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Abstract 
In recent years the end-of-life phase has come into focus. European Union directives 
have been issued regulating certain product groups and producer responsibility. 
Vehicles and electronic products are the first to be identified and targeted. EU 
environmental legislation acts as a driver for increased reuse, recycling and recovery. 
 
The overall aim of the presented activities has been to increase the effectiveness of 
current recycling practices, both in terms of design changes and end-of-life treatment 
process suggestions. A “pre-step” operation has been suggested, in order to either 
salvage valuable (or toxic) material or to remove diluting bulk material. As this thesis 
is focused on the recycling of white-goods specifically dishwashers the suggested pre-
step would be removal of valuable copper prior to shredding.  
A life cycle assessment (LCA) study has been conducted. The purpose of this study 
was to determine if using a pre-step is beneficial from an environmental point of view 
or not. Furthermore, an experiment on the usability of recycled polymers from waste 
electrical and electronic equipment (WEEE) has been performed. 
Based on this work polymer recycling process suggestions are presented. 
 
Based on research in the fields of design for recycling, design for disassembly and 
EcoDesign the material hygiene (MH) concept of design for recycling is formulated.  
This concept is tested on a disassembly field study carried out at a waste collection 
facility and a polymer recycling experiment at a refrigerator fragmentation plant.  
Five MH factors are suggested: MH Mix, MH Identification, MH Resources, and MH 
Weight and MH Map. Additionally, a MH mind-set is presented. 
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1. Introduction 
Material and energy are needed for products. Recycling of materials from products is 
essential both in the sense of increased raw material availability and reduction of 
needed energy. For example the production of virgin aluminum is very energy 
consuming. Re-melting a piece of aluminum takes only 15% of the energy needed to 
produce virgin aluminum.  
However, both material and energy are important but this thesis concentrates on the 
material side of the environmental issue.  
 
EcoDesign encompasses many different aspects aimed at reducing the environmental 
impact of products. The use phase of a product is often in focus due to the fact that 
core consumer products e.g. automotives have their most significant environmental 
aspect in the use phase. The environmental impact from a normally used car comes 
more than 90% from fuel consumption, calculated over the whole life cycle. In this 
case the impact is obvious in terms of CO2 emissions and the associated greenhouse 
effect. In other products manufacturing and waste management are the dominant 
factors; such as paper or furniture.  
In recent years, the end-of-life phase has come into focus, as EU directives have been 
issued regulating certain product groups and producer responsibilities. Vehicle and 
electronic products are the first such product groups to be identified and targeted. 
If it were possible to extract all material from end-of-life products, the production 
system would only need to supply enough additional material to satisfy the increase in 
demand for products world wide.  
 
Currently, with shorter product life cycles and increasing demand for products, the 
demand for materials is increasing at the same time as more material is in recycling 
processes. This is a process often with low industrialization and low efficiency as far 
as return of material is concerned. Useful material is diluted by fractions from where 
they can not be recovered. Increasing recycling percentages is therefore essential in 
order to curb the development of increasing raw material prices and decreased 
availability. 
Energy as a resource is high up on the agenda with one peak in awarding Al Gore and 
the UN Climate Panel the Nobel peace prize 2007. 
 
In this thesis a concept of material management called Material Hygiene (MH) is 
presented, aiming at improving recycling of products.  
Specific dishwasher design features aimed increasing the ability to recycle material is 
also presented 
 

1.1 Background 
It is essential to recycle products effectively if we are to reuse their constituent 
materials. Many raw materials are in short supply and others are expensive to obtain 
(e.g., metals are costly to retrieve from ore). Thus, material availability and energy 
preservation are two factors that motivate recycling efforts; added to these factors is 
legislation prohibiting the land filling of certain products and materials. 
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Figure 1.1 is a representation of a waste hierarchy division. It is desirable to have as 
much material as possible high in the pyramid. This move would represent an increase 
in the quality of recycled material. Implementing MH would facilitate this move. 

 
Figure 1.1, Waste hierarchy according to Young (2006) based on a graphic from 
Sligo County Council after Wasteonline (2006) 
 
This thesis is built on the concept of ‘doing the right things’ as described in Fig. 1.2. 
The evolution of environmental considerations strives towards avoiding problems in 
later phases by implementing measures at an early stage of product development 
where design freedom still exists. 
 

 
 

Figure 1.2, The evolution of practices towards sustainability. (Karlsson 2007) 
 
Structures both in products and in the recycling systems are important. By having 
recycling friendly product structures, the treatment processes needed after product 
end-of-life would be simplified. 
 
This thesis can be seen in the context of other work performed by the EcoDesign 
group at Machine Design, KTH see Fig. 1.3. It adds another piece to the puzzle 
concerning both information flow and practical design measures aimed at improving 
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products environmental footprint. Figure 1.3 illustrates four thesis’s aims; these are 
connected to product development and end-of-life (EoL) treatments. Figure 1.3 shows 
a schematic representation of product life cycle, but no consideration is taken to the 
time length of the three phases. 
 

Hedlund-Åström, A.
Model for end of life 
treatment of polymer 
composite materials

Product use phaseProduct development and realization EoL handling & treatment

Lagerstedt, J.
Functional and 

environmental factors 
in early phases of 

product development

Johansson, J.
Material Hygiene –

An EcoDesign 
mindset for recycling 

of products

Luttropp, C.
Design for Disassembly 

Environmentally adapted 
product development based 

on prepared disassembly and 
sorting

 
 
Figure 1.3, Dissertations from the EcoDesign group at Machine Design KTH from 
1997-2008. Activities are presented in relation to the product life cycle. 
 
Hedlund-Åström (2005) formulated a model for polymer composite material recycling 
and which aspects must be taken in to account to facilitate such recycling. Lagerstedt 
(2003) presented a support matrix method that gives product designers the opportunity 
to weigh functions against environmental impacts. Luttropp (1997) suggested a 
method to enable the design of products adapted to recycling by introducing the 
recycling structure concept. These different methods and concept supports different 
aspects of environmental adaptability and recycling. 
Material Hygiene, as presented in this thesis extends the work carried out by the 
EcoDesign group towards sustainable products and recycling structures. 

1.2 Purpose and goal 
The purpose of this work is to increase the effectiveness in recycling of materials.  
This thesis aims to develop a holistic thinking that integrates various sustainable 
development aspects, That is, enabling cooperative measures for development of 
effective recycling. The thesis presents a set of design principles for “material 
hygiene” (MH). Those principles aim to provide guidance both for product design and 
for the “design” of the total material systems. Focus is on effective recycling of 
materials towards sustainable material management systems. 
The goal is to present a concept on material management and to propose changes in 
waste management processes. Furthermore, this research aims to improve our 
knowledge of how to recycle products more effectively. 
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1.3 Scope 
This thesis focuses on recycling of metals and discusses recycling of polymers. The 
MH idea is evaluated for consumer household appliances, concentrating on the 
dishwashers in an in-depth case study. Furthermore, polymer recycling is investigated 
through an on-site experiment.  

1.4 Research questions 
The research questions are as follows:  

• What can be done to increase effectiveness of recycling? 
• How should current recycling processes be changed to increase recycling 

outcome and what can be done in the future? 
• How should the design of products be changed to facilitate effective 

recycling? 

1.5 Scientific approach and method 
Based on research in the fields of design for recycling, design for disassembly and 
EcoDesign the material hygiene (MH) concept of design for recycling is formulated.  
The original formulation of the MH Factors presented in paper A was inspired by the 
ten golden rules presented by Luttropp & Lagerstedt (2006). These factors has since 
evolved to the current state, presented in this thesis, see Ch. 5.2. The current factors 
should by no means be considered static. Evolution based on for instance material 
content in products, new findings regarding toxicity and changes in legislation must 
be considered. 
This concept is tested in a disassembly study on 14 dishwashers, representing a cross-
section of the Swedish market. 
A recycling operation, a pre-step, before shredding is proposed, and a life cycle 
assessment (LCA) study is done to measure the resource use and green house effect, 
compared to the standard shredding-only procedure. 
Furthermore, a full-scale shredding experiment to investigate the polymer content in 
WEEE has been performed and based on that, suggestions on polymer recycling 
processes are presented. 
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1.6 Thesis structure 
Figure 1.5 outlines the thesis. Chapter 1 introduces the research area and underlines 
the importance of structures both in products and in recycling as a whole. Chapters 2, 
3 and 4 are the pillars on which Material Hygiene (MH) is based. In chapter 5 MH is 
presented. Chapter 6 and 8 contains the field studies performed during this research; 
the dishwasher disassembly and the polymer recycling investigation. Chapter 7 
presents the life cycle assessment of a proposed dishwasher pre-step (for definition 
see section 3.1) compared to the current WEEE recycling practice. A discussion is 
held in chapter 8 and chapter 9 concludes the thesis. 
 

 
 

Figure 1.5, Thesis outline 
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2. Environmental context 
There has been an increase in public interest concerning environmental issues for 
many different reasons. A current example of this interest is the popularity of the 
documentary “An inconvenient truth” featuring Al Gore et al (2006) that discusses 
global warming issues. Awareness of the environmental impacts from our actions is 
the first step towards changing attitudes. The slogan “think globally act locally” 
encompasses the philosophy needed. 
One the earliest environmental warning calls was the book “Silent Spring” published 
by Rachel Carson (1962), which examines pesticide use and insect control, and on the 
impact of potent poisons used in pesticides. The book highlighted how a focus on 
short-sighted, short-term gains could affect the environment and bird populations in 
particular, for years to come. At the time of its publication the mechanisms of 
bioaccumulation were not widely known.  
At the international level one of the first conferences focusing on the environment, the 
United Nations Conference on the Human Environment, was held in Stockholm, 
Sweden in 1972. In 1992 110 United Nations members signed the Convention on 
Climate Change and the Convention on Biological Diversity, and adopted Agenda 21 
as an action plan aimed at promoting sustainable development. This treaty called for 
the implementation of national sustainability action plans by each of the signing 
parties (Agenda 21 1992). 
The Basel Convention, signed in 1992, focuses on minimizing the amount and 
hazardousness of waste. Furthermore, the increasing costs tied to treatment are 
targeted. Finding alternative solutions to the transfer of waste within the developed 
countries became economically viable. The export of waste from developed to 
developing countries increase danger along the waste path. In order to ban export of 
the waste problem the Basel Ban was signed in 1992, but has not come into force yet 
due to lack of ratification by some of the parties. (Basel 1992; Widmer et al 2005) 
 
Factor 4 and Factor 10 are concepts based on combining increased efficiency of 
resources use and the decreasing the amount of resources used (Weizsäcker et al 
1997; Schmidt-Bleek 1997). 

• Factor 4: Halving resource use and doubling the efficiency with which the 
remaining resources are used. 

• Factor 10: Material flows in OECD countries should be reduced by a factor 
10. However, globally the target material turnover should be reduced by 5 
times. But, as the OECD countries consume the most material they should set 
a long-term target beyond the more conservative Factor 4. 

A premise underlying these two concepts is that the rate of consumption of the earth’s 
resources must decrease. 
 
The United Nations Population Fund, (UNFPA), publishes “State of the world” every 
year. According to the United Nations Environment Program (UNEP), as of the year 
2000, 400 million tons of waste was produced globally each year.  
European Environmental Agency (EEA) states in its fourth assessment report that 
municipal waste is increasing by 2 % per year in the pan-European region, (EEA 
2007a). This growth is continuing, even though measures have been taken to prevent 
such waste, because of increase in economic activities in Europe. 
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As indicated by Figure 3.1, all stages of a product life-cycle burdens the environment 
either directly or indirectly. Adopting a systems view when trying to address 
environmental impact issues are important, otherwise there is a risk of focusing on the 
wrong issues. In addition, it is even possible that measures designed to minimize one 
environmental impact may actually increase the overall impact of the whole product 
life cycle. Thus, it is good practice to consider the entire life-cycle when 
implementing changes in products or processes. 
 
 

 
 
Figure 2.1, Life-cycle chain from extraction - through production - to consumption 
and waste. (EEA 2007b) 
 
In Sweden the environmental work on government level is focused in 16 
environmental quality goals. (Miljömål 2007) 
The main aim is divided into: 

• Advance human health 
• Maintain bio-diversity 
• Maintain cultural environments and important social history sites 
• Eco system long-term production capabilities 
• House-keeping of environmental resources. 

 
In order to achieve these goals, they have been divided into a number of separate 
targets. 
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One of the 16 quality goals is “Clean Air”. This goal is divided into 6 interim targets. 
These specific interim targets are set to be achieved at a certain specified date. An 
example is that nitrogen dioxide level in the air that by year 2010 shall be no more 
than of 60 µg/m³. 
As many of the measures implemented will address more than one secondary 
objective a number of strategies have been adopted: 

• A higher efficiency in energy usage and transports.  
• Resource efficient eco-cycles free from hazardous content.  
• Reduction of diffuse toxic emissions.  
• Creation of lean eco-cycles both in terms of energy consumption and material 

use.  
• Housekeeping of land, water and inhabited environments in order to preserve 

biological diversity and valuable social history environments. 
The sustainable society as expressed, for instance, in Agenda 21 is the foundation for 
the Swedish environmental work that is divided between several governmental bodies. 

2.1 The European environmental perspective 
Waste prevention, recycling and reuse are important measures in the European 
environmental legislation. Designing products that incorporate features that simplifies 
reuse or recycling then becomes important. Strict product design legislation may 
prove to be difficult to implement since product design in large parts is a creative 
process that is not suited to legislative demands. 
Branches of industry with strong companies that wants to control the development 
also lead to differences in implementation of national laws. EU countries are 
influenced by their domestic industries. That is, implementations supported (or even 
suggested) by industry will have much more chance to succeed. 
The environment part of the EU commission is divided into a number of 
Environmental Policy groups; “Industry and technology” is one of those policies. In 
turn this group is divided into eight areas see Table 2.1: 
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EU Environmental policy groups 

Environmental Technologies Action Plan (ETAP) 

Eco-Label 

Integrated Product Policy (IPP) 

Eco-Management and Audit Scheme (EMAS) 

Pollution from industrial installations 

Small and medium-sized enterprises (SMEs) and environment 

The greening of public procurement 

Standardization 

 
Table 2.1: Policy Industry and technology sub-areas 
 
Especially interesting is the policy group Integrated Product Policy (IPP) with its 
wider view on products and their effect on the environment.  
The goal of ETAP is to encourage product innovations that will decrease 
environmental load. Three focus areas are defined: 

• Getting innovations from research to market 
• Improving market conditions 
• Acting on a global scale 

Furthermore, ETAP shall support and finance research aimed at decreasing 
environmental load and arranges meeting places for researchers and companies 
willing to invest in environmentally sound products. By defining specific technology 
platforms, ETAP will create projects which can gather stakeholders from all areas of 
that platform.  
For instance, the European Steel Technology Platform (ESTEP) is such a project. 
That aims at bringing the major steel producers in Europe together. The goals of 
ESTEP could be summarized as; maintaining competitiveness towards third country 
producers while improving working and environmental conditions. Sustainable steel 
production in Europe is the ultimate objective of this project.  
 
The relocation of manufacturing plants to developing countries should not include the 
export of environmental problems. Investments in so-called “green projects” in 
developing countries should initiate development of sustainable structures 
 
Another Policy group is “Waste” that contains the following sub topics directly 
connected with waste, see table 2.2: 
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Sub topics in EU policy group Waste 

Batteries Polyvinyl Chloride (PVC)  

Bio-gradable waste Reporting on implementation 

Electrical and electronic equipment Sewage sludge 

End of life vehicles (ELV) Ship dismantling 

EU Waste Legislation Shipment of waste 

Hazardous waste Thematic strategy on waste  

Incineration of waste Waste management plans 

Landfill of waste Waste oils 

Mining Sustainable use of resources 

Packaging Integrated product policy 

PCBs / PCTs Titanium dioxide 

Sustainable Consumption and 
Production 

 

 
Table 2.2, Sub topics EU policy group Waste 
 
The EU efforts concerning waste are based on three principles;  

• Waste prevention 
• Reuse and recycling 
• Improved final treatment and monitoring 

These three principles are listed in order of importance. Comparison can be made to 
the waste hierarchy pyramid, see Fig. 1.1. Table 2.2 present many different areas. In 
the context of this thesis a selection of topics is presented in table 2.3: 
 

Waste Electrical and Electronic Equipment (WEEE) 

End of life vehicles (ELV) 

Reporting on implementation 

Integrated product policy 

Sustainable use of resources 

Sustainable Consumption and Production 

 
Table 2.3: Selected topics of interest for this thesis  
 
It should be noted that in the Industry and technology policy, integrated product 
policy (IPP) is also mentioned as a topic. IPP targets all aspects in a systems 
perspective. This is very important as changes in one part of the life-cycle of products 
influence other aspects. The intent with IPP is to identify where resources should be 
directed to give the most effect in lessening the environmental impact. 
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Sustainable consumption is a difficult area. Influencing populations to make 
sustainable consumption choices is very difficult. Information campaigns can only 
inform. To be given an eco-friendly alternative is not the same as choosing an eco-
friendly product. Turning the populations’ preferences towards sustainability is a great 
challenge for the entire global community. 
 
Producer responsibility is the keyword for almost all legislative measures. Enhanced 
Producer Responsibility (EPR) is a strategy aimed at including the cost of the entire 
life-cycle of a product into the market price. Thus, making producers ultimately 
responsible for either take-back of used products or implementing other end-of-life 
treatment procedures, (Lindhqvist & Lidgren 1990; Lindhqvist, 2000). 
 
The Basel Convention prohibits the export of hazardous waste for final disposal from 
OECD countries to non-OECD countries, (Basel, 1992). The Basel Ban is an 
amendment to the Basel Convention not yet into force. Recycling and recovery export 
is covered by the Basel Ban. When the amendment is into world-wide force the export 
of WEEE scrap will be effectively prohibited. Compared to the WEEE directive the 
working conditions and environmental impact of the treatment of waste is similarly 
stressed. Recycling and recovery in developing countries are often carried out under 
very bad working conditions. Acid use without proper protection gear and burning of 
product parts to recover, for instance copper, and in that process releasing hazardous 
content.  
 
The EU directive on Waste Electrical and Electronic Equipment (WEEE) stipulates 
special requirements for electric and electronic equipment (WEEE 2002). The end-of-
life vehicle (ELV) directive puts similar demands on car recycling (ELV 2000). 
However, there are differences when comparing these two directives. For a more in-
depth presentation of these Directives see sections 3.3, 3.4 and 3.5.  
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3. Recycling 
Reusing products, parts of products or constituent material has been beneficial from 
an economic point of view for a very long time. Metals have been recycled since long 
due to high prices on virgin, ore based materials. The production of waste is as old as 
history. Archaeology scientists gain from this when investigating living conditions of 
ancient societies.  
This chapter focuses on European conditions if not otherwise stated. 
Lower prices on materials and cheap labor in developing countries has enhanced 
waste volumes per capita. Due to increased wealth and population the total waste 
stream is exploding. Increasing demands for materials and energy conservation raise 
resource prices. Together with new environmental demands and stricter legislation, 
recycling is coming more and more into focus, (Widmer et al 2005). 
Recycling is not only a way to regain material but also a way to decrease the need for 
energy since producing for instance recycled steel is less energy consuming than 
using ore based steel. Johnson et al (2008) shows that producing austenitic stainless 
steel from scrap reduces energy consumption with 67%. However, it is stated that this 
is not possible due to the low availability globally of scrap material and that in the 
current situation the energy reduction depending of recycling of scrap austenitic 
stainless steel is 33% (Johnson et al 2008) 
 
The success of recycling in society is dependent on waste management structures that 
facilitate the proper return of products, proper return meaning the correct product 
returned to correct location. This view is supported by Fisher et al (2003) that state 
that the lack of infrastructure is one of the biggest hurdles for effective polymer 
recycling. Clear objectives and easy and self-explanatory waste collection facilities 
are required to achieve recycling goals.  
 
The situation for recycling efforts differs from country to country in the EU. 
Dalrymple et al (2007) describe the e-waste situation in the UK. The ten separate 
waste categories in the WEEE Directive, as defined in Annex 1B, are not 
implemented as separate waste streams. This fact is due to for example space 
constraints at waste collection facilities. Current and emerging technologies for 
handling and treatment of e-waste are presented, such as sorting and disassembly and 
crushing and separation. The different separation techniques used are presented. 
Dalrymple et al claims that initial disassembly is essential to fulfill demands for 
removal of toxic components as well as simplification of later separation stages. This 
can be compared to the suggested pre-step in section 3.1.  
Furthermore, any technologies that bring automation to the treatment process would 
improve the process and increase chances for financial success. A smaller particle size 
after the shredder is highlighted as being important in the separation of different 
materials.  
A discussion on the current recyclability of polymers is presented. Dalrymple et al 
states that 20-25% by weight of WEEE is polymeric (which corresponds to 50% by 
volume). It is a large fraction of WEEE that does not get treated well at the recycling 
facility.  
Heat from the shredder can degrade the polymers. Furthermore, 20% of the polymers 
contain brominated flame retardants and requires special attention. Printed circuit 
boards (PCB) are said to be 3% by weight of WEEE but contain 29% by weight of 
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valuable metals. Burning followed by pyrometallurgical treatment can recover metal 
from PCBs. This treatment requires highly specialized facilities. Additionally, 
hydrometallurgical treatment is another way of extracting metals from for example 
PCBs; this technique is widely used in treating ore. The major problem with 
hydrometallurgical treatment is the use of toxic fluids to produce waste streams. 
Dalrymple et al conclude with:  

• More clear definitions in order for treatment facilities to optimize their 
operations.  

• Development and support for the second hand materials market.  
• Better match between collection streams and treatment technologies.  
• Education of designers on the choice of materials and the impact those choices 

have on the recycling treatment.  
• Recycling large white goods is a good practice based high content of valuable 

materials.  
• The RoHS Directive will influence the composition of WEEE.  
• WEEE is constantly evolving, since new products are put on the market and 

these can demand different treatment techniques than the current waste 
streams,  

(Dalrymple et al 2007). 
 
Observations made by the author at Swedish waste processing facilities indicate that 
this recycling activity needs structuring to increase its effectiveness.  
The collection and initial sorting of waste must be done at dedicated not generic 
collection facilities. Handling and transports within the collection facilities must be as 
effective as possible. A common practice in Sweden is to load white goods (excluding 
products containing CFCs) into containers regardless of the products orientations. 
When full, the products in the container are usually compacted, for example, using a 
wheel loader. The EoL products will then be more or less destroyed before they are 
shipped to their final destination, the waste treatment plant. There no demand to 
gather information regarding brand and model. This would be difficult to do after the 
current handling. 
If required, information collection of this sort could be tied either to producer 
responsibility or material content, or both. 
 
A lot can be done in all life cycle phases to improve the effectiveness in materials 
recycling. Design can facilitate disassembly, pre-steps before shredding and 
specialized processes can raise the outcome and purity of valuable fractions. 
 

3.1 Waste handling 
The process of material recovery and recycling starts at the collection facility see Fig. 
3.1. Proper handling throughout storage and transportation facilitate increased yield in 
the process. The next step is dismantling and sorting of toxic waste and valuable parts 
or subassemblies in relevant fractions; “Fractioning I” in figure 3.1. This fractioning 
can be done manually or automated on different levels.  
The predominant part, for recycling of products, is a shredder process. The shredding 
is sometimes preceded by a special pre-process such as recovery of CFC from waste 
refrigerators and freezers (“Toxic waste” in figure 3.1). After shredding, fractioning is 
carried out with magnetic, eddy current and/or other techniques. Large electric motors 
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such as the circulation pump in a dishwasher have a magnetic stator with copper 
windings. The magnetic property of the stator suggests that this part will be sorted in 
the magnetic fraction. However, due to the large amount of valuable copper these 
items are be hand picked at present (A part of “Fractioning II” in figure 3.1).  
Smaller objects containing copper can slip through hand-picking depending on belt 
speed, concentration of copper in the material fed to the shredder and the number of 
hand pickers. The magnetic fraction from shredding therefore often contains a large, 
non-acceptable, portion of copper. Figure 3.1 contain the following outputs: 

• Fe:   Steel magnetic 
• Cu:   Copper 
• NF:   Metal non-ferrous material 
• ASR:   After shredder residue 
• Polymer 

 

 
 
Figure 3.1, A graphic representation of how recycling is organized at present in 
Sweden and other European countries, Adapted from Johansson & Luttropp (2007) 
 
Currently, necessary manual operations are done by skilled workers. Maintaining a 
qualified work force for these tasks can be difficult, mainly due to the current low 
status of recycling work. Most likely, manual labor must eventually be phased out and 
new improved automatic processes must be developed; such “industrialization” will 
increase the effectiveness of recycling operations, (Dalrymple et al 2007). 
 
The Volkswagen-SiCon process is an example of a downstream waste treatment 
process without any link to design, see “Fractioning III” in figure 3.1, (Krinke 2006). 
The process specializes in the fractioning of after shredder residue, ASR or “fluff”. 
 
The economic situation differs, for example, between the Nordic and the Baltic 
countries. This implies that theft may be a problem at waste-processing facilities in 
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richer countries, since products that are considered waste in one country may very 
well be considered useful products in another country. An illegal second-hand market 
is something manufacturing companies are concerned about, since the risk of 
degraded brand reputation is high. 
Companies could collect their own end-of-life products, and recondition and re-sell 
them without risk of brand degradation (Sundin 2004). Other take-back schemes 
include “functional sales” in which ones buys a service not a physical product, for 
example, the ability to copy documents, not a photocopier per se; the concept of 
functional sales is a way to control several aspects, including environmental impact 
(Ölundh 2006). 
 
A recycling process operation, a pre-step, has been suggested by Johansson & 
Luttropp (2006). The suggestion is: remove (un-)wanted materials at its highest 
concentration. After shredding this material will be mixed in with all others, 
presumably making the sorting more difficult.  
A broad definition of a pre-step would be: operations prior to shredding. 
Its aim could be removal of either hazardous or valuable material. Furthermore, it is 
contemplated that several pre-steps could be performed with different aims. Pre-step 
operations can be manual or automatic depending on, for instance, volume of material 
or economical conditions. By using this definition it is implied that shredding will 
always occur. Since, it is an effective way to separate materials in high volumes. This 
may be altered in the future, but reduction of particle size is essential for most sorting 
procedures. Thus, shredding in this context could be termed particle reduction. 

3.2 EU directive on Waste Electrical and Electronic 
Equipment, WEEE 

The EU directive on Waste Electrical and Electronic Equipment (WEEE) was issued 
2002 and this thesis section contains a brief presentation of the WEEE directive see 
Appendix A for the full text, (WEEE 2002). The distribution of different products in 
the waste stream is presented in Fig. 3.2. 
The current goal of the WEEE Directive is that EU member states should collect 4 kg 
of WEEE per person per year. In Sweden, year 2005, the collection was 14 kg/person 
and year, (Naturvårdsverket 2006). 
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Figure 3.2, The distribution of electronic waste in Sweden in 2005 (Naturvårdsverket 
2006) 
 
The objectives of the WEEE Directive are, first, to prevent the production of waste 
and, second, to increase reuse, recycling, and other forms of recovery. Moreover, 
environmental performance of the actors involved, particularly those that treat waste 
at product end of life should be improved continuously. The best available treatment 
should be used in processing WEEE. 
Member states are to encourage the development of technologies in the area of reuse, 
recycling and recovery. Producers should finance the system for collecting, 
recovering, or disposing of WEEE and should be responsible for handling the waste 
stemming from new products placed on the market. Furthermore, producers are 
responsible for financially guarantying the management of WEEE.  
The exact form of this guarantee is not closely controlled or specified and it can take 
many different forms; for example, companies can participate in enterprises that 
handle WEEE or take out some form of recycling insurance. In Sweden the majority 
of WEEE is handled by Elkretsen AB. 
 
Disposal of WEEE should be easily understood, and the necessity of recycling goods 
should be explained. The potential effects of WEEE, in terms of both human and 
environmental health, should be communicated to the public. An explanation of the 
WEEE symbol, see Figure 3.3, should be included on all products. 
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Figure 3.3: WEEE disposal symbol to be marked on all affected products, (WEEE 
2002) 
 
Infrastructure that facilitates participation in the proper disposal of WEEE should be 
established. Producers are required one year after the release of a new product to 
release information about that product in terms of, for example, its electronic and 
electrical equipment (EEE) components and the location of dangerous content; this 
information is to be made available to treatment facilities. EU states are directed to 
collect information regarding producers and collected products; estimates of WEEE 
collections should also be included. Implementation of the directive into specific 
member state legislation gives some degree of freedom to the individual countries. 
The basic rule is that the producers should pay the costs of disposing of their products 
at end-of-life. WEEE financing is one of the more difficult issues. That is, the answer 
to the question: Who should pay what?  
Determining the composition of the waste flow is difficult. There is a spread in life-
length in all products. Moreover, consumers themselves determine when to dispose of 
their old used products. Together, these two factors contribute to the difficulty of 
predicting when a product will be delivered to a waste-disposal facility.  
The technical life-span of a product is easier to determine; it can be estimated using 
probability calculations, and can be estimated within a specified range. 
Economical and cultural implications also play a part. The perceived product end-of-
life may depend on the economical situation of consumers. 
 
Identifying products covered by the WEEE Directive can be difficult due to the 
amount of products and the number of product variants in the waste stream. 
Identification techniques are required to assign responsibility fairly to various 
producers (or holder of producer responsibility). Distributing the costs would be 
facilitated by a system that registers each and every product; otherwise, there is a risk 
of materials getting “lost” at the treatment facility. There is no way of implementing 
new technologies to products already in their user phase. However, new products in 
line to be supplied to consumers could, for instance relatively easy be “tagged” with a 
radio frequency identification devices (RFID) embedded in the bar code sticker. By 
using such a technique automatic product identification would be possible in the 
future (Luttropp & Johansson 2008). 
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Currently, the WEEE Directive compliance in Sweden is wanting. Many efforts have 
been made, but further steps must be taken to achieve 100% compliance. The 
necessary infrastructure exists and there are waste-treatment companies that take their 
task very seriously. However, as stated earlier, registration and identification is a 
problem, as is financing waste-treatment. High costs would be a problem if every 
product were to be identified manually at the recycling collection or treatment site.  
 
The Directive is very specific regarding product groups and products, which could 
pose a serious problem as pointed out by Huisman et al (2006) A division based on 
material content would be more suitable, since that would reflect the actual materials 
available to recycle, since, at this phase of the products life the function is of no 
interest. Regarding a dishwasher purely as a sheet and stainless steel enclosure of 
other different materials would be a better description. Another problem is the 
probability that products are crushed to save space during transport. 
 
In EU countries with developed waste management systems the implementation of the 
WEEE Directive is easier than in countries largely dependent on landfill techniques. 
In view of the requirements in the WEEE directive these countries need substantial 
infrastructure investments. 
Appendix II of the WEEE Directive includes very specific guidelines on how certain 
products shall be treated and this may not be the way to address treatment of 
hazardous products.  
The differences in specification level in the WEEE Directive should be noted. Certain 
areas are very specific and others are not. The implementation of the directive in EU 
member states is largely open for interpretation and this has caused the EU to have at 
least 25 different financing solutions, (Huisman et al 2006; Widmer 2006). Moreover, 
the difference from country to country makes it harder to examine rate of 
implementation. 
Implementation of WEEE into respective member states should also be a matter of 
concern, since local systems differ between countries, (European Commission DG 
Environment 2006). 
 
The environmental impact aspects of products are given more and more focus. 
Additionally, the prices of raw material are increasing as the population in emerging 
countries such as India and China are beginning to consume products in the same 
fashion as the Organization for Economic Co-Operation and Development (OECD) 
countries, (Kapur et al 2003). 
 
Product design of electronic and electronical products that facilitate dismantling and 
recovery shall be encouraged, in particular recycling and reuse of parts and materials. 
Returning WEEE from private households should be cost free and there should be a 
system for this. When supplying a new product the distributor should be able to take 
back the old product on a one-to-one basis. 

3.3 EU Directive on End-of-Life Vehicle, ELV 
In order to give a more comprehensive view of the waste legislation in the EU the 
end-of-life vehicle (ELV) Directive is presented briefly in this section. 
 
The overall objective of the ELV Directive is to prevent the generation of waste 
originating from vehicles and, if that is impossible, to reduce the amount of waste that 
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must be disposed of. In addition, the environmental impact of operators involved in 
the life cycle of vehicles is a concern; operators dealing with end-of-life treatment 
have been given special attention in this respect, (ELV 2000). The ELV Directive 
covers the collection, handling and treatment of ELVs in Europe. To help dismantlers 
and recyclers the International Dismantling Information System (IDIS) has been 
developed by 58 vehicle manufacturers, (IDIS 2007). 
 
The ELV Directive encourages the prevention of waste generation; moreover, the use 
of hazardous materials in new vehicles should be minimized to facilitate safer 
recycling procedures. The dismantling, reuse, and recovery aspects of vehicles are to 
be emphasized. The use of recycled material in new vehicles is to be increased. Lead, 
mercury, or hexavalent chromium is specified as prohibited materials.  
 
EU member state should ensure that systems are in place to handle ELVs as well as 
waste from replaced parts from vehicle repair. Furthermore, adequate facilities should 
exist in each member state’s territory. The transfer of the vehicle to treatment should 
be done without cost to the last holder and/or owner of the vehicle. However, if the 
major parts are missing, i.e. engine or coachwork, a fee may be required from the last 
holder or owner. 
 
EU member states should ensure that operators carrying out the waste treatment fulfill 
at least the following: 

• Vehicles should be stripped so as to avoid negative impact on environment, 
material and components marked according to Article 4(2) of the ELV 
Directive should be removed prior to treatment. 

• Hazardous materials should be removed prior to treatment and separated in 
such a way that risk of contamination is reduced. 

• Stripping operations should be done in such a fashion that parts and 
components can be reused or recovered for recycling, and  

• Encourage the introduction of certified environmental management system for 
treatment operators. 

• Encourage the reuse of components or the recovery of such components as are 
not suited for reuse. Recycling should be accomplished with as little 
environmental impacts as possible.  

 
Producers should use coding standards to facilitate the identification of components 
and materials suitable for reuse and recovery. Current research and other relevant 
developments should be incorporated into this work. 
For treatment facilities to comply with the ELV Directive, the necessary information 
must be supplied by producers in order to be able to carry out the necessary treatment 
efficiently. Details regarding components, materials and especially the locations of 
hazardous substances should be supplied. Reuse information from component 
manufacturers should be made available to treatment facilities in order to help them to 
dismantle, store and test vehicle components destined for reuse. 
 
The ELV implementation requires the economic entity holding the producer 
responsibility to publish information on: 

• Vehicle design and components from a recycling perspective. 
• Treatment of ELVs. 
• The development of new forms of reuse, recycling and recovery. 
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• The progress made in regard to reuse, recycling and recovery. 
This information must be made public so that prospective buyers can make decisions 
regarding what vehicle is likely to have the best recycling properties. 

3.4 Comparing WEEE and ELV 
Both ELV and WEEE are subordinate to the Waste Framework Directive 
75/442/EEC, Article 4 states that:  
‘Member States shall take the necessary measures to ensure that waste is recovered or 
disposed of without endangering human health and without using processes or 
methods which could harm the environment, and in particular: 

•  Without risk to water, air, soil and plants and animals, 
•  Without causing a nuisance through noise or odors, 
•  Without adversely affecting the countryside or places of special interest. 

Member States shall also take the necessary measures to prohibit the abandonment, 
dumping or uncontrolled disposal of waste’  
(Framework Waste Legislation 2006) 
 
The WEEE Directive is more products based than material based, this could pose a 
problem since a product group could easily be developed in a direction that eliminates 
the reason it was first placed on the product list. One could argue that then the list 
must then be changed, but this would not be a robust way of defining potentially 
damaging materials. In the WEEE Directive there is a demand for a specified 
minimum weight (4 kg per person and year) of collected material; this demand has no 
parallel in ELV. A specific example of differences is the WEEE Directive demand to 
remove printed circuit boards (PCB) with an area of 10 cm2 (or more) no such 
demand exists in ELV Directive even though such PCBs can be found in ELVs. 
Since, implementation of EU directives, (WEEE and ELV) differs from country to 
country. It is it difficult to compare results; penalties for negligence in implementation 
are then impossible to impose, since these are based on recycling results.  
In the following, table 3.1 the reuse, recycling and recovery rates are presented 
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 Percentage of total 

weight, year 2006 
Percentage of total 
weight, year 2015 

Reuse and recovery rate (ELV) 85% 95% 
Reuse and recycling rate (ELV) 80% 85% 
Reuse and recovery rate (WEEE)1) 80% 4) 

Reuse and recycling rate (WEEE)1) 75% 4) 
Reuse and recovery rate (WEEE)2) 75% 4) 
Reuse and recycling rate (WEEE)2) 65% 4) 
Reuse and recovery rate (WEEE)3) 70% 4) 
Reuse and recycling rate (WEEE)3) 50% 4) 

1) Large household appliances and automatic dispensers 
2) IT and telecom equipment and consumer equipment 
3) Small household appliances, lighting equipment, electrical and electronic tools, and 
toys, leisure and sports equipment 
4) To be decided in 2008 
(WEEE, 2002), (ELV, 2000) 
 
Table 3.1, Comparison of the collection requirements for the WEEE and the ELV EU 
directives. 
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3.5 Design for Recycling, an overview 
In this section a number of different methods are presented with the aim to facilitate 
recycling of products. The basic rules for recycling oriented design are well known 
e.g. Konstruieren recyclinggerechter technischer Producte (VDI2243 1993).  
The Volvo handbook for designers contains a chapter on design for recycling, 
(Westerlund 1997). 
Reuse and remanufacturing are favorable in the waste hierarchy see Fig. 1.1. This area 
is covered by Steinhilper (1998) and Sundin (2004). In figure 3.5 a scheme suggested 
by Steinhilper (1998) on design for disassembly is presented. 
 

 
 
Figure 3.5: Design check list for easy disassembly according to Steinhilper 
(Steinhilper 1998) 
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Sundin (2004) has studied remanufacturing at Electrolux. Failed products still under 
guarantee was refurbished and retailed in special shops at a lower price with renewed 
full guarantee. The business idea was to retail repaired Electrolux products with full 
guarantee at the price of low end products. 
 
Based on the poor performance of weight estimates as measures for recyclability 
Huisman et al (2001) presented the concept of Quotes for environmentally WEighted 
RecyclabiliTY (QWERTY) for calculating product recyclability. Electronic products 
are the focus product group. These products represent complex structures from a 
disintegration point of view. By using the default weight of fractions to determine 
material amount after treatment is misleading as decomposition behavior differs. This 
means that the same type of product containing the exact same fractions and fraction 
amounts would give different result after waste treatment. The first purpose of 
QWERTY is to calculate for one and the same product recyclability "the 
environmental way", for one or more end-of-life treatment avenues. 

1. The first step of this method is the quantification of the products 
environmental impact. In order to calculate this impact the following is 
needed: 

a. Material composition 
b. Percentages of the different materials in the different fractions 
c. An impact assessment method (from LCA methodology) 
d. An environmental database (Huisman et al uses Philips Consumer 

Electronics database) 
2. The second step is to determine reference values; best possible and worst 

possible environmental impact case. 
3. The third step is the difference between step 1 and 2; the QWERTY score. 

 
After the presentation of the conceptual basis case scenarios are presented. These are 
shredding and separation of brown goods without cathode ray tube (CRT) tv-sets, 
shredding and separation of CRT brown goods and shredding and separation of cell 
phones. Cathode ray tube tv-sets 
In the conclusion the authors states that the proposed method is useful in giving 
insight into the environmental impact of recycling, not only by the product themselves 
but also by the treatment steps required. (Huisman et. al 2001) 
 
Kriwet et al (1995) presented an approach to include recycling considerations into the 
product design process. A cooperation concept, “recycling network”, is introduced, 
see figure 3.6. This concept is aimed at facilitating communication between designers, 
consumers, recyclers, and suppliers. 
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Figure 3.6, Recycling communication network, (Kriwet et al 1995) 
 
Additionally, Kriwet et al states that total recycling of products is not feasible, 
however maximizing the amount of recycled material while minimizing the effort 
needed is desirable. This multi-objective goal can only be accomplished by two 
means; sophisticated recycling and recycling-friendly design. Furthermore, the 
authors’ states that it is believed that 10-20% of the recycling cost and benefits is 
related to process optimizations. Thus, the remaining 80-90% is already decided by 
the design of the product. To address these issues Kriwet et al (1995) suggest a 
systems view in which products are developed by the use of parallel processes and an 
extensive information flow. 
 
Masanet et al (2002) have developed a Design for Recycling guideline concerning 
recycling of polymers. Manual and automated recycling technologies are examined in 
the US and Europe. The authors’ makes reference to “TCO ´99” and “Blue Angel 
RAL-UZ 78” as eco-labels. Six different guidelines are presented and tied to the eco-
labeling schemes. Suggestions and benefits/targets: 
1. Plastic components (>25g) should be labeled (ISO 11469), for visual 

identification 
2. All plastic components (>100g) should be made of the same type of material 

to increasing volumes of similar plastics 
3. Paint should not exceed 1% o f the total plastic component (>25g) weight thus 

minimizing the adverse effect (mechanical and aesthetic) paint can have on 
recycled plastic 

4. No metallization of plastic components, no molded-in or glued-on metal parts. 
Avoiding metal in recycled plastic due to possible hinder in the recycling 
process 

5. Components of the same material should have the same color 
6. At least half of the separable connections should be snap-fits in order to 

decrease disassembly times 
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Furthermore, they present possible applications and examples for the recycled 
polymer material: 

• Highly mixed: filler applications 
• Limited mixed: floor tiles 
• Single polymer multicolor: internal computer components 
• Single polymer single color: computer housing 

However, in the interview study carried out by the authors they found that the used 
computer waste fraction was very diverse both in terms of polymer and color.  
 
Platchek et al (2008) target the sustainability issues of electrical and electronic 
products. A brief field survey of local Brazilian e-waste concludes that current 
disposed products do not facilitate reuse or recycling. 
A product development process methodology is presented:  

• Briefing Phase 
• Development Phase 
• Projection Phase 
• Communication Phase 

To summarize this methodology; “environmental variables” are highlighted at the 
different stages of the product development process. A Five-R concept is according to 
the authors: 

‘to rethink on sustainability before the conception of the products  
to return parts, components or the whole product for reuse or recycling;  
to reduce raw material and components;  
to reuse sub-systems improving disassembly and maintenance;  
to recycle parts of the product.’ 

 
The presented approaches are all aiming towards increased recycling through 
implementation of EcoDesign. 
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4. Product development 
Product development is a core function in many companies, a function in which many 
aspects of functionality, economics, etc., are merged into a consistent design the 
company can market and sell. The environment is a fairly new consideration to be 
incorporated into product development. Figure 4.1 attempts to depict this situation 
graphically. 
 
There must always be a balanced response to all of the demands on the forthcoming 
product. All these demands, the “design core”, as they are termed by Pugh (1991), 
coexist, many of them at the same time. The circle diagram in Figure 4.1 illustrates 
the number of interconnected demands, tasks, and issues that must be considered in 
product development. The segments are depicted as equally large in the figure, for 
pedagogical reasons, but the relative importance of the factors varies between 
products and over time. 
 
This means that environmental matters must be balanced against all other product 
requirements. Recycling and other environmentally imposed actions must be related 
to all the elements in the design core without allowing them to dominate, since 
environmental demands can never be the only priority. Functionality and economy 
normally have the highest business priority: without customers prepared to pay for a 
function and without companies that can make a profit, there will be no market; no 
matter how well the environmental issues have been addressed. (Luttropp 1999) 

 

 
 

Figure 4.1: This is a graphic illustration of all the factors to be considered in product 
development. The environment is a new factor that must now be merged into 
“classical” product development processes (Luttropp 1999) 
 
In short, at an abstract level, product design activities always begin with an analytical 
phase in which the diverse parameters of the problem are studied along with the 
anticipated market demands. Next, resources are allocated, design records are 
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established and concepts are generated; after that, evaluations are conducted and 
decisions are regarding design matters, such as further analyses, new concepts, 
production methods, and marketing considerations. To shorten the product-
development time, experts from different fields often work together, combining their 
competences in product development teams. One of the most common ways of 
describing a design process is to see it as a chain of tasks that must be carried out 
when a new product is developed, tested, refined and marketed. This is described by 
for example: Pahl & Beitz (1988) see Fig. 4.2; Hubka & Eder (1984) and Ulrich & 
Eppinger (1995). Some models also contain a continuous evaluation and improvement 
procedure in a circular and iterative fashion.  
 

 
 
Figure 4.2, The product development process according to Pahl and Beitz (1988) 
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On a more concrete and practical level, in most companies, product development is 
performed in projects involving actors with diverse functions such as marketing, 
design, production and purchasing (these actors are here referred to as the product 
developers). Multifunctional teams are formed to find way to meet the functional 
demands at a certain cost within defined time limits, on a commission given by the 
company.  
 
These multifaceted demands mean that the product developers must consider a large 
number of factors that must be balanced against cost and time. Many products consist 
of many different materials and parts. Product development is therefore, a highly 
complex process in terms of product and organization. Product developers are 
frequently confronted with demands for improving efficiency that requires that they 
simultaneously increase quality and reduce costs and lead-time, in various 
proportions. They must ensure high precision in fulfilling the company’s product 
development requirements.  
 
These facts underscore the reality that environmental design research and product 
design methods will not gain acceptance from the product development teams unless 
the methods promote the integration of environmental priorities with all other 
elements in the design core; allowing the harmonious integration of environmental 
demands with other design elements.  
 
Like these different definitions, activities are performed more or less in sequence. 
Thus, implementing new designs or design changes must be performed early in the 
design process, while it is still possible to influence fundamental design parameters. 
Otherwise, the changes risk being only superficial and costing more than the possible 
advantages they offer. This is also true of the recyclability aspect. Making the 
connection from scrap yard to drawing table is difficult. There must be an economic 
incentive influencing companies to utilize information feedback from the recycling 
firm in the design department. 
 
Many aspects must be incorporated into the design of products. “Design for X” is 
such a collection of several specific design guidelines. “X” could, for example, 
represent disassembly or ergonomics. Shifting the recyclability focus to the early 
stages of product development is necessary in order to achieve the greatest return of 
material at the end of product life. 

4.1 EcoDesign 
“EcoDesign” is a concept that integrates multifaceted aspects of design and 
environmental considerations. In an editorial Karlsson & Luttropp (2005) investigated 
the current developments in EcoDesign. Among the conclusion is that the main focus 
is on reduction of environmental load and that immaterial aspects are important. 
Additionally, they state that to the fully explore the potential of EcoDesign eco-
efficiency is not enough, the aim must be eco-effective products, (Karlsson & 
Luttropp 2005).  
Its objective is to create sustainable solutions that satisfy human needs and desires. 
Charter and Tischner (2001) have defined EcoDesign as follows:  
“Sustainable solutions are products, services, hybrids or system changes that 
minimize negative and maximize positive sustainability impacts - economic, 
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environmental, social and ethical - throughout and beyond the life-cycle of existing 
products or solutions, while fulfilling acceptable societal demands/needs”,(Charter & 
Tischner 2001). 
 
EcoDesign is an aspect of a new smart approach to design for the future. It is in line 
with the Brundtland report (Brundtland 1987), which states that a sustainable future 
fulfils today’s needs without jeopardizing the ability of future generations to reach 
their goals. It is a dynamic link between present and future, because, as stated in the 
Brundtland report, sustainable development is a process of change in which the 
exploitation of resources, the direction of investments, the orientation of technical 
development, and institutional change are all in harmony with and enhance both the 
current and future potential to meet human needs and aspirations. 
 
EcoDesign focuses on the integration of environmental considerations in product 
development. Environmental assessments can be made from an external perspective 
and, for example, environmental priorities can be introduced by means of laws and 
rules. EcoDesign and environmentally related knowledge is also in a company’s 
internal business interest for use as guidance and a method to develop smarter, more 
effective product systems. 
 
The challenge for developers is to fulfill a need or to provide a benefit to the 
customer/user at the lowest environmental/economic costs. Environmental knowledge 
must be implemented into basic product development otherwise environmental 
demands will not be properly addressed, (Luttropp, 1999). Figure 4.1 illustrates this 
situation; one can presume that we are all aware of the relevant economic values of 
most of the functions surrounding us but we are usually totally unaware of the 
corresponding environmental costs/impacts/values.  
There exist many definitions of EcoDesign. In this thesis EcoDesign is considered as 
design for, at least, the following purposes: 

• Optimal functionality in accordance with functional benefit and allocated 
resources 

• Housekeeping, in all life cycle phases, of resources such as amount of material 
and/or energy 

• Detoxification: in certain respects, this is a starting point for EcoDesign, which 
takes “Silent Spring” as a starting point. (Carson 1962) Registration, 
Evaluation, Authorization and Restriction of Chemicals (REACH) is the 
present EU initiative in this direction.(REACH 2006) 

• Incorporating allowance for product upgrading, repair, and maintenance 
• Assessing life length in order to obtain a correct life cycle 
• Recycling ability or material hygiene (MH), a set of factors that facilitate and 

raise the efficiency of material recycling. Current recycling practice needs to 
be improved, to increase the amount of valuable materials that can be 
recovered. Decreasing the risk of diluting these materials to levels so low that 
no recovery is feasible would be both environmentally and economically 
beneficial. 

 
The above factors encompass many design areas. The focus of the above point’s shifts 
from functionality towards recyclability thus covers the entire life cycle of a product.  
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The “correct” life cycle implies that an extended technical life-span may not 
necessarily be beneficial, since products evolve and improve in environmental 
performance from generation to generation. For example, replacing a fully functional 
dishwasher with a new one that uses less energy and water may well be the best move 
from a systems point of view. In this respect, it becomes important to be able to 
recycle the materials from such discarded obsolescent products in an effective and 
environmentally safe way. Another approach would be to design the dishwasher so 
that its major parts could be replaced with more efficient parts. Remanufacturing out-
of-date products and upgrading and replacing old parts could be parts of a take-back 
scheme; it all depends on type of business model. 
 
The use of toxic materials should be minimized as such substances once out in 
circulation in society are difficult to handle. Elimination at the source is the simplest 
way to handle hazardous substances. There are products in which this is impossible, in 
which case some sort of containment must be applied in order to avoid spills in the 
use phase; proper treatment after end of life should then secure the hazardous 
material. 
 
The so-called EcoDesign directive of the EU Directive, 2005/32/EC on the eco-design 
of Energy-using Products (EuP), an application of the integrated product policy (IPP) 
principle, defines EcoDesign as: “EcoDesign: the integration of environmental aspects 
to into product design with the aim of improving the environmental performance of 
the energy-using product throughout its life cycle.” The main focus of this Directive is 
to minimize energy consumption. 

4.2 EcoDesign in early product development 
With reference to Fig. 5.1 it is obvious that environmentally driven demands must 
enter early in product development (PD) to have an impact. Such an attempt is made 
by Lagerstedt, who has developed a methodology to transfer knowledge on 
functionality and environmental impact upstream in the product development process. 
The goal with this method, called Eco Functional Matrix (EFM) is to evaluate 
functional and environmental information from late PD phases and transfer them in an 
aggregated format into early phases of PD (Lagerstedt 2003). The method expresses a 
so called functional profile (FP) in 8 indices from A-H and an environmental profile 
(EP). The EP indices are labeled with a letter from K to R and noted in an ordinal 
scale 0-10. 

K)  No. of products produced /year 
L)  Size (weight/volume) 
M)  No. of different materials 
N)  Material mix 
O)  Scarce material 
P)  Toxic material 
Q)  Energy 
R)  Energy source  

The goal with this concept is to aid early product development. This method could be 
used to support and increase the Material Hygiene see Ch. 5. 
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4.3 Product structure 
The structure or lay-out of a product is to a large extent the secret to effective 
recycling. If fractions are well labeled with obvious separation boundaries etc. the 
outcome and efficiency in recycling can be improved. Possible manual work can be 
reduced with improved economy as result. Product structure is therefore a core issue 
in material hygiene (MH map see section 5.2.5). This section is to a large extent a 
subset of references (Luttropp 1997; Luttropp 2001).  
The “green” features of a product, such as its ability to be reused, upgraded, and 
recycled, rely on good product structure. Such a structure can only be obtained if it is 
prepared for and implemented in the early design phases. A product with a good 
structure in this sense consists of pieces of homogenous materials, useful sub-
assemblies, and parts for reconditioning, upgrading, energy recovery, or deposit.  
 
The product can then be regarded as a set of modules, each consisting of a 
homogenous piece of material, a useful sub-assembly, etc. Each of these modules has 
one or several surfaces by which the object is connected or joined to others. These 
surfaces are called “separating surfaces” and indicate the border between adjacent 
modules. If it is possible to identify and use a module, it is surrounded by a “sorting 
border”. The separating surfaces are held together by “resting load cases” (R_L), 
which are said to be “sleeping” until the disassembly moment, (Luttropp, 2001). 
Sometimes the resting load case is the same as the assembly load case, for example, 
when unscrewing a screw; in other cases, it can be destructive separation at a breaking 
point, as shown in Figure 5.3. Accepting these structural functions features and 
principles some statements can be made, (Luttropp 2001): 
The recycling structure of a product can be regarded as a set of sorting borders, 
separating surfaces and resting load cases. 

• Sorting borders enclose something that can be identified and if necessary 
upgraded, a subassembly, a labeled piece of material etc.  

• Sorting borders must be congruent with a Separating surface in all products 
containing more than one material; otherwise the border will not appear 

• Reconditioning, upgrading or recycling of a product starts with destructive or 
non- destructive disassembly to a certain degree; separation through Resting 
load cases. 

• In complex products sorting must be performed after disassembly and 
separation; a sorting between useful parts, useful materials and materials for 
energy recovery or deposit. To be useful they must be pure enough or possible 
to upgrade. Parts and fractions must be surrounded by sorting borders. 

 
The abilities to separate and sort a product’s elements are key features in “green” 
design, regarding which the following can be said: a) sorting borders enclose material 
or components that can be identified and cleaned; b) separation surfaces could be 
anywhere in a product and should be located at sorting borders; and c) a resting load 
case is activated during disassembly and gives a predefined separation surface at a 
sorting border 
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Figure 5.4, Each of these objects has one or several surfaces where the object is 
connected or joined to other objects. (Luttropp 2001) 
 
Design for disassembly structure (DfDS) is the name of the sub-domain of design for 
disassembly (DfD) that deals with product structure description. One way of 
expressing these relationships is by using the type of graphic representation 
introduced by Luttropp, the method that introduced the description of joints as resting 
load cases. Figure 5.3 schematically depicts the relationships between two product 
modules connected by several possible joints, (Luttropp 2001). 
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Figure 5.5: In this example two modules are connected in different ways illustrating 
the concept of connection maps with notations on their ‘Resting load case’ indices 
(Luttropp 2001) 
 
Defining the load case relies on answering the following questions regarding product 
disassembly: 

• How easy is it to understand the disassembly of the product? (Li) 
• How many or how complicated are the tools needed? (Lq) 
• How much force do we need? (Lf) 
• How much time does it take? (Lt) 

The answer to each of these questions makes a set of properties tied to the specified 
resting load case. The index grading is connected to different groups of operators: 
A = Ordinary consumer 
B = Experienced scrapper/technically oriented person 
C = Producing company / professional scrapper 
 
As a further illustration to Figure 5.3 a more elaborate list of grading conditions for 
the loads case information aspect is as follows: 
R_L = Resting load case  
Load case information, Li: 
Li = 0 A, B, and C: no extra information is needed; everyone understands the 

R_L. 
Li = 0.25  A: need a good label to understand the R_L. B and C: will understand 

due to scrapping competence. 
Li = 0.5  A: will not understand the R_L without a disassembly tutorial; a label is 

not enough. B: will understand the R_L with a good label/instruction. C: 
does not need a label due to special knowledge and experience. 

Li = 0.75  A: Will not understand the R_L and will not understand how a tutorial 
load case should be carried out. B: Substantial information must be 
added or tutorial disassembly. C: Will understand the R_L with a good 
label/instruction. 

Li = 1 A and B: will not understand the R_L and not be able to understand a 
tutorial on the load case. C: information or tutorial on the load case must 
be supplied; special equipment may need to be developed in order to 
release the R_L in a proper way. 

Figure 5.4, depicts DfDS method using a dependency tree. The method is intended for 
use in a setting in which management and designers together define and grade 
connection strength during discussion sessions.  
As an example here by a dishwasher, the structure has been graded. The connection to 
the most copper intensive part i.e. the motor is displayed in Fig. 5.6. 
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Figure 5.6, Example of dependency tree describing the connections between motor 
and surrounding components 
 
A dotted line represents only connection by contact, no joint exists between parts. 
While solid lines represent connection by joining, for instance a screw joint 
connection. As stated earlier all grading is performed from an operator point of view. 
Three levels of operator knowledge are defined: High expert, experienced scrapper 
and home user. The indices are defined by using an ordinal scale, zero to one.  
Using a structural in-out approach, copper-containing parts could be seen as parts of 
the “copper-subassembly”. This subassembly should have strong connections inside 
the assembly but weak connections to the external sub-assemblies. The force required 
(Lf) to release the sub-assembly should be higher within the copper-subassembly then 
outside. This implies that when forcefully removing the “copper-subassembly” the 
probability that only this sub-assembly will be released is increased 
 

4.4 The ten golden rules 
Luttropp & Lagerstedt (2006) presented a minimum level approach consisting of a set 
of ten rules. These recommendations were originally created to give students the tools 
to handle redesigning existing product into more environmentally adapted products.  
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Figure 4.3, The Ten Golden Rules are organized according to the life cycle of a 
product. Each rule is attached to a picture associated with the essence of the 
respective rules (Luttropp & Lagerstedt 2006). 
 
The ten golden rules are:  
“ONE Do not use toxic substances and utilize closed loops for necessary but toxic 
ones. 
TWO Minimize energy and resource consumption in the production phase and 
transport through improved housekeeping. 
THREE Use structural features and high quality materials to minimize weight .in 
products .if such choices do not interfere with necessary flexibility, impact strength or 
other functional priorities. 
FOUR Minimize energy and resource consumption in the usage phase, especially for 
products with the most significant aspects in the usage phase. 
FIVE Promote repair and upgrading, especially for system-dependent products. (e.g. 
cell phones, computers and CD players). 
SIX Promote long life, especially for products with significant environmental aspects 
outside of the usage phase. 
SEVEN Invest in better materials, surface treatments or structural arrangements to 
protect products from dirt, corrosion and wear, thereby ensuring reduced maintenance 
and longer product life. 
EIGHT Prearrange upgrading, repair and recycling through access ability, labelling, 
modules, breaking points and manuals. 
NINE Promote upgrading, repair and recycling by using few, simple, recycled, not 
blended materials and no alloys. 
TEN Use as few joining elements as possible and use screws, adhesives, welding, 
snap fits, geometric locking, etc. according to the life cycle scenario.”  
(Luttropp & Lagerstedt 2006) 
 
The following chapter presents Material Hygiene (MH). The golden rules have 
similarities with the MH factors but should be viewed from a material management 
perspective. 
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5. Material Hygiene 
Material hygiene (MH) is a metaphor for the management of materials throughout the 
product life cycle. MH should not be mistaken for cleaning or disinfecting something. 
The metaphor is more closely associated with the treatment of provisions such as 
meat, vegetables, and canned food which require an unbroken cold environment, 
statement of origin of production, list of contents, etc. (Johansson & Luttropp 2007). 
MH is an enhancement of the recycling ability concept, which is one of the core 
elements in EcoDesign, see chapter 4. The most important influences from the 
previous chapters to MH can be found in the three previous chapters, see Fig. 5.1. 
 

Ch. 5
 Material Hygiene

MH Mix
MH 

Identification
MH 

Resources
MH Weight MH Map

Ch. 2
Environmental context

An Inconvenient Truth
Silent spring
Agenda 21
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Swedish env target

EU legislation

Ch. 3
Recycling

Waste handling
WEEE
ELV

Design for recycling

Ch. 4
Product development

Systematic design
EcoDesign

Ten golden rules

 
 
Figure 5.1, The theoretical influences for Material Hygiene. 
 
MH Definition: 
 

MH is to, in every step of the product life cycle to act towards larger amounts 
of useful material from recycling, on the same quality level as virgin material. 

 
The end-of-life phase of a products life-cycle is in particular focus here. A high level 
of MH means a highly effective materials use. The changes necessary to incorporate 
MH principles should be made early in the design process, when design freedom still 
exists; additional changes made after this point can only be of a superficial nature.  
Figure 5.2 illustrates the material life-cycle; MH is tool to keep recycled material at as 
high level as possible. That is, retaining as high value as possible after the use phase. 
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Figure 5.2 Material life-cycle and resource sustainability value diagram adapted 
from Karlsson (1998) 
 
The goal of MH is to facilitate material management so that as much as possible of 
the used material is kept in the production-consumption cycle and used in the most 
effective way. MH is a way to take control of the material management. Lindhqvist 
(1992) suggested the extended producer responsibility (EPR) to increase control and 
to assign different levels of producer responsibility, see 5.3.  
 

Ownership

Liability

Finacial 
responsibility

Physical 
responsibility

Informative responsibility

 
 

Figure 5.3, Model for extended producer responsibility (Lindhqvist 1992) 
 
The EPR concept is further developed by Tojo (2004). Different aspects on EPR such 
as individual and collective responsibility are discussed. MH and EPR share several 
common points of view. That is, MH targets primarily practical material management 
and the EPR concept targets the recycling system as a whole. The overall goals in 
increasing the outcome of recycling and the control aspects of recycling are the same. 
One of the conclusions made by Tojo (2004) was that individual producer 
responsibility would increase the incentive to design recycling friendly products. 
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Furthermore, Tojo states that mechanism must be built into the recycling system in 
order to promote the necessary upstream feed-back. The information model 
implemented in a radio frequency identification device (RFID) as suggested by 
Luttropp & Johansson (2008) could be one instrument in such a mechanism. 
 
In designing to promote MH, there is a basic difference between factors influencing 
disassembly, shredding, and those influencing sorting; possibly there is even a conflict 
between these three important areas. The current practice of shredding all WEEE 
products after only limited disassembly increases the risk of losing valuable resources; 
for example, copper and other precious metal fractions commonly become diluted in a 
dominant stream of steel. 
Downstream sorting is favored by waste treatment plants. Techniques from the 
mining industry can be implemented in downstream sorting, such as the process used 
by MBA Polymers Inc., (MBA 2007). Cui and Forssberg (2005) present a number of 
techniques for downstream sorting:  

• Screening 
• Shape separation 
• Magnetic separation 
• Electricity conductivity-based separation 
• Density-based separation 

Implementing upstream activities would prevent dilution of valuable materials into 
the dominant fraction. In car industry typically copper is diluted into the main steel 
fraction. Hagelücken (2006) stated in an interview that copper and other precious 
metals are generally speaking, affected by the dilution problem. 
 
The concept does not exclude the possibility of remanufacturing as expressed by 
Steinhilper (1998) and Sundin (2003). 

5.1 Material Hygiene Factors 
A thematic view has been adopted in this work compared to the view proposed in the 
ten golden rules by Luttropp & Lagerstedt (2005). Five areas are suggested as being 
closely tied to recyclability see Fig. 5.1. They are: material mix, identification, 
logistics of scarce and/or toxic resources, and product weight and structure.  
The MH factors are presented in the following five sections: 

5.1.1  MH Mix 
This implies a reduction in the number of materials used, both in terms of the numbers 
of materials and number of parts in each fraction. The number of material used in a 
product influences the possibility of achieving clean fractions at the time of recycling. 
However, one can state that using a high number of properly separated materials is 
better than using only two different materials hopelessly intermixed. The emphasis 
should be on keeping the fractions as separate as possible and avoiding unnecessary 
alloys. The ideal of using a low mix of materials implies keeping product construction 
simple, using as few different materials as possible, to facilitate the direct recovery of 
high-concentration fractions. The standard procedure today is to first mill the product, 
diluting valuable materials, and finally try to divide the mixed stream into separate 
fractions. Adding a pre-step creates the possibility of sorting materials more 
efficiently, thus resulting in a better outcome with higher purity in each separate 
fraction. Masanet et al (2002) make similar suggestions. They presented guidelines for 
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the increase of polymer recycling that included reduction of different materials. From 
the concept of environmental profile (EP) presented by Lagerstedt (2003) Material 
Mix N (0-10) is one relevant index with a MH context. This index gives a scale to 
measure the MH level as far as mixing is concerned: Other parameters in the EP 
approach can be used to measure the MH level on number of materials, housekeeping 
and weight. 

5.1.2  MH Identification 
Identification is important in recycling and waste management. Identification relies on 
information stored in or outside of the product. Furthermore, identification relies on 
readability and quality of the present information.  
The format of the information is closely connected to the receiver that can be a more 
or less skilled person or the waste handling system itself. In standard recycling ferrous 
materials are separated from non-ferrous through magnetic attraction and plastic and 
other light fractions are separated by density. In this case physical properties are the 
information and this is scanned by the system. 
In other cases such as for CFC refrigerators and freezers a pre-step is due in order to 
recover compressor content. The compressor is easy to detect for the skilled worker 
but not for inexperienced persons without technical orientation. In this case the 
information is carried in the product.  
In still other cases additional information is needed in order to take care of toxic or 
valuable materials inside the product. In formation on what to find and where is 
essential to lower cost and maximize economic return. 
Relevant identification questions can be:  

• What is the list of materials for the product? 
• How high is the mixing factor see section 5.2.1? 
• Is there any toxic materials in the product and if so, where? 
• Is there any valuable materials in the product and if so where? 
• Where are the boundaries between interesting fractions in the product?  
• Is the product prepared for recycling and if so how? 
• How should the product be handled?  
• Is the product under some legislation? 
• Who is the producer? 

 
From a recycling process point of view, color labeling could be used in combination 
with a visual recognition system and robotics for separating fractions. To handle large 
amounts of products, the product label could incorporate a type of radio frequency 
identification device (RFID). RFID could supply information regarding, for example, 
product number and the spatial placement of copper hotspots (Luttropp & Johansson 
2008) 
Wäger et al (2005) investigated the broad use of RFID in ordinary household products 
and its impact on the municipal solid waste. It is suggested that short-lived products, 
as newspapers, should not be tagged and the RFID system should be close-loop. They 
do not present conclusive result either for or against RFID tagging based on 
environmental impact. However, Wäger et al (2005) suggest that there is a great 
opportunity in increasing the reuse and recycling of parts and products. Hedlund-
Åström (2005) defined a number of waste properties tied to polymer composite 
materials. These waste properties could be regarded as information carriers, carrying 
information from the design of the product to the recycling facility. 
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5.1.3  MH Resources 
Scarce and toxic materials are essential in many applications. These materials should 
be used and managed with great care. Housekeeping with these resources is often 
rewarded by lower costs. Good economy can be to reduce the amount used and to 
arrange for a closed loop for toxic but necessary substances. In many countries 
rechargeable batteries are a part of a special return system, keeping important 
substances on a high recycling rate. Documenting scarce and toxic materials is good 
practice and is in most cases required.  
The restrictions of the use of certain hazardous substances in electrical and 
electronical equipment (RoHS) Directive defines materials that may not be used in the 
EU marketplace (RoHS 2002). Materials not covered by the RoHS Directive but still 
toxic (or scarce) may be required in a product, if it is to achieve particular functions. 
In such cases, good documentation should follow the product through its life cycle. 
Replacement of materials should be carried out according to a systems perspective. 
There is always a risk that well-documented and controlled toxic material will be 
replaced with a substance having perceived better characteristics but that in the final 
analysis is only slightly better or worse than the original known toxic material.  
In this context the registration, evaluation, authorization and restriction of chemicals 
(REACH) Regulation in European Union can be mentioned.  
However, both RoHS and REACH differs fundamentally from the intent of MH in 
that they are aimed at keeping substances out of the life-cycle. MH aims at keeping 
substances in the life-cycle. 

5.1.4  MH Weight 
Product weight, in this context, is connected to designing structures that facilitate 
rational disassembly. That is, there are cases in which additional weight may be 
required in order to be able to successfully remove certain parts. Low weight in 
vehicles is positive in the sense that fuel consumption is lowered but if life length is 
shortened there can be a total loss when these two factors are combined. 
Weight savings in an optimized car body can save a lot of energy in the use phase. On 
the other hand, using more material, for example, in a smaller household appliance or 
a children’s toy could lengthen its technical life-span, which could be a benefit for 
products having their most significant environmental impact, out of the usage phase. 

5.1.5  MH Map 
A product with a simple and visible structure for the assembly of parts, joints, and 
sub-assemblies, that is well documented and can be understood by simply looking at it 
or by technical means, promotes repair, upgrading, and recycling. As implied in prior 
factor definitions, the need for clear and well-defined product structure is important. 
Many recycling problems can be avoided by making relatively small changes in 
design. The insight that the reuse of components or recycling of material is required at 
end of product life challenges designers. 
This fifth MH element is often a prerequisite for the possibility to take advantage of 
other MH design actions on the product. In order to reach a high efficiency in the 
recycling process the structure of the product must promote this. Few fractions with a 
reduced blending can only be beneficial if it is possible to separate them correctly at 
end of life. 
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5.2 The Material Hygiene mindset 
Even if contradictions between material hygiene (MH) factors are the rule rather than 
the exception, a product with a high degree of MH has a balanced and optimized set 
of factor values. A trade of situation can also occur between MH elements. In order to 
keep the weight down a second material can be relevant e.g. when polymeric 
composite materials including fibers for stiffening and strengthening is used for 
design. The goal with MH is to improve purity and return rate of recycled material 
from products. To reach the goal every material fraction must gain interest from early 
product development (PD) through the usage phase up to end-of-life treatment. The 
MH mindset can be expressed as follows: 

• Use as few materials as possible 
• Keep the material fractions apart as much as possible 
• Label each major fraction in the product and in the CAD model 
• List all factions by type, amount and position. 
• Outline the boundaries of major fraction in the product and in the CAD model 
• Arrange separating points for important material modules 
• A good reason for adding another material in the product must exist 
 

As stated earlier, the metaphor is more closely associated with the treatment of 
provisions, such as meat, vegetables, and canned food, which require an unbroken 
cold environment. MH means that material information such as number of fractions, 
sort of fraction, fraction boundaries, and major fraction connections should be visible 
or stored in a readable format preferably together with the product. For successful and 
high efficiency material use that has a high MH value, all actors in the chain must be 
prepared to do their job.  

5.3 The MH stakeholders 
• Designers have the responsibility to keep the number of materials to a 

minimum. The question must always be; can I use one of the materials already 
specified. Maybe an earlier specification must be altered due to later design 
requirements. Perhaps even a more expensive material is preferable in order to 
maintain a low number of materials. Furthermore, an upgrade of material can 
also be sensible for details with a close and nested connection in order to 
shape a homogenous MB for recycling. 

• Purchasers in manufacturing companies have an MH responsibility in keeping 
down the variety of materials in products. Price is, of course, a dominant 
factor in purchasing, but with both material prices and the demand on 
recycling increasing, due to the WEEE and ELV directives, a more expensive 
material might perform better if recycling is considered already during 
material purchasing. 

• Retailers often have enhanced producer responsibility giving them a key role 
in waste management and recycling. They are according to the WEEE and 
ELV directive obligated to carry the recycling cost. This cost might in the 
future be reduced if the MH chain is unbroken. Retailers can secure that MH 
information attached to the product is not removed or changed prior to selling 
the product. 

• Consumers have the possibility to keep the MH chain intact by handing 
WEEE and ELVs over to the correct waste collection facilities without 
damaging or removing MH information attached to the product. 
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• Recyclers have the possibility to improve the value of what is recycled. With 
good MH during the entire product life cycle the Recyclers have opportunity 
to extract materials with a high efficiency. The current recycling process has a 
lot of potential for industrialization; still recycling is far from reaching the 
level of manufacturing. 

• Owners and company executives should see material as a second, different 
kind of share capital. If material is seen as a bank loan then the losses in 
recycling can be regarded as interest charge. 
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6. Dishwasher disassembly; A field study 
The dishwasher study examines the structural implications of product redesign for the 
recycling process, by specifically examining the current situation regarding 
dishwasher recyclability, (Johansson & Luttropp 2006). 

6.1 Background 
The dishwasher was chosen as a demonstrator product, mainly because of its 
homogeneity in detail between models and between brands. The basic difference 
between dishwasher brands is structural, as they share similar main parts (Johansson 
& Luttropp 2006). End-of-life dishwashers are identified as being WEEE and 
separated from the waste stream together with other white goods and brown goods at 
a waste facility. A few selected parts should be removed before shredding in order to 
comply with the WEEE Directive. Usually the shredder is a hammermill in which 
inserted material is crushed, before being forced through a grate containing 
rectangular holes. The main part of a hammermill is an axle equipped with free-
rotating hammers that smash through any material inserted into the mill. The size of 
the grate holes determines the size of the pieces of shredded material exiting the 
shredder. The grates are typically replaced each week due to wear. After the shredder, 
the materials are separated using various techniques (Manoucheheri 2007). Material 
such as small pieces of wiring run a high risk of being separated and lost at this stage 
and simply disposed of, if the ASR fraction see figure 3.1, does not contain enough 
material of sufficient quality that it is profitable to recycle it. Due to high temperatures 
in the mill, easily combustible material is likely to burn prior to separation, 
(Manoucheheri 2006). 
 
A strategy aimed to address the problem of material loss during and after shredding is 
to use a pre-step. A pre-step in this context could be defined as an operation prior to 
shredding that removes, in this case, the valuable parts. In this study, the pre-step was 
performed manually without using power tools, such as drills and electric 
screwdrivers.  
 
The pre-step operation that this study will investigate is the removal of most of the 
wiring in a dishwasher. This can be done by removing the door’s outer plate (by 
means of drilling and unscrewing) and either ripping out the wires or cutting them 
with wire cutters near their respective attachment points. Combined with removing 
the circulation and drain pumps, adding this pre-step will result in the removal of over 
80% of the copper content by weight. The removed parts will of course not be pure 
copper, but will have a higher concentration; dilution of valuable materials is a 
problem, Hagelücken (2006). 
 
Copper is a valuable metal on its own, but is a contaminant, for example, when 
making high-strength steel (Ekerot 2003). Separating and recycling copper is 
therefore beneficial in terms of both replacing virgin copper and reducing the risk of 
having to reduce copper levels when using recycled steel to produce new steel 
products. 
The same general approach can be used when contemplating retrieval of other 
interesting or perhaps dangerous material. 
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6.2 Field study: Dishwashers at end-of-life 
A field study was done to determine the properties of different dishwashers from a 
recycling perspective. Dishwashers range in size from small bench types to full-size 
floor-standing models. The ages of the dishwashers studied were 10−15 years, which 
is their approximate technical life-span. Some of the dishwashers were also of the 
free-standing type, which implies that they have a cover of sheet metal. A dishwasher 
of any brand typically consists of 40–50 larger parts, excluding screws and bolts. 

6.3 Goal and scope of field study 
One question raised was whether there a particular type or brand of dishwasher in the 
current waste stream with particularly good recycling properties. Copper was chosen 
as material of interest in this study. Copper is a powerful example, in the sense that it 
is both a valuable metal in its own right and a contaminant in high-grade steel 
production (Ekerot, 2003). Moreover, the price of copper in the world market has 
been increasing steadily over the past 5–6 years (London Metal Exchange 2007). At 
the end of 2006 there was a drastic decrease in the price of copper ore; the factors 
responsible for this decrease are not entirely understood. 
Electronic scrap represents the largest secondary source of scrap copper (Bertram et al 
2002); all detailed operations refer to copper removal if not otherwise stated. The 
electrical motors in dishwashers contain the largest amount of copper in a dishwasher, 
and in turn are connected to other copper-containing parts, such as the wiring. Based 
on this assumption, the motor-circulation pump assembly has been designated a target 
part when planning possible disassembly operations. 

6.4 Dishwasher disassembly 
From the current scrap flow in Stockholm, Sweden, 14 dishwashers were selected 
with the help of Mr. Alf Hedin, a representative of El-Kretsen AB, Stockholm 
(Elkretsen AB 2006). This company, owned by 21 business groups, has the producer 
responsibility organization (PRO) for processing WEEE in Sweden. 
The criteria for selecting the models for study were, first, market share and, second, 
interesting design approaches to facilitate material recovery; furthermore, an attempt 
was made to choose dishwashers representing a range of brands and production 
places. 
The disassembly study was conducted at a waste collection facility north of 
Stockholm, Sweden from 1 September 2005 to 1 December 2005. The dishwashers 
were manually disassembled; documentation of the techniques used includes 
photography and notes. Manual disassembly was done using only hand tools, such as 
screwdrivers and pliers; no power tools of any kind were used. Parts were gathered 
and counted, and if they bore markings concerning material content, this was noted. 
The stainless steel and sheet metal fractions were then weighed. Important 
disassembly steps were photographed, as were interesting design features. 
 
The disassembly sequence started with a survey of the specific dishwasher, working 
roughly front-to-back and top-to-bottom; the locations of nuts and screws were 
identified. In the case of free-standing dishwashers, the disassembly process started by 
removing the sheet metal covers. Front door removal included removal of hinges and 
disconnection of wiring connecting the control panel and detergent case to various 
electrical components under the dishwasher. In most of the selected dishwashers, the 
wiring was guided through a plastic “tunnel” between the door and the chassis 
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6.5 Dishwasher design categories 
The dishwashers studied could be divided into two categories: those that feature a 
sump-type design and those that do not. The use of a sump with integrated pumps and 
motors is considered beneficial when planning for a manual or automatic disassembly 
operation. Such a design keeps the copper-intensive components close to each other, 
making it easy to extract copper-intensive parts in one operation. Since most 
components are not candidates for reuse, destructive disassembly is a probable option. 
The introduction of an additional operation before shredding is considered to be 
beneficial (Manouchehri 2007). This suggestion is at the center of this study’s goal of 
finding ways to increase the amount of material recycled. The use of a manual 
operation is believed to be viable in several respects, including economic ones; given 
the current price of copper scrap, one can justify a pre-step operation on economic 
grounds alone. In a particular dishwasher the pre-step could entail removal of the 
sump, which would create a separate waste stream consisting of pump and motors 
connected to a plastic housing. If this approach is not feasible, separate removal of 
motor (pump) and the wiring would accomplish the same result. 
 
The copper sub-assembly removal would be facilitated by implementing continuously 
falling “resting load case” strength; this entails an effort to design connections and 
joints with regard to spatial conditions. Figure 6.1 shows the copper containing parts 
in a dishwasher. The circulation pump motor, drain pump motor, wiring, and 
electronic components form a copper module where the joining strength inside is 
higher than the connection strength between copper parts and the environment inside 
the dish washer. 
 

  
 
Figure 6.1, A schematic illustration of the copper-subassembly for a dish washer. 
(Johansson & Luttropp, 2007) 
 
A typical dishwasher contains approximately 1 kg of copper distributed between four 
sub-assemblies: 700 g in the circulation pump motor and 100 g in each of the drain 
pump motor, various wiring, and various electronic components. This distribution 
should be considered to be an average of a population of dishwashers, not as 
representing a particular model or brand. 
 
Three different levels, dishwasher fraction (DWf), of copper removal are defined: 
DWf20: Drain pump motor and part of wiring removed; 20% copper removal 
DWf75: Circulation pump motor part of wiring removed; 75% of copper 
removal 
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DWf95: Circulation and drain pump motors and all wiring are removed; 95% 
copper  removal (defined as total removal of copper with a 5% loss). 
 
To achieve the DWf95 level, the dishwasher must be designed so as to allow for a 
pre-step operation. That is, wiring must be designed to allow easy access and be 
affixed by joints that break or release at the “correct” locations. The correct locations, 
in this context, would be those at which the electronic equipment is fastened to the 
stainless steel tub and the surrounding sheet metal. Therefore, pulling on wiring 
designed in this way would release not only the wiring itself, but also the part to 
which it is connected. 
To achieve the DWf75 level, the dishwasher would not have to be designed for a pre-
step per se. Given the layout of the overwhelming majority of dishwashers examined 
in the study, reaching the main motor position is relatively easy and would enable 
removal of most copper. This level aims simply to remove the most copper-intensive 
part, i.e., the circulation pump motor and, in the process of doing so, some of the 
wiring as well. This operation would almost certainly be performed destructively. 
Attaining only a DWf20 level of recycling indicates that the circulation pump is 
difficult to remove, and that only the drain pump and some wiring can be removed in 
five minutes of manual work. Compared to DWf75, DWf20 indicates a product 
having a more complex internal structure. 
A grading scheme based on the disassembly study has been created by defining 
estimated disassembly time and is presented in Figure 6.2, as follows:  
 
Point A: this indicates a prepared dishwasher in which a single operation will remove 

almost all copper after one minute of work.  
Point B: this indicates a dishwasher that is not specially designed for copper recovery, 

but that is fairly well suited and allows most copper to be removed in three 
minutes.  

Point C: this indicates a dishwasher that is neither specially designed nor suited for 
copper removal, and permits only fairly small amounts of copper to be 
recovered in five minutes of work. 
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Figure 6.2, Copper outcome versus time of manual work on object. The marked 
positions A, B and C, and the correlated outcome, 100%, 75% and 20% are defined to 
represent three distinct dishwashers. [Johansson & Luttropp, 2007] 
 
The maximum time allowed for disassembly of copper has been set to 5 minutes due 
to economic considerations. 
Curves A1-C1 represents a more generic and theoretical outcome of copper removal 
in recycling. The scenarios A2-C2 are more adapted to the real case in the dishwasher 
study. Curve B2 represents a dish washer where it takes 2 minutes to remove the 
circulation pump and after one extra minute some wiring will be removed as well.  
The marked positions A, B and C, in figure 6, and the correlated outcome, 100%, 75% 
and 20% respectively are defined to represent three distinct dishwashers. 
Points A to C represents different dishwashers from a copper yield point of view. The 
possibility to remove copper is presented relative to the time required.  
Point A; is the ideal case. A dishwasher that demands a one-minute operation 
resulting in total copper removal would be A 
Curves A1-C1 must be seen as the outcome from a large number of dishwashers, 
since observing one dishwasher would produce a step-curve shape. It is also possible, 
in selected dishwashers, to achieve a convex or concave curve depending on product 
structure. 
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6.6 Grading scheme applied to dishwasher case study 
Applying the grading scheme presented in section 6.1 to the disassembled 
dishwashers examined in the field study would position them in the area between lines 
“B” and “C”, depending on particular design features (see Figure 6.3). One could state 
that dishwasher disassembly is currently limited because when they were built the 
end-of-life phase was not taken into consideration. To reach the “A” level of material 
recovery, the necessary design features must be implemented at an early phase of 
design; reaching definite conclusions regarding this matter would entail a separate 
study with this specific objective. 
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Figure 6.3, Copper outcome versus duration of manual disassembly of object. The 
grey area between points B and C represents the dishwashers included in the case 
study. (Johansson & Luttropp 2007) 
 
In order to exemplify the design features dishwasher from the study, here named “P”, 
is presented: 
Dishwasher P is a standard full-size dishwasher with high Swedish market share. It is 
designed to be placed under a kitchen counter. The interior features 2 racks, 1 
silverware basket and 2 shower arms, one for each rack. The upper rack has 8 plastic 
wheels fastened with 8 screws and corresponding lock nuts. The strainer assembly 
consists of a plastic coarse part and a main stainless steel fine strainer. Two 
compression springs are used to the control front door. Short technical facts: 

• 1800 W heating element, 230 W wash motor, 65 W drain pump 
• 22 kg stainless steel 
• 10 kg galvanized steel 
• 1 kg copper 
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There is number of different materials but the main fractions are stainless and 
galvanized steel. Copper content is in form of electric motors and wires. Plastic 
content consist of both tubes and containers in a variety of different types. Rubber 
hoses are also present. Upper and lower racks are made from painted galvanized steel 
wire. One plastic silverware basket placed front centre in lower rack.  
This dishwasher has a typical tub with a welded sump. The bottom outside is coated 
with an asphalt like substance for sound and heat insulation. The other sides have 
glued insulation panels. The panel approach is probably better since these can be 
relatively easily removed, but use of bottom coating is probably due to the risk of 
water leakage, which would ruin the panels. There are other considerations connected 
to this choice; a number of connections have been made to the stainless steel bottom 
plate. This would forces the panel to be perforated to accommodate connections.  
Screws connect the undercarriage to the tub. Screw fasteners are used in abundance. 
The undercarriage consists of a number of parts made from bent sheet metal and these 
are all screwed together.  
The main fractions obtained are stainless and galvanized steel and these are easily 
separated through their different magnetic properties. Disassembly operations prior to 
fragmentation is not to recommend as these would most likely be time consuming and 
drain resources that would not pay off in higher material hygiene after fragmentation. 
Dishwasher P is far from a high quality dishwasher in an MH perspective. 

6.7 High quality dishwasher from an MH perspective 
A high quality dishwasher, dishwasher Q, in MH perspective would feature, at least, 
the following design solutions:  
A sump preferably made in a plastic material with integrated circulation and drain 
pump, and all other electro-mechanical parts. The connection between tub and sump 
would preferably be just the rubber seal. The rubber seal would have multiple 
purposes; leakage stopper, vibration damper and fastener, see Fig. 6.4. 
 

 
 

Figure 6.4, An example of a plastic sump from the disassembly study. 
 
The wiring of the machine would be placed central and easy to detect and remove by 
hand by scrappers. For example, placed on one side with easy access and preferably a 
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handle for removal and when featuring quick-release connectors the disassembly 
would be easy.  
The interfaces between stainless and galvanized steel should be clearly marked. 
Connecting elements should be designed to either detach easily or break during a 
disassembly operation. 
The weight problematic is addressed in section 5.2.4. In the dishwasher specific case 
one could argue that weight reduction is not very relevant, since the dishwasher is a 
stationary product that is heated at every wash cycle. 
Heat and noise insulation is of higher priority than easy portability. 
The biggest problem concerning housekeeping of scarce and toxic content in 
dishwashers is the start capacitor. Older machines have a start capacitor with 
containing oil, but until there is a certainty that all dishwashers of this type has been 
phased out the current practice is for all capacitors are removed regardless of brand 
and type. Figure 6.5 shows a suggestion by Pahl & Beitz (1996) on how to arrange a 
dishwasher in order to facilitate disassembly. 
 

 
 
Figure 6.4, A drawing of a suggestion on how to lay out a dishwasher in order to 
facilitate disassembly (Pahl & Beitz 1996) 
 

6.8 Dishwasher study discussion and conclusions 
In the dishwasher field study presented in this chapter, all MH-factors play a role. In 
order to get reliable results, grading is essential. An example could be that when 
separating metal from plastic material it is better for the metal fraction to include 
plastic than the other way around from a recycling point-of-view. 
It is important to identify drivers for increasing the MH-level. For instance, if there 
were design features that simplified both assembly and disassembly the likelihood 
would be greatly improved. 
Based on this study a pre-step for dishwashers were suggested. The pre-step is furterh 
investigated in the Ch. 7.  
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7. LCA investigation: Improving life cycle 
impacts of dishwasher recycling by 
introducing a pre-step 

7.1 Introduction  
To increase the outcome of useful material from the treatment of EoL dishwashers a 
pre-step has been suggested. That is, an operation prior to shredding. The pre-step in 
this case would consist of the removal and separate treatment of copper. By doing this 
it is contemplated that the quality of the bulk material, stainless steel and steel, would 
be increased. Copper acts as both a pollutant in steel production and a valuable metal. 
The benefits from early copper removal stem from these two different aspects, 
(Johansson & Björklund 2008). 
There are several benefits of material recovery: not only is less virgin material 
required, but also less energy is needed to create new raw material from secondary 
material. Additionally, the study reveals the need to implement energy-conservation 
measures in waste processing and material recycling processes. Furthermore, the pre-
step results in less copper mixed with the recovered steel fraction, resulting in a higher 
yield in terms of displaced new steel production. 
 
Using LCA methodology two different process variants have been analyzed. The 
variants are: 

• Case 1: A current shredding process 
• Case 2: A shredding process with a pre-step, see section 3.1, included before 

the shredding 
 
The pre-step in this study consists of manual operations removing copper from the 
dishwasher. This disassembly process is determined to take 10 minutes. 
This study is a change-oriented LCA study, which implies that marginal effects are 
considered. This is manifested by the consideration of marginal electricity use, which 
in Sweden is assumed to be electricity produced in Denmark by coal-powered 
electricity plants. 

7.2 System description 
The functional unit in this LCA study, i.e. the quantified performance of this product 
system which is used as a reference unit for all calculations, is; the material contents 
of an average dishwasher weighing 35 kg processed in a shredder facility. No 
consideration is given to whether the dishwasher is functioning properly or whether 
some parts are broken. In this context this is not relevant, as the material content is the 
same in either case. However, all parts are considered to be included. 
The overall life cycle scenario of a dishwasher is presented in Fig. 7.1. 
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Figure 7.1, LCA flowchart describing the process of a dishwasher life cycle  
 
Figure 7.2 presents the principal differences between Case 1 and Case 2. 
The two different recycling processes compared in this LCA are presented in more 
detail in Fig. 7.3 and 7.4. 
 

 
 

Figure 7.2, Differences between Case 1 and Case 2  
 
This study disregards the energy consumed in post-shredder processing, i.e., the 
separating operations. 
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The study is based on current conditions, and the data collected for the foreground 
system of this study reflect this. It should be noted that background system, i.e. the 
EcoInvent database used, available in the LCA software SimaPro 7.1 ®, are assumed 
to be applicable to current practices and conditions, (SimaPro 2008). Environmental 
impacts were quantified using the impact assessment method CML2 baseline 2000 
v2.03 (Guinée et al 2002). 
 
Two impact assessment categories were emphasized: 

• Abiotic depletion. The Abiotic Depletion Factor (ADF) is determined for each 
extraction of minerals and fossil fuels (kg antimony equivalents/kg extraction) 
based on concentration reserves and rate of de-accumulation. 

• Global warming potential (GWP). This factor is expressed as GWP for time 
horizon 100 years (GWP100), in kg carbon dioxide/kg emission. 

(Guinée et al. 2002) 
These two categories were chosen because of the interest in investigating the impact 
of using secondary instead of virgin material, and how this would affect CO2 
emissions. 
 
Figure 7.3 depicts the material flow in a shredding operation according to current 
practice in Sweden (Case 1). The shredded dishwasher is divided into four separate 
streams destined for the following operations: 
C  Steel recovery 
D  Copper recovery 
E  Energy recovery 
F  Stainless steel recovery 
 
Copper is suggested to be distributed in all material streams, see table 7.1.  
In order to address the copper contamination of the steel and stainless steel fractions C 
and F., these streams are modeled as being diluted with virgin steel to reduce the 
copper level to 0.25%. This is the maximum acceptable copper contamination level 
for fragmented scrap from household appliances etc., according to an agreement 
between recyclers and steel mills in Sweden (Erasteel et al, 2005). 
 
Fractions Amount of 

main 
fraction 

Percentage 
of copper in 
total weight 

Amount of 
copper 

Amount 
added 
material to 
reach 0.25% 
Cu 

Steel A.-C 10kg 1% 0.1kg 30kg 
Stainless steel A.-F 20kg 0.5% 0.1kg 20kg 
Misc. Material A.-E 4kg 2.5% 0.1kg - 
Copper A.-D 0.7kg 100% 0.7kg - 

 
Table 7.1, Summary of copper content in the main waste streams 
 
The largest sources of copper in dishwashers are the motors, which contain magnetic 
steel and will be sorted in the magnetic steel A.-C. stream. The copper is then hand 
picked. The actual copper stream contains 70% of the total amount of copper. This 
percentage is based on the assumption that the total copper content is 1 kg and that the 
workers at the conveyer belt is able to pick approximately 2/3 of that amount. 
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The remaining flows of copper in Table 7.1 and Figure 7.3 are likewise the result of 
discussion and technical reasoning. 10 % of the copper is presumed to follow the 
magnetic stream, as it is likely to be entwined with magnetic motor parts; this flow is 
then hand sorted from a conveyer belt. The miscellaneous material stream contains 
mostly polymers but could also contain pieces of wiring and pieces from printed 
circuit boards. 
 

 
 
Figure 7.3, Case 1, Flowchart describing the waste stream in a current plant. 
 
In Fig. 7.4 Case 2, the product is initially divided by the pre-step into 2 streams, one 
copper fraction (1 kg), and a rest fraction (34 kg) that is shredded. The shredding 
process is formulated in the same way as in Case 1. The main difference is that the 
shredder now fragments a copper free fraction. Hence, the assumptions made for the 
recycling rate in Case 1 is not applicable in Case 2. 
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Figure 7.4, Case 2, LCA flowchart describing the waste stream with the addition of a 
pre-step operation.  
 
The miscellaneous material stream after shredding in Fig. 7.3 & 7.4 contains mainly 
plastic material, which is assumed to be incinerated with recovery of both heat and 
electricity. The energy efficiency is assumed to be 90% and the alpha value 0.18. A 
total of 34.8 MJ is then transformed into 29.5 MJ heat and 5.3 MJ electricity. The 
avoided marginal heat production is assumed to be heat from bio-fuels, and the 
avoided marginal electricity production is assumed to be electricity from coal 
condensing power plants.  
 
Electricity is used by electric hand tool operations in the pre-step and by the shredder. 
The shredding operation is assumed to require 30 kWh/ton when shredding mixed 
material, (Ribbenhed, 2006). Manouchehri is in agreement and states that a shredder, 
of hammermill type, requires 28-36 kWh/ton, (Manouchehri, 2007).  
Accordingly, shredding a dishwasher would demand: 1.05 kWh/dishwasher. 
The hand tool electricity consumption was determined assuming a maximum power 
usage of 500 W. If a tool is used for 10 minutes at maximum capacity per dishwasher 
pre-step, this gives a total of: 0.083 kWh/dishwasher. 
 
The system expansion used in this study includes the avoidance of virgin material.  
Table 7.2 contains the summary of avoided products. 
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No Recycled Avoided Replacement 

ratio 
Main 
reference 

i. Steel w. Cu content* 
Case 1 

Steel, converter, 
low alloy 

1.1:1 EcoInvent 
database, 
SimaPro® 7.1 

ii. Steel w.no Cu content 
Case 2 

Steel, converter, 
low alloy 

1.1:1 EcoInvent 
database, 
SimaPro® 7.1 

iii. Stainless steel w. Cu 
content* Case 1 

Steel, converter, 
18/8 

1.1:1 EcoInvent 
database, 
SimaPro® 7.1 

iv. Stainless steel w. no 
Cu content Case 2 

Steel, converter, 
18/8 

1.1:1 EcoInvent 
database, 
SimaPro® 7.1 

v. Copper, secondary Copper, primary 1:1 EcoInvent 
database, 
SimaPro® 7.1 

vi. Polymers Heat and 
electricity 
produced from 
biofuel 

1:1 EcoInvent 
database, 
SimaPro® 7.1 

* Contain virgin material, added to decrease copper content 
 

Table 7.2, Summary of materials and corresponding avoided products. 
 
In Table 7.2 processes i. and ii. refer to the steel fraction and iii. and iv. to the 
stainless steel fraction in Cases 1 and 2. The difference between i. and ii., and iii. and 
iv., respectively, is the output amount. 
 
The additional emissions produced by the shredding process have been neglected, as 
they are assumed to be negligible. They could consist of air emissions, such as fine 
dust from the shredder itself, and liquid emissions in the form of leakage from various 
sources in the plant.  
The weight of the dishwasher fractions, i.e., stainless steel, galvanized steel, copper, 
and other materials, have been assigned average weight values according to 
measurements made on site during the disassembly study performed by Johansson & 
Luttropp (2006).  
 
Since many shredding companies separate copper manually, the loss rate is dependent 
on workforce motivation; thus, results likely differ considerably from day to day. 
 
High-performance steel production requires almost copper-free raw material (Ekerot 
2003). If making new steel products from recovered steel scrap with high copper 
content, as in Case 1, it needs to be diluted to reduce the copper percentage. This 
could mean mixing new steel feedstock from converter-based producers or steel scrap 
with recovered steel scrap in the electric furnace.  
To address this issue additional steel is added to the process to decrease the copper 
level of 0.25%.  
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The same reasoning has also been applied to the recycled stainless steel. This 
adjustment is performed based on the assumption that the only way to target the 
quality loss because of the copper contents is to increase ingoing material 
This leads to different levels of added material for stainless steel and steel. However, 
this also lead to more avoided burdens, so the results does not reflect differences in 
material weights 

7.3 Results  
As stated earlier, the environmental assessment in this study was limited to two 
impact categories, abiotic depletion and global warming potential. Characterization 
was performed using the CML2 baseline 2000 v2.03, as implemented in SimaPro® v 
7.1 (Guinée et al. 2001). 
The results presented in Figure 7.5 indicate that the process including the pre-step, 
Case 2, would contribute less to both abiotic depletion and global warming potential 
than current practice, Case 1. 
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Figure 7.5, Results from the LCA model 
 
A better understanding of the underlying reasons for this improvement in Case 2 can 
be gained by examining the contribution of individual processes to the total impact of 
the system. Energy generation dominates the contributing processes. This implies that 
using secondary material instead of virgin is beneficial not only in a “housekeeping” 
sense but also from an energy perspective. 
Minimizing energy consumption in all processes would accomplish the most in terms 
of mitigating the environmental impacts of the waste processing. 
The differences in result, Figure 7.5, originate from the added process loads from the 
primary material need to dilute the copper contents to 0.25% level in Case 1. That is, a 
larger quantity of material is remelted once more in case 1. Due to the system limits 
and the evaluation of avoided loads, the primary production of respective metal is not 
included in any of the LCA summations. The presented LCA-results have a strong 
correlation with the respective amounts of remelting. The relation in Fig. 7.5 is 
approximately 3-8 and this correlates with the relative amounts of steel that are 
remelted. 
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The differences in input amounts between Case 1 and 2 are compensated by 
respective avoided loads and do not influence the result. In this case, the avoided 
burdens of producing equal amounts of the recovered resource, but by alternative 
means, are subtracted from the total system impact. This system expansion was used 
to account for the benefits of these recovered resources. System expansion is the 
recommended approach when allocation can not be avoided, according to the ISO 
standard (ISO, 2006). 
The presented model should be regarded purely as theoretical. However, the dilution 
process presented has been observed at steel plants using recycled steel.  
The copper distribution is, as prior stated, based on assumptions and technical 
reasoning. The modeled system is highly dependent on the assumed levels of copper 
in the different streams. That is, a strong and direct relation to the relative amounts of 
remelted material means that the result is strongly dependent on the assumptions 
about the necessary amounts of dilution. If those assumptions are changed then the 
environmental load results will be a direct mirror image of respective needs for 
dilution and the resulting quantities of remelted steel. 
Copper by itself contribute little to the final result. The main factor is the need to 
dilute both steel fractions to the suggested level. 
 
Some conclusion can be drawn from the results: The need to dilute majority material 
is costly from an energy point of view. This may seem trivial, but the authors 
observation during visits at steel plants confirms that this is the case. Most likely these 
processes are governed by uncertainties in scrap metal content. These material 
uncertainties could for instance be connected to copper or tin content. These material 
are unwanted in high performance steel production. 
In addition, negotiated levels defined by Skrotboken (2005) must be considered a 
compromise between steel making industries need for well defined raw material and 
the recycling industries sorting efforts. Taking control of the waste streams would 
reduce need for energy consuming dilution. In the light of these findings, upstream 
sorting operations would give benefits downstream.  
 
A prior study performed in Switzerland by Hischier et al (2005) shows that recycling 
products mentioned in the WEEE Directive is beneficial, but it is stated that sorting 
and dismantling is of minor interest since the major environmental impacts occur 
further down stream. (Hischier et al, 2005).  However, this study suggests that these 
major impacts could be lessened by a creating more specialized waste streams. 
 
The Material Hygiene mindset would further increase the likelihood of obtaining 
larger amounts of recovered material that can be used in an environmentally and 
economically effective way. The suggested problems in current waste handling of 
steel could be addressed by using pre-steps to divert problematic yet valuable 
materials. Moreover, these problems highlight another information flow that needs to 
be addressed: The cooperation between recyclers and producers in the context of raw 
material quality. The gain from implementing MH would be manifested in higher 
defined raw material. The management of material would increase to possibilities for 
recyclers to deliver raw that suits producers. 
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7.4 LCA study conclusion and discussion 
The aim of this study was to explore the potential of the proposed pre-step, in the 
form of a targeted disassembly operation, to improve material efficiency and be 
environmentally beneficial in a life cycle perspective. The results lead to the 
recommendation that copper removal before shredding would be beneficial based on 
the selected impact categories. However, there are uncertainties regarding both input 
data and choice of impact categories. The big difference in results presented in Fig. 
7.5 must be considered with this in mind. The impact from the need to dilute copper 
containing steel fractions dominates the results. A relatively clean copper fraction 
does not contribute as much due to the limited amount of material.  
Even if this study is relatively small it highlights an important issue: diluting the steel 
fraction with virgin steel is costly from an energy point of view. 
 
The result is dependent on the presented assessment basis; see e.g. figures 7.3 and 7.4. 
One main part of the assessment framing is that the evaluation assumes that the 
recycling based steel production has one additional re-melting, compared to the 
alternative virgin steel production. Consequently also the primary steel which has to 
be added to reduce the copper content is re-melted one more time than it is in an 
alternative pure virgin steel production. This assumption is based on observations of 
the material flows through a recycling based production unit in comparison to the 
material flow in the virgin steel production system. 
 
To create recycling systems that increase outcome of useful material different 
solutions must be considered. Removing material at its highest concentration is such a 
suggestion for a different solution. 
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8. Polymer recycling; a field study 
Increasing the recycling of polymer materials is important, since recycling of polymer 
materials has been mostly focused on incineration, that is: energy recovery. Stricter 
legislation demands not only energy recovery but the recycling and reuse of 
polymeric material. Prior research performed by Arola and Biddle (2000) highlights 
an important issue; the “chicken and egg” dilemma. Producers of polymer products 
will not use recycled material if they are not certain that there will be a steady supply 
of known quality and recyclers will not start investing in the necessary plants if they 
are certain that they will have a market for their polymer raw material. 
 

 
 

Figure 8.1, Key parameters for the quality assessment of recycled plastics. (Vilaplana 
et al, 2007) 
 
In order to investigate the properties of recycled polymers and if there are possible 
applications for this material an experiment was launched, Johansson et al (2008). 
Skrotfrag ABs refrigerator waste treatment facility was the location of this 
experiment. This facility features a hurricane shredder, a MeWa QZ. The availability 
of this type of shredder was the main reason for selecting this site. Since, the shredder 
has a shredding chamber filled with nitrous gas, ignition is prevented and pieces of 
polymer material are preserved as oxidation not possible. 
In order to concentrate the polymer containing products the material was sorted into 4 
batches, see Table 8.1. Moreover, the end-of-life products in Batch had all their power 
cords removed prior to shredding. 
 

Batch Content Polymer 
>12mm 
Samples 

Polymer 
<12 mm 
Samples 

Magnetic 
material 
Samples 

Mixed 
metal 
Samples 

1 Small appliances1 10kg - - - 
2 Vacuum cleaners 10 kg  - - - 
3 Computers -  -  - - 
4 Brown goods etc. -  -  - - 

 
1 Small appliances: Hair driers, water heaters, toasters, portable stereos, 
computer equipment etc. with the power cord removed 
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Table 8.1, Batch types and original sample weights 
 
Table 8.1 shows the number of samples gathered and the amount of collected 
material. In the study after the experiment only the 10kg samples from batch 1, Small 
appliances, and batch 2, Vacuum cleaners, were investigated. In addition to these two 
samples, 10 kg of the polymer fraction from the refrigerator processing was also 
taken. 
The experiment started with the emptying of the MeWa Recycling Anlagen (MeWa, 
2008) hurricane machine and following Steinert Elektromagnetbau (Steinert, 2008) 
separation unit. The batches were treated in the following order: 1 through 4. After 
each batch the machines were emptied. The bags collecting the polymer fraction 
>12mm were changed between each batch. Determining the required processing time 
was done by trial-and-error as this type of material is not normally processed in the 
facility. This process led the selection of a cycle time of 30 seconds. 
The Steinert unit sorted the material by using magnetic separation, eddy-current 
separation and finally a vibrating sieve for size screening. The setup of the machine 
was not altered from the normal refrigerator processing setup. If this plant was too 
regularly process e-waste the sorting setup would have to be altered when processing 
these types of material compared to refrigerators.  
The hurricane machine was able to shred the products in such a way that metal inserts 
was separated. Avoiding metal in the polymer fraction is important as metal can 
hinder the polymer recycling process, (Masanet 2002). 

8.1 Analysis of polymer samples 
In order to utilize recycled polymers their quality and the mix of polymers must be 
investigated. However, this was performed in a limited study. Five sample were 
randomly collected from the fractions see Table 8.2 
 

Origin Sample name 
R1 

R2 

R3 

R4 

Refrigerator 

R5 

V1 

V2 

V3 

V4 

Vacuum 
cleaner 

V5 

S1 

S2 

S3 

S4 

Small 
appliances 

S5 
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Table 8.2, Sample naming table 
 
The samples, see Table 8.2, were investigated using three different techniques;  

• ATR-FTIR, By Attenuated total reflection Fourier transform infrared 
spectroscopy (ATR-FTIR), the surface of the material is irradiated with 
infrared energy through a certain range of wavelengths and the reflected light 
by the material is recorded. 

• DSC, Differential scanning calorimetry (DSC) is a thermal analysis technique 
used to investigate the physical properties of polymeric materials and the long-
term stability. 

• TGA, Thermogravimetric analysis (TGA) can be employed to study the 
thermal decomposition of polymers and to analyze the content of humidity, 
volatiles, additives, and fillers in polymeric materials. 

These techniques are further described in paper D. 
 
The results from these different analyses show that the polymers in the samples could 
be used as new raw material. No further conclusions should be drawn due to the 
nature of the limited number of samples and the lack of a base-line analysis.  
In order to do such analyses samples from respective product in the pre-use state 
would be required. This fact indicates further that methods for measurements of 
recycled polymers are needed. Determination of properties from this type of material 
requires a set of pre-determined base-line samples for each material. 
However, by doing this analysis several problems areas were highlighted. These 
problems must be resolved in order to address the need for sufficient testing. 

8.2 Results from the polymer analyses 
The main results from FTIR, DSC and TGA analyses, as described in paper D, are 
displayed in Table 8.3. The analysis results are limited due to the limited number of 
samples. The selected results presented in Table 8.3 should be considered with this in 
mind. 
 

Sample 

FTIR: 
Suggested 
polymer 

DSC: 
Oxidation 

temperature 
(Tox, °C) 

TGA: 
Temperature, 

Tonset (°C) 

R1 ABS 192 373 

R2 ABS 189 374 

R3 HIPS/PET 185 366 

R4 HIPS/PET 189 374 

Refrigerator 

R5 HIPS/PET 201 372 

V1 ABS 177 365 

V2 PA 173 383 

V3 ABS 177 372 

V4 ABS 193 364 

Vacuum cleaner 

V5 ABS 208 354 
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S1 ABS 169 367 

S2 HIPS/PC 184 386 

S3 HIPS 181 378 

S4 HIPS 184 375 

Small appliances 

S5 PC 279 421 
 
Table 8.3, Characterization of samples 
 
The FTIR analysis show that the styrenic containing samples from the vacuum cleaner 
fraction possess a higher degree of degradation than corresponding samples from the 
other two fractions. This is manifested by higher carbonyl and hydroxyl indexes. All 
the samples are within the material quality limits with regards to polymer material 
recycling. The DSC analysis indicates that the oxidations temperatures for the 
samples are higher than the ambient temperature in the hurricane machine used to 
shred the material in this experiment. Shredding chamber ambient temperature was 
approximately 100°C during the experiment. Moreover, the temperature stability 
results from the TGA analysis show similar results. Hence, using the hurricane 
machine for fragmenting would be possible based on the results from these samples. 
 
Expanding these activities to industrial scale requires, for instance, the near infrared 
spectroscopy (NIR) technique used by Arola et al (1999). Quality assessment requires 
a standardized method with a sampling protocol such that statistically correct analyses 
can be performed on large batches of material repeatedly. 
Initial sorting into product batches is suggested as this would increase the probability 
to have the same type of material in the separate batches. Moreover, removal of power 
cords from for instance vacuum cleaners could be made more streamlined with 
respect to product size. Since, this is a type of pre-step (i.e. removal of material prior 
to shredding) that could be automated. The automated process would be facilitated by 
a homogenous product stream. 
 
The preferred pre-step in this context would be performed as early as possible in the 
recycling process. An experience gained during the experiment at the Skrotfrag AB 
facility clearly indicates that sorting of small appliances is prevented by numerous 
interlockings between power cords. These make the mix of end-of-life products into a 
ball of yarn. That is, separate removal of products is nearly impossible without cutting 
operations. This phenomenon prevents effective initial sorting.  
Additionally, pieces of copper from fragmented power cords form small hooks. It was 
observed that these pieces of copper easily get caught in for instance conveyer belts. 
Moreover, if the copper pieces do follow the shredded waste stream these copper 
pieces are difficult to separate from other materials. This behavior was observed 
during the experiment where approximately 50% end up in the non-magnetic metal 
fraction and the rest in the polymer fraction. This behavior could potentially be 
changed by tuning the eddy current device separating non-magnetic metal from 
polymers in this specific process. 
Thus, removal of power cords at the waste collection facility would be beneficial for 
both initial sorting of mixed e-waste and sorting of fragmented material. 
 
Mass-flow rate (MFR) according to ISO1133:1997 was initiated but not concluded.  
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This method consists of grinding the polymer samples to conformed sized particles. 
These particles are then placed in a vertical pre-heated tube to melt. A rod is then 
inserted over to melting polymer and a material specific weight is placed to press the 
polymer through a die. The rod is marked with two notches. The time it takes for the 
rod to travel the vertically distance between these two notches are then measured. 
Material pressed through the die during this time is weighed. Combining these 
measurements gives MFR. 
 
However, this test was not followed through because of the lack of homogenization in 
the polymer mix during testing. The temperature of this test is material specific and as 
the majority material in the samples in the small appliances were (HI)PS, see FTIR 
analysis, it was determined to use the PS specifications in Annex A of ISO1311. 
These were 200°C and a nominal weight of 5.00 kg. No flow was evident and the die 
was removed. The material in the tube showed areas of un-molten material. The 
pieces of polycarbonates (PC) in the mix have a considerably higher melting 
temperature and was thus unaffected by the temperature. However, increasing the 
temperature to accommodate this only fused the rest of the polymer together. The 
following two tests on vacuum cleaner and refrigerator polymers behaved similarly. 
 
The conclusion from this test is that mass-flow rate (MFR) measurements according 
to ISO1311 are not feasible when testing mixed recycled polymers. However, 
injection molding is performed at higher pressures. This indicates that there may still 
be possibilities to use the mixed fraction even if the standardized test procedure does 
not produce results. Injection molding test are required to determine if this is the case.  
 
A sorting scheme suggestion based on the samples in this study would consist of: 

• ABS 
• PS (HI) 
• PET 
• PA 

Sorting into respective polymer kind would increase the value as useable raw 
material. The mixed polymer could be used in low grade filler applications as 
suggested by Arola et al (1999). However, if increasing the Material Hygiene is the 
objective sorting into respective kind in preferable. This way recycled polymer 
material could potentially be used at a higher value level, see Fig. 5.2.  
This must be the goal of sustainable polymer recycling.  
Based on the result from the analyses and the observations made at the recycling plant 
the following recycling system for polymer recycling is proposed, see Fig. 8.1. 
 

8.3 Proposed WEEE polymer recycling process 
A holistic view on WEEE collection and treatment is essential in order to achieve 
optimum results. The outcome of the final processing is dependent on early steps in 
the recycling chain. Collection effectiveness and quality is largely dependent on how 
well the recycling information penetrates the general publics’ awareness. Since, 
material that goes into a specific container at the collection facility is in most cases 
only loosely monitored. Stricter sorting at these facilities is essential. An alternative 
would be some kind of active marking that could facilitate automatic sorting stations. 
Moreover, depending on material different waste streams could be created.  
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Products containing mostly polymer material, for instance vacuum cleaners, could be 
treated separately. The process should be focusing in every step on the end product; 
raw material for new products. 
 
Figure 8.1 illustrates the flow of WEEE from collection facility to new polymer raw 
material. Increasing the outcome from treatment of WEEE by extending the current 
processes with strict source sorting at the collection facility and other targeted 
operations aimed at producing a well defined polymer raw material. 
Waste stream 1 represent polymer rich e-waste. This material in then pre-shredder 
processed (pre-step), this could include cutting power cords or removing electric 
motors. The processing of parallel wires is described by de Araújo et al (2007) by the 
use of mineral processing techniques. 
Next the e-waste is processed in a shredder, preferably a type that does not develop 
excessive heat as this degrades the polymers. In the experiment a hurricane machine 
with an oxygen free environment was used. Additionally, metal inserts and other 
foreign objects should be separated by the shredder. Sorting into different fractions 
follows the shredding. By using a combination of magnets, eddy-current devices and 
sieves of different sizes the materials can be separated sufficiently. The goal of this 
initial separation is to have a mixed polymer fraction, Material fraction 1, free from 
other materials. The polymer stream must then be cleaned and sorted according to 
polymer type. Ideally, if material containing brominated flame retardants could be 
identified these would be separated and treated by means of feedstock treatment. Re-
melting such material could otherwise pose as human health hazards. 
A suggestion for cleaning the remaining material is for instance high pressure water 
jets and detergents for removal of possible surface pollution. 
Depending on what sorting technique is used after the cleaning process a drying 
operation may be required. If, for instance, floatation separation, based on density 
differences, is used this not need. If that is the case the drying operation would be 
after the sorting. Cui and Forssberg (2003) describe a number of sorting techniques. 
For instance, the tribo-electric electrostatic separation is suggested as a method to sort 
polymers through differences in electric properties Arola et al (1999) compared 
manual sorting aided by spectroscopic equipment and automated sorting by use of 
high speed spectroscopy. They suggest that either manual or automatic sorting of the 
kind tested is viable in an economical perspective. However, particle-by-particle 
sorting in specialized polymer facilities could be a possible solution, (Arola et al 
1999). The final stage in this process is grinding to a suitable uniform size of the 
polymer pieces. 
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Figure 8.1, Suggested WEEE polymer flow from waste to raw material 
 
The suggested processes are currently available and could be implemented. 

8.4 Conclusions from the polymer recycling experiment 
This limited study on the properties of recycled polymers showed that using this raw 
material is possible. The proposed recycling system is an attempt to arrange currently 
available processes for polymer recycling. Sorting of end-of-life products according to 
material are necessary in order to increase target material concentration. 
Three important results concerning the usability of this type of recycled polymer 
material 

• All samples have maintained chemical and mechanical stability. That is, they 
can be used as raw material for new products.  

• The study also indicates the need for a standardized sampling method for 
characterization of recycled polymer material.  

• Furthermore, for sorting of the mixed polymer fraction into four different 
streams is suggested. It is suggested that this sorting would be: 
• ABS 
• PS (HI) 
• PET 
• PA 
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This division is suggested in order increase the possibilities for retrieving useful 
material. One of the reasons is varying different physical and chemical properties of 
these polymers. Material Hygiene considerations involves using recycled material at 
as high value as possible. The polymer experiment indicates that sorting of constituent 
material is need to accomplish this. 
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9. Discussion 
Society’s recycling infrastructure and systems face a great challenge, as legislation is 
calling for a higher degree of material recycling. Traditional landfill deposit sites are 
not an option anymore. Handling and recycling material ever more effectively and 
safely is the challenge. Legislative demands in the form of EU directives are driving 
the development of waste collection facilities and treatment plants. As the value of 
material from end-of-life products continues to increase, techniques for handling such 
materials will become more and more economically viable. Furthermore, there is a 
need for information feed-back from treatment facilities in order to design recycling 
friendly products. As products become adapted to treatment the effectiveness in the 
process will increase. 
The export of scrap from OECD to developing countries, based on labor cost 
differences, is of great concern due to poorer general working conditions in these 
countries. The condition of a product can differ greatly at end of its life, depending on 
the economic conditions in the country of consumption. In wealthier countries, 
whether or not a product is regarded as at the end of its life could well depend solely 
on whether or not it has gone out of style. In that case, the main function of the 
product could very well remain intact, and the product could still be used in an 
environment in which aesthetic issues are less important. Additionally, still-functional 
products being sent for treatment as “waste” could easily be diverted. If the brand 
(and model) of returned end-of-life products could be better monitored this could be 
prevented.  
This control represents just one benefit of marking and registering end-of-life 
products. In addition, such marking and registering would simplify assigning the costs 
involved in treating waste streams arising from end-of-life products. 
Minimizing energy consumption from a systems view is important, in order to meet 
CO2 emissions targets. Notably, using secondary rather than virgin materials when 
producing new products decreases overall energy consumption. 
 
In order to fulfill the mind-set an additional information flow must be implemented 
from the recycling of products to the design of future products. The feed-back on how 
well materials can be extracted from specific products is important to increase the 
effectiveness of the recycling system. Cooperation between producers and waste 
treatment facilities is then essential. In this context a recycling system where the 
ownership of the products reverts to the producer after EoL could be contemplated. 
Materials contained in the EoL products would then belong to the producer and the 
recyclers would be rewarded according to their ability to extract useful raw materials.  
This suggestion is in agreement with Lindhqvist (1992) and the extended producer 
responsibility (EPR) concept where the manufacturer retains ownership throughout 
the product life-cycle. 
The current situation could be characterized by lack of information regarding both 
how much and what products enter the recycling process. It is virtually impossible to 
determine the percentages of useful material that are lost during processing of waste 
material. The information model presented in paper E creates possibilities to control 
the processes and measure the efficiency of the recycling system. Additionally, 
measures of how well a specific product would perform during recycling would then 
be easier to obtain. Such information is very difficult to extract from the current 
practice. 
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The challenge is to condense prior knowledge from good environmentally conscious 
practices, engineering design, recycling into practical hand-on advice for designers. 
Designers, Users and Recyclers are suggested to be the main stakeholders, see section 
5.4. The impact these three groups have on the outcome of recycling is crucial. Table 
9.1 contains suggested influence each of these stakeholders has on the MH Factors.  
 
 Designers Users Recyclers 
MH Mix +++ - ++ 
MH Resources ++ ++ ++ 
MH Identification ++ - ++ 
MH Weight  ++ - ++ 
MH Map +++ - + 

 
Table 9.1, The suggested influence between main stakeholders and MH factors 
 

• MH Mix: Designers have the responsibility to create products that have few 
different materials to facilitate effective recycling. A practical solution could 
be implementing guided materials selection in computer aided design (CAD) 
software. For instance, this could be expressed by the obligation to specify 
material when assembling parts CAD models. The CAD system could then 
determine if the selected material is allowed by comparing white, grey or 
black lists of material. The white list could contain allowed materials, the grey 
list not preferred and the black list banned materials. These lists should be 
connected to MH Resources. In addition, the mix of material could also be 
addressed by stating a maximum of allowed numbers of different materials. 
Moreover, adjacent parts could be controlled in order to prevent for example 
galvanic elements. This responsibility, but to lesser degree, also applies to 
recyclers. If the designers have made an effort to reduce materials to simplify, 
for instance, a pre-step recyclers should not immediately shred the product  

• MH Resources: Designers start the MH Resource chain by selection of 
materials. Some of these materials could be scarce or toxic dependent on 
functional demands. However, good documentation from the start facilitates 
the maintenance of materials throughout the products life cycle. Users must 
return the product at the correct location to maintain high MH. Recyclers must 
be able to obtain the correct documentation in order to act properly. 
Additionally, recyclers should report the recycling outcome back to the 
producers. This is important in order to create an environment of 
improvements from cycle-to-cycle. 

• MH Identification: Designers have an important role in creating identification 
for parts and products. Parts from the same material could for instance have 
the same color for easy identification. The radio frequency identification 
(RFID) scheme suggested in paper D would give designers increased 
possibilities to pass on information to recyclers on a product scale. Apart from 
information on producer and holder of products responsibility detailed 
descriptions on toxic or valuable material specification and location could be 
supplied. MH Identification is closely tied to MH Resources in this respect. 

• MH Weight: designers should not be restrained to minimizing weight if this 
makes the recycling efforts more problematic. Of course, this factor is 
dependent on the use phase. However, if the environmental impact is out of 
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the use phase the weight should contribute to the life-length and the easy 
recycling of the product. 

• MH Map: Designing products that are easy to recycle is a challenge. The 
structural issues (or MH map) is very important is that respect. The graphical 
dependency tree method suggested by Luttropp (2001), see section 5.1, 
enables visual description of product parts and their connection. However, this 
method does not provide a method to grade different products or variants of 
the same product. The designer should emphasize clear and well-defined 
structures. Few fractions with a reduced blending can only be beneficial if it is 
possible to separate them correctly at end of life. Recyclers have the 
responsibility to explore product structures prepared by designers. The 
connection to MH Identification is obvious. By carrying the MH Map 
information from designer to recycler the possibilities for proper recycling 
operations is facilitated. 

 
The MH mind-set presented in section 5.3 contains condensed practical advice for 
designers. But, as stated in section 5.3: For successful and high efficiency material 
use that has a high MH level, all stakeholders must be prepared to do their job.  
 
The selection of case study object was originally done in the context of the Steel eco 
cycle research project, Stålkretsloppet (2007). The dishwasher is a steel intensive 
product of relatively simple design. Furthermore, replacing or re-arranging parts in a 
dishwasher was considered easier than in for instance a washing machine where the 
problem of dynamic balancing must be taken into account. The dishwasher was 
considered a good demonstrator product in this respect. 
The disassembly study shows that the bulk of dishwashers in the field study have 
similar disassembly properties. In hindsight, the study would have benefited from a 
pre-study of a smaller number of dishwashers followed by a more targeted study of 
the remaining dishwashers. In some cases dishwashers with good design features in 
some respects were lacking in others. Thus, the sum of design features from a 
disassembly point of view was rather even between dishwashers. Parallel studies of 
identical products may have added further knowledge. But, the results from the study 
revealed interesting information. 
Extending the study into other types of white goods, for example, electric stoves was 
discussed, but not conducted due to time and financial constraints. 
 
Polymer recycling is coming into focus due to for instance the ELV Directive. Year 
2015 the level of recycling from cars shall be 95% according to the ELV Directive. 
The automotive industry must meet these recycling demands. Composite materials are 
used in larger scale since weight reduction for cars enables lower fuel consumption. 
However, using polymer materials reduces recycling possibilities at the same value 
level as the original material. 
Paper D addresses WEEE polymer recycling. Products covered by the WEEE 
Directive contain a high degree of polymer materials. Recycling other than energy 
recovery from these materials would be an improvement. The performed analyses 
reveal the need for standardized methods and protocol for quality measurement of 
recycled polymers. That is, how many samples are needed to classify and assess a 
batch of this type of material? Should there be pre-determined base-line samples in 
order to compare results? 
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Additionally, sorting of material preferably at an early stage of the recycling process 
is suggested in order to simplify down-stream operations. This result supports the 
MH-mind-set by underlining the need for fewer fractions. Moreover, pre-step 
operations will be needed in order simplify the initial sorting. The recycling facility 
used during the experiment was tuned to fragment refrigerators with different material 
content than small appliances or vacuum cleaners. However, relatively simple 
changes in setup and an addition of a pre-step for removal of power cords would make 
the facility suited to treatment of products covered by the WEEE Directive. 
In addition, the dust bag in vacuum cleaners needs to be removed prior to shredding.  
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10. Conclusions and future work 
The work on the Material hygiene concept is by no means finished, further 
development is necessary. The further development of the grading scheme that is an 
integral part of the methodology is necessary. Which, in order to control the end-of-
life treatment could be used to determine pricing of different products. As, financing 
based on market shares does not address design of the product or material content at 
all. A differentiated pricing within a product group is necessary in order to achieve the 
necessary economical feed-back. Furthermore, in order to identify products at waste 
facilities prior to waste treatment; an investigation into techniques to achieve this is 
needed. Strategies for information feed-back from recycling companies to designers in 
producing companies needs to be developed. 
Implementing the MH concept at the design phase would increase the possibilities to 
reuse, recycle and recover materials from end-of-life products. 
 

What can be done to increase effectiveness of recycling? 
Introduction of product identification, separation and targeted disassembly of products 
or parts containing valuable materials would improve the recycling outcome. The 
presented MH factors and resulting mind-set facilitate the design of recycling friendly 
products. To succeed with recycling of these products the recycling system must in 
the same way be design to be able to extract valuable material from these products. 
The proposed pre-step operation is a way to target materials prior to shredding. 
Prepared operations are dependent on prior product knowledge.   
How could current recycling processes be changed to increase recycling outcome 
and what can be done in the future? 
The automation of a pre-step requires adaptation of design in order be carried out in 
an effective manner. Prior to the pre-step identification of the product must be 
performed, if using an manual operation a skilled worker could determine brand and 
model based on experience. Implementing RFID tags on all products would facilitate 
such identification, based on the assumption that the necessary information was stored 
in the RFID tag. After identification with correct amount of information the, for 
example, copper containing parts would be known. A gripping tool could then be 
used. Such tools exist for removal of refrigerator pumps. 
 

How should the design of products be changed to facilitate effective recycling? 
Designs following the recommendations in section 5.2 “The material hygiene 
mindset” would give products better adapted to recycling. The required pre-step 
changes from product to product. What is beneficial for one product could be 
detrimental for another. There could also be a change in time, due to the  
The implementation of a pre-step should be targeted at hazardous materials and 
secondly towards valuable materials. Avoiding the accumulation of alloy materials in, 
for instance, recycled steel must be given priority.  
 
The recycling industry is under development and in the future we will hopefully see 
rapid changes and improvements. 
The activities described in this thesis are all interconnected; identification of products 
is a necessary step towards creating a recycling system that provided much needed 
feed-back to producers. All stakeholders, including users, must be made aware of the 
importance in keeping a high MH level. 
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Appendix A: EU directive on Waste Electrical and 
Electronic Equippment (WEEE) 
This section contains a copy of the directive 2002/96/EC WEEE 
 
 



 
 
 



DIRECTIVE 2002/96/EC OF THE EUROPEAN PARLIAMENT AND OF THE COUNCIL
of 27 January 2003

on waste electrical and electronic equipment (WEEE)

THE EUROPEAN PARLIAMENT AND THE COUNCIL OF THE
EUROPEAN UNION,

Having regard to the Treaty establishing the European Commu-
nity, and in particular Article 175(1) thereof,

Having regard to the proposal from the Commission (1),

Having regard to the Opinion of the Economic and Social
Committee (2),

Having regard to the Opinion of the Committee of Regions (3),

Acting in accordance with the procedure laid down in Article
251 of the Treaty in the light of the joint text approved by the
Conciliation Committee on 8 November 2002 (4),

Whereas:

(1) The objectives of the Community's environment policy
are, in particular, to preserve, protect and improve the
quality of the environment, protect human health and
utilise natural resources prudently and rationally. That
policy is based on the precautionary principle and prin-
ciples that preventive action should be taken, that envir-
onmental damage should as a priority be rectified at
source and that the polluter should pay.

(2) The Community programme of policy and action in
relation to the environment and sustainable development
(Fifth Environmental Action Programme) (5) states that
the achievement of sustainable development calls for
significant changes in current patterns of development,
production, consumption and behaviour and advocates,
inter alia, the reduction of wasteful consumption of
natural resources and the prevention of pollution. It
mentions waste electrical and electronic equipment
(WEEE) as one of the target areas to be regulated, in
view of the application of the principles of prevention,
recovery and safe disposal of waste.

(3) The Commission Communication of 30 July 1996 on
review of the Community strategy for waste manage-
ment states that, where the generation of waste cannot
be avoided, it should be reused or recovered for its mate-
rial or energy.

(4) The Council in its Resolution of 24 February 1997 on a
Community strategy for waste management (6) insisted
on the need for promoting waste recovery with a view
to reducing the quantity of waste for disposal and saving
natural resources, in particular by reuse, recycling,
composting and recovering energy from waste and
recognised that the choice of options in any particular
case must have regard to environmental and economic
effects but that until scientific and technological progress
is made and life-cycle analyses are further developed,
reuse and material recovery should be considered prefer-
able where and in so far as they are the best environ-
mental options. The Council also invited the Commis-
sion to develop, as soon as possible, an appropriate
follow-up to the projects of the priority waste streams
programme, including WEEE.

(5) The European Parliament, in its Resolution of 14
November 1996 (7), asked the Commission to present
proposals for Directives on a number of priority waste
streams, including electrical and electronic waste, and to
base such proposals on the principle of producer respon-
sibility. The European Parliament, in the same Resolu-
tion, requests the Council and the Commission to put
forward proposals for cutting the volume of waste.

(6) Council Directive 75/442/EEC of 15 July 1975 on
waste (8) provides that specific rules for particular
instances or supplementing those of Directive 75/442/
EEC on the management of particular categories of waste
may be laid down by means of individual Directives.

(7) The amount of WEEE generated in the Community is
growing rapidly. The content of hazardous components
in electrical and electronic equipment (EEE) is a major
concern during the waste management phase and recy-
cling of WEEE is not undertaken to a sufficient extent.

(8) The objective of improving the management of WEEE
cannot be achieved effectively by Member States acting
individually. In particular, different national applications
of the producer responsibility principle may lead to
substantial disparities in the financial burden on
economic operators. Having different national policies
on the management of WEEE hampers the effectiveness
of recycling policies. For that reason the essential criteria
should be laid down at Community level.
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(9) The provisions of this Directive should apply to products
and producers irrespective of the selling technique,
including distance and electronic selling. In this connec-
tion the obligations of producers and distributors using
distance and electronic selling channels should, as far as
is practicable, take the same form and should be
enforced in the same way in order to avoid other distri-
bution channels having to bear the costs of the provi-
sions of this Directive concerning WEEE for which the
equipment was sold by distant or electronic selling.

(10) This Directive should cover all electrical and electronic
equipment used by consumers and electrical and elec-
tronic equipment intended for professional use. This
Directive should apply without prejudice to Community
legislation on safety and health requirements protecting
all actors in contact with WEEE as well as specific
Community waste management legislation, in particular
Council Directive 91/157/EEC of 18 March 1991 on
batteries and accumulators containing certain dangerous
substances (1).

(11) Directive 91/157/EEC needs to be revised as soon as
possible, particularly in the light of this Directive.

(12) The establishment, by this Directive, of producer respon-
sibility is one of the means of encouraging the design
and production of electrical and electronic equipment
which take into full account and facilitate their repair,
possible upgrading, reuse, disassembly and recycling.

(13) In order to guarantee the safety and health of distribu-
tors' personnel involved in the take-back and handling
of WEEE, Member States should, in accordance with
national and Community legislation on safety and health
requirements, determine the conditions under which
take-back may be refused by distributors.

(14) Member States should encourage the design and produc-
tion of electrical and electronic equipment which take
into account and facilitate dismantling and recovery, in
particular the re-use and recycling of WEEE, their
components and materials. Producers should not
prevent, through specific design features or manufac-
turing processes, WEEE from being reused, unless such
specific design features or manufacturing processes
present overriding advantages, for example with regard
to the protection of the environment and/or safety
requirements.

(15) Separate collection is the precondition to ensure specific
treatment and recycling of WEEE and is necessary to
achieve the chosen level of protection of human health
and the environment in the Community. Consumers
have to actively contribute to the success of such collec-
tion and should be encouraged to return WEEE. For this
purpose, convenient facilities should be set up for the
return of WEEE, including public collection points,
where private households should be able to return their
waste at least free of charge.

(16) In order to attain the chosen level of protection and
harmonised environmental objectives of the Community,
Member States should adopt appropriate measures to
minimise the disposal of WEEE as unsorted municipal
waste and to achieve a high level of separate collection
of WEEE. In order to ensure that Member States strive to
set up efficient collection schemes, they should be
required to achieve a high level of collection of WEEE
from private households.

(17) Specific treatment for WEEE is indispensable in order to
avoid the dispersion of pollutants into the recycled mate-
rial or the waste stream. Such treatment is the most
effective means of ensuring compliance with the chosen
level of protection of the environment of the Commu-
nity. Any establishment or undertakings carrying out
recycling and treatment operations should comply with
minimum standards to prevent negative environmental
impacts associated with the treatment of WEEE. Best
available treatment, recovery and recycling techniques
should be used provided that they ensure human health
and high environmental protection. Best available treat-
ment, recovery and recycling techniques may be further
defined in accordance with the procedures of Directive
96/61/EC.

(18) Where appropriate, priority should be given to the reuse
of WEEE and its components, subassemblies and
consumables. Where reuse is not preferable, all WEEE
collected separately should be sent for recovery, in the
course of which a high level of recycling and recovery
should be achieved. In addition, producers should be
encouraged to integrate recycled material in new equip-
ment.

(19) Basic principles with regard to the financing of WEEE
management have to be set at Community level and
financing schemes have to contribute to high collection
rates as well as to the implementation of the principle of
producer responsibility.

(20) Users of electrical and electronic equipment from private
households should have the possibility of returning
WEEE at least free of charge. Producers should therefore
finance collection from collection facilities, and the treat-
ment, recovery and disposal of WEEE. In order to give
maximum effect to the concept of producer responsi-
bility, each producer should be responsible for financing
the management of the waste from his own products.
The producer should be able to choose to fulfil this obli-
gation either individually or by joining a collective
scheme. Each producer should, when placing a product
on the market, provide a financial guarantee to prevent
costs for the management of WEEE from orphan
products from falling on society or the remaining produ-
cers. The responsibility for the financing of the manage-
ment of historical waste should be shared by all existing
producers in collective financing schemes to which all
producers, existing on the market when the costs occur,
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contribute proportionately. Collective financing schemes
should not have the effect of excluding niche and low-
volume producers, importers and new entrants. For a
transitional period, producers should be allowed to show
purchasers, on a voluntary basis at the time of sale of
new products, the costs of collecting, treating and
disposing in an environmentally sound way of historical
waste. Producers making use of this provision should
ensure that the costs mentioned do not exceed the actual
costs incurred.

(21) Information to users about the requirement not to
dispose of WEEE as unsorted municipal waste and to
collect WEEE separately, and about the collection
systems and their role in the management of WEEE, is
indispensable for the success of WEEE collection. Such
information implies the proper marking of electrical and
electronic equipment which could end up in rubbish
bins or similar means of municipal waste collection.

(22) Information on component and material identification to
be provided by producers is important to facilitate the
management, and in particular the treatment and
recovery/recycling, of WEEE.

(23) Member States should ensure that inspection and moni-
toring infrastructure enable the proper implementation
of this Directive to be verified, having regard, inter alia,
to Recommendation 2001/331/EC of the European
Parliament and the Council of 4 April 2001 providing
for minimum criteria for environmental inspections in
the Member States (1).

(24) Information about the weight or, if this is not possible,
the numbers of items of electrical and electronic equip-
ment put on the market in the Community and the rates
of collection, reuse (including as far as possible reuse of
whole appliances), recovery/recycling and export of
WEEE collected in accordance with this Directive is
necessary to monitor the achievement of the objectives
of this Directive.

(25) Member States may choose to implement certain provi-
sions of this Directive by means of agreements between
the competent authorities and the economic sectors
concerned provided that particular requirements are
met.

(26) The adaptation to scientific and technical progress of
certain provisions of the Directive, the list of products
falling under the categories set out in Annex IA, the
selective treatment for materials and components of
WEEE, the technical requirements for storage and treat-
ment of WEEE and the symbol for the marking of EEE
should be effected by the Commission under a
committee procedure.

(27) The measures necessary for the implementation of this
Directive should be adopted in accordance with Council
Decision 1999/468/EC of 28 June 1999 laying down
the procedures for the exercise of implementing powers
conferred on the Commission (2),

HAVE ADOPTED THIS DIRECTIVE:

Article 1

Objectives

The purpose of this Directive is, as a first priority, the preven-
tion of waste electrical and electronic equipment (WEEE), and
in addition, the reuse, recycling and other forms of recovery of
such wastes so as to reduce the disposal of waste. It also seeks
to improve the environmental performance of all operators
involved in the life cycle of electrical and electronic equipment,
e.g. producers, distributors and consumers and in particular
those operators directly involved in the treatment of waste elec-
trical and electronic equipment.

Article 2

Scope

1. This Directive shall apply to electrical and electronic
equipment falling under the categories set out in Annex IA
provided that the equipment concerned is not part of another
type of equipment that does not fall within the scope of this
Directive. Annex IB contains a list of products which fall under
the categories set out in Annex IA.

2. This Directive shall apply without prejudice to Commu-
nity legislation on safety and health requirements and specific
Community waste management legislation.

3. Equipment which is connected with the protection of the
essential interests of the security of Member States, arms, muni-
tions and war material shall be excluded from this Directive.
This does not, however, apply to products which are not
intended for specifically military purposes.
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Article 3

Definitions

For the purposes of this Directive, the following definitions
shall apply:

(a) ‘electrical and electronic equipment’ or ‘EEE’ means equip-
ment which is dependent on electric currents or electro-
magnetic fields in order to work properly and equipment
for the generation, transfer and measurement of such
currents and fields falling under the categories set out in
Annex IA and designed for use with a voltage rating not
exceeding 1 000 Volt for alternating current and 1 500
Volt for direct current;

(b) ‘waste electrical and electronic equipment’ or ‘WEEE’
means electrical or electronic equipment which is waste
within the meaning of Article 1(a) of Directive 75/442/
EEC, including all components, subassemblies and consum-
ables which are part of the product at the time of
discarding;

(c) ‘prevention’ means measures aimed at reducing the quan-
tity and the harmfulness to the environment of WEEE and
materials and substances contained therein;

(d) ‘reuse’ means any operation by which WEEE or compo-
nents thereof are used for the same purpose for which they
were conceived, including the continued use of the equip-
ment or components thereof which are returned to collec-
tion points, distributors, recyclers or manufacturers;

(e) ‘recycling’ means the reprocessing in a production process
of the waste materials for the original purpose or for other
purposes, but excluding energy recovery which means the
use of combustible waste as a means of generating energy
through direct incineration with or without other waste
but with recovery of the heat;

(f) ‘recovery’ means any of the applicable operations provided
for in Annex IIB to Directive 75/442/EEC;

(g) ‘disposal’ means any of the applicable operations provided
for in Annex IIA to Directive 75/442/EEC;

(h) ‘treatment’ means any activity after the WEEE has been
handed over to a facility for depollution, disassembly,
shredding, recovery or preparation for disposal and any
other operation carried out for the recovery and/or the
disposal of the WEEE;

(i) ‘producer’ means any person who, irrespective of the
selling technique used, including by means of distance
communication in accordance with Directive 97/7/EC of
the European Parliament and of the Council of 20 May
1997 on the protection of consumers in respect of
distance contracts (1):

(i) manufactures and sells electrical and electronic equip-
ment under his own brand,

(ii) resells under his own brand equipment produced by
other suppliers, a reseller not being regarded as the
‘producer’ if the brand of the producer appears on the
equipment, as provided for in subpoint (i), or

(iii) imports or exports electrical and electronic equipment
on a professional basis into a Member State.

Whoever exclusively provides financing under or pursuant
to any finance agreement shall not be deemed a ‘producer’
unless he also acts as a producer within the meaning of
subpoints (i) to (iii);

(j) ‘distributor’ means any person who provides electrical or
electronic equipment on a commercial basis to the party
who is going to use it;

(k) ‘WEEE from private households’ means WEEE which
comes from private households and from commercial,
industrial, institutional and other sources which, because
of its nature and quantity, is similar to that from private
households;

(l) ‘dangerous substance or preparation’ means any substance
or preparation which has to be considered dangerous
under Council Directive 67/548/EEC (2) or Directive 1999/
45/EC of the European Parliament and of the Council (3).

(m) ‘finance agreement’ means any loan, lease, hiring or
deferred sale agreement or arrangement relating to any
equipment whether or not the terms of that agreement or
arrangement or any collateral agreement or arrangement
provide that a transfer of ownership of that equipment will
or may take place.

Article 4

Product design

Member States shall encourage the design and production of
electrical and electronic equipment which take into account
and facilitate dismantling and recovery, in particular the reuse
and recycling of WEEE, their components and materials. In this
context, Member States shall take appropriate measures so that
producers do not prevent, through specific design features or
manufacturing processes, WEEE from being reused, unless such
specific design features or manufacturing processes present
overriding advantages, for example, with regard to the protec-
tion of the environment and/or safety requirements.

Article 5

Separate collection

1. Member States shall adopt appropriate measures in order
to minimise the disposal of WEEE as unsorted municipal waste
and to achieve a high level of separate collection of WEEE.
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2. For WEEE from private households, Member States shall
ensure that by the 13 August 2005:

(a) systems are set up allowing final holders and distributors to
return such waste at least free of charge. Member States
shall ensure the availability and accessibility of the neces-
sary collection facilities, taking into account in particular
the population density;

(b) when supplying a new product, distributors shall be
responsible for ensuring that such waste can be returned to
the distributor at least free of charge on a one-to-one basis
as long as the equipment is of equivalent type and has
fulfilled the same functions as the supplied equipment.
Member States may depart from this provision provided
they ensure that returning the WEEE is not thereby made
more difficult for the final holder and provided that these
systems remain free of charge for the final holder. Member
States making use of this provision shall inform the
Commission thereof;

(c) without prejudice to the provisions of (a) and (b), producers
are allowed to set up and operate individual and/or collec-
tive take-back systems for WEEE from private households
provided that these are in line with the objectives of this
Directive;

(d) having regard to national and Community health and safety
standards, WEEE that presents a health and safety risk to
personnel because of contamination may be refused for
return under (a) and (b). Member States shall make specific
arrangements for such WEEE.

Member States may provide for specific arrangements for the
return of WEEE as under (a) and (b) if the equipment does not
contain the essential components or if the equipment contains
waste other than WEEE.

3. In the case of WEEE other than WEEE from private
households, and without prejudice to Article 9, Member States
shall ensure that producers or third parties acting on their
behalf provide for the collection of such waste.

4. Member States shall ensure that all WEEE collected under
paragraphs 1, 2 and 3 above is transported to treatment facil-
ities authorised under Article 6 unless the appliances are reused
as a whole. Member States shall ensure that the envisaged reuse
does not lead to a circumvention of this Directive, in particular
as regards Articles 6 and 7. The collection and transport of
separately collected WEEE shall be carried out in a way which
optimises reuse and recycling of those components or whole
appliances capable of being reused or recycled.

5. Without prejudice to paragraph 1, Member States shall
ensure that by 31 December 2006 at the latest a rate of sepa-
rate collection of at least four kilograms on average per inhabi-
tant per year of WEEE from private households is achieved.

The European Parliament and the Council, acting on a proposal
from the Commission and taking account of technical and
economic experience in the Member States, shall establish a
new mandatory target by 31 December 2008. This may take
the form of a percentage of the quantities of electrical and elec-
tronic equipment sold to private households in the preceding
years.

Article 6

Treatment

1. Member States shall ensure that producers or third parties
acting on their behalf, in accordance with Community legisla-
tion, set up systems to provide for the treatment of WEEE using
best available treatment, recovery and recycling techniques. The
systems may be set up by producers individually and/or collec-
tively. To ensure compliance with Article 4 of Directive 75/
442/EEC, the treatment shall, as a minimum, include the
removal of all fluids and a selective treatment in accordance
with Annex II to this Directive.

Other treatment technologies ensuring at least the same level of
protection for human health and the environment may be
introduced in Annex II under the procedure referred to in
Article 14(2).

For the purposes of environmental protection, Member States
may set up minimum quality standards for the treatment of
collected WEEE. Member States which opt for such quality
standards shall inform the Commission thereof, which shall
publish these standards.

2. Member States shall ensure that any establishment or
undertaking carrying out treatment operations obtains a permit
from the competent authorities, in compliance with Articles 9
and 10 of Directive 75/442/EEC.

The derogation from the permit requirement referred to in
Article 11(1)(b) of Directive 75/442/EEC may apply to recovery
operations concerning WEEE if an inspection is carried out by
the competent authorities before the registration in order to
ensure compliance with Article 4 of Directive 75/442/EEC.

The inspection shall verify:

(a) the type and quantities of waste to be treated;

(b) the general technical requirements to be complied with;

(c) the safety precautions to be taken.

The inspection shall be carried out at least once a year and the
results shall be communicated by the Member States to the
Commission.

3. Member States shall ensure that any establishment or
undertaking carrying out treatment operations stores and treats
WEEE in compliance with the technical requirements set out in
Annex III.
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4. Member States shall ensure that the permit or the regis-
tration referred to in paragraph 2 includes all conditions neces-
sary for compliance with the requirements of paragraphs 1 and
3 and for the achievement of the recovery targets set out in
Article 7.

5. The treatment operation may also be undertaken outside
the respective Member State or the Community provided that
the shipment of WEEE is in compliance with Council Regula-
tion (EEC) No 259/93 of 1 February 1993 on the supervision
and control of shipments of waste within, into and out of the
European Community (1).

WEEE exported out of the Community in line with Council
Regulation (EEC) No 259/93, Council Regulation (EC) No
1420/1999 (2) of 29 April 1999 establishing common rules
and procedures to apply to shipments to certain non-OECD
countries of certain types of waste and Commission Regulation
(EC) No 1547/1999 (3) of 12 July 1999 determining the control
procedures under Council Regulation (EEC) No 259/93 to
apply to shipments of certain types of waste to certain coun-
tries to which OECD Decision C(92)39 final does not apply,
shall only count for the fulfilment of obligations and targets of
Article 7(1) and (2) of this Directive if the exporter can prove
that the recovery, reuse and/or recycling operation took place
under conditions that are equivalent to the requirements of this
Directive.

6. Member States shall encourage establishments or under-
takings which carry out treatment operations to introduce
certified environmental management systems in accordance
with Regulation (EC) No 761/2001 of the European Parliament
and of the Council of 19 March 2001 allowing voluntary parti-
cipation by organisations in a Community eco-management
and audit scheme (EMAS) (4).

Article 7

Recovery

1. Member States shall ensure that producers or third parties
acting on their behalf set up systems either on an individual or
on a collective basis, in accordance with Community legisla-
tion, to provide for the recovery of WEEE collected separately
in accordance with Article 5. Member States shall give priority
to the reuse of whole appliances. Until the date referred to in
paragraph 4, such appliances shall not be taken into account
for the calculation of the targets set out in paragraph 2.

2. Regarding WEEE sent for treatment in accordance with
Article 6, Member States shall ensure that, by 31 December
2006, producers meet the following targets:

(a) for WEEE falling under categories 1 and 10 of Annex IA,

— the rate of recovery shall be increased to a minimum of
80 % by an average weight per appliance, and

— component, material and substance reuse and recycling
shall be increased to a minimum of 75 % by an average
weight per appliance;

(b) for WEEE falling under categories 3 and 4 of Annex IA,

— the rate of recovery shall be increased to a minimum of
75 % by an average weight per appliance, and

— component, material and substance reuse and recycling
shall be increased to a minimum of 65 % by an average
weight per appliance;

(c) for WEEE falling under categories 2, 5, 6, 7 and 9 of Annex
IA,

— the rate of recovery shall be increased to a minimum of
70 % by an average weight per appliance, and

— component, material and substance reuse and recycling
shall be increased to a minimum of 50 % by an average
weight per appliance;

(d) for gas discharge lamps, the rate of component, material
and substance reuse and recycling shall reach a minimum
of 80 % by weight of the lamps.

3. Member States shall ensure that, for the purpose of calcu-
lating these targets, producers or third parties acting on their
behalf keep records on the mass of WEEE, their components,
materials or substances when entering (input) and leaving
(output) the treatment facility and/or when entering (input) the
recovery or recycling facility.

The Commission shall, in accordance with the procedure laid
down in Article 14(2), establish the detailed rules for moni-
toring compliance, including specifications for materials, of
Member States with the targets set out in paragraph 2. The
Commission shall submit this measure by 13 August 2004.

4. The European Parliament and the Council, acting on a
proposal from the Commission, shall establish new targets for
recovery and reuse/recycling, including for the reuse of whole
appliances as appropriate, and for the products falling under
category 8 of Annex IA, by 31 December 2008. This shall be
done with account being taken of the environmental benefits
of electrical and electronic equipment in use, such as improved
resource efficiency resulting from developments in the areas of
materials and technology. Technical progress in reuse, recovery
and recycling, products and materials, and the experience
gained by the Member States and the industry, shall also be
taken into account.

5. Member States shall encourage the development of new
recovery, recycling and treatment technologies.
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Article 8

Financing in respect of WEEE from private households

1. Member States shall ensure that, by 13 August 2005,
producers provide at least for the financing of the collection,
treatment, recovery and environmentally sound disposal of
WEEE from private households deposited at collection facilities,
set up under Article 5(2).

2. For products put on the market later than 13 August
2005, each producer shall be responsible for financing the
operations referred to in paragraph 1 relating to the waste from
his own products. The producer can choose to fulfil this obliga-
tion either individually or by joining a collective scheme.

Member States shall ensure that each producer provides a guar-
antee when placing a product on the market showing that the
management of all WEEE will be financed and that producers
clearly mark their products in accordance with Article 11(2).
This guarantee shall ensure that the operations referred to in
paragraph 1 relating to this product will be financed. The guar-
antee may take the form of participation by the producer in
appropriate schemes for the financing of the management of
WEEE, a recycling insurance or a blocked bank account.

The costs of collection, treatment and environmentally sound
disposal shall not be shown separately to purchasers at the time
of sale of new products.

3. The responsibility for the financing of the costs of the
management of WEEE from products put on the market before
the date referred to in paragraph 1 (historical waste) shall be
provided by one or more systems to which all producers,
existing on the market when the respective costs occur, contri-
bute proportionately, e.g. in proportion to their respective
share of the market by type of equipment.

Member States shall ensure that for a transitional period of
eight years (10 years for category 1 of Annex IA) after entry
into force of this Directive, producers are allowed to show
purchasers, at the time of sale of new products, the costs of
collection, treatment and disposal in an environmentally sound
way. The costs mentioned shall not exceed the actual costs
incurred.

4. Member States shall ensure that producers supplying elec-
trical or electronic equipment by means of distance communi-
cation also comply with the requirements set out in this Article
for the equipment supplied in the Member State where the
purchaser of that equipment resides.

Article 9

Financing in respect of WEEE from users other than
private households

Member States shall ensure that, by 13 August 2005, the finan-
cing of the costs for the collection, treatment, recovery and
environmentally sound disposal of WEEE from users other than
private households from products put on the market after 13
August 2005 is to be provided for by producers.

For WEEE from products put on the market before 13 August
2005 (historical waste), the financing of the costs of manage-
ment shall be provided for by producers. Member States may,
as an alternative, provide that users other than private house-
holds also be made, partly or totally, responsible for this finan-
cing.

Producers and users other than private households may,
without prejudice to this Directive, conclude agreements stipu-
lating other financing methods.

Article 10

Information for users

1. Member States shall ensure that users of electrical and
electronic equipment in private households are given the neces-
sary information about:

(a) the requirement not to dispose of WEEE as unsorted muni-
cipal waste and to collect such WEEE separately;

(b) the return and collection systems available to them;

(c) their role in contributing to reuse, recycling and other
forms of recovery of WEEE;

(d) the potential effects on the environment and human health
as a result of the presence of hazardous substances in elec-
trical and electronic equipment;

(e) the meaning of the symbol shown in Annex IV.

2. Member States shall adopt appropriate measures so that
consumers participate in the collection of WEEE and to encou-
rage them to facilitate the process of reuse, treatment and
recovery.

3. With a view to minimising the disposal of WEEE as
unsorted municipal waste and to facilitating its separate collec-
tion, Member States shall ensure that producers appropriately
mark electrical and electronic equipment put on the market
after 13 August 2005 with the symbol shown in Annex IV. In
exceptional cases, where this is necessary because of the size or
the function of the product, the symbol shall be printed on the
packaging, on the instructions for use and on the warranty of
the electrical and electronic equipment.

4. Member States may require that some or all of the infor-
mation referred to in paragraphs 1 to 3 shall be provided by
producers and/or distributors, e.g. in the instructions for use or
at the point of sale.
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Article 11

Information for treatment facilities

1. In order to facilitate the reuse and the correct and envir-
onmentally sound treatment of WEEE, including maintenance,
upgrade, refurbishment and recycling, Member States shall take
the necessary measures to ensure that producers provide reuse
and treatment information for each type of new EEE put on the
market within one year after the equipment is put on the
market. This information shall identify, as far as it is needed by
reuse centres, treatment and recycling facilities in order to
comply with the provisions of this Directive, the different EEE
components and materials, as well as the location of dangerous
substances and preparations in EEE. It shall be made available
to reuse centres, treatment and recycling facilities by producers
of EEE in the form of manuals or by means of electronic media
(e.g. CD-ROM, online services).

2. Member States shall ensure that any producer of an elec-
trical or electronic appliance put on the market after 13 August
2005 is clearly identifiable by a mark on the appliance. Further-
more, in order to enable the date upon which the appliance
was put on the market to be determined unequivocally, a mark
on the appliance shall specify that the latter was put on the
market after 13 August 2005 The Commission shall promote
the preparation of European standards for this purpose.

Article 12

Information and reporting

1. Member States shall draw up a register of producers and
collect information, including substantiated estimates, on an
annual basis on the quantities and categories of electrical and
electronic equipment put on their market, collected through all
routes, reused, recycled and recovered within the Member
States, and on collected waste exported, by weight or, if this is
not possible, by numbers.

Member States shall ensure that producers supplying electrical
and electronic equipment by means of distance communication
provide information on the compliance with the requirements
of Article 8(4) and on the quantities and categories of electrical
and electronic equipment put on the market of the Member
State where the purchaser of that equipment resides.

Member States shall ensure that the information required is
transmitted to the Commission on a two-yearly basis within 18
months after the end of the period covered. The first set of
information shall cover the years 2005 and 2006. The informa-
tion shall be provided in a format which shall be established
within one year after the entry into force of this Directive in
accordance with the procedure referred to in Article 14(2) with
a view to establishing databases on WEEE and its treatment.

Member States shall provide for adequate information exchange
in order to comply with this paragraph, in particular for treat-
ment operations as referred to in Article 6(5).

2. Without prejudice to the requirements of paragraph 1,
Member States shall send a report to the Commission on the
implementation of this Directive at three-year intervals. The
report shall be drawn up on the basis of a questionnaire or
outline drafted by the Commission in accordance with the
procedure laid down in Article 6 of Council Directive 91/692/
EEC of 23 December 1991 standardising and rationalising
reports on the implementation of certain Directives relating to
the environment (1). The questionnaire or outline shall be sent
to the Member States six months before the start of the period
covered by the report. The report shall be made available to
the Commission within nine months of the end of the three-
year period covered by it.

The first three-year report shall cover the period from 2004 to
2006.

The Commission shall publish a report on the implementation
of this Directive within nine months after receiving the reports
from the Member States.

Article 13

Adaptation to scientific and technical progress

Any amendments which are necessary in order to adapt Article
7(3), Annex IB, (in particular with a view to possibly adding
luminaires in households, filament bulbs and photovoltaic
products, i.e. solar panels), Annex II (in particular taking into
account new technical developments for the treatment of
WEEE), and Annexes III and IV to scientific and technical
progress shall be adopted in accordance with the procedure
referred to in Article 14(2).

Before the Annexes are amended the Commission shall inter alia
consult producers of electrical and electronic equipment, recy-
clers, treatment operators and environmental organisations and
employees' and consumer associations.

Article 14

Committee

1. The Commission shall be assisted by the Committee set
up by Article 18 of Directive 75/442/EEC.

2. Where reference is made to this paragraph, Articles 5 and
7 of Decision 1999/468/EC shall apply, having regard to
Article 8 thereof.

The period laid down in Article 5(6) of Decision 1999/468/EC
shall be set at three months.

3. The Committee shall adopt its rules of procedure.
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Article 15

Penalties

Member States shall determine penalties applicable to breaches
of the national provisions adopted pursuant to this Directive.
The penalties thus provided for shall be effective, proportionate
and dissuasive.

Article 16

Inspection and monitoring

Member States shall ensure that inspection and monitoring
enable the proper implementation of this Directive to be veri-
fied.

Article 17

Transposition

1. Member States shall bring into force the laws, regulations
and administrative provisions necessary to comply with this
Directive by 13 August 2004. They shall immediately inform
the Commission thereof.

When Member States adopt these measures, they shall contain
a reference to this Directive or be accompanied by such refer-
ence on the occasion of their official publication. The methods
of making such a reference shall be laid down by the Member
States.

2. Member States shall communicate to the Commission the
text of all laws, regulations and administrative provisions
adopted in the field covered by this Directive.

3. Provided that the objectives set out in this Directive are
achieved, Member States may transpose the provisions set out
in Articles 6(6), 10(1) and 11 by means of agreements between
the competent authorities and the economic sectors concerned.
Such agreements shall meet the following requirements:

(a) agreements shall be enforceable;

(b) agreements shall specify objectives with the corresponding
deadlines;

(c) agreements shall be published in the national official
journal or an official document equally accessible to the
public and transmitted to the Commission;

(d) the results achieved shall be monitored regularly, reported
to the competent authorities and the Commission and
made available to the public under the conditions set out in
the agreement;

(e) the competent authorities shall ensure that the progress
reached under the agreement is examined;

(f) in case of non-compliance with the agreement Member
States must implement the relevant provisions of this Direc-
tive by legislative, regulatory or administrative measures.

4. (a) Greece and Ireland which, because of their overall:
— recycling infrastructure deficit,
— geographical circumstances such as the large number

of small islands and the presence of rural and moun-
tain areas,

— low population density, and
— low level of EEE consumption,

are unable to reach either the collection target
mentioned in the first subparagraph of Article 5(5) or
the recovery targets mentioned in Article 7(2) and
which, under the third subparagraph of Article 5(2) of
Council Directive 1999/31/EC of 26 April 1999 on the
landfill of waste (1), may apply for an extension of the
deadline mentioned in that Article,

may extend the periods referred to in Articles 5(5) and
7(2) of this Directive by up to 24 months.

These Member States shall inform the Commission of
their Decisions at the latest at the time of transposition
of this Directive.

(b) The Commission shall inform other Member States and
the European Parliament of these decisions.

5. Within five years after the entry into force of this Direc-
tive, the Commission shall submit a report to the European
Parliament and the Council based on the experience of the
application of this Directive, in particular as regards separate
collection, treatment, recovery and financing systems. Further-
more the report shall be based on the development of the state
of technology, experience gained, environmental requirements
and the functioning of the internal market. The report shall, as
appropriate, be accompanied by proposals for revision of the
relevant provisions of this Directive.

Article 18

Entry into force

This Directive shall enter into force on the day of its publica-
tion in the Official Journal of the European Union.

Article 19

Addressees

This Directive is addressed to the Member States.

Done at Brussels, 27 January 2003.

For the European Parliament

The President
P. COX

For the Council

The President
G. DRYS
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ANNEX IA

Categories of electrical and electronic equipment covered by this Directive

1. Large household appliances

2. Small household appliances

3. IT and telecommunications equipment

4. Consumer equipment

5. Lighting equipment

6. Electrical and electronic tools (with the exception of large-scale stationary industrial tools)

7. Toys, leisure and sports equipment

8. Medical devices (with the exception of all implanted and infected products)

9. Monitoring and control instruments

10. Automatic dispensers
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ANNEX IB

List of products which shall be taken into account for the purpose of this Directive and which fall under the
categories of Annex IA

1. Large household appl iances

Large cooling appliances

Refrigerators

Freezers

Other large appliances used for refrigeration, conservation and storage of food

Washing machines

Clothes dryers

Dish washing machines

Cooking

Electric stoves

Electric hot plates

Microwaves

Other large appliances used for cooking and other processing of food

Electric heating appliances

Electric radiators

Other large appliances for heating rooms, beds, seating furniture

Electric fans

Air conditioner appliances

Other fanning, exhaust ventilation and conditioning equipment

2. Smal l household appl iances

Vacuum cleaners

Carpet sweepers

Other appliances for cleaning

Appliances used for sewing, knitting, weaving and other processing for textiles

Irons and other appliances for ironing, mangling and other care of clothing

Toasters

Fryers

Grinders, coffee machines and equipment for opening or sealing containers or packages

Electric knives

Appliances for hair-cutting, hair drying, tooth brushing, shaving, massage and other body care appliances

Clocks, watches and equipment for the purpose of measuring, indicating or registering time

Scales

3. IT and te lecommunicat ions equipment

Centralised data processing:

Mainframes

Minicomputers

Printer units

Personal computing:

Personal computers (CPU, mouse, screen and keyboard included)

Laptop computers (CPU, mouse, screen and keyboard included)
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Notebook computers

Notepad computers

Printers

Copying equipment

Electrical and electronic typewriters

Pocket and desk calculators

and other products and equipment for the collection, storage, processing, presentation or communication of infor-
mation by electronic means

User terminals and systems

Facsimile

Telex

Telephones

Pay telephones

Cordless telephones

Cellular telephones

Answering systems

and other products or equipment of transmitting sound, images or other information by telecommunications

4. Consumer equipment

Radio sets

Television sets

Videocameras

Video recorders

Hi-fi recorders

Audio amplifiers

Musical instruments

And other products or equipment for the purpose of recording or reproducing sound or images, including signals
or other technologies for the distribution of sound and image than by telecommunications

5. L ight ing equipment

Luminaires for fluorescent lamps with the exception of luminaires in households

Straight fluorescent lamps

Compact fluorescent lamps

High intensity discharge lamps, including pressure sodium lamps and metal halide lamps

Low pressure sodium lamps

Other lighting or equipment for the purpose of spreading or controlling light with the exception of filament bulbs

6. E lectr i ca l and e lectronic tools (with the except ion of large-sca le stat ionary industr ia l tools )

Drills

Saws

Sewing machines

Equipment for turning, milling, sanding, grinding, sawing, cutting, shearing, drilling, making holes, punching,
folding, bending or similar processing of wood, metal and other materials

Tools for riveting, nailing or screwing or removing rivets, nails, screws or similar uses

Tools for welding, soldering or similar use

Equipment for spraying, spreading, dispersing or other treatment of liquid or gaseous substances by other means

Tools for mowing or other gardening activities
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7. Toys, le i sure and sports equipment

Electric trains or car racing sets

Hand-held video game consoles

Video games

Computers for biking, diving, running, rowing, etc.

Sports equipment with electric or electronic components

Coin slot machines

8. Medica l devices (wi th the except ion of a l l implanted and infec ted products )

Radiotherapy equipment

Cardiology

Dialysis

Pulmonary ventilators

Nuclear medicine

Laboratory equipment for in-vitro diagnosis

Analysers

Freezers

Fertilization tests

Other appliances for detecting, preventing, monitoring, treating, alleviating illness, injury or disability

9. Moni tor ing and control instruments

Smoke detector

Heating regulators

Thermostats

Measuring, weighing or adjusting appliances for household or as laboratory equipment

Other monitoring and control instruments used in industrial installations (e.g. in control panels)

10. Automat ic di spensers

Automatic dispensers for hot drinks

Automatic dispensers for hot or cold bottles or cans

Automatic dispensers for solid products

Automatic dispensers for money

All appliances which deliver automatically all kind of products
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ANNEX II

Selective treatment for materials and components of waste electrical and electronic equipment in accordance
with Article 6(1)

1. As a minimum the following substances, preparations and components have to be removed from any separately
collected WEEE:

— polychlorinated biphenyls (PCB) containing capacitors in accordance with Council Directive 96/59/EC of 16
September 1996 on the disposal of polychlorinated biphenyls and polychlorinated terphenyls (PCB/PCT) (1),

— mercury containing components, such as switches or backlighting lamps,

— batteries,

— printed circuit boards of mobile phones generally, and of other devices if the surface of the printed circuit board
is greater than 10 square centimetres,

— toner cartridges, liquid and pasty, as well as colour toner,

— plastic containing brominated flame retardants,

— asbestos waste and components which contain asbestos,

— cathode ray tubes,

— chlorofluorocarbons (CFC), hydrochlorofluorocarbons (HCFC) or hydrofluorocarbons (HFC), hydrocarbons (HC),

— gas discharge lamps,

— liquid crystal displays (together with their casing where appropriate) of a surface greater than 100 square centi-
metres and all those back-lighted with gas discharge lamps,

— external electric cables,

— components containing refractory ceramic fibres as described in Commission Directive 97/69/EC of 5 December
1997 adapting to technical progress Council Directive 67/548/EEC relating to the classification, packaging and
labelling of dangerous substances (2),

— components containing radioactive substances with the exception of components that are below the exemption
thresholds set in Article 3 of and Annex I to Council Directive 96/29/Euratom of 13 May 1996 laying down basic
safety standards for the protection of the health of workers and the general public against the dangers arising
from ionising radiation (3),

— electrolyte capacitors containing substances of concern (height > 25 mm, diameter > 25 mm or proportionately
similar volume)

These substances, preparations and components shall be disposed of or recovered in compliance with Article 4 of
Council Directive 75/442/EEC.

2. The following components of WEEE that is separately collected have to be treated as indicated:

— cathode ray tubes: The fluorescent coating has to be removed,

— equipment containing gases that are ozone depleting or have a global warming potential (GWP) above 15, such
as those contained in foams and refrigeration circuits: the gases must be properly extracted and properly treated.
Ozone-depleting gases must be treated in accordance with Regulation (EC) No 2037/2000 of the European Parlia-
ment and of the Council of 29 June 2000 on substances that deplete the ozone layer (4).

— gas discharge lamps: The mercury shall be removed.

3. Taking into account environmental considerations and the desirability of reuse and recycling, paragraphs 1 and 2
shall be applied in such a way that environmentally-sound reuse and recycling of components or whole appliances is
not hindered.

4. Within the procedure referred to in Article 14(2), the Commission shall evaluate as a matter of priority whether the
entries regarding:

— printed circuit boards for mobile phones, and

— liquid crystal displays

are to be amended.
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ANNEX III

Technical requirements in accordance with Article 6(3)

1. Sites for storage (including temporary storage) of WEEE prior to their treatment (without prejudice to the require-
ments of Council Directive 1999/31/EC):
— impermeable surfaces for appropriate areas with the provision of spillage collection facilities and, where appro-

priate, decanters and cleanser-degreasers,
— weatherproof covering for appropriate areas.

2. Sites for treatment of WEEE:
— balances to measure the weight of the treated waste,
— impermeable surfaces and waterproof covering for appropriate areas with the provision of spillage collection facil-

ities and, where appropriate, decanters and cleanser-degreasers,
— appropriate storage for disassembled spare parts,
— appropriate containers for storage of batteries, PCBs/PCTs containing capacitors and other hazardous waste such

as radioactive waste,
— equipment for the treatment of water in compliance with health and environmental regulations.
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ANNEX IV

Symbol for the marking of electrical and electronic equipment

The symbol indicating separate collection for electrical and electronic equipment consists of the crossed-out wheeled
bin, as shown below. The symbol must be printed visibly, legibly and indelibly.



 



Appendix B: Disassembly photographs from 
dishwasher study 
This section contains some pictures from the dishwasher study. The goal is to give a 
practical background to the working conditions of the recycler. 
 
 
 

B: 1 



 

B: 2 



 

 

 
 
Figure app II.1: In the top design the sump is attached to the tub with a 
flange from the outside making a very quick and effective disassembly. The 
bottom design is flanged from the inside forcing the sump with pump etc. to 
be removed trough the tub on the inside. 
 

 
 
 
 
 
 
 

B: 3 



 
 

 

 
Figure app II.2: On this design it is easy to remove the bottom fundament 
making it easy in the second step to remove the pump etc. 

 
 

B: 4 



 

 

 
Figure II.3: Cables can be well organised like in the right picture, making it 
easy to recover cables. To the left is a more common situation with cables in a 
mess.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

B: 5 



 

 
Figure II.4: On top one can see the important parts of a dishwasher when 
cables and fundament is removed. Bottom picture shows how it looks like in 
step one. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

B: 6 



 
Figure II.5: The interior parts between the tub and the housing of a dish 
washer are basically the same. The difference in lay out and structure can 
vary between brands. 

 
 
 
 

B: 7 



 



Appendix C: A typical disassembly list from 
dishwasher study 
This section contains a list of the contents of a typical dishwasher 
 
 
 

C: 1 



 
 
 

C: 2 



B
en

äm
ni

ng
A

nt
al

B
et

ec
kn

in
g

Ef
fe

kt
 (p

um
pa

r)
Ti

llv
er

ka
re

M
at

er
ia

l
Vi

kt
A

nm
är

kn
in

g
P

an
el

46
 1

9 
72

71
42

11
A

B
S

46
 1

9 
72

71
 6

52
1

P
ro

gr
am

ve
rk

46
 1

9 
72

 7
1 

42
 1

1
Fl

ex
tro

ni
cs

K
or

ga
r, 

sm
å

S
po

la
rm

P
P

-T
10

R
ör

, h
ål

la
re

P
P

Lu
ck

lå
s

P
A

 6
.6

Lå
sb

yg
el

hä
rd

pl
as

t
K

or
g,

 ö
vr

e 
, h

ju
lh

ål
la

re
2

P
P

B
es

tic
kk

or
g

P
P

Fr
on

tp
lå

t
85

 4
2 

40
6 

01
86

0
K

on
de

ns
or

, t
op

pd
el

46
19

72
04

05
21

, 1
0 

18
56

 0
0 

/ 1
P

P
K

on
de

so
r

13
90

00
06

79
, 5

13
81

P
P

D
is

km
ed

el
sf

ac
k

51
 3

2 
80

3,
 C

1.
02

 ( 
E

 )
A

w
ec

o
Tä

tn
in

gs
lis

te
r

3
pl

as
t

gr
åa

A
vs

al
tn

in
gs

be
hå

lla
re

M
O

 5
09

A
w

ec
o

P
P

B
ot

te
np

lå
t

ga
lv

at
S

um
p

P
P

-T
40

Tö
m

ni
ng

sp
um

p/
m

ot
or

46
19

 7
27

 0
40

81
, C

O
D

 7
19

53
P

la
se

t-I
ta

ly
V

är
m

ee
le

m
en

t, 
rö

r
46

 1
9 

72
4 

62
63

1,
 E

D
43

20
40

B
le

ck
m

an
n

K
on

de
ns

at
or

A
V

, c
.8

7.
8A

F2
, M

K
P

N
o 

P
C

B
C

irk
ul

at
io

ns
m

ot
or

C
P

I 2
/5

5-
10

6/
P

N
T

P
um

ph
us

K
A

C
O

, G
er

m
an

y
P

P
-T

V
20

Fl
ot

tö
r

fri
go

lit
B

ry
ta

re
 D

:O
H

us
 D

:O
P

P
G

um
m

irö
r

K
ab

la
ge

 
N

ät
ka

be
l

In
lo

pp
ss

la
ng

U
tlo

pp
ss

la
ng

K
ab

el
rä

nn
a,

 2
 d

el
ar

P
P

H
öj

di
ns

tä
lln

in
g

46
 1

9 
72

0 
49

74
1

G
ån

gl
ed

er
ga

lv
at

Tä
tn

in
g

gu
m

m
i

S
um

p-
K

av
ite

t
R

än
no

r m
 s

la
ng

Fj
äd

er
st

ål
K

av
iti

et
90

00
06

82
78

, 4
64

Is
ol

er
in

g,
 m

at
ta

, 7
 d

el
ar

S
ve

p
ga

lv
at

, o
m

ål
at

H
ju

l, 
un

dr
e 

ko
rg

8
sn

äp
pf

ör
ba

nd

M
as

ki
n 

C



 


	Alla_appendix_JJ.pdf
	Appendix B: Disassembly photographs from dishwasher study
	Appendix_A_WEEE.pdf
	Appendix_A.pdf
	Appendix A: EU directive on Waste Electrical and Electronic Equippment (WEEE)


	Appendix_C.pdf
	Appendix C: A typical disassembly list from dishwasher study
	Maskin_C.pdf
	IKEA Whirlpool_C

	Maskin_C_90.pdf
	IKEA Whirlpool_C



	PaperB.pdf
	Material hygiene: improving recycling of WEEE demonstrated on dishwashers
	Introduction
	Recycling research and process
	Design for recycling
	The material management concept of material hygiene
	MH mix
	MH map
	MH identification
	MH resource
	MH weight

	Recycling structure of products
	Five structural families
	Hamburger design
	Shell design
	Rod design
	Twin design
	Dressed design

	Design for Disassembly Structure (DfDS)

	Case study: dishwashers at end-of-life
	Goal and scope of field study
	Dishwasher study method
	Dishwasher study result

	Discussion and conclusions
	Acknowledgements
	References


	PaperD.pdf
	Introduction
	Experimental planning and setup
	Sample characterization
	Analysis of samples
	Quality of recovered polymers (Results)
	Proposed WEEE polymer recycling process
	Discussion
	Conclusion
	Future work
	Acknowledgements
	References

	PaperE.pdf
	Improved recycling with escort memories 




