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Abstract 
The aim of this project is to investigate the recyclability as well as the recoverability of materials 
in the French commuter train NAT. The focus lies in identifying and tracking 57, or 98 % by 
mass, of the most frequently occurring materials through the end of life treatment process in 
order to obtain a clear image of the recyclability as well as recoverability of the materials used. 
The remaining 2% represents many different materials used in limited amount. 
 
The information is gathered through study visits, interviews and a literature reviews. Four 
definitions of recoverability and recyclability are used; 1) the ratio of materials considered 
recoverable or recyclable, 2) how much of the materials are recycled or recovered in practice 
today, 3) how much of the material is recyclable or recoverable using the best available 
technology and 4) how much of the materials are recycled and recovered according to the ELV 
standard of calculation ISO22628. The applicability of this standard will be evaluated during the 
project. 
 
The gathering and analysis of data on 98% by mass of the NAT commuter train shows that 98,8 
% of the materials used are considered recoverable (1), but about 96 % is recovered in practice 
today (2). Using best available technology while taking loss streams during sorting, cleaning and 
melting into consideration about 97 % could potentially be recovered (3). Calculations according 
to the ELV standard gives a recoverability rate just over 98 %. (4)  
 
Materials that can not be recycled or recovered are landfilled. The landfilled material mainly 
consists of glass fiber from composites, metal oxides and shredder sand consisting of a mixture 
of materials that have failed to be sorted in the automated sorting processes.  
 
The findings show that the difficulty in calculating recoverability lies in getting access to 
material data from suppliers and designers, as well as interpreting, motivating and defining the 
approach and results accurately.  
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Sammanfattning 
Syftet med projektet är att undersöka återvinningsbarhet av material i det franska pendeltåget 
NAT. Fokus ligger i att identifiera och följa 57, eller 98 % av massan, av de vanligast 
förekommande materialen i tåget genom skrotnings- och återvinningsprocessen för att få en klar 
bild av möjligheterna att material- eller energiåtervinna de olika materialen. De resterande 2% 
utgörs av många olika material med begränsade massor. 
  
Informationen samlas in genom studiebesök, intervjuer och en litteraturgenomgång. Fyra 
definitioner av återvinning används; 1) andelen material som kan anses återvinningsbart, 2) hur 
mycket av materialet är återvinningsbart eller energiåtervinns i praktiken i dag, 3) hur mycket 
av materialet i NAT är återvinningsbart eller kan energiåtervinnas med hjälp av bästa 
tillgängliga teknik och 4) andelen material som återvinns och energiåtervinns enligt ISO22628, 
en standard för beräkning av återvinningsbarhet av material i bilar. Applicerbarheten av denna 
standard på tåg utvärderas under projektets gång. 
  
Insamling och analys av data på 98% av vikten på pendeltåget NAT visar att 98,8 % av det 
material som används kan anses återvinningsbart (1), men endast 96 % återvinns i praktiken i 
dag (2). Beräkning med hänsyn till bästa tillgängliga teknik samt förluster under sortering, tvätt 
och smältning visar att upp till 97 % (3) skulle kunna återvinnas. Beräkning enligt ISO22628 
föreslår en återvinningsbarhetsgrad på drygt 98 % (4). 
 
Det deponerade materialet, som alltså varken kan återvinnas eller användas till energiåtervinning 
består huvudsakligen av glasfiber från kompositmaterial, metalloxider och sandformiga rester 
från återvinningsanläggningen krossar. Dessa rester består av material som inte kunnat sorteras i 
den automatiserade sorteringsprocessen.  
 
Resultaten visar att svårigheterna i denna typ av beräkningar ligger i att få tillgång till 
materialdata från leverantörer och konstruktörer, samt att tolka, motivera och definiera 
avgränsningar, metoder och resultat under arbetets gång.  
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Foreword 
 
This master thesis was conducted at Bombardier Transportations Design for Environment group 
(DfE) in Västerås, Sweden between June and November 2009 concludes our studies at the Royal 
Institute of Technology in the field of Design and Product Realization with specialization in 
Integrated Product Development. Hopefully this work will shed some light over the problem of 
open interpretation in the recycling of rail vehicles. 
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Terminology and abbreviations 
 
DfE Design for environment 
 
EC European Commission 
 
Energy recovery Material is processed as a means of generating energy by incineration. [1] 
 
EPD Environmental Product Declarations 
 
ELV End of Life Vehicles; vehicles that have reached their end of life.  
 
EoL End of life. 
 
Fines Material shredded into pieces <10 mm, Appendix A.  
 
GRP Glass fiber reinforced plastic. 
 
Material recycling Reprocessing material for use in new products [1].  
 
NAT   Nouvelle Automotrice Transilien,  French commuter train 
 
PCR   Product Category Rules 
 
Recovery Recovery involves re-use, material recycling or energy recovery. [1] 
 
Recycling  Recycling involves re-use as well as material recycling.  
 
Re-use Using component parts again for the same purpose it was originally 

conceived, none or limited repair work needed. [1] 
 
RoHS Restriction of Hazardous Substances. Directive 2002/95/EC. 
 
SLF Shredder light fraction 
 
SR/ASR SR is an abbreviation for shredder residue, ASR is an abbreviation for 

Automotive Shredder Residue when road vehicles are involved.  Shredder 
residue is material that has been treated with a shredder, i.e. crushed into 
small pieces. Shredder residue usually refers to the remainder when metals 
have been removed from the mixture. 

 
WEEE   Waste Electrical and Electronic Equipment. Directive 2002/96/EC. 
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1.Introduction 
In this chapter the purpose and aim of this project is presented, as well as a short run-down of 
the development of environmental awareness in customer demand as well as in manufacturing 
companies. A short description of the methodology of the project can also be found in this 
chapter.   

1.1. Background 

Only a few decades ago environmental issues were not a priority at most Swedish companies. 
The end of life treatment of effete products was not an issue for the manufacturing industry. 
Dissolvent, oils and other chemicals were buried at landfills or burned out in the open. The only 
requirements for burning environmentally hazardous waste were concerning the wind conditions 
in order to protect nearby villages from the thick smoke. In the late sixties, however, the first 
Environmental Protection Act was introduced in Sweden. This act would influence the Swedish 
environmental work as well as the responsibility of the industry for decades to come. Only 
certified facilities were now allowed to treat the waste classified as environmentally hazardous. 
In the late nineties there was a clear change of trend in the companies’ attitudes towards 
environmental issues. Safe treatment of environmental toxins began to be considered a 
competitive edge for the companies instead of an economical and a practical burden. [2] 
 
Today almost all Swedish major companies consider environmental issues a given part of all 
product development where production, transport, use, as well as at end of life for each product 
is taken under consideration. [3] With increasing awareness in the society, environmentally 
friendly products have, in many cases, even become a pronounced demand from the consumer. 
This raises the need for companies to assess and display the environmental impact as well as, in 
some cases, the recyclability of the materials in the product for comparison between companies. 
Communicating this information to the consumer is of great importance. [3] 
 
Material recycling or re-use of components are a few or the most prominent ways of reducing the 
impact of each product [4]. In some cases, such as the recycling of metals, economics have 
driven the development of technologies and logistics for recycling the material after use. In other 
cases, where recycling is less cost effective and more complicated, rules and regulations have 
forced recycling technologies to be developed and applied.  
 
For almost 18 years Bombardier Transportation has worked to improve their products through 
DfE. One of the DfE initiatives involves working for increased recyclability in products. As the 
global leader in rail technology, Bombardier views it as a corporate responsibility to maximize 
the environmental benefits of rail travel. Because of this, Bombardier is currently planning to 
adopt the ISO22628 standard for calculating the material recycling and recoverability rate 
applied on trains for the purpose of allowing calculations to be comparable between companies. 
 

1.2. Purpose  

The purpose of this project is to investigate the recyclability of materials in the French commuter 
train NAT as well as how the recycling is performed. By doing this the hope is to raise 
awareness of the possibilities of recycling, as well as pinpointing the opportunities of improving 
the recyclability rate of the train. Another purpose is to gather information about the recycling 
technologies used today and what might be used in the future. 
 
This investigation can also serve as a base for similar calculations for other products.  
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1.3. Aim  

With a growing environmental consciousness in the society today [3], the value of providing 
customers with the relevant and accurate data about recyclability of materials also grows. 
The aim of the project is to supply Bombardier Transportation with updated information 
regarding the recyclability as well as recoverability of materials in the French commuter train 
NAT at the end of life.  
 
To outline the project five questions were established at the beginning of the project:  

 
Q1. Validation of the recyclability figures used today by Bombardier.  

 
Q2. Relate the recycling rate to what is technically possible today where material 

losses in the recycling process are to be taken into account. 
 

Q3. How is recycling for each material carried out, re-use, recycling or combustion? 
 

Q4. What is done in practice? This includes studying recycling companies in order to 
find out what is done in practice.  

 
Q5. How to apply the ISO22628 standard for calculating the material recycling rate as 

well as the recoverability rate? Bombardier is currently planning to adopt 
ISO22628, but want to first run a pilot project to evaluate the method. 

1.4. Scope 

Mechanical properties and other characteristics of the materials are not thoroughly investigated; 
the presentation of the materials is only focused on reporting where the material is found in the 
train and investigating the recycling technologies applicable on those materials. The focus of this 
report is not in motivating why or if certain non-recyclable materials are used. This is considered 
related to mechanical properties, economical aspects and design.  
 
Economics is not a part of the scope of this project. It is only mentioned briefly, but not 
investigated for each material. It is only considered a given contributing factor to the recycling in 
practice as well as the development of new technologies.  
 
In a modern commuter train the number of different materials used is vast. In the NATs case 261 
different materials can be found. In this project only a limited number of materials is addressed 
and followed through the end of life treatment process. By only including the materials or groups 
of material with a total mass of more than 100 kg in an 8-car NAT commuter train the number of 
materials addressed is cut down to 57 different materials. These 57 materials together make up 
just over 98% of the total mass of the NAT. This demarcation is done to achieve deeper 
knowledge of the technologies connected to the most frequently occurring materials, since these 
are the materials with the greatest influence on the overall recyclability of the product.  See 
appendix B1, B2 and B3 for the complete list of materials. The data in Appendix B contains 
confidential information and is not displayed in its entirety in this report. See appendix C for the 
material composition of the excluded 2% by mass of the train.  
 
In this thesis work it is not taken into consideration the affect recycling has on the material 
properties, or what the specific material is used for after the recycling process. An existing 
technology for recycling the material in question is considered to imply that it can be utilized for 
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manufacturing new products, not necessarily with the same high demands on mechanical 
properties.  
 
The calculations for this report only includes data for the material content of a complete train, 
and excludes data for consumables or spare parts during the vehicle life cycle.  
 
The project extension is 30hp which corresponds to 20 weeks of fulltime studies. 
 

1.5. Method 

The main part of the project has been an investigation work where a series of interviews, 
literature studies and a field excursion has been conducted. Information about tracing the 
different waste streams from the End of Life Vehicles (ELV) throughout the recycling process, 
mass/balance flow of materials and effectiveness of recycling processes done in practice today 
and with new technologies was gathered. When all of the input/output data are gathered and 
treated, a recycling ratio is calculated. See appendix B1, B2 and B3 for the complete list of data. 
 
To get an accurate picture of the waste streams involved at the EoL of the NAT, the reference 
vehicles of this thesis work are the ASEA railway cars, C8/C9 subway cars, buses, trucks and 
cars. 
 
Because of the open interpretation of how to calculate the recyclability, four different methods to 
calculate the recyclability of the NAT are defined in this thesis work: 
 

1. The first set of recyclability figures are the validation figures. These figures are to update 
and compare the recyclability with the figures used by Bombardier Transportation in the 
past. These figures show the ratio of recyclable and recoverable material in the NAT that 
can be sent to recycling at end of life. No losses are taken into account. The result of this 
method is presented in chapter 4.1: Result 1 – Ratio of recyclable/recoverable materials. 

 
2. The second set of recycling figures of interest is what the recycling companies recycle in 

practice today. Just because this end of life treatment process is economically most 
feasible, it doesn’t necessarily coincide with the best EoL treatment possible from a 
recycling point of view. Losses are taken into account. The result of this method is 
presented in chapter 4.2: Result 2 – What is done in practice? 

 
3. The third set of figures is what is technically possible with new technologies. Since the 

EoL for the NAT is in 40 years from now the scenario for recycling in the future can 
potentially be very different from what is done today. What is laboratory-stage 
technology and expensive today might be standard in the future. Therefore the new 
technologies involve all proven technologies, even if they are not standard procedure 
today.  Consideration to losses are taken, which  shows the relation between the mass of 
material sent to recycling and the mass of new feedstock extracted after the process. The 
result of this method is presented in chapter 4.3: Result 3 – Technically possible. 

 
4. The fourth set of figures is the recyclability calculated according to the automotive 

vehicle standard ISO22628. By comparing these to the others the possibility as well as 
the benefit of applying the standard to rail vehicles can be evaluated. The result of this 
method is presented in chapter 4.4: Result 4 – Recyclability according to ISO22628. 
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Figure 1 – connection between the outlining questions and the four set of figures shows how the 
five outlining questions Q1-Q5 from chapter 1.3 – Aim are used to get the four sets of 
recyclability figures. Question number 3 is common in sets 1-3. 

 
Figure 1 - connection between the outlining questions and the four sets of figures 

 

1.6. Bombardier – a general description 

 
Bombardier Inc. is a Canadian conglomerate with 66 900 employees, founded by Joseph-
Armand Bombardier as L'Auto-Neige Bombardier Limitée in 1942. Bombardier is a 
manufacturer of regional aircraft, business jets, mass transportation equipment and a financial 
services provider. Bombardier is divided into two business areas – transportation and aerospace. 
[5] 
 
With operations in more than 35 countries, Bombardier Transportation leads the world’s rail 
equipment manufacturing and servicing industry. Its 34,200 employees continue a tradition of 
delivering rail transportation solutions, including [5]:  
 

• Rail vehicles - automated people movers, monorails, light rail vehicles, advanced rapid 
transit, metros, commuter/regional trains, intercity/high-speed trains and locomotives 

 
• Propulsion and controls - complete product portfolio for applications ranging from trolley 

buses to freight locomotives 
 

• Bogies - product portfolio for the entire range of rail vehicles 
 

• Services - fleet maintenance, operations and maintenance (O&M), vehicle refurbishment 
and modernization, and material management 
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• Transportation systems - customized “design-build-operate-maintain” transportation 
system solutions 

 
• Rail control solutions - advanced signaling solutions for mass transit and mainline 

systems 
 
As a company devoted to continuous improvement of environmental performance, Bombardier 
Transportation has been committed to improving their products through DfE for the past 15 
years. The primary goal of the DfE group is to develop vehicles that contribute to a sustainable 
mobility, such as those that reduce energy consumption and noise emissions.  The environmental 
impact that the product will have throughout its whole life cycle is factored in at the 
development phase. DfE was first introduced in the engineering branches in Scandinavia and 
Germany and has now spread throughout the organization. Since then, much has been done to 
reduce energy consumption during the product’s use. DfE aim to produce environmentally 
compatible vehicles and to anticipate any future, more stringent legislation in this regard. [5] 
 
The DfE initiatives include [5]: 
 

• Minimize resource and energy consumption per functional unit 
 

• Environmentally appropriate selection of materials, especially avoiding environmentally 
harmful materials 

 
• To minimize the emissions from the product – exhaust emissions, emissions from wear 

e.g. dust creating during braking, leakage of oils, greases and lubrificants  
 

• To minimize the waste generated during the total life cycle of the product – Design for 
recyclability of materials, design for easy disassembly and recycling, design for 
maintainability and longer life 
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2.ELV – a literature review 
The aim of this chapter is to provide the reader with necessary knowledge of basic recycling 
terminology.  A theoretical run-through of the end-of-life treatment of automobiles will also 
provide the reader with an overlook of modern recycling technologies. 

2.1. Recyclability and recoverability 

The waste hierarchy is a way to establish methods for working towards minimizing waste.  
Figure 2 shows the order in which the different end of life treatment methods is preferred. It is 
divided into five steps, where striving towards the top of the stair is the better option from an 
environmental point of view. [4] 
 

1. Manufacturing companies should work towards more effective production methods to 
minimize the amount of waste. 

 
2. Products should be re-used as much as possible to minimize waste. 

 
3. Materials that are recycled save a vast amount of resources. 

 
4. Incinerations of flammable material are resources for energy recovery. 

 
5. If there are no other better options the waste is land filled. 

 

 
Figure 2 - Preferred methods of end of life treatment [4]. 

 
According to the definition in ISO22628, the term recycling involves re-use and material 
recycling. Re-use is when a component can be used again for the same purpose for which they 
were conceived without further processing other than minor repair work or service. Material 
recycling involves sorting and processing the material to enable usage in new products. Recovery 
also includes, besides material recycling, energy recovery. This means that the material is 
processed as a means of generating energy by incineration. Waste material that is not treated in 
any of the above ways is usually stored at a landfill. A landfill is a site for the disposal of waste 
materials by burial. The field marked “undefined residue” is the portion of the vehicle that is not 
recovered in the end of life treatment process. The expressions recyclability and recoverability 
rates refer to the percentage by mass that can be recycled or recovered according to the above 
definitions. Figure 3 shows the relation between the different expressions. [1] 
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Figure 3 - Definitions according to ISO22628 [1] 

 
Incineration with energy recovery is a controlled combustion of waste where the heat from the 
incineration process is recovered. Besides polymers and wood, hazardous waste containing 
organic compounds is also incinerated. The hazardous materials that go to incineration mainly 
consist of [6]: 
- Oil waste  
- Solvent waste  
- Paint and varnish waste  
- Adhesive waste 
- PCB waste  
- Pesticide Residues  
- Hazardous chemical residues 
 

2.2. WEEE 

The WEEE Directive is the European Community directive 2002/96/EC on waste electrical and 
electronic equipment. It is an European law setting collection, recycling and recovery targets for 
electrical goods. The electronics of the NAT primarily consists of transformers, HVAC-systems, 
audio systems, control systems, motors, brakes, monitors and printed circuit boards [4]. The 
WEEE directive is not applicable to rail vehicles. [7] 

2.3. RoHS 

The RoHS directive 2002/95/EC restricts the use of six hazardous materials in the manufacture 
of various types of electronic and electrical equipment. These materials are Lead (Pb), Mercury 
(Hg), Cadmium (Cd), Hexavalent chromium (Cr6+), Polybrominated biphenyls (PBB), and 
Polybrominated diphenyl ether (PBDE). [4] At the present date there is no law for appliance of 
the RoHS directive on rail vehicles but Bombardier Transportation does consider such 
legislation, and where possible integrates it into product development. [7] 
 

2.4. End of Life treatment 

The End-of-Life Vehicles Directive 2000/53/EC for automotives aims to promote the collection, 
reuse and recycling of ELVs to lessen the impact on the environment. It requires member states 
to ensure that ELVs can only be stored and treated in accordance with environmental treatment 
standards [8]. 
 
Calculating the recyclability of rail vehicles is not yet standardized which leads to 
unconformities regarding comparison of recyclability figures between companies. However there 
is an ongoing work within the rail vehicle manufacturer industries towards developing an 
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uniform way for treating and declaring data regarding environmental performances of rail 
vehicles. This is done through Product Category Rules (PCR). The purpose of the PCR is to 
provide necessary rules to make it possible to develop an Environmental Product Declaration 
(EPD) for a specific type of rail transport. The PCR specifies rules separately for Rail Transport 
and Railway Infrastructure. [9] 
 
The reference vehicles in this have been old ASEA railway cars, the C8/C9 SL subway cars, also 
the EoL of buses, automobiles and trucks are investigated due to the similar ratio of material 
groups in each unit.  
 
Some of the differences between end-of-life treatment of automotives and rail vehicles are [10]: 
 

• Control: The operators/owners know exactly where the rail vehicles are.  
 
• Number of EoL vehicles: Due to the larger number of automobiles scrapped per year, the 

waste volumes of rail vehicles are smaller than the volumes of automobiles. 
 
• Optimization: The larger series of automobiles and the producer responsibility facilitate 

an optimization of the EoL treatment for automobiles. 
 

• Life span: In practice, automobiles have less than half the service life compared to rail 
vehicles. Recycling strategies must therefore be more long termed chosen for rail 
vehicles. 

 
• Size/weight: Automobiles are significantly smaller and are therefore easier and less 

expensive to scrap. 
 

• Material: The parts that need to be disassembled prior to shredding do not look the same 
and they differ in size and location. General material content has similarities but is not 
exactly the same. Examples of different components are transformers, pantographs, 
converters. 

 
• Legal producer responsibility: The automotive industry has a legislated producer 

responsibility in the EC; the ELV directive 2000/53/EC restricts both what is built into 
the automobiles and recycling rates are also specified.  

 
Similarities with EoL treatment of automobiles are that: 

• Pre-treatment: Removal of components containing similar hazardous components is 
needed (e.g. batteries, fluids and components containing heavy metals). 

 
• Waste legislation: Same waste legislation at national and EC level must be followed (e.g. 

European Waste Catalogue (EWC) and 91/689/EEC on hazardous waste). 
 

• Shredding plant: Same shredding plants and technique is normally used after the rail 
vehicles are cut down to smaller pieces before shredding. This means that the same 
recovery processes for different material fractions are possible. 

 
• Requirements: Customer requirements in the rail industry can be similar to the legislated 

requirements within the automotive industry, e.g. producer responsibility per component 
and targeted recycling rates. 
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Vehicle recycling is complex because of its composition of different metals, composites, 
polymers, electronics, minerals, chemicals and biological materials. The scraping phase 
according to the ELV directive 2000/53/EC consists of four steps - pre-treatment, dismantling, 
shredding, and shredder-residue treatment. [8] 
 
Pre- treatment is the first step in the ELV treatment process. The aim of this step is to remove all 
harmful substances from the vehicles. According to the Swedish National Environmental 
Protection Agency’s regulations and General advice on scrap vehicle operations, (NFS 2002:2) 
following components should be removed during this step: 
 

• Oils and oil filters (motor oil, transmission oil, brake fluid etc ) 
• Fuel (petrol, diesel, gas) 
• Other fluids (coolant/glycol, washer fluid etc ) 
• Refrigerant from AC system 
• Starter battery 
• Components containing mercury  
• Lead balance weights  
• Pyrotechnical devices (airbags and belt tensioners etc) 

 
Some of the fluids are reused e.g. fuel and washer fluid, while others are sent to authorized 
companies for destruction with energy recovery. Nickel, cadmium and lead in batteries and 
components containing lead are recycled. The mercury is disposed of in a controlled manner 
[11]. 
 
The dismantling process is the next step in the ELV treatment process. Components that can be 
re-used are usually dismantled and are then either reconditioned or directly reused. Other 
components are sorted into different fractions and are sent for material recycling. In some cases 
bulky components are fragmentized in a shredder to reduce the volumes in order to make the 
transport more cost effective [10]. 
 
Shredding is the third step of the ELV treatment. A hammer mill grinds the material down to 
fist-sized pieces. In some cases a pre-treatment of larger scrap is needed where large pieces of 
metal is cut down (welded) to smaller pieces. After the shredding the materials are separated and 
sorted into SR light and heavy fraction. Table 1 shows typical composition of SR light fraction 
and table 2 typical figures for SR heavy fraction from a typical small car [10]. 

 
Table 1: Typical material composition of SR light fraction from a car [10] 

Material Composition and particle size Content (wt%) 
Polymers 2-10 cm 9 
Foams 
PUR 

10/10 20/20 in cm (size of PUR in the 
residues) 

8 

Rubber Long pieces (gasket seals), no tires 3 
Metals Wires & Al plates 2,5 
Cu wires 10-20 cm 1 
Wood  Pieces 10-20 cm 1 
PUR & 
textiles 

Textiles, carpets, leather etc. 32,5 

Minerals Stones, sand, glass, dust, etc. 43 
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Table 2: Typical material composition of SR heavy fraction from a car [10] 

Material Composition and particle size Content (wt%) 
Polymers  19 
Rubber Tires (45wt%), seals and gaskets (55wt%) 55 
Metals Fragmented Fe and non-Fe metals 5 
Wood  7 
Textiles Small pieces 3 
Cu wires Cable (5-15cm) 3 
Minerals Stones up to 100-500g/piece 8 

 
The sorting process is made by using magnets, air currents, eddy currents, flotation, water and 
manual sorting, see figure 4 – Shredder process with automatic SR sorting [12]. Any paint and 
lacquer on metal is almost completely removed during the rough treatment of the shredder. 
Generally this step generates three main outflows of material: ferrous metals, non ferrous metals, 
and SR. The shredder plants usually receive many different types of scrap that are shredded 
together to obtain desired metal content in the metal fraction. [11] 
 
The shredder residues consist of a mixture of many different materials. Sorting the materials into 
fractions with sufficient purity poses a great challenge. Adequate cleaning and sorting is, 
however, a necessity in order to attain a product with satisfactory purity to make the recycling 
process profitable. Today there are three different SR technologies in use – mechanical 
separation, thermal treatment with oxyreducer and thermal treatment with gasifies. In this thesis 
work however, only mechanical separation will be studied due to that it was possible to confirm 
the claimed information. [21] [24] See table 3 for an overview of different developers, outputs 
and effectiveness [13]. 
 

Table 3 - Overview of separation technologies [13] 
Developer/ 
technology 

Type Approximate outputs Recycling  
rate 

Recovery  
rate 

VW SiCon Mechanical 
separation 

Shredder granules 36%, shredder 
fibers 31%, metals 8%, wastes 
26% 

74% 95% 

Galloo Mechanical 
separation 

Recycled plastics 9%, metals 30%, 
refuse derived fuel 13%, wastes 
48% 

39% 52% 

Sult Mechanical 
separation 

Organic (plastic) 50%, minerals 
20%, metals 10%, water 20% 

80% 100% 

R-plus Mechanical 
separation 

Organic fraction 60%, metals 5%, 
minerals 35% 

100% 100% 

Citron thermal treatment - 
oxyreducer 

Current (year unknown): Ca Fe 
concentrate 45%, zinc concentrate 
4.3%, mercury 0.7%, wastes 50%  
Planed (year unknown): Ca Fe 
concentrate 45%, Zinc concentrate 
4.3%, mercury 0.7%, recovery 
50% 

50% 
 
 

50% 

50% 
 
 

100% 

TwinRec thermal treatment - 
gasifier 

Metals 8%, glass granulate 25%, 
recovery 52%, wastes up to 15% 

33% 85% 

SVZ 
Schwarze 
Pumpe 

thermal treatment - 
gasifier 

Synthetic gas 75%, metals 8%, 
wastes 17% 

8% 87% 

Reshment Mechanical 
separation & thermal 
treatment 

N/A N/A N/A 
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In the automated mechanical separation process plastic scraps from computers and other 
electronics are ground into small pieces. Magnets and eddy-current separators then extract 
ferrous and non-ferrous metals. Paper and other lighter materials are removed with jets of air. 
Finally, a proprietary sorting, cleaning, and testing process involving various technologies, 
enables the company to separate different types of plastics and compound them into pelletized 
products comparable to virgin plastics [14]. A commonly used technology for separating plastics 
is froth flotation, in which different forms of plastics are separated from recovered automobiles 
and appliances. The froth flotation process separates two or more equivalent-density plastics by 
modifying the effective density of the plastics. [15] 
 
 

 
Figure 4 – Shredder process with automatic SR sorting [12] 

 

2.5. Review of ISO22628 

In the automotive industry there is a standardized calculation method for recyclability as well as 
recoverability of automotives. The ISO22628 standard specifies a calculation method for a new 
automotive.  
 
The calculation standard divides the end of life treatment into four basic steps; pre-treatment, 
dismantling, metals separation, and non-metallic residue treatment.  
 
All fluids, tires, batteries, gas tanks, oil filters and catalytic converters removed at the pre-
treatment phase should be considered reusable or recyclable according to the calculation method. 
The sum of the masses of these materials and components make up the mass mP. 
 
In the second step, the dismantling phase, some of the other re-usable or recyclable component 
and materials are taken into consideration. The dismantlability of the component is assessed by 
its accessibility, fastening technology and proven technologies of dismantling the component. 
The components included in the dismantling phase must be recyclable, based on their material 
composition and the occurrence of proven recycling technologies. 
 
The sum of the masses of the materials and components that can be considered dismantlable 
according to the above requirements make up the mass mD in the calculation method.  
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In the metals separation phase all metals remaining after the pre-treatment and dismantling phase 
are included. The mass of the metals is named mM.  
 
The fourth and final phase, the non-metallic residue treatment, includes all remaining materials. 
The mass mTr is the sum of masses of non-metallic residue considered as recyclable using proven 
recycling technologies. mTe is the mass of non-metallic residue that can be used for energy 
recovery after removing mP, mD, mM and mTr.  

 

The total mass of the vehicle is defined mV.  
 
After determining the partial masses a simple formula is used to calculate the recyclability 
according to the standard: 
 

100*
V

TrMDP
cyc m

mmmm
R

+++
=   (1) 

 
The recoverability is calculated using the formula: 
 

100*cov
V

TeTrMDP

m

mmmmm
R

++++
=  (2) 

 
See chapter 4.4 – Recyclability according to ISO22628 for calculations. 
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3.The NAT – A general presentation 
In this chapter the object of the calculations, the French commuter train NAT is presented. A 
general presentation is followed by a run-through of the material content in the train. All the 
material data in this chapter has been censored. 

3.1. General presentation 

The particular train that is object for the calculations in this project is called NAT, short for 
Nouvelle Automotrice Transilien. The NAT is the new commuter train ordered by SNCF 
(Société Nationale des Chemins de fer français, French National Railways) that will run the Il-
de-France Region. Figure 5 shows the exterior of the train in question. [5] 
 

 
Figure 5 - Exterior of the NAT 

 
The NAT is available in a 7- or 8-car version. In this case we use the latter one, which weighs 
about 242 tons. The predominant part of the train is made up by metals, but there is also a 
considerable amount of polymers, glass and composite materials. [5] Chart 1 shows the material 
composition. For a list of the materials in focus for this investigation, see appendix B1, B2 and 
B3.  

Materials in NAT Metals  87,3 %

Polymers  4,9 %

Composites  2,2 %

Chemicals  1,3 %

Renewalbe materials 0,4 %

Other  3,2 %

Printed Circuit Board
Assembly 0,2 %
Unspecified 0,3 %

 
Chart 1 – The NAT commuter train contains about 87% metals.  
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3.2. Metals 

Automotives, as well as rail vehicles, mainly consist of metals. In the NAT’s case about 87%, or 
208 tons, are metals and metallic alloys. Of these, the ferrous based metals such as steel and 
stainless steel are the major types of material.  
 
All metals are considered recyclable. The value of recycled material is relatively high, which has 
driven the development of infrastructure and technologies for recycling. A complete list of 
materials in the NAT commuter train and the type of recycling of metals can be found in 
appendix B1, B2 and B3. 

3.3. Polymers 

Since polymers are traditionally based on oil, which is a non-renewable resource, it is of interest 
to recycle the material [14]. Polymers are commonly used as cable insulates, various component 
detailing material, insulation etc. 

3.4. Composite materials 

Composite materials consist of a matrix, usually a polymer, mixed with a fibrous reinforcement, 
usually glass or carbon fibers. In addition to that the polymer matrix is often mixed with various 
fillers, often cheap mineral powders, to cut down the material costs in low-cost applications. The 
fillers can also serve as fire retardants in the composite material. The composition and choice of 
material is often tailored for the particular application in question. [19]  
 
In the NAT commuter train the majority of the composite is found in the cab end, the side 
panels, other interior details and the desk and side panels in the driver’s cabin. These 
components consist of glass fiber reinforced polyester (GRP) [19].   

3.5. Chemicals 

Chemicals are found in the climate systems, transformers, as lubrificant in mechanical systems, 
as additives in polymers, in paint, lacquer, WEEE.  

3.6. Other materials 

This group of materials involves all the material that can not be fitted under any of the other 
headlines. The majority of this group consists of glass. The side windows of the train are made 
out of toughened glass and the windscreen of the cabin is laminated glass to prevent shards from 
injuring the driver in case of an accident. The laminated glass windows consist of a thin layer of 
polyethylene between two sheets of glass that are tightly pressed together.  

3.7. Recyclability of the NAT according to the old template 

The old template for recyclability/recoverability used by Bombardier in the past needed to be 
updated for this project. The ratio of recyclable materials in the NAT commuter train according 
to the old template would have been 92% recyclable, 96% recoverable and 4% land filled, see 
chart 2 – recoverability according to the old template. The difference lies in the information for 
EoL treatment of each investigated component. 
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Recoverability according to the old template

Material recycling 92 %

Energy recovery 4 %

Landfill 4 %

 
Chart 2 – recoverability according to the old template 
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4.Recyclability and recoverability of NAT 
This chapter serves as a presentation of the results of the recoverability and recyclability 
calculations. The first three sections present the overall recyclability, as well as overall 
recoverability of the NAT commuter train. The following sections provide a more detailed 
analysis of the different materials. The last section of this chapter presents the calculations and 
the results when applying ISO22628-standard. 
 
All the results are based on 57 materials which make up 98% of the weight of the NAT commuter 
train. 
 

4.1. Result 1 – Ratio of recyclable/recoverable materials 
The validation figures are to update and compare the recyclability figures used by Bombardier 
Transportation in the past. These figures show the ratio of recyclable and recoverable material in 
the NAT commuter train that can be sent to recycling at end of life. Chart 3 shows the ratio of 
recyclable and recoverable material in the NAT and therefore no material losses are taken to 
account. For details, see appendix B1, B2 and B3, columns I, J, K and L. 
 

Ratio of recyc. /recov.materials

Material recycling 92,3 %

Energy recovery 6,9 %

Re-use 0,5 %

Landfill 0,2 %

 
Chart 3 - The ratio of recyclable materials in the NAT is 92,3%. The recoverability is 99,8%.  

 
All metals are considered recyclable. The value of recycled material is relatively high. All 
thermoplastics are considered recyclable, since they can be easily melted and remolded. All 
thermoset, composites, chemicals and rubbers are considered energy recoverable. 
 

4.2. Result 2 - What is done in practice? 
The second set of recyclability figures are what the recycling companies recycle in practice 
today. Just because this end of life treatment process is economically most feasible, it doesn’t 
necessarily coincide with the best EoL treatment possible from a recycling point of view. For 
details, see appendix B1, B2 and B3, columns M, N, O and P. 
 
When a train car reaches the end of its life span it is either reused as spare parts depot, 
refurbished, overhauled or scrapped. See figure 6 – End of life scenario for rail vehicles [10]   
 
 



 20 

 
Figure 6 – End of life scenario for rail vehicles [19] 

 
Stena Metals recycling process is a mix between the VW SiCon process and the Galloo process 
[11]. The VW SiCon technology is a mechanical process which deals with SR and mixed scrap 
waste. The output of the process are sorted polymers, fibers, sand, ferrous metals, non-ferrous 
metals, sludge, water and dust according to figure 7 – input/output process VW SiCon [13]. The 
mass-balance figures is a result of a test involving 700 EoL vehicles based on a standard market 
mix [21]. 
 

 
Figure 7 – input/output process VW SiCon [13]. 

The SR is separated into plastic fractions which is then, depending on the market value of 
polymers, either further separated using flotation technologies and sold to the recyclates market, 
or incinerated with energy recovery. The shredder fibers can be used as de-watering agent for 
sewage sludge which is then incinerated. They may also be used as a substitute for coal in the 
production of coke. The sludge, dust and shredder sand fractions produced is disposed of through 
either incineration (dust), landfill (sand) [13].  
 
There are two main recycling technologies for recycling of thermoset composite materials; 
mechanical and thermal recycling. Mechanical recycling mainly involves grinding the material 
to reduce size of larger components, usually into 50-100 mm size pieces. This enables re-use of 
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the waste as filler or partial enforcement in new composite material. Thermal recycling 
technologies involve using heat for braking down the material and using a variety of 
technologies for material recycling and energy recovery. [19] 
 
Sorting composite material involves great difficulty. Depending of the proportion of filler, 
matrix and fibers the density of the composite material can vary greatly, which complicates use 
of many automated sorting processes. [11] 
 
The metal waste that comes to Stena Metal comes from approximately 1/3 cars, 1/3 municipal 
scrap (from the recycling center) and 1/3 producer scrap [11]. About 60 tons of the steel in the 
NAT commuter train is found in the bogie. This kind of metallic waste is classified as class 142, 
railway scrap, in Sweden [22]. Wheels, axels and heavy steel components free from excessive 
rust are cut down at the recycling plant and sold. As stated in appendix A, the SR material 
“Fines” are used as a construction material for landfill. SLF is deposited on special 
circumstances (organic waste may not be land filled) unless they can find a company who wants 
to burn it, which is hard today due to the large surplus of energy recoverable waste. SLF contains 
some components that incinerators are a bit worried about (including chlorine and some metals). 
Incineration residues are ashes [23]. Today most of the composite material end up at waste 
disposal plants in Sweden or is used for energy recovery. The matrix in the GRP plastic in the 
NAT has a high caloric value whereas the glass fibers end up in the ash fraction that is land filled 
when the incineration is completed. [11] 
 
Fluorescents are recycled to 95%. The metal parts are recycled and the glass is reused in the 
manufacture of new fluorescent lamps. As a part of the recycling the composition of the 
fluorescent powder is identified before the fluorescent ends are cut by a hydrogen flame. Then 
the fluorescent powder is blown into a container that is specific to each type of fluorescent 
powder. [2] 
 
Waste oil is separated by heating it up. The two fractions that emerge are an oil fraction and an 
oil-contaminated water fraction. The oil-contaminated water is treated in a facility at e.g. NSR 
Chemistry of oil-contaminated water and sludge. Recoverable oil is sent to approved 
beneficiaries for the recovery process [1]. Used filters, rags and other similar wastes, which 
contain oil or solvents are incinerated with energy recovery [7]. In Halmstad, Ragns-Sells have 
installed a plant with new technology for the disposal of used oil filter where both the metal and 
lubricating oil can be recovered. The metal goes to metal recycling and oil is recycled to 
manufacturing of new lubricating oil. [8] 
 
Fuels are removed during the pre-treatment step and recycled. 
 
Thermoplastics are generally the easiest types of polymer to recycle. They can be melted, and re-
melted up to seven times [18]. 
 
Thermosets are a polymer-based liquid or powder that becomes solid when heated, placed under 
pressure, treated with a chemical or via radiation. The curing process creates a chemical bond 
that, unlike a thermoplastic, prevents the material from being remelted which makes recycling 
difficult.  
 
All rubbers are polymers which are high molecular weight compounds consisting of long chains 
of one or more types of molecules, such as monomers. Vulcanization (or curing) produces 
chemical links between the loosely coiled polymeric chains; elasticity occurs because the chains 
can be stretched and the crosslinks cause them to spring back when the stress is released. 
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Cadmium can be found in the batteries. Cadmium is an environmentally hazardous metal. In the 
Ni-Cd batteries used in NAT the negative plates consist of 20-25% cadmium. After washing they 
are heated to 900° C for 24 hours in an electric furnace. After distillation the molten cadmium is 
dropped into cold water where it forms small pellets. The purity of the cadmium is very high, 
over 99,95%. [2]  
 
Nickel can be found in batteries. These batteries are rechargeable and can therefore be reused 
without any further processing. When the batteries are effete Saft Industrial Battery Group 
reclaims them and manufactures new batteries from the old ones. [16] The rest of the nickel is 
mainly surface treatment on stainless steel details. When the steel is recycled, the nickel is 
oxidized and collected with filters. The filters are then sent to an authorized company for further 
treatment and recycling. [17] 
 
Mercury is an element that can be separated from the waste and transferred in a stable form but 
not destroyed. The mercury is separated from the waste by distillation or gravimetric separation. 
Mercury is transferred into the stable form of mercury sulphide and will be placed in a repository 
investigated by an environmental protection agency (in Sweden - Naturvårdsverket). Mercury 
Contaminated materials with low levels of mercury can be treated by stabilization. Stabilization 
occurs with elemental sulfur in powder form so that the mercury sulphide is formed. Cement and 
water is added to the mercury-contaminated material. The stabilized material is transported to a 
landfill for hazardous waste. In the landfill, the cement is hardened, providing a solid structure 
for the mercuric sulphide to be stored in. Fluorescents containing mercury is used in the 
manufacturing of new fluorescent tubes (for most powder types). [2] 
 
The calculated recyclability of the materials in the NAT if it was to be scrapped at Stena Metals 
fragmentation facility in Halmstad today would be as stated in chart 4 [11] [23] [24] [25] [17] 
[26] [27] [28]. 
 

Done in practice

Material recycling 87,2 %

Energy recovery 8,5 %

Re-use 0,5 %

Landfill 3,8 %

 
Chart 4 - About 87, 2% of the material in the NAT are material recycled today at Stena 

Recycling in Halmstad. About 96,2% is recovered under the same circumstances.   
 

4.3. Result 3 - Technically possible 
What is laboratory-stage technology and expensive today might be standard in the future. This 
chapter involves a couple of proven technologies that could be used in a recycling process, even 
if they are not standard procedure in Europe today [13], and what the recyclability of the NAT 
would be if they where to be used in an imaginary recycling process. For details, see appendix 
B1, B2 and B3, columns Q, R, S and T. 
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The biggest room for improvement resides in the recycling of polymers and composites which is 
why this thesis work only will treat the new technologies in these material groups. See table 4 – 
Description and appliance of new technologies. Some of the new technologies are used in 
practice today. Loss streams are taken into account. Automated mechanical separation process is 
assumed.  
 

Table 4 – Description and appliance of new technologies 
Material Technology Description and appliance 
Thermosets, 
elastomers, 
GRP 

Pyrolysis Pyrolysis is the thermal decomposition of materials at high 
temperature without the presence of oxygen. Pyrolysis of a 
polymeric composite produces various hydrocarbons comprising 
up to 25-30% of the reaction products. These hydrocarbons can 
be used to produce energy or as ingredients with new polymers. 
The remaining product from pyrolysis is solid waste that must be 
disposed of at a landfill at a cost. Thus the use of pyrolysis for 
recycling composites is not always as cost effective as other 
recycling methods. [29] 

The ThermoFuel process uses a pyrolysis chamber, a patented 
catalytic converter and a series of specially built condensers to 
produce energy-rich diesel fuel from unsorted waste plastics. 
The process takes on any plastics regardless of purity ad quality. 
[30] 
 
The polymer matrix in GRP can be removed from the surface of 
the glass fibers by pyrolysis. Organic material can be converted 
into synthetic gas and then used as feedstock in chemical 
processes, or incinerated for energy production. [Mikael 
Skrifvars, Professor, Högskolan i Borås]. Argonne National 
Laboratory developed a process to remove the polymeric resin in 
GRP and still maintain a satisfactory quality of the glass fibre 
matrix, enabling the use of recycled glass fibers as feedstock in 
the manufacturing of new GRP. [15] 

Elastomers Rubber 
recycling 

A material recycling technology for recycling crosslinked rubber 
was developed where the end product is thermoplastic 
elastomers (TPE). The reclaimed rubber obtained from rubber 
waste generated from both manufacturing products and post 
consumer products has mechanical properties applicable to new 
rubber compounds. [31] 
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FRP Atmospheric 
Decomposition 

FRP (fiber reinforced plastics) has been used for a wide range of 
applications including bath tubs, vehicles, and vessels due to its 
light weight, strength, and weather resistance properties. Hitachi 
Chemical Co., Ltd. has successfully developed a recycling 
technology to decompose unsaturated polyester resin (thermoset 
resin) used for FRP under atmospheric pressure and temperature 
of 200º or less into fiber, filler, and decomposed resin. This 
technology does not require expensive equipment and facilities 
since powdering and pressurizing processes are not involved, 
and it is much more beneficial from health and safety standpoint. 
Fibers can be processed and recycled into nonwoven fabrics that 
can be used again for new FRP products as reinforcing fibers. 
Decomposed resin can be used as fuel, and its application to the 
FRP is also under development. [32] 

Thermosets Hydrolysis Composites containing polyester, polyamides and other resins 
systems can be hydrolysed to recover monomers. Hydrolysis is 
achieved using water and acid/base depending on the resin type. 
Therefore mixed composite recycling cannot be achieved using 
hydrolysis. After the hydrolysis process, the fibres still require 
disposal at a landfill and hence, this method is still preferred on 
unreinforced plastics. [29] 

 
If recycling technologies would be adapted on polymers and composites, the recyclability of the 
NAT would be as stated in chart 5.  
 

Technically possible

Material recycling 90,2 %

Energy recovery 6,4 %

Re-use 0,5 %

Landfill 2,9 %

 
Chart 5. When taking loss streams as well as the best available sorting technology* under 

consideration 90,2% of the NAT can be recycled. The recovery rate is up to 97,1%.  

4.4. Result 4 - Recyclability according to ISO22628 

As stated in chapter 2.3, the scraping phase according to the ELV directive consists of four steps 
- pre-treatment, dismantling, shredding, and shredder-residue treatment. The tables in this 
chapter contain confidential information and are not displayed in their entirety in this report. 
Where possible, figures are displayed to one significant figure. 
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The materials that are removed during pre-treatment is mp and consists of gases, fluids and 
batteries. The metal content of these components is needed in order to calculate the remaining 
metal content during step three, metals separation, see table 5 – pre-treatment masses (data in 
this table is confidential and not presented in its entirety in this report). 
 
 

Table 5 – pre-treatment masses 

  mp metal content 

Gases - - 
Fluids - - 
Batteries - - 

Total [kg] 3 000 800 

 
Components that can be considered as electronic equipment, or WEEE, are considered 
dismantled and all of the larger electronics such as control units, computers and larger circuit 
boards are removed. Smaller circuit boards that are not easily dismantled are left for sorting after 
shredding [33]. Other components that are dismantled are the bogies [11]. Other components that 
are considered to be dismantled are modular systems such as HVAC systems, traction/brake 
systems, entrance systems and communication systems. To simplify the process, the other 
material apart from metallic content, is shredded. Therefore the metallic content in electronic 
equipment is md. See table 6 – Dismantled masses. 
 

Table 6 – Dismantled masses 

  
Dismantled 
components 

md 

(metal content) 
Bogie - - 

Traction/brake 
system 

- - 

HVAC - - 
Entrance systems - - 

Printed circuit board 
assembly 

- - 

 
Internal 
communication 
system 

 
- 

 
- 

Braking system + air 
production 

- - 

Total [kg] - 100 000 
 
The remaining metal content is calculated by subtracting the metals removed during the 
dismantling and pre-treatment. mM is the remaining metals during the metals separation step. See 
table 7 – Metal separation masses. 
 

Table 7 – Metal separation masses 

  MM 

Remaining metallic content in the NAT 
after dismantling 90 000 

 
The remaining weight of the train is SR The SR is the total weight of the train without metals, 
fluids, gases, glass and land filled material (primarily composites and metal oxides).  
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The SR is divided into mtr and mte by using weighting according to the percentage of SR used 
for energy recovery and material recycling respectively. We find that 30% of the SR classified 
material in NAT is recyclable, whereas the remaining 70% is used for energy recovery. This is 
used to approximate the total amount of recoverable and recyclable material in the SR fraction. 
See table 8 – SR masses. 
 

Table 8 – SR masses 
 mtr mte 

 Mass 6 000 20 000 

Percentage 30% 70% 

 
 
 
The weight of the glass is added to mtr to receive the full amount of recyclable shredder residue. 
The weight of the landfill is then calculated. It consists of metallic oxides, ceramics and 
composites. See table 9 – Landfill masses. 
 

Table 9 – Landfill masses 
    mtr mte Landfill 

Mass of NAT, metals removed - - - - 

SR - - - - 

Total   - 10 000 20 000  6000 

 
 
The total recyclability of NAT is:  
 

 
 
 
 

The recoverability is calculated using the formula: 
 

 98%100*cov =
++++

=
V

TeTrMDP

m

mmmmm
R  

The remaining 2% of materials in NAT is land filled. Chart 6 shows the recyclability and 
recoverability of the materials in NAT calculated according to ISO22628.  
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ISO22628

Material recycling 92 %

Energy recovery 6,1 %

Landfill 1,9 %

 
Chart 6 - Calculations made according to ISO22628 approximates the highest possible recycling 

rate to 92%. The recoverability rate is 98,1%.  
 

4.5. An alternative approach to ISO22628 

Companies in the automotive industry have to meet the requirements of a minimum of 85% 
recoverability [8]. This requirement does not necessarily presuppose the material-by-material 
approach of Bombardier Transportation, since a specific recoverability figure is not requested. In 
this case an argument that the minimum recoverability requirement is complied to is enough.  
 
According Andreas Andersson at Volvo [34], the dismantling step is not considered in the 
calculation.  
 
According to ISO22628 [1] materials can be considered recyclable if they can be connected to a 
proven recycling technology.  Since technologies such as WV SiCon and the Galloo-process are 
designed to sort and recycle this type of waste streams, the recoverability requirement can be 
considered observed. Specific information about the recyclability or recoverability of different 
materials is not specifically investigated. This means that according to Andreas Andersson Volvo 
can not present exact figures for the recyclability of the different vehicles. The standard is 
merely an aid in confirming that adequate recovery is possible to meet the requirements in ELV 
directive 2000/53/EC [8].  
 

4.6. Overview of results 
Chart 7 shows the recyclability and recoverability calculated according to the four definitions 
presented in chapter 1.5  
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Chart 7 - Overview of results. Calculation according to ISO22626 [1] indicates the highest 
recoverability rate for the vehicle. The recoverability today in practice indicates on a lower 

recoverability.  
 

Table 10 contains an overview of the recyclability and recoverability calculated according to the 
four definitions presented in chapter 1.5 divided into material groups. The variation is cause of 
the different EoL treatments. 
 

Table 10 - Overview of results. Column 1 shows the recyclability of the material, column 2 the 
recoverability 

 Ratio of 

rec./recov. 
materials 

In practice 
Technically 

possible ISO22628 

 1.  2.  1.  2.  1.  2.  1.  2.  

Metals 100,0 100,0 96,7 96,7 96,7 96,7 100,0 0 

Polymers 48,6 100 0,0 100,0 41,9 100,0 0,0 100,0 

Composites 6,0 94,0 6,0 53,0 47,0 94,0 0,0 0,0 

Chemicals 14,9 100,0 14,9 100,0 14,9 100,0 0,0 100,0 

Renewable 
materials 

0,0 100,0 0,0 100,0 0,0 100,0 0,0 100,0 

Others 68,5 96,5 68,3 96,5 68,3 96,5 - - 

.  
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5.Discussion 
 
The aim of this chapter is to relate the results presented in the previous chapter to our questions 
at issue. This section will also serve as an evaluation of the different methods of calculation in 
this report, as well as the reliability and significance of the findings.  
 

5.1. Discussion of results 
If the legislations concerning recoverability presented by the ELV directive 2000/53/EC would 
apply on rail vehicles the requirements would be achieved with good measure.  
 
The first result, validation of recoverability as well as recyclability of the different materials 
resulted in the highest rates of the four definitions. This can be derived from the fact that the loss 
streams are not influencing the result. This result shows the ratio of recoverable or recyclable 
material in the NAT commuter train.  
 
The second result, where the ratio of materials that are recovered or recycled in practice today is 
calculated, is significantly lower. This is due to the fact that the losses during sorting and 
recycling of the materials are considered here. The recyclability rate being lower than in the first 
set of figures is mainly because of the thermoplastics that are sent for energy recovery instead of 
material recycling.  
 
The recoverability using the best available technologies is also considering the losses from the 
best available automated sorting process. The recoverability and recyclability using this 
definition is slightly lower than according to the first definition due to the losses involved, but 
higher than what is done today in practice.  
 
Through manually sorting larger components of homogenous material, the losses in the sorting 
process could be reduced. The same reasoning goes for what is done in practice. By avoiding 
mixing recyclable material that can easily be dismantled in the rest of the shredder residues the 
recycling could be increased. Calculating this would require knowledge of the fastening, size and 
position of the components as well as work load to evaluate if manual dismantling is preferable. 
This is not within the scope of this project.  
 
The recycling of materials in practice differs from the highest possible recycling rate. The 
difference is most likely caused by the economics involved in the recycling industry. The cost of 
the sorting and cleaning process at the recycling plant has to be weighed against the prospects of 
income when selling the recycled feedstock. This, combined with landfill regulations [8], often 
makes energy recovery the best option in practice for mixed plastic waste, composites and 
textiles from seats and other interior details. The demand for recycled plastic waste has to 
increase significantly in order to make the resource consuming sorting process a reasonable 
investment.  
 
The recoverability and recyclability calculated according to the ISO22628 standard [1] does not 
allow the losses in the sorting and recycling process to influence the result. Therefore this result 
is higher than result 2 and 3.  
 
Comparing the recyclability and recoverability figures of the NAT commuter train with the 
figures available before this survey is difficult because of the lack of insight in the approach, 
definitions and sources used in that investigation.  
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5.2. Benefit of using ISO22628 
Applying the ISO22628 standard for calculating recyclability of automotive vehicles on a 
commuter train is evidently possible. The results are, as expected, very similar to the results in 
chapter 4.1. The method does not take any losses in the sorting process into consideration. 
 
Today the market for products with an eco-friendly profile is blooming, but it is difficult for the 
consumer to evaluate the meaning of the environmental aspects that have been improved in that 
product compared to a corresponding product from a competitor, or compared to the same 
product before alterations lowering the environmental impact.  
 
The purpose of applying the calculation standard ISO22628 is to obtain a uniform way to 
calculate and define the recyclability and recoverability of vehicles. Customers are demanding 
increasingly high recyclability of the materials used in rail vehicles, which increases the 
importance of assessing and displaying these kinds of figures. As shown in report, different 
approaches can result in several different results for the same vehicle. This might give the 
consumer an inaccurate representation of what vehicle is the best choice to meet more stringent 
legislations when the product reaches its end of life in a few decades from the time of purchase.  
 
In chapter 4.5, an alternative approach to the ISO22628 calculation is presented. This method 
does not investigate the loss streams or the efficiency at the recycling plant into consideration. 
Moreover, it does not specify how the specific materials influence on the recoverability of the 
vehicle. Therefore it does not give any implication on what materials are preferable or should be 
avoided in order to increase recyclability, or reduce the need of landfill. By using the material-
by-material approach closer inspection of the calculation could provide useful information that is 
otherwise lost.  
 
The alternative approach is, however, a much more simplified way of controlling that certain 
legislation is complied to. This approach is not applicable in its current form for deciding a 
specific figure.  
 

5.3. Uncertainties 
The estimated life-span of the train is about 40 years, which means the evaluation of what 
component parts can be re-used can only be estimation, based on what is customable today. It is 
probable, that the type of bogie, wheels or batteries could be used in production of new trains 
when the NAT commuter train is scrapped.  
 
Letting the re-use of parts at the assembly stage influence the calculations would potentially give 
a better picture of the environmental impact than just the end of life treatment on its own. If a 
component part can be re-used, the impact of the choice of material, energy consumption for 
manufacturing and end of life treatment is reduced for each life cycle the component is used. The 
affect of multiple re-use is not considered in any of the calculations in this report.  
 
Recyclability figures alone are an incomplete evaluation of the environmental impact of a 
product, but should be considered holistically together with other types of evaluation methods. 
The choice of material in one product might be better from a sustainability point of view, but the 
competitor’s product might be preferable because of a less material needed, lower weight and 
volume during transport or greater toughness in material that contributes to a lower energy 
consumption or greater life span.  
 
Defining what is considered technically possible from a recycling point of view involves some 
difficulty, and is open for interpretation. Sorting with practically 100% efficiency is, if we take 
the phrase to the extreme, technically possible. But at a plant that receives thousand of tonnes of 
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waste every year, that kind of manual work load or technology is not economically feasible. 
Therefore, our interpretation of technically possible involves the technologies that are usable on 
an industrial scale, using the best available technology. For sorting shredder residue, this means 
the best available automated sorting process.  
 
Glass and shredder sand is used for road surfacing and fire walls at land fill sites. Since the 
application involves specific requirement on the inert material it is considered material recycling 
in this report, even though it is, as a matter of fact, transported to a land fill.   
 
The definitions of recycling and recovery might differ in different contexts. In some cases the 
word recycling is used instead of recovery, even though energy recovery is included in the 
definition. Loosely “recycling” is used as an antonym to landfill, which can contribute to the 
difficulties, is comparing different products from this point of view. We use the definition 
according to ISO22628. 
 
In these calculations the loss streams involved with wear of the components is not considered, as 
well as the fraction of metals that is oxidized during the life span of the train. Worn down floor 
covering, break pads in the breaking system or broken windows might end up in the nature just 
as likely as in the cleaners’ waste bin, and is therefore very difficult to include in the 
calculations. The organic break pads, for example, are changed every 75 000 km. About ¾ of 
them are worn down during use, which means that about 23 tons of the material is emitted into 
the nature. This would be included in the calculations in a complete Lifecycle Assessment.  
 
Estimation shows that about twice the amount of material used in the initial manufacturing stage 
is actually used during the whole life cycle because of exchange of worn components, 
maintenance and refurbishment of the interior.   
 
To enable this type of calculations the most important measure is accessibility to information 
regarding materials from external suppliers and from designers within the company.  
 

5.4. What can be done to increase recyclability/recoverability? 
One of the main obstacles to overcome in order to make recycled material an attractive product 
is the development of effective quality control methods. Companies in the motor vehicle sector 
are very hesitant to use material where the quality can not be secured in the same manner as in 
virgin material. This reasoning is especially typical when it comes to using recycled plastic.  
 
The price levels of recycled feedstock are very dependent of the price levels of virgin material. 
Very few recycling companies are prepared to pay more for the recycled material. The use of 
recycled material in products can, however, give the company a competitive edge. But this 
presupposes that the company in question can communicate their environmentally friendly 
profile to the customer, and that the customer understands the information provided. An 
increased demand for products containing recycled material will likely spur the development of 
the recycling and sorting technologies.  
 
Since the glass fibers of composite waste are land filled at end of life, the use of an alternative 
material could increase the recyclability. This would, however, affect the weight and the 
production method of many components, and is therefore not investigated more thoroughly here.  
 
To enable satisfactory effectiveness in the recycling process it is customary to mark plastic 
components with material information. The impact of this is highly dependent on whether the 
recycler chooses to dismantle marked components manually or if the majority of the train is 
shredded and sorted through an automated process. In large scare recycling facilities the 
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automated processes might be the more probable procedure. In that case it is impossible to affect 
the actual recycling rate by using material information.  
 
If there is a great increase in the value of recycled plastic material, marking might be motivated. 
That would enable recyclers to dismantle the most valuable materials manually, before shredding 
the less valuable materials and risking contamination of the costly once in the automated sorter. 
The benefit of noting material data on components does not only depend on the value of the 
material, but also the size of each component that has to be identified, dismantled and sorted. If a 
large quantity of valuable material can be recycled for each manual action, the procedure is more 
practically feasible than when sorting numerous very small pieces, which is more likely to be 
sorted through automated processes. Also, marking can be interesting for the materials that have 
to be changed during the use phase of the train (spare parts). 
 

5.5. Which result should be used? 
Any of the definitions of recoverability or recyclability presented in this report could be 
preferable, dependent on the perspective from which recycling is viewed. Today the focus lies 
mainly in disposing of the non-metallic materials in an environmentally friendly way, avoiding 
use of landfill because of legislation and regulations. That makes the in-streams into the 
recycling processes important, as well as technologies reducing size and weight of the waste that 
needs to be land filled. If the non-renewable materials in the train would be considered a 
valuable resource at end of life instead of a burden to dispose of then it would be of interest to 
investigate the loss streams, including loss through wear and oxidization as well as losses during 
sorting and melting.  
 
The ownership of the responsibility regarding the effectiveness of the recycling technologies, 
and thereby reduction of loss streams ending up as landfill, is a difficult question. Can the 
manufacturer of the product be responsible for the technologies developed by the recycling 
sector? Are they responsible for making sure that the newest technology is applied on their 
products at end of life? If not, then the waste streams in the recycling process should not be 
incorporated in the calculations. The ratio of recyclable and recoverable material in the NAT 
shows the ideal conditions, if there were no losses involved in the process.  
 
The authors suggest that the recyclability and recoverability according to ISO22628 is used to 
calculate the figures communicated to customers. Using the template presented in the standard 
enables competing companies to eliminate the incomparability of the recyclability figures 
calculated at different companies.  
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6.Recommendations for future work  
This chapter contains a few recommendations for future work, as well as some pointers on how 
to utilize the results presented.  
 
ISO22628 should be applied to obtain uniformity between companies in calculating the 
recoverability of competing products. For the railway industry some additional instructions on 
how the ISO22628 calculations should be implemented are necessary in order to obtain the 
uniformity that is desired. As seen in this report there can be a pronounced difference in the 
interpretation of the method.  
 
To incorporate standardized ways of including re-use during several life cycles could better 
reflect the environmental impact of the product. Combining recoverability calculations with a 
full LCA is also necessary to identify the total environmental impact of the vehicle. The data for 
this study has excluded consumables and wear parts and so the results do not present complete 
information for the life cycle of a vehicle. To exemplify the potential impact of this missing data, 
a complete LCA for the NAT commuter train shows that three quarters of the material in the 
organic break pads and almost 2 tons of oil are emitted as over the 40 year lifecycle. Future work 
should look into the affect of the materials consumed over the operation phase of the vehicle 
lifecycle. 
 
This report can be used for future improvements of the product when it comes to material choice, 
calculation methods as well as ground for discussion. All figures should be regularly updated to 
meet the development of new technologies. According to appendix B1, B2 and B3 the 
possibilities of improvement lies primary in the recycling of the material that is today stored at a 
landfill and secondary in the material used for energy recovery. A recommendation would be to 
isolate systems with high levels of material land filled at end of life and investigate possible 
alternatives. 
 
Analyzing the economics involved in using the processes presented in this report is the next step 
in evaluating the prospects of using the technologies in practice. The marking of polymer 
components could also be investigated in order to find what volumes, materials and types of 
components should be marked to promote manual dismantling and sorting.  
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7. Conclusions 
 The result as well as the analysis and discussion have led to a few conclusions. This chapter 
contains a short presentation of them. 
  
The recoverability of 98% by mass of the NAT commuter train is between 96% and 99,8% 
depending on the definition and approach. This is well over the requirements for automotives at 
85% [8].  
 
Using ISO22628 the recoverability of 98% by mass of the NAT commuter train is 98%. The 
benefit of using the standard is obtaining certain uniformity between companies in calculating 
the recoverability of competing products. 
 
The calculations according to ISO22628 are still open for interpretation, which can result in 
incoherence when trying to compare recoverability of different vehicles made by different 
companies or engineers.  The standard can, however, be applied on rail vehicles and does outline 
a certain approach to the calculations that can be of help in future.   
 
Customer demand and competitiveness has spurred Bombardier Transportation to actively work 
in increasing recyclability. Laws and legislations have spurred the automotive industry to 
reaching the minimum requirements when it comes to recyclability.  
 
Independent of the approach the recyclability calculations would all be increased if the recycling 
of composites and polymers would be improved. The technology for recycling these already 
exists, but implementing the technologies is an economical issue.   
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APPENDIX C

Aramides, aromatic polyamide 99,469000
Al-Si alloy 88,274000
Toughned glass 87,866000
Neoprene rubber 86,738600
Ethylene glycol 84,507200
Vegetable oil 84,000000
PA 66 83,860970
Climaver 504 82,000000
Ceramics 81,900000
Wool 80,872950
Bostik Findley Simson ISR 70-07 79,620000
PE 78,582400
Epoxy powder coating 75,049029
Sika Sikaflex 222 67,496000
Composites 67,185800
Polyester based insulation 66,272000
Glass fibre reinforced plastics 65,232560
PA 6 63,738760
Thermosets 60,926000
Oil 56,460000
Synthetic oil 53,420000
Thermoplastics 50,234600
Zinc based metals 48,080000
Butyl rubber 47,461175
Polyphenylenesulphid 45,838530
Cotton 45,835500
PVC 44,392660
Natural rubber 43,548860
Sika Sikaflex 221 42,156000
Mineral oil 40,506000
Fastbond 100 38,000000
Glass fibre 36,419330
Polyester powder coating 35,500000
Unspecified polyolefin 35,219427
Polyester based paint 34,640000
Synthetic fibres 33,240000
Al-Zn alloy 33,180000
ABS-polycarbonate blend 33,066200
Laminated glass 32,150000
Grease 31,555000
Siliporite 31,296000
Al-C-Si alloy 31,080000
Glass fibre reinforced resin 31,000000
3M - VHB Adhesive foam tape 30,772000
Silica gel 27,910910
Iron 27,253600
Glass fibre reinforced silicone rubber 25,280000
Glass fibre reinforced polyamide 24,903600
Aluminium silicate 24,800000
RoHS compliant components 23,786000



Al-Mg-Si-Pb alloy 21,825000
Acrylate based adhesives 21,477000
Silicone thermoset 20,211300
PTFE 19,204200
Zinc 19,022744
Al-Mg-Mn-Si alloy 17,275000
Paper 17,060000
Polyurethane foam 15,168000
Bostik Findley Simson ISR 70-03 14,868000
Al-Mg alloy 14,866000
Sika Sikaflex 205 14,310000
Nitrile rubber 13,726780
Silicon 12,937939
Nylon 12,091400
Epoxy-glass laminates 11,517800
PET 11,229773
Micaver 11,000000
Aluminium alloys 10,272000
Teflon 9,620000
Epoxy based paint 9,265000
Porcelain 8,960000
PBT 8,732942
Cellofoam 8,520000
Not RoHS compliant components 8,129600
Chloro-Sulphoneted Polyethelene 7,408000
Geomet 321 7,220000
Polyurethane based paint 7,163391
PMMA 7,139640
Polyimide 7,104000
Noryl 6,878000
X5 CrNi 18-10 (EN 1.4301) 6,728000
Chloroprene rubber 6,700000
Henkel Loctite 8009 6,389000
NBR/Polypropylene 6,387770
Henkel Loctite 243 6,095400
Tin 6,028000
Lead (Pb) in solder 5,581000
Isocyanurate foam 5,500000
Cement 5,281200
Sn-Pb-Ag solder 5,127100
PVC and nitrile elastomeric insulation 5,054000
Acrylonitrile-butadiene rubber 4,561000
Printed Circuit Board Assembly 4,500000
Bronze 3,946240
Polyurethane, thermoplastic 3,880000
Magnesium oxide 3,861023
Henkel Loctite 496 3,628000
Heat-resistant paper (nylon) 3,408000
Bostik Findley Simson ISR 70-04 3,200000
Glass fibre reinforced polycarbonate 2,988000
Aluminium trihydrate 2,935100
Sika Sikaflex 265 2,800000



Cu-Zn-Sn alloy 2,752000
PEI 2,715870
Glass fibre reinforced PVC 2,300000
Contactal HPG 2,277000
EN AW-6060 T5 2,174000
Geomet 500 2,144000
Silicon grease 2,104000
Silicone based adhesives and sealants 2,002000
Carbon 2,000000
POM 1,898300
Cardboard 1,844000
Melamine plastic 1,826400
PPS 1,767200
Cu-Ni alloy 1,688000
Leather and renewable fabrics 1,562000
Huntsman Araldite 2013 1,532000
Other materials 1,200000
Zamac Zn/Al/Mg/Cu 1,200000
Enamel 1,120000
Polyurethane rubber 1,064000
Woods and plywoods 1,060000
ABS 0,896760
Bakelite 0,885000
Fire resisting glass 0,840000
Chromated surfaces including Cr(VI) 0,707800
Glass Fibre Reinforced PBT 0,661200
Glass fibre reinforced neoprene rubber 0,624000
Henkel Loctite 577 0,534000
Henkel Loctite 542 0,480000
Glass fibre reinforced epoxy 0,468000
Bostik Findley Simsons ISR 70-08 0,400000
Simson Cleaner I 0,400000
polyacetal 0,397920
Glass fibre reinforced nitrile rubber 0,380000
Melamine foam insulation 0,370000
Henkel Loctite 406 0,360160
Cu-Pb-Zn alloy 0,360000
Molybdenium 0,355200
Terostat 4006 0,340000
Fluorinated rubber 0,332000
Henkel Loctite 454 gel 0,320000
Standard epoxy-glass fibre laminates 0,280000
Acrylic paint 0,260000
Sn-Ag-Cu solder 0,256000
Zinc as surface treatment 0,240000
Medium Chained Chlorinated Paraffins 0,220000
Triphenyl phosphate 0,220000
Polydimethylsiloxane 0,214200
Xylene 0,213800
Silver 0,203744
Henkel Loctite 8008 0,200000
Sika activator 0,200000



Delrin 0,194800
Other metals, alloys and semi-metals 0,188000
Lead-free solder 0,162080
Aluminium oxide 0,157000
Al-Cu-Mg-Pb alloy 0,150000
Henkel Loctite 270 0,142000
Glass fibre reinforced PET 0,137000
Printed circuit board laminate 0,107000
Bostik 1400 0,100000
Sika Sikaflex 252 0,100000
Acrylic Polymer 0,085175
Aromatic solvent 0,081175
Barium sulphate 0,081175
Ethylbenzene 0,081175
Henkel Loctite 275 0,080000
Antimony trioxide 0,077315
Sn-Pb solder 0,076000
Graphite 0,075900
Silicon oil 0,072000
Viton 0,072000
Sn-Pb-Cu solder 0,072000
Organic boards and paper based materials and insulation 0,068000
Styrene-butadiene rubber 0,061800
Fe-Ni alloy 0,060000
Ni-Cr alloy 0,060000
Epoxy-mica laminates 0,052000
Polyurethane based insulation 0,046800
Henkel Loctite 401 0,042000
Polystyrene 0,040000
Other chemicals and additives 0,034000
Methanol 0,030830
Natural fibre reinforced plastics 0,030000
Bismuth and compounds 0,020000
Ethylene propylene rubber 0,020000
Vulcanized fibre 0,019200
Cu-Be alloy 0,016000
EPM-TPE (thermoplastic) 0,012000
Amorphous Silica 0,007700
Epoxy based adhesive 0,006000
PEEK 0,006000
Formaldehyde VOC 0,005305
Mercury 0,004000
Be-Cu alloy 0,003002
Loctite 248 0,002400
Ag-Ni alloy 0,002000
HDPE 0,002000
Polyaminoamide 0,002000
Leather 0,001800
Pt-Ni alloy 0,000960
Noble metals and alloys 0,000080


