in the appropriate 
recycling system channel. However, this assumption is likely to lead to overestimations of 
actually available waste quantities. In 2010, the collection rate of WEEE accounted for only 
45 % which also matches the legally binding new collection rate for WEEE from 2016 (UBA, 
2016b). 
 
Not only the applied methods but also data utilised during the calculations need to be 
reviewed and critically reflected upon. Three aspects of data, namely availability, 
uncertainty and accuracy, shall be discussed. First, data unavailability is a big issue for the 
calculation model presented in this study. Quantities for waste and recycling potentials 
related to electric motors from industrial machinery could not be calculated due to missing 
information on sales and average product lifetime. For electric bicycles, quantities of waste 
are estimated, however only restricted calculations of recycling potentials are possible due 
to limited data availability of scrappage rates and composition of incorporated electric 
motors. Also, data availability is rather high for ELV. Nevertheless, missing scrappage rates 
prevented more detailed calculations of recycling potentials for the EU and neighbouring 
countries of Germany. Furthermore, the methodology generates data estimating future 
waste streams and recycling potentials based on calculated data that already is tainted 
with uncertainty. In addition, also the issue of inaccuracy has to be noted when considering 
the results based on the utilised and generated data. As shown in the results section, there 
are variations in the reported data of ELV arising, especially for the neighbouring countries. 
These variations are evidence of inaccurate data due to different reporting procedures.  
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5.2 Discussion of results 
This sub-chapter provides a discussion of the results and is structured according to the 
objectives. First, results concerning the calculated waste streams and recycling potentials 
are reviewed. The discussion is always starting with results connected to ELV, followed by 
EPAC and concluded by industrial machinery. Then, innovations identified concerning the 
recycling of small and electric motors are critically discussed and finally complemented 
with the review of the proposed alternative recycling scheme. 

5.2.1 Waste streams and recycling potentials 

Waste streams: 
Quantification of the waste streams of ELV and electric bicycles was carried out 
successfully. However, due to missing data the waste stream of electric motors from 
industrial applications could not be estimated. The results show a rather stable amount of 
ELV within recent years and this trend is projected to continue for Germany. However, 
increased weight of car hulks will cause a rising total mass of waste produced. In contrast, 
waste from electric bicycles is not relevant today but due to booming sales figures, 
especially in Germany, is expected to multiply in the upcoming years and cause 
considerable amounts of waste from 2020 onwards. In addition, qualitative trends for the 
waste stream of electric motors from industrial machinery implies increasing amounts of 
waste due to rising pressure on efficiency, operational conditions and cheap competing 
products mainly from China. The obtained results are discussed in further detail in the 
following paragraphs beginning with the waste stream of ELV, then following with electric 
bicycles and concluding with electric motors from industrial machinery. 
 
Data quality and availability concerning the waste stream of passenger cars is rather good. 
Therefore, the results obtained are regarded as robust. However, the influence of the 
scrappage bonus in Germany in 2009 (“Umweltprämie”) has to be considered. Not only did 
the scrappage bonus cause an extraordinarily high arising of ELV in 2009, but also led to 
increased sales figures in 2009 and decreasing sales figures in subsequent years, especially 
2010. Consumers planning to buy a new car have been tempted to buy new cars in 2009 
rather than later, because of the bonus. When interpreting the results this effect has to be 
kept in mind. Therefore, the estimated amounts of ELV arising in 2022 and later have to be 
treated carefully. The projected amounts of finally deregistered cars in Europe are lower 
compared to the projection of ELV by Møller Andersen et al. (2008). For 2020, the 
difference is roughly 1.5 million correlating to 9 % of total estimated number. The 
difference of the two projections for 2030 answers to ca. 4.7 million correlating to 26 % of 
the total estimated number. The methodology presented in this thesis is regarded as more 
accurate because it is based on actually sold vehicles instead of more general indicators as 
GDP and population densities. In contrast, the calculation model presented by Møller 
Andersen et al. (2008) is not dependent on already sold products and thus is able to predict 
amounts of ELV for greater time periods. The model presented here is restricted to periods 
matching the average product lifetime. However, both models do neither account for 
effects of import and exports of cars during their lifetime nor consider dynamic average 
product lifetimes.  
 
Unfortunately, there is no reported data available to use as a baseline for the projected 
results of EOL EPAC. Although, some forecasts of recycling potentials exist, those forecasts 
do not explicitly report the amount of EOL products connected to the recycling potentials. 
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Therefore, assessing the obtained results concerning the amount of EOL EPAC is difficult. 
However, the calculated total mass of waste produced might be overestimating the 
actually occurring total mass. A reason for this is the utilised average electric bicycle mass 
of 24 kg. This weight might be too high because it includes the battery which should be 
removed by the consumer before disposing of the bike. Furthermore, some components 
might still be working and thus removed before dumping the bike. Besides, waste 
quantities available for treatment and recycling also depend on collection rate of EOL 
products. According to Eurostat (2016a), Germany achieved a collection rate of 40 % for 
WEEE in 2012. This shows, that the calculated amount of EOL electric bicycles are unlikely 
to be collected to 100 % and the indicated waste streams and recycling potentials might be 
much lower than calculated. 
 
As already mentioned the quantification of the waste stream of electric motors from 
industrial machinery failed. The data available was neither specific nor sufficient enough to 
deviate authoritative forecasts. The vast amounts of different motor types and 
performance classes as well as manifold custom-made products lead to a multitude of 
hardly comparable or compatible statistics. Already other authors failed to provide 
quantitative estimations of current or future waste streams connected to electric motors 
from industrial machinery (Buchert et al., 2014, Bast et al., 2014). In order to succeed in the 
future, it might be necessary to focus on a specific motor type or class and gather as 
accurate data as possible. Utilising market studies could provide a baseline for 
extrapolation of the results to the market as a whole. Nevertheless, the obtained trends in 
this study, although qualitative, match the existing knowledge (Buchert et al., 2014, Bast et 
al., 2014) and valuable additional insights were gained through the conducted interviews. 
 
Recycling potentials: 
The calculated recycling potentials of small and electric motors from ELV need to be 
interpreted carefully because of several reasons. Three specific discussion points shall be 
brought up here. First, the data used for calculation, concerning the average motor weights 
as well as the average amount of motors incorporated in an ELV, is inevitably inaccurate. 
The average motor weight is based on a small sample size of twenty motors from eleven 
different components. As bigger components, such as the starter or servomotor dominate 
the sample size constituting 11 of the 20 motors, it is assumed that the average motor 
weight of 1.72 kg is overestimating the reality. In addition, the available data specified the 
component weight, which is not necessarily equal to the weight of the incorporated motor 
of this component. However, due to missing data with higher accuracy, this data was used 
and multiplied with the average composition of a motor, thus also overestimating the 
single fraction materials. Furthermore, the variety of manifold car brands, models and 
types (SUV, sedan, compact car etc.) and the resulting differences in incorporated motors is 
most likely not represented by the data utilised here.  
 
Second, the amount of motors incorporated in an ELV is most likely underestimating the 
actual amount of small and electric motors in passenger cars. This follows from the 
approach used to determine the minimum and maximum amount of motors per car, which 
is based on components either mandatory for the functioning and road safety of a car, such 
as the starter, alternator, headlight range controls and others, or accounted for as 
additional feature according to the configuration degree disclosed by DAT (2016), such as 
power windows or electrical seat adjusting. However, other components, such as 
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automatic luggage compartment doors or electric adjustment of side mirrors, are not 
included in the calculation (see Appendix VII). The obtained span of small and electric 
motors ranges from 14.39 up to 29.31 with an average of 21.95 motors per ELV. Comparing 
this range to findings of other authors confirms the assumption of underestimating the 
amount of small and electric motors in passenger cars. Jordan (2013) indicated more than 
100 motors for a top-of-the-range car. This dimension was confirmed by Seidl (2013) who 
assumes around 40 motors for mid-range cars and more than 100 motors for a top-of-the-
range car. In addition, the yearly reports of DAT (2016) confirm a steady increase in 
additional electric and electronic features in cars resulting in higher amounts of small and 
electric motors per car. So, while the average weight of small and electric motors is 
overestimated, the total amount of small and electric motors in ELV is underestimated. 
Therefore, the errors take effect in opposite directions. 
 
Finally, reviewing the calculation of recycling potential of small and electric motors from 
passenger cars it has to be recognised, that the product lifetime of the motors does not 
necessarily match the lifetime of the car. Some of the components containing small and 
electric motors might be disassembled and reused as spare parts if feasible (Martens, 2011, 
Hörnig, 2015). However, also malfunction of components before the car reaches the EOL 
occurs and leads to disassembly and disposal of broken components containing small and 
electric motors.  
 
As shown by the arguments above, the calculation of recycling potentials from small and 
electric motors from ELV has to be interpreted carefully. The estimated recycling potential 
of a yearly average between 130 t and 212 t of Nd within the next 15 years in Germany is 
higher than expected by Kohlmeyer et al. (2015) who estimates the recycling potential of 
Nd from ELV in Germany in 2012 at 21 t. This result is based on an average of 43.38 grams 
of neodymium per ELV taken from the analysis of a conventional low-specified midsize car 
by Cullbrand and Magnusson (2011). In contrast, Alonso et al. (2012) projects a total 
amount of 300 grams Nd per conventional mid-size sedan which would lead to a recycling 
potential of 144 t from ELV in Germany in 2012. This matches the lower dimension of the 
recycling potential calculated within this thesis. Based on the results of this study, an 
average ELV in Germany contains 340 grams of neodymium. This amount of Nd is likely to 
overestimate current average of ELV as it matches the Nd content expected in up-to-date 
top-of-the-range cars or mid-size sedan with supplementary equipment. This clearly shows 
the need of more accurate data on motor weights and a greater sample size to generate 
more accurate results based on the developed methodology.  
 
The calculated recycling potentials of electric motors from electric bicycles are also 
reviewed critically. The quantification of the recycling potential of neodymium from electric 
bicycles was carried out based on literature data. Again, the potential of 21.45 t of Nd 
available for recycling in Germany in 2020 based on the approach of this thesis is exceeding 
recycling potentials projected by other authors. Gößling-Reisemann et al. (2013) expect 
5.6 t of Nd available for recycling originating from wasted electric bicycles. Zepf (2015) 
states a potential of 8 t Nd for 2020 rising to 15.2 t in 2022. This calculation by Zepf (2015) 
is based on 40 grams of neodymium per electric motor. However, the literature data 
average estimates the Nd share of the incorporated permanent magnet of the motor at 
one third (Langkau et al., 2016, Schüler et al., 2011) and typical magnet weights of 325 
grams (Langkau et al., 2016), thus 107.25 grams of Nd per motor. The calculated recycling 
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potential is considered realistic and compared to the recycling potential from ELV far less 
sources of errors are identified. Furthermore, the difference in results of Zepf (2015) and 
results presented in this thesis are almost negligible when aligning the difference in magnet 
weights used. 
 
Some general discussion points concerning the calculation of waste streams and recycling 
potentials shall be mentioned. The step by step calculation of the recycling potential of 
small and electric motors from ELV and electric bicycles requires to use results of one 
equation as basis for the next equation. This can cause a summation of errors and thus, the 
disclosed recycling potentials have to be backed up and assessed by calculation based on 
more accurate data. Furthermore, the recycling potentials have to be seen as theoretical. 
Naturally, a share of these potentials will be lost due to imperfect collection and separation 
of the waste streams. This might be especially important for small and electric motors 
incorporated in ELV as the dismantlement is time and labour intensive. For electric bicycles, 
a separate collection group might be necessary to guarantee adequate separation from 
other WEEE products. Besides, recycling processes are not 100% efficient. Quite the 
contrary, for recycling of REE effective and efficient recycling processes and technology 
working on industrial scale are not available yet. Thus, the actually exploitable recyclable 
material will be significantly less than the projected recycling potentials. 
 
Finally, the obtained recycling potentials of Nd originating from ELV and EPAC shall be put 
into context of yearly demands to assess the relative relevance of the recycling potentials. 
On a global level, demand for rare earth element oxide amounted to 129,000 t in 2008 
(Goonan, 2011) and has been expected to rise to 200,000 t or above by 2014 (Milmo, 2010, 
Mancheri, 2013). NdFeB magnets are responsible for about 20 % of this demand worldwide 
(Goonan, 2011, Schüler et al., 2011) and permanent magnets account for 80 % of Nd 
demand (Brumme, 2014). In Germany, Angerer et al. (2009) predict Nd demand for 
permanent magnets to reach 27,900 t in 2030 which will mean an increase of 700 % 
compared to 2006. The calculated recycling potential for Nd will sum up to a range of 
roughly 180 t to 262 t for 2024 and later. Even if the complete recycling potential of 262 t 
would be utilised, this would only cover the German Nd demand up to 0.93 %. This 
confirms the established position of manifold researchers that recycling alone cannot solve 
the expected imbalance of supply and demand for Nd (Buchert et al., 2014, Schüler et al., 
2011, Binnemans et al., 2013). 

5.2.2 Recycling innovation 

When it comes to recycling innovation concerning ELV, post shredder treatment and 
namely the VW SiCon process, has been widely praised as optimal solution. In fact, 
applying this innovative process decreases the landfill fraction of ELV treatment to a 
minimum and permits the economically viable recovery of 95 % of an ELV (Volkswagen, 
2016). This means that challenging targets of the EU concerning reuse and recovery as well 
as recycling and recovery (European Commission, 2000) can be reached by combining 
conventional recycling with the VW SiCon process. However, REE are not recovered during 
the process. Nevertheless, the success of post shredder technology raises the bar for 
alternative recycling schemes in terms of efficiency and cost effectiveness. Nowadays, 
recycling technology targeting REE and other valuable materials from small and electric 
motors from ELV remain economically non-competitive. Furthermore, already available 
technology generating profits while reaching the legislative requirements of reuse, 
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recycling and recovery targets, diminishes the scope for alternative recycling technology 
and innovation. This could be one reason for today’s omission of recycling of REE. However, 
experiencing the price fluctuation of recent years of REE together with expected soaring 
raw material demands for Nd and other REE, recycling technology targeting the utilisation 
of recycling potentials has put REE into the field of vision for various political actors. Both, 
the German government and the EU are calling for improved recycling of REE and stressing 
the need of further research (Bast et al., 2014, Schüler et al., 2011, Buchert et al., 2014). 

5.2.3 Alternative model for recycling of small and electric motors 

The proposed alternative recycling scheme for small and electric motors is based on 
targeted disassembly of these motors from ELV and electric bicycles within the established 
recycling schemes. These motors are collected and processed to magnet powder which is 
then used to substitute up to 30 % virgin material during magnet production. 
 
The presented model is a theoretical model based on technological solutions that are in the 
process of being researched. Neither the automated disassembly of magnets from motors, 
nor the generation of magnet powder from scrap magnet material is technically mature 
and ready for implementation on industrial scale. Therefore, the proposed recycling 
scheme shall not be compared quantitatively to already existing recycling schemes. 
However, by stressing the focus not only on recycling quotas and recovery rates, but also 
on the materials being lost in the current system, drawbacks and starting points for 
improvements can be identified. The problem of not recovering even a small share of REE 
needs to be tackled from multiple angles. One promising approach can be the utilisation of 
already existing stocks of raw materials within the waste streams. The proposed model 
constitutes a first approach in order to realise these recycling potentials. However, it is far 
from well-engineered and ready for implementation. Rather, it shall serve as a thought-
provoking impulse for alternative recycling schemes concerning ELV and electric bicycles. 
 
Although, already some research projects deal with the problem of improved REE recycling 
from various waste streams, the need for further research and higher investments to 
enable the development of technological solutions is obvious (Bast et al., 2014, Buchert et 
al., 2014, Binnemans et al., 2013). The responsibility to create incentives and foster 
investments has to be taken by politicians. Currently, no possibility to recycle substantial 
amounts of REE in Germany exists, even if profitability is not considered. Furthermore, 
investments in future technologies are hindered due to high risks of low prices of REE virgin 
material and already reached recycling targets in the case of ELV. Thus, new political stimuli 
are required to promote research and innovation providing a solution to the recycling 
challenge of REE. This would also conform to various European and national resource 
strategies, such as “A resource efficient Europe” (European Commission, 2011) and the 
circular economy strategy “Closing the loop” (European Commission, 2015) both issued by 
the EU and the German resource efficiency program “ProgRess II” (UBA, 2016a). 
Furthermore, fostering the development of recycling systems recovering REE can 
strengthen the front-runner role of Germany as technology leader for green and recycling 
technology as well as provide competitive advantages in times of supply shortages of 
critical raw materials such as neodymium. 
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6 Conclusion 
Current recycling systems focus mass metals and are not designed to recover REE. Changes 
in product complexity, increasing application of electronics in daily life products and a 
technology shift towards electric mobility and renewable energy production are likely to 
increase demand for REE enormously and will cause supply shortages in the near future. 
Therefore, REE recycling is a challenge for future recycling solutions. However, lacking 
information concerning the amount and disposition of critical materials, e.g. REE, is the 
single most important reason for negligible recycling rates. 
 
This study provided calculation model to predict current and future waste streams of ELV 
and EPAC. For EOL EPAC future waste quantities are projected to rise sharply because of 
booming sales of recent years. Waste quantities of ELV are expected to develop rather 
stable because of rather saturated passenger car markets in Germany and Europe. The 
calculation model delivers robust results based on actually sold products and achieves 
similar error margins compared to different calculation models from other authors. In 
addition, also recycling potentials of small and electric motors from ELV and EPAC were 
calculated. However, the obtained results of recycling potentials have to be interpreted 
carefully due to limitations of data accuracy and availability. The estimated recycling 
potentials are not sufficient to overcome or significantly dampen challenges of Nd supply 
shortages in the future. 
 
Also, new information on the recycling system of WEEE was found. The recycling system 
described in legislation is not covering the actual way of disposal of electric motors from 
industrial machinery. Instead, a business-to-business recycling scheme has been 
established. In addition, a theoretical conception of an alternative recycling scheme for 
small and electric motors from ELV and EPAC was presented to stimulate awareness of 
upcoming resource challenges and the need of new technologies to meet these challenges. 
Anyway, deductions concerning the recycling systems and schemes refer to Germany and 
might not be applicable or relevant in other countries.  
 
Prior disassembly of small and electric motors from the investigated waste streams enables 
new recycling alternatives and specific recycling processes that allow to recover these 
critical materials. Therefore, disassembly of small and electric motors can be beneficial 
when targeting so far neglected materials for recovery. However, in case recycling quotas 
are the prior goal of improvement the application and further optimization of PST is more 
relevant. 
 
This study emphasised the need for better data quality and quantity, especially concerning 
the waste stream of electric bicycles and electric motors from industrial machinery. 
However, for future studies also acquiring higher sample sizes of analysed small and 
electric motors from ELV is recommended to improve accuracy of calculation results. 
Furthermore, the issue of low collection rates of EOL products reduces the recycling 
potential from waste streams by an enormous margin. Therefore, further research focusing 
on how to realise higher collection rate could help to utilise higher recycling potentials. 
Lastly, it shall be mentioned that specialised recycling processes and automated 
disassembly procedures related to the recycling of small and electric motors from the 
investigated waste streams have to be further improved or even researched. 
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Appendix I – Expert interview guideline 
The following guideline was used throughout the interviews. The interviews were 
conducted in German. Therefore, the guideline presented here is a translation of the 
original guideline. 
 

Table I Expert interview guideline 

Leading question Check: Mentioned? Treat as checklist for 
additional questions if not mentioned by 
interviewee. Adjust wording accordingly. 

1. Short introduction of study project 
and clarification of privacy policy 

 

2. Please describe the situation of a 
customer having a broken electric 
motor in his machinery and asking for 
your help. 

Repair: which motors (type/performance 
class) are likely to be repaired? Which not? 
Why? 
Disposal: What is the typical way of 
disposal? Who is involved? What materials 
are recovered during the process? 

3. What is the average product lifetime 
of an electric motor (in dependence 
on type or performance class)? 

Repair: What is the influence of repair and 
maintenance services on average product 
lifetime? 

4. How did your personal business 
situation develop during the last 3 
years? 

Ask for category: 
Constantly increasing; unchanged; 
constantly decreasing; fluctuating 

5. How do you think will your personal 
business situation develop within the 
next 2 years? 

Ask for category: 
Constantly increasing; unchanged; 
constantly decreasing; fluctuating 

6. How often are permanent magnets or 
REE incorporated in electric motors of 
industrial machinery you deal with? 

Dependency on type, performance class, 
year of construction? 
Repair & Disposal scheme (see question 2) 
How do you project the importance of 
motors with permanent magnets in the 
future? Why? 

7. Acknowledgement and concluding 
the interview 
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Appendix II - Results of the expert interviews 
The following table is summarising the results of the expert interviews. For each leading 
question several statements are extracted and endued with the percentage of experts 
supporting this statement. In total, 50 companies were contacted and asked to participate 
in the survey. Nine experts actually took part in the survey which correlates to a rate of 
return of 18%. However, the guideline of the interview was optimised during the process of 
conducting the interviews. Leading question five was only asked to eight experts. In 
addition, the additional question concerning the projection of the future potential of 
permanent magnets was posed to four of the experts. 
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Table II Results of the expert interviews 

Leading question Statement Consent 

2. Please describe the 
situation of a customer 
having a broken electric 
motor in his machinery 
and asking for your 
help. 

Repair is preferred option if economically 
feasible. 

100 % 

No blanket statement regarding types or 
performance classes of motors worthwhile 
repairing. 

100 % 

Cut-off grade based on experience between 
performance class of 15 kW to 50 kW.  

33 % 

Motors with lower performance are not 
economically repairable. 

56 % 

If customer don’t want to keep the broken 
motor, it will be exploited by service company: 

78 % 

- to recover spare parts 78 % 

- to recover copper 78 % 

- to separate additional fractions (Al, Fe, 
mixed metal scrap) 

44 % 

Remaining motor is sold to recycler 67 % 

3. What is the average 
product lifetime of an 
electric motor (in 
dependence on type or 
performance class)? 

No blanket statement possible: 100 % 

- dependent on operating and 
surroundings conditions 

56 % 

- dependent on year of construction 78 % 

Regular maintenance increases product lifetime 
and is especially recommended for engines with 
high performance or custom builds. 

89 % 

Extreme operational working loads of new 
machines often cannot be compensated by 
maintenance and repair services. 

33 % 

4. How did your personal 
business situation 
develop during the last 
3 years? 

Constantly increasing 33% 

Unchanged 33 % 

Constantly decreasing 11 % 

No comment 22% 

5. How do you think will 
your personal business 
situation develop 
within the next 2 years? 

Constantly increasing 22 % 

Unchanged 11 % 

Constantly decreasing 33 % 

No comment 33 % 

6. How often are 
permanent magnets or 
REE incorporated in 
electric motors of 
industrial machinery 
you deal with? 

REE & permanent magnets are absolutely 
exceptional 

75 % 

REE & permanent magnets occur regularly, 
motors are usually repaired 

25 % 

No separate recycling treatment or way of 
disposal is in place for permanent magnets or 
REE containing motors 

100 % 

Increased importance of REE & permanent 
magnets for future application in the field is 
expected. 

50 % 
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Appendix III – Information on contacted companies for 
expert interviews 
Table III provides a list of contacted companies for expert interviews. Companies which 
took part in the survey are marked with a “". 
 

Table III Contacted companies for expert interviews 

Company Date contacted Interviewed 

Flühs GmbH March 17th, 2016 

Aserti Electronic March 17th, 2016 

Baumüller GmbH March 17th, 2016 

E+A Elektrotechnik und Aggregatebau March 17th, 2016 

Schultheiss Antriebstechnik March 17th, 2016 

Frank Elektrotechnik GmbH March 17th, 2016 

Joachim Elektromaschinenbau e.K. March 17th, 2016 

Lorenz Elektromotoren und CNC Fertigungstechnik 
GmbH 

March 17th, 2016 

momac GmbH & Co KG March 18th, 2016 

Lück Elektrosysteme GmbH March 18th, 2016 

Liebig Elektrotechnik March 18th, 2016 

Mierau-Ludwig GmbH March 18th, 2016 

H.D. Ploog GmbH March 18th, 2016 

Miebach Gruppe March 18th, 2016 

Bender Elektromotoren March 18th, 2016 

Klaus Becht March 18th, 2016 

Lack Elektromotoren March 18th, 2016 

Mathiaszyk GmbH March 18th, 2016 

Pumpenservice Uhthoff & Zarniko GmbH March 21st, 2016 

Schmidtsdorff Elektromotoren March 21st, 2016 

Woltz GbR March 21st, 2016 

Werner Krauter GmbH March 21st, 2016 

Bruno Schneider GmbH March 21st, 2016 

Elektromotoren und Pumpen Wagner March 21st, 2016 

Thieme Elektromaschinen March 22nd, 2016 

ELMO GmbH April 5th, 2016 

Gebr. Frerichmann GmbH April 5th, 2016 

GWB Guben mbH April 5th, 2016 

Ohmstede Elektromaschinen GmbH April 5th, 2016 

Rudolph Elektromotren GmbH April 5th, 2016 

Schleicher GmbH April 6th, 2016 

Zinth Elektromaschinenbau GmbH April 6th, 2016 

Firma Nenninger Elektromotoren & Pumpenservice April 6th, 2016 

Fischer Elektromotoren GmbH April 6th, 2016 

Pumpentechnik und Elektro Pauli GmbH April 6th, 2016 

Andreas Furhmann Antriebs- und Krantechnik April 7th, 2016 

Anton Uhlenbrock GmbH April 7th, 2016 

BVS Industrie-Elektronik GmbH April 7th, 2016 
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Grieb Elektromotoren-Technik GmbH April 7th, 2016 

Antriebstechnik Katt Hessen GmbH April 8th, 2016 

Hülsbömer & Weischer GmbH April 8th, 2016 

LEROY SOMER Marbaise GmbH April 8th, 2016 

Polzin Elektromaschinenbau & 
Erneuerbare Energien GmbH & Co. KG 

April 8th, 2016 

Grafe Elektromaschinen und Anlagenbau April 8th, 2016 

W. Westphal GmbH & Co April 8th, 2016 

Winkelmann Elektromotoren GmbH & Co. KG April 11th, 2016 

Elektromotoren Rock Reparaturwerk GmbH April 11th, 2016 

Pabst & Fischer Elektromotoren e.K. April 11th, 2016 

Fa. Eßwein April 11th, 2016 

Hansa Motoren Reparaturbetrieb GmbH April 11th, 2016 
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Appendix IV – Projected final deregistrations of cars for 
neighbouring countries of Germany 
The following tables present detailed results regarding the projected number of final 
deregistration and the according amounts of waste in tonnes for the neighbouring 
countries of Germany. Differences in projected periods are caused by availability of 
registrations data and variations in the average product lifetime for the specific countries. 
 

Table IV Projected future amount of finally deregistered cars in Austria 

Year Final deregistration 
(number)  

Final deregistration (t) 

2016 293,528 300,866 

2017 279,493 286,480 

2018 300,121 307,624 

2019 311,292 319,074 

2020 307,915 315,613 

2021 308,594 316,309 

2022 298,182 305,637 

2023 293,697 301,039 

2024 319,403 327,388 

2025 328,563 336,777 

2026 356,145 365,049 

2027 336,010 344,410 

2028 319,035 327,011 

2029 303,318 310,901 

2030 308,555 316,269 

 
 

Table V Projected future amount of finally deregistered cars in Belgium 

Year Final deregistration 
(number)  

Final deregistration (t) 

2016 484,757 496,876 

2017 480,088 492,090 

2018 526,141 539,295 

2019 524,795 537,915 

2020 535,947 549,346 

2021 476,194 488,099 

2022 547,340 561,024 

2023 572,211 586,516 

2024 486,737 498,905 

2025 486,065 498,217 

2026 482,939 495,012 

2027 501,066 513,593 
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Table VI Projected future amount of finally deregistered cars in the Czech Republic 

Year Final deregistration 
(number)  

Final deregistration (t) 

2018 152,981 156,806 

2019 143,622 147,213 

2020 151,699 155,491 

2021 156,686 160,603 

2022 174,456 178,817 

2023 182,554 187,118 

2024 167,708 171,901 

2025 169,580 173,820 

2026 173,595 177,935 

2027 173,988 178,338 

2028 164,746 168,865 

2029 192,314 197,122 

2030 230,857 236,628 

 
 

Table VII Projected future amount of finally deregistered cars in Denmark 

Year Final deregistration 
(number)  

Final deregistration (t) 

2016 111,585 114,375 

2017 96,078 98,480 

2018 121,490 124,527 

2019 146,885 150,557 

2020 154,385 158,245 

2021 159,347 163,331 

2022 150,145 153,899 

2023 112,201 115,006 

2024 153,587 157,427 

2025 169,744 173,988 

2026 170,600 174,865 

2027 181,896 186,443 

2028 188,612 193,327 

2029 206,998 212,173 
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Table VIII Projected future amount of finally deregistered cars in France 

Year Final deregistration 
(number)  

Final deregistration (t) 

2016 2,254,732 2,311,100 

2017 2,145,071 2,198,698 

2018 2,009,246 2,059,477 

2019 2,013,709 2,064,052 

2020 2,067,789 2,119,484 

2021 2,000,549 2,050,563 

2022 2,064,543 2,116,157 

2023 2,050,282 2,101,539 

2024 2,302,398 2,359,958 

2025 2,251,669 2,307,961 

2026 2,204,229 2,259,335 

2027 1,898,760 1,946,229 

2028 1,790,456 1,835,217 

2029 1,795,885 1,840,782 

2030 1,917,226 1,965,157 

 
 

Table IX Projected future amount of finally deregistered cars in Luxembourg 

Year Final deregistration 
(number)  

Final deregistration (t) 

2016 48,234 49,440 

2017 48,517 49,730 

2018 50,837 52,108 

2019 51,332 52,615 

2020 52,359 53,668 

2021 47,265 48,447 

2022 49,726 50,969 

2023 49,881 51,128 

2024 50,398 51,658 

2025 46,624 47,790 

2026 49,793 51,038 

2027 46,473 47,635 
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Table X Projected future amount of finally deregistered cars in the Netherlands 

Year Final deregistration 
(number)  

Final deregistration (t) 

2016 510,702 523,470 

2017 488,841 501,062 

2018 483,745 495,839 

2019 465,152 476,781 

2020 483,970 496,069 

2021 505,538 518,176 

2022 499,918 512,416 

2023 387,152 396,831 

2024 482,567 494,631 

2025 555,844 569,740 

2026 502,496 515,058 

2027 416,674 427,091 

2028 387,572 397,261 

2029 449,350 460,584 

 
 

Table XI Projected future amount of finally deregistered cars in Poland 

Year Final deregistration 
(number)  

Final deregistration (t) 

2018 358,432 367,393 

2019 318,111 326,064 

2020 235,522 241,410 

2021 238,993 244,968 

2022 293,305 300,638 

2023 320,040 328,041 

2024 320,206 328,211 

2025 333,490 341,827 

2026 297,937 305,385 

2027 270,895 277,667 

2028 288,998 296,223 

2029 325,371 333,505 

2030 352,400 361,210 
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For Switzerland, Table XII states the projected amount of ELV. Equation 1 (see page 13) was 
used to determine the future amount of ELV. The scrappage factor was calculated based on 
the data of Stiftung Auto Recycling Schweiz (2014) and averages at 43.83 % based on the 
period of 2002 to 2014. Sales figures used for calculation were found in ACEA (2016) and 
the average lifetime of 16 years for a car in Switzerland was obtained from Møller 
Andersen et al. (2008). 
 

Table XII Projected future amount of ELV in Switzerland 

Year ELV (number)  ELV (t) 

2016 138,740 142,209 

2017 138,793 142,263 

2018 129,336 132,569 

2019 118,485 121,447 

2020 118,080 121,032 

2021 116,132 119,035 

2022 118,109 121,062 

2023 124,788 127,907 

2024 126,483 129,645 

2025 116,617 119,533 

2026 128,191 131,396 

2027 138,883 142,355 

2028 142,873 146,445 

2029 134,098 137,450 

2030 131,547 134,836 

2031 141,079 144,606 
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Appendix V - Projected amount of EOL electric bicycles for 
neighbouring countries of Germany 
The following tables present detailed results regarding the projected number of EOL 
electric bicycles and the according amounts of waste in tonnes for neighbouring countries 
of Germany. Differences in projected periods are caused by availability of sales data for the 
specific countries. 
 
 

Table XIII Projected future amount of EOL electric bicycles in Austria 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 35,000 840 

2022 45,000 1,080 

2023 38,000 912 

2024 50,000 1,200 

 
 

Table XIV Projected future amount of EOL electric bicycles in Belgium 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 5,000 120 

2022 25,000 600 

2023 80,000 1,920 

2024 130,000 3,120 

 
 

Table XV Projected future amount of EOL electric bicycles in the Czech Republic 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 2,000 48 

2022 5,000 120 

2023 5,000 120 

 
 

Table XVI Projected future amount of EOL electric bicycles in Denmark 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 30,000 720 

2022 30,000 720 

2023 13,000 312 

2024 20,000 480 
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Table XVII Projected future amount of EOL electric bicycles in France 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 40,000 960 

2022 46,000 1,104 

2023 56,000 1,344 

2024 78,000 1,872 

 
 

Table XVIII Projected future amount of EOL electric bicycles in Luxembourg 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 1,000 24 

2022 1,000 24 

2023 1,000 24 

2024 1,000 24 

 
 

Table XIX Projected future amount of EOL electric bicycles in the Netherlands 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2021 178,000 4,272 

2022 175,000 4,200 

2023 192,000 4,608 

2024 223,000 5,352 

 
Table XX Projected future amount of EOL electric bicycles in Poland 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2022 5,000 120 

2023 4,000 96 

2024 4,000 96 
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Table XXI Projected future amount of EOL electric bicycles in Switzerland 

Year 
EOL electric bicycles 

(number) 
EOL electric bicycles  (t) 

2017 5,825 139.8 

2018 12,600 302.4 

2019 23,886 573.3 

2020 39,427 946.2 

2021 49,615 1,190.8 

2022 52,941 1,270.6 

2023 49,362 1,184.7 

2024 57,613 1,382.7 

2025 66,512 1,596.3 
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Appendix VI [Classified] Recycling potentials of electric motors from electric bicycles 
 
 
 
This information is classified and cannot be publicly disclosed (Table XXII – XXIV). 
 
Table XXII Recycling potential of electric motors from EPAC in 2020 

Table XXIII Recycling potential of electric motors from EPAC in 2022 

Table XXIV Recycling potential of electric motors from EPAC in 2024 
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Appendix VII Minimum and maximum amount of motors 
per ELV 
Table XXV presents the minimum and maximum amount of motors per ELV dependent on 
the corresponding configuration degree published by DAT (2016). The minimum and 
maximum amount of motors per component are based on the following literature and 
assumptions: 
 
 

 Starter: one electric motor (Kfz-tech, 2016j) 

 Windscreen wiper motor: dependent on model one or two motors for front 
windscreen and one motor for back window wiper (some older car models do not 
have a back window wiper) (Kfz-tech, 2016h)  one to three motors 

 Windscreen wiper pump: usually only one motor, however sometimes there’s an 
extra pump for the rear window (autoersatzteile.de, 2016)  one to two motors 

 Alternator: one motor (Kfz-tech, 2016g) 

 Fuel pump: one motor 

 Engine fan: one to two motors (Kfz-tech, 2016e) 

 Heating fan: no information was found on a maximum amount, therefore at least 
one motor is assumed 

 Headlight range control: two motors (Kfz-tech, 2016f) 

 Power assisted steering: at least one motor, but no clear information on maximum 
amount of motors (Kfz-tech, 2016i) 

 Door latch, central locking: one motor per door (Kfz-tech, 2016b)  two to four 
motors 

 Automatic trunk lid: at least two motors, no clear information about maximum 
(Kfz-tech, 2016d) 

 Electric seat adjusting: up to 14 motors, but no information on minimum amount 
of motors; it is assumed that at least three are required (height, leaning & length)  

 Electric window lift: one motor per window (Kfz-tech, 2016c)  two to four motors 

 Electric mirror adjusting: one to three motors per mirror: Böckmann (2016) found 
two motors in one mirror, however also only one motor is possible. In case the 
mirrors are automatically retractable an additional motor is needed. Therefore, a 
range of two to six motors is assumed for both mirrors. 

 ABS: one to two motors (Kfz-tech, 2016a, Verein Freier Ersatzteilmarkt e.V., 2016) 

 Dynamic bending light: two motors (BMW, 2016) 

 CD radio: at least one motor for the drive, no information found about maximum 
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Table XXV Total amount of small and electric motors from ELV in Germany 

Year ELV  Motors 
per single 

ELV min 

Motors 
per single 

ELV max 

Total motors 
min 

Total motors 
max 

2013 500,322 14.39 22.52 7,199,634 11,267,251 

2014 n.a. 15.63 27.21   

2015 n.a. 15.71 27.12   

2016 495,575 16.03 27.86 7,944,071 13,806,725 

2017 500,151 16.31 28.56 8,157,461 14,284,310 

2018 511,679 16.49 28.94 8,437,585 14,807,987 

2019 530,945 16.71 28.94 8,872,088 15,365,543 

2020 481,984 16.86 29.31 8,126,246 14,126,944 

2021 473,085 16.94 29.31 8,014,062 13,866,125 

2022 582,878 16.52 27.91 9,629,153 16,268,139 

2023 446,479 16.25 28.67 7,255,290 12,800,565 

2024 485,883 16.02 28.03 7,783,852 13,619,311 

2025 471,931 15.78 27.29 7,560,340 12,879,007 

2026 452,017 15.59 26.81 7,046,948 12,118,581 

2027 464,930 15.77 27.39 7,331,945 12,734,431 
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Table XXVI Overview of minimum and maximum amount of motors per ELV per year 

Component 
Min. amount of 

motors 
Max. amount of 

motors 2013 2014 

   
Configuration 

degree Min. motors Max motors 
Configuration 

degree 
Min. 

motors 
Max 

motors 

Starter 1 1 1.00 1.00 1.00 1.00 1.00 1.00 

Windscreen wiper motor 1 3 1.00 1.00 3.00 1.00 1.00 3.00 

Windscreen wiper pump 1 2 1.00 1.00 2.00 1.00 1.00 2.00 

Alternator 1 1 1.00 1.00 1.00 1.00 1.00 1.00 

Fuel pump 1 1 1.00 1.00 1.00 1.00 1.00 1.00 

Engine fan 1 2 1.00 1.00 2.00 1.00 1.00 2.00 

Heating fan 1 1 1.00 1.00 1.00 1.00 1.00 1.00 

Headlight range control 2 2 1.00 2.00 2.00 1.00 2.00 2.00 

Power assisted steering 1 1 0.93 0.93 0.93 0.94 0.94 0.94 

Door latch, central locking 2 4 0.86 1.72 3.44 0.89 1.78 3.56 

Automatic trunk lid 2 2 0.00 0.00 0.00 0.00 0.00 0.00 

Electric seat adjusting 3 14 0.00 0.00 0.00 0.29 0.87 4.06 

Electric window lift 2 4 0.76 1.52 3.04 0.85 1.70 3.40 

Electric mirror adjusting 2 6 0.00 0.00 0.00 0.00 0.00 0.00 

ABS 2 2 0.89 1.78 1.78 0.91 1.82 1.82 

Dynamic bending light 2 2 0.00 0.00 0.00 0.00 0.00 0.00 

CD radio 1 1 0.33 0.33 0.33 0.43 0.43 0.43 

SUM 28 48  15.28 22.52   16.54 27.21 
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Table XXVI Overview of minimum and maximum amount of motors per ELV per year (continued) 

Component 2015 2016 2017 

 
Configuration 

degree Min. motors Max motors 
Configuration 

degree Min. motors 
Max 

motors 
Configuration 

degree 
Min. 

motors 
Max 

motors 

Starter 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Windscreen wiper motor 1.00 1.00 3.00 1.00 1.00 3.00 1.00 1.00 3.00 

Windscreen wiper pump 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Alternator 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Fuel pump 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Engine fan 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Heating fan 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Headlight range control 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00 2.00 

Power assisted steering 0.95 0.95 0.95 0.95 0.95 0.95 0.94 0.94 0.94 

Door latch, central locking 0.90 1.80 3.60 0.92 1.84 3.68 0.94 1.88 3.76 

Automatic trunk lid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Electric seat adjusting 0.27 0.81 3.78 0.30 0.90 4.20 0.33 0.99 4.62 

Electric window lift 0.86 1.72 3.44 0.88 1.76 3.52 0.90 1.80 3.60 

Electric mirror adjusting 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ABS 0.92 1.84 1.84 0.93 1.86 1.86 0.94 1.88 1.88 

Dynamic bending light 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CD radio 0.51 0.51 0.51 0.65 0.65 0.65 0.76 0.76 0.76 

SUM  16.63 27.12   16.96 27.86   17.25 28.56 
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Table XXVI Overview of minimum and maximum amount of motors per ELV per year (continued) 

Component 2018 2019 2020 

 
Configuration 

degree Min. motors Max motors 
Configuration 

degree Min. motors 
Max 

motors 
Configuration 

degree 
Min. 

motors 
Max 

motors 

Starter 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Windscreen wiper motor 1.00 1.00 3.00 1.00 1.00 3.00 1.00 1.00 3.00 

Windscreen wiper pump 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Alternator 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Fuel pump 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Engine fan 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Heating fan 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Headlight range control 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00 2.00 

Power assisted steering 0.96 0.96 0.96 0.95 0.95 0.95 0.96 0.96 0.96 

Door latch, central locking 0.95 1.90 3.80 0.95 1.90 3.80 0.95 1.90 3.80 

Automatic trunk lid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Electric seat adjusting 0.34 1.02 4.76 0.32 0.96 4.48 0.34 1.02 4.76 

Electric window lift 0.93 1.86 3.72 0.93 1.86 3.72 0.92 1.84 3.68 

Electric mirror adjusting 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ABS 0.95 1.90 1.90 0.95 1.90 1.90 0.97 1.94 1.94 

Dynamic bending light 0.00 0.00 0.00 0.13 0.26 0.26 0.15 0.30 0.30 

CD radio 0.80 0.80 0.80 0.83 0.83 0.83 0.87 0.87 0.87 

SUM  17.44 28.94   17.66 28.94   17.83 29.31 
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Table XXVI Overview of minimum and maximum amount of motors per ELV per year (continued) 

Component 2021 2022 2023 

 
Configuration 

degree Min. motors Max motors 
Configuration 

degree Min. motors 
Max 

motors 
Configuration 

degree 
Min. 

motors 
Max 

motors 

Starter 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Windscreen wiper motor 1.00 1.00 3.00 1.00 1.00 3.00 1.00 1.00 3.00 

Windscreen wiper pump 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Alternator 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Fuel pump 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Engine fan 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Heating fan 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Headlight range control 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00 2.00 

Power assisted steering 0.97 0.97 0.97 0.95 0.95 0.95 0.97 0.97 0.97 

Door latch, central locking 0.96 1.92 3.84 0.94 1.88 3.76 0.96 1.92 3.84 

Automatic trunk lid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Electric seat adjusting 0.33 0.99 4.62 0.25 0.75 3.50 0.33 0.99 4.62 

Electric window lift 0.93 1.86 3.72 0.91 1.82 3.64 0.94 1.88 3.76 

Electric mirror adjusting 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ABS 0.96 1.92 1.92 0.94 1.88 1.88 0.99 1.98 1.98 

Dynamic bending light 0.18 0.36 0.36 0.15 0.30 0.30 0.25 0.50 0.50 

CD radio 0.88 0.88 0.88 0.88 0.88 0.88 0.00 0.00 0.00 

SUM  17.90 29.31   17.46 27.91   17.24 28.67 
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Table XXVI Overview of minimum and maximum amount of motors per ELV per year (continued) 

Component 2024 2025 2026 

 
Configuration 

degree Min. motors Max motors 
Configuration 

degree Min. motors 
Max 

motors 
Configuration 

degree 
Min. 

motors 
Max 

motors 

Starter 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Windscreen wiper motor 1.00 1.00 3.00 1.00 1.00 3.00 1.00 1.00 3.00 

Windscreen wiper pump 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Alternator 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Fuel pump 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Engine fan 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

Heating fan 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

Headlight range control 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00 2.00 

Power assisted steering 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 

Door latch, central locking 0.97 1.94 3.88 0.95 1.90 3.80 0.86 1.72 3.44 

Automatic trunk lid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Electric seat adjusting 0.29 0.87 4.06 0.25 0.75 3.50 0.24 0.72 3.36 

Electric window lift 0.94 1.88 3.76 0.93 1.86 3.72 0.93 1.86 3.72 

Electric mirror adjusting 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ABS 1.00 2.00 2.00 1.00 2.00 2.00 1.00 2.00 2.00 

Dynamic bending light 0.18 0.36 0.36 0.15 0.30 0.30 0.16 0.32 0.32 

CD radio 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

SUM  17.02 28.03   16.78 27.29   16.59 26.81 
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Table XXVI Overview of minimum and maximum amount of motors per ELV per year (continued) 

Component 2027 

 
Configuration 

degree Min. motors Max motors 

Starter 1.00 1.00 1.00 

Windscreen wiper motor 1.00 1.00 3.00 

Windscreen wiper pump 1.00 1.00 2.00 

Alternator 1.00 1.00 1.00 

Fuel pump 1.00 1.00 1.00 

Engine fan 1.00 1.00 2.00 

Heating fan 1.00 1.00 1.00 

Headlight range control 1.00 2.00 2.00 

Power assisted steering 0.95 0.95 0.95 

Door latch, central locking 0.87 1.74 3.48 

Automatic trunk lid 0.00 0.00 0.00 

Electric seat adjusting 0.28 0.84 3.92 

Electric window lift 0.90 1.80 3.60 

Electric mirror adjusting 0.00 0.00 0.00 

ABS 1.00 2.00 2.00 

Dynamic bending light 0.22 0.44 0.44 

CD radio 0.00 0.00 0.00 

SUM  16.77 27.39 
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Appendix VIII – Recycling potentials of small and electric 
motors from ELV in Germany 
 
Figure I displays calculated recycling potentials of small and electric motors from ELV in 
Germany as total weight and for iron. 

 
Figure I Recycling potential of small and electric motors from ELV in Germany 

Figure II shows the results for recycling potentials of plastics, copper and aluminium from 
small and electric motors from ELV in Germany. 
 

 
Figure II Recycling potential of small and electric motors from ELV in Germany (plastics, 

aluminium, copper) 

 
Table XXVII presents the detailed results of calculated recycling potentials of small and 
electric motors from ELV in Germany 
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Table XXVII Recycling potential of small and electric motors from ELV in Germany 

Year Total weight [t] Fe [t] Plastics [t] Al [t] Cu [t] Nd [t] 

 min max min max min max min max min max min max 

2013 13,149.26 19,379.67 8,678.51 12,790.58 2,103.88 3,100.75 1,051.94 1,550.37 1,183.43 1,744.17 118.34 174.42 

2014 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2015 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2016 14,456.52 23,747.57 9,541.31 15,673.39 2,313.04 3,799.61 1,156.52 1,899.81 1,301.09 2,137.28 130.11 213.73 

2017 14,839.48 24,569.01 9,794.06 16,215.55 2,374.32 3,931.04 1,187.16 1,965.52 1,335.55 2,211.21 133.56 221.12 

2018 15,348.73 25,469.74 10,130.16 16,810.03 2,455.80 4,075.16 1,227.90 2,037.58 1,381.39 2,292.28 138.14 229.23 

2019 16,127.56 26,428.73 10,644.19 17,442.96 2,580.41 4,228.60 1,290.20 2,114.30 1,451.48 2,378.59 145.15 237.86 

2020 14,781.29 24,298.34 9,755.65 16,036.91 2,365.01 3,887.73 1,182.50 1,943.87 1,330.32 2,186.85 133.03 218.69 

2021 14,565.34 23,849.73 9,613.13 15,740.83 2,330.46 3,815.96 1,165.23 1,907.98 1,310.88 2,146.48 131.09 214.65 

2022 17,504.54 27,981.20 11,553.00 18,467.59 2,800.73 4,476.99 1,400.36 2,238.50 1,575.41 2,518.31 157.54 251.83 

2023 13,239.36 22,016.97 8,737.98 14,531.20 2,118.30 3,522.72 1,059.15 1,761.36 1,191.54 1,981.53 119.15 198.15 

2024 14,223.94 23,425.21 9,387.80 15,460.64 2,275.83 3,748.03 1,137.92 1,874.02 1,280.15 2,108.27 128.02 210.83 

2025 13,815.51 22,151.89 9,118.23 14,620.25 2,210.48 3,544.30 1,105.24 1,772.15 1,243.40 1,993.67 124.34 199.37 

2026 12,898.22 20,843.96 8,512.83 13,757.01 2,063.72 3,335.03 1,031.86 1,667.52 1,160.84 1,875.96 116.08 187.60 

2027 13,410.63 21,903.22 8,851.01 14,456.13 2,145.70 3,504.52 1,072.85 1,752.26 1,206.96 1,971.29 120.70 197.13 

Ø 14,489.26 23,543.48 9,562.91 15,538.70 2,318.28 3,766.96 1,159.14 1,883.48 1,304.03 2,118.91 130.40 211.89 

SUM 188,360.38 306,065.26 124,317.85 202,003.07 30,137.66 48,970.44 15,068.83 24,485.22 16,952.43 27,545.87 1,825.65 2,754.59 
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Appendix IX – Recycling potentials of EPAC  
 

Table XXVIII Recycling potential of electric motors from EPAC in 2022 

Country EOL EPAC 
Aggregated mass of 
electric motors [t] 

Nd [t] 

Germany 380,000 1373 40.8 

Austria 45,000 163 4.8 

Belgium 25,000 90 2.7 

Czech Republic 5,000 18 0.5 

Denmark 30,000 108 3.2 

France 46,000 166 5.0 

Luxembourg 1,000 4 0.1 

Netherlands 175,000 632 18.8 

Poland 5,000 18 0.5 

EU 854,000 3,086 91.6 

Switzerland 53,000 191 5.7 

 
Table XXIX Recycling potential of electric motors from EPAC in 2024 

Country EOL EPAC 
Aggregated mass of 
electric motors [t] 

Nd [t] 

Germany 3.614 1735 51.5 

Austria 50,000 181 5.4 

Belgium 130,000 470 14.0 

Czech Republic 0 0 0.0 

Denmark 20,000 72 2.1 

France 78,000 282 8.4 

Luxembourg 1,000 4 0.1 

Netherlands 223,000 632 24.0 

Poland 4,000 18 0.4 

EU 1,139,000 4,116 122.2 

Switzerland 57,500 208 6.2 

 

 


