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Abstract

The take back and recycling of waste electrical and electronic equipment (WEEE) is of
major importance for electronics producers due to mandatory take back regulations, as
well as a commitment to producer responsibility and resource conservation. WEEE col-
lection programs require metrics to measure performance and progress over time. Current
metrics are not providing an impetus for the improvement of program quality and environ-
mental effectiveness. This research proposes an alternative metric to measure the success
of producers’ collection and recycling programs, by focusing attention on raw materials
recovery and the environmental benefits of recycling. Previous research is analyzed and
used as a baseline for the development of the ‘Avoided Environmental Burden’ (AEB)
metric. Sensitivity analysis is performed to demonstrate possibilities for corporate per-
formance improvement. The AEB metric captures different environmental dimensions,
namely energy, exergy, greenhouse gas emissions, ecological footprint, acidification, eu-
trophication and human toxicity potential. To test the robustness of the approach, the
metric is validated against the results of an empirical WEEE sampling and pre-processing
trial. In this trial, the yields of six materials are assessed and inefficiencies in material
separation and recovery are identified. The AEB performance of the trial is compared
with the results of two modeled recycling scenarios. The results of the analysis show that
collection and recycling program performance can be improved by at least 40% if raw
materials are recovered at a higher rate in pre-processing. As for the modeled cases, the
research demonstrates that the collection of environmentally impactful material is useful
to maximize program performance, but the potential is only fully tapped if producers
select the most efficient recycling process for the treatment of the collected WEEE. The
results of the analysis demonstrate that the AEB metric is a powerful tool for compa-
nies to estimate the environmental performance of collection programs at the planning
stage, which in turn enables strategic program development. The AEB metric is more
effective than mass and unit based metrics as it motivates producers to actively engage
with the downstream recycling chain and make informed decisions based on eco-efficiency
considerations.
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"The role of an indicator is to indicate, not to dictate:
This implies that the actual scores of an indicator are not the goal,

but only the means to our broader plan."
Theodore S. Benetatos [13]



Thesis Structure

The research documented in this thesis proposes a methodology for original equipment
manufacturers (OEMs) to measure the performance of waste electrical and electronic
equipment (WEEE) collection and recycling programs. The structure of the thesis reflects
the research approach: description of the problem and research motivation (chapter 1),
development (chapter 2) and validation (chapter 3 and chapter 4) of the methodology, and
discussion of the results (chapter 5)(see Figure 0.1).

WEEE in 
Context 

WEEE 
Collection from 

a Producer 
Perspective 

Corporate 
Environmental 
Performance 

Metrics 

Introduction and Background 

Justification, Purpose of Research, Research Question 

Methodology 

Review of 
Previous 

Research and 
Research Gaps 

Sensitivity 
Analysis of 
Recovered 

Energy 
Methodology 

Environmental 
Impact 

Indicators 

Avoided Environmental Burden (AEB) Metric 

Empirical Study  

Validation of Methodology 

Modeled Scenario Analysis 

Overview of Results and Discussion 
Recommendations 

C
hapter 1 

C
hapter 2 

C
hapter 3 and 4 

C
hapter 5 

Figure 0.1: Overview of Thesis Structure

Chapter 1 outlines the environmental impact and resource implications of WEEE genera-
tion, and summarizes the concept of Extended Producer Responsibility (EPR). The work
presented here looks at WEEE collection from an industry perspective. The main aim
of this chapter is to demonstrate that the existing metrics do not motivate industry to

1



improve the quality of WEEE collection programs, are not informative with respect to
environmental impact and are not helpful in guiding the WEEE collection strategy of a
company.
In chapter 2 an overview is given on previous research investigating corporate performance
and process performance metrics in the context of WEEE recycling. Critical research gaps
are identified and the development of a novel metric is proposed. The methodology that
underlies the metric is built on the ‘recovered energy’ approach and analyzed with respect
to the sensitivity of its system variables. The analysis shows that there are multiple op-
portunities for OEMs to improve collection programs and improve corporate performance
in WEEE collection and recycling. A number of environmental impact indicators are com-
bined with the methodology. The scope of these indicators is outlined and input data are
discussed in detail.
Chapter 3 demonstrates a baseline case of information and communication technology
(ICT) waste collection and recycling. Sampling analysis and a pre-processing trial are
carried out empirically and described in this part of the thesis. The aim of the trial is
to build a reference scenario that illustrates the current situation of ICT waste recycling.
The primary data obtained in the trial is used to validate the metric and show the envi-
ronmental performance of a realistic case of raw materials recovery from ICT waste. The
performance of the realistic case is compared against the performance of an ideal case, in
which higher recycling rates are reached in pre-processing. The comparison of the actual
performance (realistic case) and the potential performance (ideal case) demonstrates the
impact of recycling process recovery rates on the producer’s corporate performance.
In chapter 4 two scenario cases are modeled. The aim of this chapter is to understand
the value of a program tailored to one specific type of waste, and to compare and discuss
the performance of the empirical case with the performance of two modeled cases (sce-
narios). In both scenarios it is assumed that only end of life (EOL) mobile phones are
collected. The main difference between the two cases is that different recycling processes
for treatment of the collected phones are assumed. As in the empirical case, the proposed
methodology is applied to the results of the modeled cases. The modeled cases demon-
strate the impact of the type of WEEE collected and process performance on corporate
performance.
Chapter 5 outlines the strengths and weaknesses of the methodology and discusses the
role of OEMs in the WEEE collection and recycling system. The thesis concludes with
recommendations for OEMs, operators of recycling facilities and policy makers, and dis-
cusses opportunities for further research.

WEEE is a very diverse waste category, which is why the research scope must be lim-
ited to one product group. The focus of this research is on ICT equipment and producers
of this type of electronics. However, the methodology is applicable to any other type of
WEEE and producers of other types of electronics.
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1 Background

The following chapter outlines background information, which sets the motivation for
this research in context. The issue of WEEE has been investigated by many different
disciplines, from the viewpoint of engineers, natural scientists, economists, lawyers and
social scientists. This is not to give a comprehensive overview on the numerous problems
around WEEE and the work that has been undertaken in this field, but to point out
aspects that are important to understand the relevance of this research. All background
information presented here serves as a reference for the research motivation.

1.1 Electronic Waste in Context

The term WEEE refers to any appliance using electrical power supply, which has reached
the end of its useful life. The consumer disposes of a product either because it is no longer
operational or because it is replaced by more advanced technology and design (i.e. the
product becomes obsolete).
The first publications on the environmental implications of WEEE appeared in the late
1990 s [101, 115, 118, 157, 163], after a decade in which the use of personal computing and
mobile telecommunications had become standard in both home and business environments
in many high-income countries1. For the past 30 years there has been a progressive increase
in WEEE generation worldwide. The United Nations (UN) refer to WEEE as the fastest
growing waste stream [178]. Recent estimates suggest that WEEE is expected to increase
by 24% between the years 2008 and 2014 in the 27 member states of the European Union
(EU 27), reaching about 10.4million tonnes (t) in 2014 [79] and 12.3million t in 2020 [80].
In Germany, the generation of waste information technology (IT) equipment is expected
to increase by 72% between 2008 and 2013 [150].
Along with rapid technological development and strong consumer demand [37], a number
of factors have enabled the waste stream to grow (and will likely continue to do so):

(1) The price of many electronics have gradually dropped over the past 20 years, making
it more affordable for a wide variety of income groups to buy electronic products [14].
Research on the price development of IT hardware suggest that globalized production
and a decline in semiconductor prices led to an average price decline of 20% between
the years 1995 and 2002 [111]. Conservative estimations suggest a price decline of
around 23% for modems and 15% for mobile phones between the years 1994 and
2000, while the prices for communications equipment on average fell between 5.5

1 The definition of low, middle and high income countries adheres to the 2010 classification by the World
Bank (low income: gross national income (GNI) per capita (p.c.) USD1,005 or less; middle income:
GNI p.c. USD1,006 to USD3,975 (lower), USD3,976 to USD12,275 (upper); high income: GNI p.c.
USD12,276 or more).
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and 10.5% [48]. Overall, it can be assumed that decreasing prices led to increased
consumption, more frequent replacement and a more rapid rate at which WEEE was
(and is) generated.

(2) Many products which formerly did not contain electronic components or batteries,
are now powered by electricity, for example a variety of household appliances and
small electrical and electronic equipment (EEE) (e.g. photo frames, toothbrushes,
greeting cards). Modern passenger cars routinely include car computers, displays,
navigation and advanced hi-fi systems. As a consequence, WEEE is no longer gen-
erated exclusively from traditional EEE, but also from other consumer goods.

(3) Research suggests that there is a strong correlation between the gross domestic prod-
uct (GDP) (as an indicator of economic performance) of a country and the amount
of WEEE generated (measured as the amount of personal computers per 100 peo-
ple) [146]. The study of [193] predicts that the amount of EOL personal computers
(PCs) generated in developing (currently low- and middle income) countries will
exceed that of developed countries by 2016 - 2018 (due to increasing economic de-
velopment and welfare). According to this study, the year 2030 will mark the point
at which more EOL PCs will be generated in developing countries (400 - 700million
units) than in developed countries (200 - 300million units).

1.1.1 Environmental and Resource Concerns

WEEE is a complex waste category with respect to the large number of substances that
are contained in EOL electronics. Some of these substances are toxic, e.g. lead and mer-
cury, some are valuable, e.g. gold and palladium, and some are both, e.g. silver and cobalt.

The toxicity of WEEE has been in the focus of many studies investigating the international
trade and illegal export of WEEE, and treatment of WEEE in low- and middle-income
countries [7, 92, 142, 172, 191]. These studies document a variety of substandard recycling
practices, for example open burning of monitors and chemical leaching of PCBs, which
are common in e.g. Ghana and China and which cause the release of toxic substances
into the environment [138,191]. Many investigations find elevated concentrations of heavy
metals and flame retardants in air, water and soil in the proximity of WEEE disposal and
recycling sites. As a result of poor labor conditions, workers are directly exposed to toxic
fumes and liquids. Residents in the area of WEEE recycling sites are exposed to contam-
inated drinking water and air [84]. Because the international trade in WEEE and unsafe
treatment processes are difficult to control, legislation addresses the issue by restricting
the use of certain chemicals in electronic products. In the EU, a directive known as the
‘Directive on the Restriction of the Use of Certain Hazardous Substances in Electrical
and Electronic Equipment’ (RoHS Directive) bans (with a few exceptions) the use of lead,
cadmium, mercury, hexavalent chromium, polybrominated biphenyl and diphenyl ether in
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EEE put on market (POM) after 2006 [53].
While toxicity issues were discussed early on in the research around WEEE, a large num-
ber of recent publications refer to WEEE in the context of ‘urban mining’ and material
value recovery [18, 25, 29, 155, 174, 186]2. Precious metals, particularly gold and platinum
group metals (PGM) are the most valuable substances in WEEE and their concentration
is often higher in WEEE than in the original virgin ores. Ore grades for precious metals
usually vary, but even in the highest grade ore, the concentration of gold is over 60%
lower than in desktop PCs3. Precious metals (PM) are primarily found in printed circuit
boards (PCB) and integrated circuits (IC), which are also the components with the most
diverse mix of substances in WEEE [153]. Precious metals concentration varies by type of
the board or chip. The most high-grade PCBs and ICs can be found in e.g. PCs, laptop
computers, cell phones and modems. Lower grade PCBs and ICs can be found in e.g.
cathode ray tube (CRT) monitors, printers and audio equipment.

With few exceptions, electronics are fabricated from non-renewable raw materials. Some
of these materials are regarded as ‘critical’ [25]. There is no consistent definition of the
term ‘critical’ in the existing literature, but a substance is typically characterized as crit-
ical if demand for it is expected to grow substantially in the future, availability is limited
(e.g. geologically, technically and economically), and if there are constraint possibili-
ties for substitution and/or recycling [35, 50, 65]. Production of many ‘critical’ materials
is located in only a few countries at present, posing additional risks on import depen-
dent economies [5, 174]. Determining the ‘criticality’ of a material is complicated by the
impossibility to predict future technological developments and demand for certain raw
materials [65]. ‘Criticality’ is also a contextual concept in that materials are usually char-
acterized pertaining to a specific geography or industry. For example, a material may be
essential for the energy sector, but irrelevant for the electronics industry. Notwithstanding
these limitations, there is consensus among previous studies that a number of substances
defined as ‘critical’ are of major importance for the ICT industry [5, 25, 26, 50, 129, 186].
Among these materials are:

Indium, which is used in the form of indium tin oxide in flat panel displays (FPD).
Currently, an estimated 74% of global indium consumption is used for the production
of FPD and demand from the ICT industry is expected to increase further. As part of
the transformation of energy supply systems, demand is also expected to increase from
the photovoltaic (PV) industry for the production of thin-film PV cells [1]. Indium is
a by-product of zinc mining, so primary production of indium heavily depends on zinc
production and demand [174]. Of the total production of indium, 52% was located in

2 The term ‘urban mining’, i.e. the extraction of secondary raw materials from post-consumer waste
reflects the notion that WEEE is able to supply raw materials for the application in new products.

3 Lowest ore grade 105 kg ore/kg gold [93], concentration of gold 26 ppm/t of desktop PCs [59].
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China in 2010 [1]4. Indium is mainly produced from primary sources and the overall
recycling rate of indium is < 1% [64]. Most of the recycled indium comes from recycling
of post-industrial waste [186]. In the EU, recycling of FPDs currently does not include
indium recovery [18]5. Recovery of indium from FPDs is not cost-effective at present, as
the concentration of Indium is low and the price at which the raw material currently sells
on the market does not cover the investments necessary for recycling process development
and implementation [41]. The main concern recycling operations have about FPDs are
mercury containing backlights, i.e. concerns related to toxicity, rather than recovery of
a critical material. Recycling technologies have been developed in Japan and Korea,
but are not implemented globally and on a large scale [186]. Efforts to develop such
processes will continue as indium demand and prices are expected to increase further in
the future [18,41,186].

Tantalum, which is mainly used in capacitors in EEE. Tantalum is a very good conductor
of heat and energy, and also extremely resistant to corrosion. These unique chemical
properties of tantalum result in high capacitance per unit volume, which can be used in
small EEE (e.g. cell phones, tablet computers). Of the total tantalum consumption, 60% is
currently used for the production of capacitors [50]. Tantalum is mined from different types
of minerals, for example columbite-tantalite (coltan). As of 2011, the majority of global
tantalum production was located in Brazil, but it is also produced in a number of countries
in Central Africa (e.g. Congo, Rwanda, Uganda) [133]. Tantalum has been referred to as
a ‘conflict mineral’ as the conditions under which coltan is extracted in Congo reportedly
involve illegal mining, forced labor and other unethical working conditions [12,139]. Similar
to indium, the recycling rate of tantalum is estimated to be <1% [64]. Tantalum is recycled
from post-industrial waste, but there is currently no recycling from post-consumer waste,
such as WEEE. The concentration of tantalum is low in WEEE and recovery from post-
consumer waste is not cost effective to date. There are also technical challenges to recycle
tantalum from WEEE. Tantalum containing capacitors are usually soldered onto PCBs,
which are not disassembled prior to processing of the PCBs in a copper smelter. Tantalum
is not recovered and transferred to slag in this smelting process [26].

Palladium, which has a number of applications in contacts, circuits, bonding wires, sol-
ders and multi-layer capacitors in EEE [25,29,50]. Unlike tantalum and indium, the main
application of palladium is not in the electronics, but in the automobile industry. About
50% of global palladium consumption goes to the production of automotive catalysts,
and only 19% is used in the production of electronics [26]. This is not to say that the

4 ‘Degree of production concentration’ (often quantified with the Herfindahl-Hirschman index) is one of
the indicators used in previous ‘criticality’ assessments [50,65].

5 In this research, the terms ‘recovery’ and ‘recycling’ are not used in the strictest sense. Traditionally,
‘recycling’ implies that material is recovered as reusable material, while ‘recovery’ also covers waste to
energy incineration. Because the scope of this research is clear, both terms are used to describe the
extraction and processing of secondary raw materials from waste.
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amounts of palladium in WEEE are insignificant, as is shown in the study of [29], which
estimates that the small WEEE generated in Germany in 2007 (0.37 - 0.43million t) con-
tained approx. 700 kilograms (kg) of palladium. Palladium occurs and is mined coupled
with other PGM (ruthenium, rhodium, osmium, iridium and platinum), predominantly in
Russia (44%) and South Africa (37%) [109]. The large majority of production of palla-
dium is thus concentrated in only two countries. The study of [26] estimates that market
demand for palladium will increase by 63 - 99% between 2004 and 2025, due to increasing
demand from the automotive and electronics industry. Palladium can be substituted with
platinum in some electronic applications, but market prices of platinum are higher than
palladium prices. Recycling technologies for palladium recovery from WEEE are available;
for example, a copper smelting process is able to recover palladium from PCBs at a rate
of 98% [77]. Palladium recycling from WEEE scrap is efficient at the metallurgical stage
of the recycling chain, however previous research shows that the rate at which palladium
is recovered at the pre-processing stage of WEEE recycling is < 25% [30]. In considering
the different steps of WEEE recycling, recovery of palladium still needs to be improved.

The substances listed here aim at illustrating some of the parameters that determine
‘criticality’ and outline the concerns around availability, scarcity, recyclability and substi-
tutability in concrete terms6. Needless to say, the list of critical materials in WEEE also
includes other materials, for example gallium, neodymium and other rare earth elements,
platinum and other PGM, and germanium [25]. The issue of production concentration is
illustrated in the palladium and indium cases. For both substances, the ICT industry po-
tentially also faces competition in terms of increasing demand from other industry sectors.
The main risk associated with indium and tantalum is the lack of technologies available
to recover these substances from WEEE in a profitable way. Currently, along with other
critical substances, indium and tantalum become irreversibly diluted in many different
material streams during WEEE recycling. As for palladium, the WEEE recycling chain
still needs to be optimized to tap the full potential of palladium recycling from WEEE.
The primary production of tantalum is an example of adverse social impacts resulting from
virgin materials production. All three substances share a number of ‘criticality’ parame-
ters, such as limited geological availability and unique chemical properties, which result in
increased demand and limited possibilities for substitution. Many emerging technologies,
such as ICT profoundly depend on the availability of materials that are considered as
critical. Developing recycling technologies and strategies to access secondary sources of
supply can help the industry to reduce their reliance on primary sources of supply.

Apart from technological challenges, further barriers for secondary raw materials recovery
from WEEE are low collection rates, which complicate the challenge of effective WEEE

6 For the issue of substitutability, the author refers to the study of [100], who analyze the performance of
three different types of capacitors in terms of material functionality, economic implications and criticality
of embedded substances.
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management. Bulkier products (e.g. white goods: > 30%) usually show better rates than
small products (e.g. monitors: < 30%), but the overall collection rate of WEEE is below
40% across all product categories in the EU [79]7. While there is little data on the amounts
of WEEE generated and potentially available for collection globally, a recent study in the
Netherlands estimates that around 10% of the WEEE generated is exported as second-
hand equipment, up to 25% is captured by non-official collection and the destination of
some WEEE is unknown [82]. Collection of WEEE by informal parties and systems often
involves illegal export of WEEE, which leads to adverse environmental impacts in the
receiving countries and a loss of secondary raw material sources.

1.1.2 Producer Responsibility and WEEE Legislation

EPR is a regulatory instrument, which is based on the perception that the total product
life cycle (including recycling and final disposal) must be considered in order to account for
the environmental impact of a product. The aim of EPR is to decrease this environmental
impact by placing the responsibility for take back, recycling and disposal on the producers.
In making producers responsible for the EOL product management, the development of
more environmentally friendly EEE is encouraged. According to the definition of [106],
EPR includes economic, physical and informative responsibility. Economic responsibility
describes the responsibility of producers to cover the costs of EOL product management,
while physical responsibility includes the set up of collection infrastructure and logistics.
Informative responsibility involves communication of relevant environmental information
along with products sold.
One of the assumptions behind EPR is that disposal and recycling costs will influence the
pricing of products, as manufacturers transfer increased life cycle costs to consumers [149].
While traditional pricing is based on the cost for raw materials and production (amongst
others), EPR leads to the inclusion of EOL costs in product prices. It is assumed that
manufacturers will aim to decrease the cost for EOL management by including disposal
and recycling considerations into the design process of products (e.g. design for recycling,
avoidance of hazardous substances) [15, 152]. EPR is thus considered to be an indirect
measure to encourage the production of more environmentally friendly products.

WEEE Directive: In the EU, the management of WEEE is regulated through the ‘Waste
Electrical and Electronic Equipment Directive’ (WEEE Directive), which was first enacted
in 2003 and subject to a revision process from 2008 to 20128. The recast of the Directive
entered into force in August 2012. The European member states are expected to transpose
the recast into national law by the year 2014. The WEEE Directive and its recast are
based on the principle of EPR in stating that producers bear the costs for the collection,

7 2008 figures, as a comparison of estimated amounts of WEEE generated (based on amount of EEE put
on the market three years prior) and WEEE collected.

8 As this thesis was submitted the transposition of the recast was ongoing. Therefore, if not indicated
otherwise, most of the information in this section refers to the original Directive.
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treatment and disposal of WEEE from private households. Take back obligations are
calculated from the individual producer’s market share based on the total amount of
products POM by all producers. This covers all products POM after 2005 (Article 8).
The producers are collectively responsible for take back of historic waste, i.e. equipment
POM prior to the year 2005. The assignment of all cost for WEEE recycling and disposal
also means WEEE from private households can be returned to collection points free of
charge across the EU 27 [52].

Metrics and Targets: The original Directive includes a collection target of an average of
4 kg of WEEE per person and year (Article 5), as well as some provisions for the treatment
of WEEE (e.g. requirements for the removal of hazardous and valuable components,
requirements for the treatment of CRT) (Annex II) and recovery targets for each product
category (expressed as a % of product weight) (Article 7) [52]. The recast of the Directive
introduces higher targets for the collection and treatment of WEEE to be brought into
force four (seven respectively) years after the implementation of the recast [54]9. An
overview of the targets and metrics introduced by the Directive and its recast can be seen
in table 1.1. A relative target of 45% (65% respectively) of the average weight of EEE POM
over the three previous years replaces the previous absolute collection target (Article 7).
Research shows that this target will substantially increase the amount of WEEE that has
to be collected. As compared to 2008, the amount of WEEE collected will increase by
50% in 2013 and 100% in 2016 if the targets of the directive are met [79].

Year Collection Target Reference
2002-2012 4 kg per person per year [52]
until 2015 [54]

from 2016 [54]
from 2019 [54]

Year Recycling and Reuse Target 
(% of product weight)

Recovery Target
(% of product weight)

Reference

2002-2012 50-75% 70-80% [52]
until 2015 50-75% 70-80% [54]
2016-2018 55-80% 75-85% [54]
from 2019* 55-80% 75-85% [54]
* Based on new WEEE categories

4 kg per person per year OR average amount of WEEE collected in the 
preceding 3 years (whichever is higher)
45% of the average weight POM in the preceding three years
65% of the average weight POM in the preceding three years OR 85% of 
WEEE generated

Table 1.1: Overview of Performance Targets set in the WEEE Directive and the Recast of
the WEEE Directive

9 The targets gradually increase over a couple of years after the Directive becomes effective.
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According to the Directive, producers can opt to fulfill their responsibility individually,
which is usually described as ‘Individual Producer Responsibility’ (IPR). Alternatively,
producers may act as part of a collective scheme, which is described as ‘Collective Producer
Responsibility’ (CPR). To date, producers in the EU have typically met their obligations
collectively, which has led to the establishment of a large number of collection schemes.
Figure 1.1 illustrates the relationship of producers and collection schemes in a CPR system.

Consumer 
(Municipal) 
Collection 

Point 
Producer Recycling Transport 

Producer 
Scheme 

Material Flows 
Financial Flows 

Figure 1.1: WEEE Collection and Recycling in a CPR Setup

The national transposition of the WEEE Directive varies according to member state [136].
In some countries, collection is organized by one collection scheme (e.g. Belgium, the
Netherlands), whereas in other countries (e.g. Germany, France) multiple schemes exist to
handle product take back obligations on behalf of the producers [105,173]. Manufacturers
do not physically have to handle the EOL products they have sold, but are assigned a
certain share of the overall WEEE collected and are charged a fee by the scheme they
have contracted. The collection system does not discriminate between make/brand and
consequently does not reward producers that sell more environmentally friendly products.
As a result, and in contrast to the original intent of EPR, there is no evidence that
the implementation of the WEEE Directive has motivated more environmentally friendly
product design [80]. This and many other concerns related to current EU and national
WEEE legislation have been addressed in a number of publications [16,34,80,97,152,194].
Some of the concerns outlined in these studies are:

(1) Some EU member states (e.g. the Netherlands) have implemented a visible fee,
which is added to the sale price of EEE in order to provide for the expected cost
of collection, recycling and disposal. Such visible fees are criticized as “wrong in
principle” because they are considered a compensation for manufacturers at the
expense of consumers [34].

(2) The absolute target set by legislation does not motivate higher collection rates and
rewards collection of large, heavy EOL products rather than small, lightweight waste.
Previous research suggests that targets should include environmental considerations,
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rather than being expressed in mass terms. To improve treatment, the authors
suggest “material recycling targets” [80].

(3) In countries where competitive producer schemes exist, recycling operations face
immense cost-pressure on the one hand and statutory weight based recycling rates
on the other. The study of [15] argues that this creates a disincentive for high
quality (i.e. high cost) treatment of WEEE (e.g. manual disassembly, depollution),
which would be necessary to reach higher recovery rates for certain materials. The
author suggests that legislation should address this issue by implementing “Material
Recovery Certificates” to maintain high treatment and safety standards.

The debate around producer responsibility in European WEEE legislation is frequently
combined with a discussion of the feasibility of IPR [44,107,117,147,149]. While the term
is used in a variety of different connotations, IPR always implies that the responsibility
for collection and recycling is assigned to the original producer of an EOL product. The
opposite is the current system of CPR, in which EOL products are not assigned to the
original producer [147]. Some researchers criticize that the Directive does not incentivize
producers to implement IPR. It is suggested that IPR could in fact be a tool for producers
to “manage rather than sell their key materials” and create closed material loops [117].
The authors see IPR operationalized in the context of producer owned take back programs.
This is a different approach than the one outlined in, for example [149], which discusses
IPR in the context of WEEE legislation in Germany. In a CPR system, the share of
WEEE assigned to a producer is based on market share; implementing IPR in this system
would imply that the amount of WEEE financed by a producer is based on the amount of
producer owned WEEE in the overall WEEE stream. The study challenges the feasibility
of such a concept in showing that the determination of the individual producer share in
the overall WEEE stream requires extensive sorting and statistical analysis [149]. An
optimistic view of IPR is expressed in [107], who outlines the system around EOL vehicle
legislation in Sweden, which effectively incorporates IPR principles.

1.1.3 Producer Engagement in WEEE Management

The previous chapter has provided an introduction to the issue of WEEE and given an
overview of the policy response to the environmental and resource issues associated with
EOL electronics. Producers of EEE are legally obliged to provide for financing of WEEE
collection and recycling in the EU, but effective WEEE management is also in the in-
terest of industry. In addition to financing of mandatory collection, some OEMs have
implemented voluntary WEEE collection programs. Such programs exist in Europe and
internationally in order to increase collection rates or to demonstrate commitment to pro-
ducer responsibility in countries where WEEE legislation does not yet exist [137,167].
While the collective approach to producer responsibility demands little or even no indus-
try involvement in the physical collection and recycling processes, a number of studies
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published in previous years show that producers are concerned about the consequences
of low WEEE collection rates, illegal export of WEEE, long-term availability of certain
raw materials and the effectiveness of EPR in WEEE legislation [73, 74, 116, 167]. While
the focus of these studies is diverse, they demonstrate that industry is engaging in WEEE
take back beyond legal requirements, and actively participates in discussions around the
physical management of WEEE as well as the future relevance of WEEE as a source of
secondary raw material supply.

The study of [74], co-authored by a researcher of Motorola Labs, looks at the lifetime of
EOL mobile phones and investigates the key motivation of consumers to upgrade to a new
and discard of an old phone. The authors of the study are concerned about the environ-
mental impact of unsafe mobile phone disposal and the gap between ‘usage lifetime’ and
‘functional lifetime’. Based on extensive surveying, the study concludes that producers
can help to prolong the lifetime of mobile phones by designing the devices in a way that
allows for upgrading and functionality extension (e.g. add on cameras). As for EOL mo-
bile phone take back, the study finds that providing convenient collection infrastructure
to consumers would increase collection rates. If disposal opportunities were available at
a very low effort, consumers would be more likely to send EOL mobile phones to recy-
cling. This finding is confirmed by a recent publication of Nokia’s senior sustainability
manager [167], which outlines the importance of safe mobile phone recycling and presents
the results of several collection programs in various countries. According to the author of
this study, producers need to make sure that mobile phone disposal options are convenient
for consumers and are suited to the local context (e.g. language, communication of pro-
gram). The author also highlights that collection programs need to be implemented on a
long-term basis in order for mobile phone collection to become a habit for consumers.
A recent publication by the chairman of the environmental board of Hewlett Packard
EMEA discusses the availability of key materials for the production of EEE and indus-
try’s role in securing supply [73]. Primarily because of the increase of raw material prices
over the past ten years and the projected increase in demand for electronic products,
the author expresses concerns about the supply of a number of materials critical for the
electronics industry. The author suggests that recycling of WEEE is a readily available,
flexible source of raw materials, as opposed to accessing primary sources of supply. Pro-
ducers have very limited possibilities to collect the products they have sold, but they can
educate consumers and ensure high environmental, health and safety (EHS) standards
in the downstream recycling chain. While this study shows that the environmental and
resource implications are a key driver for producers to put WEEE take back on the cor-
porate agenda, another study [116] focuses attention on the impact of EPR on producers
in Europe. A case study of Sony Computer Entertainment Europe (SCEE) is presented
to illustrate the compliance consequences and producer’s challenges under the implemen-
tation of the WEEE Directive. The author describes the administrative and compliance
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management responsibilities of producers, who need to arrange take back and recycling in
27EU member states with different WEEE legislation. Because reporting of sales data,
auditing, reporting of collected volumes, invoicing and other administrative requirements
are rather complex to handle, SCEE has developed an internal strategy to comply with
take back legislation in Europe and avoid any cases of non-compliance. The case study
outlines that strict compliance tracking is worthwhile because any cases of non-compliance
could result in sales blocks, fines or negative media coverage. While it must be acknowl-
edged that all studies represent individual opinions, they provide valuable insights into
producer’s concerns around WEEE management.
In summary, the key goals for producers to support and initiate WEEE col-
lection and recycling programs appear to be:

I Compliance with regulation

I Resource conservation and environmental impact minimization

I Management of corporate reputation
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1.2 Evaluating WEEE Collection and Recycling Programs

In the previous chapter, it was demonstrated that the collection and recycling of WEEE
are both a legal obligation and a strategic investment for OEMs. There are risks of
non-compliance, but there are also opportunities to make a positive contribution to envi-
ronmental protection. But are the existing WEEE collection programs effective
and do they contribute to the goals (see subsection 1.1.3) OEMs seem to pur-
sue when initiating these programs? To answer this question, producers need
to establish metrics that are informative with respect to their performance
in collecting EOL electronics and are guiding producers towards the goals of
recycling. The second part of chapter 1 explains why environmental metrics are im-
portant for the electronics industry and outlines criteria that are important for metric
development. Existing performance metrics for corporate WEEE collection and recycling
programs are benchmarked. Based on the findings of the benchmark assessment and the
discussions in chapter 1, the motivation for this thesis is outlined.

1.2.1 Corporate Environmental Performance Metrics

It has often been said that ‘if you can’t measure it, you can’t manage it’, meaning that
all business activities need to be measured in order to validate achievements and assess
progress towards intended goals [8]. While accepted and standardized metrics to assess
financial performance exist (e.g. profit for the year, share price, dividend paid to share-
holders) [166], the industry is still in the process of developing indicators and metrics to
measure environmental performance. Many companies publish information on environ-
mental performance in reports or on corporate websites, supported by a set of metrics,
such as energy and water consumption, greenhouse gas (GHG) emissions and amount
of post-industrial waste in production. The metric is traditionally normalized because
reference values allow for more meaningful comparison and tracking of performance over
time [63]. For example, the increase of total GHG emissions generated by a company’s
operation over a number of years can be a result of the growth of the business (i.e. in-
creased production) or more emission-intensive operations at steady production levels. In
this case, it is helpful to relate the emissions to a reference value (e.g. emissions per unit
of sales, emissions per EUR/USD of revenue). Over the past years, the industry has also
taken up on the metrics and indicators defined by the Global Reporting Initiative (GRI),
an organization working in the development of standardized sustainability reporting to
facilitate benchmarking of corporate performance with respect to laws, norms, codes and
performance standards [85]. GRI indicators include several aspects, i.e. areas that are
perceived as vulnerable to industrial activity, such as ‘materials’, ‘energy’, ‘water’ and
‘biodiversity’. The latest version of the GRI environmental performance guidelines (3.1)
includes indicator EN27 ‘Percentage of products sold and their packaging materials that
are reclaimed by category’ [57], an indicator that is theoretically also applicable to WEEE
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take back and recycling. According to the GRI, the term ‘reclaim’ includes collection, re-
cycling and reuse, but the share of products that is recycled should be reported separately
from those products that are reused. The methodology that underlies the indicator is:

% of reclaimed products = products reclaimed within the reporting period
products sold within the reporting period

GRI’s EN27 shows to which extent products sold by the company are collected at EOL
and recycled/reused. It appears that the indicator targets the company’s own products,
which only partly applies to the current situation of WEEE collection and recycling in
Europe. The question is also as to whether the indicator is feasible for products that
have a long lifetime, such as EEE. While packaging (e.g. beverage bottles, cardboard) is
typically disposed of by the consumer shortly after purchase, the large majority of EEE
remains with the consumer for several years. Consequently, there is no realistic possibility
for producers of EEE to collect products that were sold within the reporting period, and
the GRI indicator is thus not applicable to the electronics industry. The issue of EEE life-
time and reference values for ‘mass collected versus mass sold’ metrics is further discussed
in subsection 5.2.1.
Corporate environmental performance metrics are not equivalent to product environmental
performance metrics (e.g. energy consumption, amount of recycled material per product),
although they are often based on the same goals (e.g. inform customers, quantify and de-
crease environmental impact) and linked to each other (i.e. good environmental product
performance contributes to the overall environmental performance of a company) [122,130].
Environmental metrics for products are frequently implemented following standards or
labels, such as the IEEE 1680 standard for environmental assessment of electronic prod-
ucts [89]. Environmental impacts occur beyond the production, use and EOL phase of
products and some corporate environmental programs are not directly related to the com-
pany’s products (e.g. WEEE collection programs).

Moreover, many companies have metrics in place to compare the environmental perfor-
mance of different processes, for example in manufacturing or EOL product process-
ing [98, 190]. Process-related performance metrics are helpful to evaluate and compare
different processes by measuring e.g. energy consumption, water consumption and mate-
rial input. Environmental metrics in manufacturing can be part of product-related envi-
ronmental impact assessments and are particularly relevant for products in which the main
life-cycle impact occurs at the production stage. In the context of EOL product treat-
ment, process-related metrics are also relevant to compare different treatment processes
and understand e.g. their recovery rates, material input and energy requirements [114].
The differences and linkages between the three types of metrics are illustrated in figure
1.2.
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Figure 1.2: Linkage between Product-related, Process-related and Corporate Environmen-
tal Performance Metrics

1.2.2 Relevance of Performance Metrics

Establishing informative and effective corporate environmental performance metrics is
beneficial for OEMs, for example to:

Assess Performance: Perhaps most importantly, metrics provide information on the
accomplishments of environmental programs and help companies understand where they
stand [36, 141]. Metrics are also needed to make comparisons against the performance
of other companies with similar areas of focus to decrease environmental impacts and
comparable environmental programs. In this context, metrics are important to perform
benchmarking analyses in order to identify industry best practices [156]. If programs are
implemented based on legislation (e.g. WEEE take back programs), companies require
metrics to prove compliance and respond to reporting requirements. For legislators, uni-
form metrics are key to assess and compare the accomplishments of different companies.

Motivate Improvement: Establishing quantitative instruments to measure environ-
mental performance can help corporations to identify areas of potential improvement and
structurally work towards set targets [63]. For example, a company aiming to decrease en-
vironmental impact in production could assess the current performance in ‘post-industrial
waste per unit sold’, consider this as the baseline performance and set a reduction target
for a defined point in time in the future. Ideally, metrics are developed in a way that offers
guidance on how performance can be improved. Therefore, the analysis of [169] character-
izes two types of performance metrics, leading and lagging metrics. Leading metrics assess
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the parameters that affect the performance and thus provide information on the activities
that need to be improved in order to reach better performance. Lagging metrics assess the
impact after it has occurred. Lagging metrics are useful to assess current performance,
but leading metrics are necessary to motivate improvement.

Achieve Management Buy-in: Environmental protection is typically not perceived
to contribute to the economic success of a company and not all managers will want to
allocate resources to these programs. Moreover, measures to decrease the negative im-
pacts of industrial activity on the environment in many cases pursue long-term goals (e.g.
conservation of freshwater resources, prevent global warming). Long-term goals are chal-
lenging to communicate in an environment that measures achievements every fiscal year
or quarter. Efforts to build or extend corporate environmental programs require mean-
ingful quantitative measures, to illustrate the effectiveness of these programs and attract
funding.

Support External Communication: Many companies have included environmental
topics into their communication to consumers and other stakeholders, for example as part
of the corporate annual report or in a dedicated sustainability reports [63]. Environ-
mental concerns around a company’s business can create negative media attention and
potentially influence consumer-purchasing decisions, which is why reporting environmen-
tal performance is important for the public image of a company. Metrics can support
the credibility of this communication and demonstrate the effectiveness of the industry’s
efforts to decrease environmental impacts. If corporate environmental performance report-
ing is supported by a set of meaningful and transparent metrics, companies will not run
the risk of being suspected of ‘green-washing’ or providing ambiguous information (e.g.
‘eco-friendly’).

1.2.3 Metric Development

A number of previous studies have identified criteria to consider in the development of
effective metrics. Some of these analyses define criteria from the researcher’s point of
view [19, 63, 156], others build on the criteria mentioned in the literature [46, 113, 169]. A
comprehensive and structured overview of criteria can be found in the study of [8]. Six
criteria were selected from these previous analyses and considered most relevant for this
research:

(1) Useful [19,156]: As outlined in the previous paragraph, metrics are a tool for cor-
porations to improve performance and measure progress towards set targets. Before
defining metrics, the objectives of the activity need to be well defined and clear so
that the metric can be tailored to the objectives. For example, if a company aimed
to provide more environmentally friendly packaging for products, the objective could
be, for example, to decrease the overall amount of packaging, decrease the amount
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of harmful substances or increase the amount of recycled content. While all objec-
tives are covered by the aim to minimize the environmental impact of packaging,
each objective needs different metrics to measure progress. If the objective were to
decrease the overall amount of packaging per product, mass based metrics would be
useful, whereas the toxicity- and material-related objective would require material
data and metrics that capture hazardous substance concentration.

(2) Link to Existing Policy Objectives in terms of Environmental Impact
Minimization [63,113]: Very closely linked to the definition of goals is the overall
relevance of the metric in helping to achieve broadly agreed-upon environmental
protection objectives (e.g. conservation of natural resources, increasing resource
efficiency). Many of these objectives use general terminology and the industry needs
to identify concrete activities, that help achieve these objectives, and metrics that
are able to quantify the achievements. If metrics are developed based on existing
policy objectives, the corporate programs and activities they evaluate are more likely
to be recognized by policy makers and external stakeholders.

(3) Easy to Use and Communicate [46,156]: The most elaborate method to mea-
sure performance is useless if it is too complex to be adopted and understood [8]. At
the same time, there is a risk to simplify at the expense of usefulness and accuracy.
Going back to the previous example of less environmentally harmful packaging, the
simplest metric is to measure the mass of packaging per product, but this metric
is useless with respect to the objective of harmful substances and recycled content.
Overall, the complexity of a metric should always be reasonable. If it is necessary
to create complexity, the metric should at least be able to be reproduced as well as
transparent in terms of the underlying methodology.

(4) Feasible in terms of Data Input [46, 156]: The development of metrics should
always be based on the availability of input data and the cost at which this data can
be assessed. This criterion might sound obvious, but there is a surprisingly large
amount of metrics that are never adopted because they are too data intensive or
because the data is too costly to assess. If a metric is too complex in terms of data
collection, it will not be adopted over longer periods of time.

(5) Comparable [8]: Metrics ideally aggregate information, in that they capture mul-
tiple issues of interest and create one meaningful value. However, comparability also
implies that a metric is useful for benchmarking. If there is not an official standard
for metrics (as it is the case for most corporate environmental performance met-
rics), the preferred metric for benchmarking is always the one that is adopted by
most companies. Because the most popular metric is not necessarily the most useful
metric, the criterion itself is slightly ambiguous.
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(6) Diagnostic [8]: Metrics should also be diagnostic and allow for the identification
of cause-effect relationships that result in different metric values. It should always
be transparent as to which parameters influence the metric value and how the pa-
rameters are linked to each other. If the benefit of metrics is to support companies
in improving their environmental performance, it should be clear what parameters
determine current performance and which parameters can be influenced to reach
better performance.

All of the criteria outlined here will be used to evaluate the current industry metrics (see
subsection 1.2.4), as well as the novel metric for corporate WEEE collection and recycling
programs, which is proposed in this research (see subsection 5.1.2).

1.2.4 Existing Industry Metrics for WEEE Collection and Recycling
Programs

A benchmarking analysis was conducted to investigate and compare how electronics com-
panies currently measure performance in WEEE take back and recycling. The information
was obtained from the review of corporate social responsibility (CSR) reports and web
pages of 22OEMs10. The analysis is therefore exclusively based on data publicly avail-
able. A detailed list of companies, metrics and references is available in appendix A. An
overview of the results is shown in figure 1.3.
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20% 
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Mass collected/recycled 

Units collected/recycled 

Mass/Units collected/recycled 
as compared to mass/units sold  

Material recycling rate 

Other 

Figure 1.3: Overview of Metrics used by 22 ICT Companies

10 Not all of the companies analyzed have the same product portfolio, but are either producers of IT,
telecommunications or office equipment. Some OEMs have a very diverse product portfolio and cover
two or all of these categories. For the purpose of this study, a comparison of these companies is
reasonable because all are multinational firms that operate and sell in at least one market where WEEE
take back is regulated (e.g. Europe, Japan). It can therefore be assumed that all companies have take
back programs in place.
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The analysis finds that more than 50% of the corporations that were analyzed communi-
cate weight or units collected and recycled. Most companies do not differentiate between
‘collection’ and ‘recycling’, the two terms are used as synonyms. Eight out of 22 companies
refer weight/units collected/recycled to the weight/units sold in the same year (e.g. Pana-
sonic, Sony Mobile Communications) or in previous years. If previous sales data serve as
a reference point, the metric is based on an estimated average lifetime of the products sold
by the company. Some companies assume the same lifetime for all products (e.g. Apple,
Sharp), other companies assume different lifetimes for different product groups. Samsung
reports that TVs have an estimated average lifetime of ten years, computers are discarded
after seven years, and the lifetime of mobile phones is two years. Information referring to
the actual recycling of the weight/units collected is reported by six out of 22 companies.
Most of these companies report the share of material that is recycled, re-sold, reused or
sent to energy recovery and landfills (e.g. IBM, Lenovo). Only two companies (Sanyo,
Sharp) disclose information on the raw materials recovered from the collected waste (e.g.
amount of secondary copper, ferrous materials, plastics produced). Acer reports “recycling
rates”, and Fujitsu discloses a “resource reuse rate”, but the methodology that underlies
the metrics could not be identified11. Nokia reports mass of phones and accessories col-
lected, and explicitly points out that the success of EOL product take back and recycling
is also measured in the number of countries covered by collection programs and the num-
ber of people reached through take back campaigns. Overall, all companies had disclosed
at least some information on EOL product take back and recycling on their websites or
in dedicated sustainability reports, but some companies disclose much more information
than others. The reporting of some companies referred to only one country or region,
most companies communicate worldwide data.
As illustrated in figure 1.3 most companies communicate corporate performance in WEEE
collection and recycling in mass or unit based metrics. The key reasons for this are:

(a) Feasibility in terms of data input: Collection of ‘mass’ data is easy to collect, as
the recycling facility sub-contracted by the OEM or producer scheme will typically
weigh the waste prior to processing in order to allocate cost per t. The data is
assessed anyway for accounting reasons, and it is convenient to use this data also for
external communication of take back achievements.

(b) Ease of use and understanding: ‘Mass collected’ or ‘units collected’ are easy to
understand metrics, which do not require any explanation and can be communicated
to a variety of stakeholders. This is contrary to metrics that refer to one or more
reference values, such as ‘weight collected versus weight sold’, a metric, which is
based on an estimated average product lifetime and sales data and which requires
at least a short explanation of the methodology.

11 Both types of metrics are allocated to the ‘other’ category because the information behind these metrics
was unclear.
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(c) Legislation: In countries where WEEE legislation has been enacted, laws incor-
porate collection targets (e.g. 4 kg per capita in the 2002 WEEE Directive), which
typically refer to ‘mass’ (see table 1.1). Producers have adopted these metrics, as
they seem to be based on valid standards and represent current data collection re-
quirements.

1.3 Problem Statement

In light of the previously stated objectives that underlie corporate take back and re-
cycling initiatives (see subsection 1.1.3), ‘mass’ is an appropriate metric to respond to
mandatory reporting requirements. For external communication, mass based metrics are
useful because they are easy to understand for a variety of stakeholders and do not need
to be supported by any form of methodology or documentation. However, mass/units
collected/recycled are not informative metrics with respect to environmental impact min-
imization and resource conservation. Other than the amount of material diverted from
landfills, this type of metric has no direct relation to an environmental objective. Infor-
mation on the mass or number of products collected neither contains information on the
type of material collected, nor is this metric informative with respect to the amount and
type of secondary raw materials recovered. In that respect, mass based metrics can even
have adverse impacts on the take back strategy of a company because they reward the
collection of the heavy products, while the collection of small and lightweight WEEE is
discouraged. This is particularly detrimental with respect to the recovery of critical ma-
terials as they predominately occur in low concentrations in small WEEE, such as many
ICT products. For ICT (which are the focus of this study) and producers of ICT, this
means that the collection of e.g. heavy CRT monitors contributes to better performance
than the collection of e.g. mobile phones or tablet computers. This is not to say that the
collection of monitors is not environmentally worthwhile, but mass and unit based metrics
contradict the objective of increasing collection rates for small WEEE and the recycling
rates of critical materials [26,64]. What further impairs the effectiveness of mass and unit
based metric is that they are informative with respect to the achievements in collection,
but do not cover the process of subsequent recycling. Mass and unit based metrics are not
data intensive, also due to the fact that data assessment does not capture the full EOL
path of the waste and in fact stops at a very early stage of WEEE management.
With respect to the criteria that metrics should be based on (subsection 1.2.3), ‘mass/ units
collected/ recycled’ are only partly useful to achieve the goals of recycling (criterion 1).
Mass and unit based metrics are helpful to report to legislators and prove compliance,
but fail to guide producers in optimizing take back and recycling with regard to envi-
ronmental impact minimization. In fact, current metrics may even lead to decisions that
are counter-productive to environmental impact minimization (criterion 2). On the other
hand, current metrics are easy to use and communicate, and do not require much data
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input (criterion 3 and 4). This facilitates implementation over a longer period of time and
thus enables year-on-year comparison of performance. Current metrics are comparable in
that they enable benchmarking of best performance in amount of WEEE collected and
recycled (criterion 5), but they are not diagnostic with respect to the system they are
analyzing (criterion 6). With the current metrics in place, companies can only improve
performance if they collect more waste, but the metric does not guide producers in im-
proving any other relevant aspects of WEEE collection and recycling programs.
Overall, the existing metrics do not help producers to achieve the general objective of using
WEEE as a source of raw materials and optimizing the established collection and recycling
systems towards environmental impact minimization. If producers of electronics are the
ones who are made responsible for WEEE collection and recycling, producers also need to
implement more effective metrics to measure achievements and motivate improvements in
both WEEE collection and recycling.

1.4 Research Questions

The motivation for this research is based on the fact that mass and unit based metrics
to evaluate corporate WEEE collection and recycling programs are not effective and not
informative with respect to the environmental impact of WEEE take back and recycling.
Existing metrics largely originate from reporting obligations that industry needs to fulfill
in countries where WEEE legislation has been enacted. As existing metrics were not ex-
plicitly defined to address the environmental goals of corporate take back and recycling
programs, limitations and shortcomings of these metrics are evident and may constrain
performance improvement. If companies do not have the tools to evaluate the environ-
mental impact of recycling, they will not reach the goal of maximizing the environmental
benefit of recycling. More meaningful metrics are required to evaluate existing programs
and to develop future programs around the objective of environmental benefit rather than
increase of mass collected.

The central question of this research is:

(1) How can producers measure the performance of WEEE collection and
recycling programs, irrespective of mass and units collected?

Because environmental objectives are perceived to be a fundamental driver of EOL product
recycling, the second question is

(2) How can producers incorporate environmental indicators into alternative
performance metrics?
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The objective of this research is to develop an alternative approach to measure corporate
achievements in EOL product take back and recycling, which is informative with respect
to the environmental impact of recycling and diagnostic with respect to performance im-
provement. Chapter 1 will develop a methodology that responds to the research questions
outlined above and the research gaps identified in existing studies. The methodology will
be validated in chapter 3 and chapter 4, both through an empirical experiment and a sce-
nario analysis. The proposed metric will be discussed in chapter 5 and compared against
the objectives of this research, as well as the metric criteria outlined in chapter 1. The
methodology that underlies the proposed metric, as well as the methods that were used
to collect and analyze empirical and literature data, will be explained in the respective
sections of this thesis.
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2 Methodology

The following chapter presents a methodology to evaluate the performance of WEEE
collection and recycling programs in view of environmental impact minimization. Previous
research dealing with process performance metrics and corporate performance metrics is
summarized. It is shown how existing environmentally weighted metrics can be influenced
by numerous variables in the material recovery system. A methodology is proposed, which
considers process recycling rates and the individual avoided environmental burden (AEB)
of different materials. The development of this metric is based on Substance Flow Analysis
(SFA) methods. The following part of this research also covers a number of environmental
impact assessment methods that can be combined with the proposed metric methodology.

2.1 Literature Review

There are a number of studies that have proposed metrics to evaluate performance of
recycling processes, but few studies have investigated alternative metrics to assess OEM
performance in WEEE collection and recycling programs. The following chapter reviews
the existing research according to its area of application (evaluation of recycling process
and recycling system performance versus evaluation of corporate environmental perfor-
mance), the scope of the analysis (recycling system versus recycling process) and the
proposed indicators (environmental versus economic). Studies on process performance
metrics include [77], who develops the ‘Quotes for Environmentally Weighted Recyclabil-
ity’ (QWERTY) method, which combines the environmental and economic performance
of different recycling scenarios into one tool and allows the optimal recycling route for
different kinds of WEEE to be assessed. QWERTY employs processing cost and material
yields as economic indicators, and Eco-Indicator’99 points as indicators of environmental
performance12. Economic, as well as environmental performance is compared against the
performance of the best and worst case scenario in terms of cost/revenue and environ-
mental gain/burden, respectively. Economic indicators to evaluate the cost-effectiveness
of recycling processes are also analyzed by e.g. [40,66,108,154]. While all of these studies
use secondary material yields, recovered value, and process costs as indicators of economic
performance, the scope of the system they are analyzing is diverse. Some authors look at
the recycling system as a whole (including cost for transport and logistics), e.g. [66,83,108]
and [38], while other studies focus on the processing operation exclusively, e.g. [40,119,154].
Extensive research has also been carried out by [182] who incorporates data on the char-
acteristics of process feed material (i.e. product design data) into a recycling process
12 Eco-Indicator’99 is an impact assessment method that allows for the calculation of eco-indicator scores

for materials and processes based on LCA inventories, the calculation of damage on human health,
ecosystem quality and resources and a weighting methodology [60].
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model. To evaluate process performance, [182] employs recovered mass per substance,
as well as the quality of the recyclate as performance indicators. In terms of evaluation
of environmental performance of recycling systems and processes, [114] uses energy con-
sumption, energy-related air emissions and solid waste generation as indicators of system
performance. Environmental indicators to describe recycling process and system perfor-
mance also include the work of [187] who assesses the environmental performance of the
WEEE disposal system in Switzerland by comparing the environmental impact (expressed
as Eco-Indicator’99 points) per t of collected WEEE against the environmental impact
of two theoretical baseline scenarios (incineration/energy recovery, landfilling). Another
study considering the environmental impact of WEEE recycling is the study of [83], who
proposes ‘recovered energy’ as an indicator of environmental system performance. ‘Recov-
ered energy’ links to the recovered mass in a recycling process and compares the energy
required for the primary production of a material to the energy required to produce the
same mass of the exact material from secondary sources. ‘Recovered energy’ is further
elaborated by [8] who investigates the use of the “energy-weighted mass recovery index”
in the context of corporate performance metrics and shows that ‘recovered energy’ is a
meaningful indicator to evaluate the environmental performance of recycling facilities.
The study of [8] is particularly relevant to this research as it is shown that the ‘recovered
energy’ indicator can be used as a tool to analyze corporate environmental performance13.
For example, the ‘recovered energy’ approach was adopted by [2] to calculate the CO2

savings of a large recycling operation in Germany. One of the few studies investigating
alternative metrics for EOL product collection and recycling programs is [128], who builds
on the work of [8] and proposes the “value-retention” indicator as a tool to evaluate the
economics of respective corporate programs. However, [128] does not discuss environmen-
tal indicators. Table 2.1 provides an overview and categorization of the research reviewed
in this chapter.

Environmental Economic Environmental Economic Environmental Economic

[38], [77], [83], [114], 
[187]

[38], [66], [77], [83], 
[108]

[77]
[40], [119], [154], 

 [182]
 [2], [8] [128]

Process and System Performance Corporate Performance

Recycling System Recycling Process

Table 2.1: Overview of Existing Research on Metrics and Indicators to assess Recycling
Process and Corporate Program Performance

Also relevant to this research are studies investigating the recyclability of substances as it
is considered to be a decision factor for recovery efforts [184]. Some studies propose value
as an indicator of material recyclability [94, 184], while [39] proposes the relationship of
substance mixing and substance value as an indicator of material recycling potential. As
one of the few studies to consider environmental characteristics of materials, [94] presents
13 In this case: corporate environmental performance of recycling facilities.
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the weighted environmental impact (based on the Korean Eco-Indicator) method of a
substance as a suitable recyclability indicator14. Overall, it can be concluded that there is
a variety of previous studies that provide useful tools and metrics to assess the performance
of recycling processes and systems and the recycling potential of substances embedded in
EOL products. There are, however, very few studies that investigate the issue of effective
metrics for take back and recycling programs from the perspective of OEMs. Among the
main research gaps are:

Operational Feasibility: Although methodologically and technically helpful, the re-
search to date has not yet provided tools to convey the scientific knowledge on best re-
cycling practices to OEMs who have increasing influence over how products are collected
and recycled15. The key challenge lies in designing metrics that useful and diagnostic, in
order to motivate corporate action on take back and recycling. Few, if any of the available
studies provide tools and methodologies that are able to bridge scientific knowledge and
corporate decision-making.

Metric Sensitivity: There is a clear gap in the perception that metrics need to trigger
performance improvement on the one hand, and the lack of research on how metrics need
to be designed to show improvement potential on the other. Research to date has provided
valuable insights on the performance of processes/systems from a snapshot perspective, but
does not adequately show which variables in the system are sensitive to change. Focusing
on the present moment is a first step of any environmental impact analysis, but it is equally
(if not more) important to show strategies for improvement.

Environmental Impact: No studies appear to have investigated tools to measure the
environmental performance of WEEE take back programs from an OEM perspective. The
study of [128] provides an effective metric to address the economic performance of OEM
take back programs, and [8] and [83] investigate ‘recovered energy’ as a feasible indicator to
measure the environmental impact of recycling, but none of the existing research provides
an environmental measure to assess the performance of take back and recycling programs
from the perspective of OEMs.

All of the studies discussed in the previous paragraph are useful for the investigation of a
methodology that helps electronics manufacturers to measure the environmental impact
and the effectiveness of WEEE take back programs. The first objective of the methodology
is to combine corporate performance measures and recycling process metrics. The second
objective is to incorporate the major variables of material recovery and their interactions
into an analysis of metric performance improvement. The third objective is to quantify
the environmental impact of take back and recycling programs.
14 The Korean Eco-Indicator is an environmental impact assessment method, which was funded by the

Korean government and further developed by e.g. [103] to support impact assessment of industrial
activities in Korea.

15 For a detailed description of the problem statement and motivation for this research see Thesis Structure.
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2.2 Building the Methodology

The ‘recovered energy’ approach explored by [2, 8, 83] is used as a starting point to build
the proposed methodology. Upon analysis of this approach, the metric is broken down
into the different variables that influence recovered mass and energy, and SFA methods
are used to show the relationship of these variables. To increase the diagnostic value of
the metric with regard to resource consumption, a set of alternative environmental impact
assessment methods is combined with the ‘recovered energy’ approach.

2.2.1 Problem Definition

Erecovered (recovered energy) is defined as the difference between the energy required to
produce primary material and the energy required to recycle the exact material from
waste [83]. In this study, the term ‘primary material’ is used for material produced from
virgin sources (e.g. metals ore), while ‘secondary material’ describes material, which is re-
covered and recycled from EOL EEE. Energy consumption is considered as an indicator to
quantify the environmental impact of primary and secondary materials production. Other
environmental indicators will complement energy consumption later on in this research.

Ei
recovered = mi(Ei

p − Ei
s) (2.1)

where Ep is the energy required to produce a substance from virgin sources
Es is the energy required to produce a substance from secondary sources
i is a substance
m is the mass of a substance

Erecovered thus can be described as an “environmentally weighted mass recovery metric”
[8] because it is based on the process (mass) yield. The methodology caters this study
well in that the overall focus of the analysis is on recycling of metals from WEEE (see
subsection 1.1.1), which are able to regain their original quality and properties in recycling
processes. Recycled metals are thus able to perfectly substitute primary metals [184]. In
applying the methodology to an OEM’s WEEE take back and recycling program, data
needs to be assessed on the amount and type of substances recovered from the collected
WEEE. To calculate the total Erecovered, the total amount of ‘recovered energy’ from n

substances is calculated by applying (Equation 2.1).

Erecovered =
n∑

i=1
mi(Ei

p − Ei
s) (2.2)
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Once Erecovered has been assessed, the question remains as to how present performance can
be improved. The approach of traditional mass based metrics is that recycling programs
improve as more WEEE is collected. This contradicts the ‘recovered energy’ methodology,
which can be influenced by numerous variables in the recycling system.
To analyze the sensitivity of the variables in (2.2), Material Flow Analysis (MFA)/ SFA
methods are used. SFA is a specific kind of MFA that is based on the same parameters
and principles as MFA but emphasizes that an analysis deals with substances rather than
goods [23]. The following terms are defined: a substance is a chemical element or a
compound (e.g. gold, cadmium). Goods combine numerous substances into an economic
entity of matter (e.g. glass, plastic, concrete). Materials are substances and goods,
without differentiation16. SFA is a method to track and quantify the flows of one or
multiple substances through a defined system. Examples of a system are for example, a
geographical area, a sequence of process steps in an industrial plant or a body of water. The
underlying principle of this method is the first law of thermodynamics, which constitutes
that mass and energy are indestructible entities, which can be transformed and diluted,
but never destroyed. In other words, the amount of a substance entering a system always
equals the amount that remains within the system boundaries and/or is exported [23].
Stocks are defined as any remainder of a substance in the system, e.g. steel in buildings
or copper in cell phones that are in use. Within a process or a system, mass transfer
coefficients (TC) describe the rate at which a substance is transferred in the output
flow [9]. For example, if there are no stocks in a process, the TC is 1 as the mass of the
input flow(s) equals the mass of the output flow(s).
Figure 2.1 shows the basic variables and interrelations that are of concern in an SFA
analysis.
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Figure 2.1: Simplified Illustration of Material Flow Analysis Variables

16 The terms ‘material’ and ‘substance’ are used in accordance with the common definition in MFA/SFA
in this research. The term material is used liberally, referring to substances (e.g. gold) and goods (e.g.
plastics). However, in the context of the sensitivity analysis, as well as in the empirical trial, the terms
‘substance’ and ‘SFA’ are used because flows of certain elements in a recycling process are described.
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Previous research around WEEE recycling has employed SFA and MFA, e.g. [31,121,162,
179]. There are few standards available for SFA, but [23] and [9] propose several steps
to be followed in any SFA analysis: (1) problem definition, (2) system definition, (3)
modeling and data collection, and (4) interpretation. Similar to other scientific analysis,
it is important to define the goal of the SFA to inform the focus and scope of the analysis.
The second step includes the definition of the substance(s) that is (are) of interest in the
analysis, the processes that are included, as well as the definition of the system boundary.
The data inventory includes data on substance flows, e.g. in- and output flows to the
system, stocks within the system boundary, substance concentrations in flows and stocks,
and data uncertainties. Flow models are able to show the interrelations between the
different variables in the system. The final step in an SFA analysis is the interpretation
of the results. According to [143], this is an important (but often neglected) step, as SFA
should be used as a tool to guide decision-making. This research puts specific emphasis
on the interpretation step as the results of the SFA are used to inform the sensitivity of
the metric. The goal is to understand which variables behind Erecovered can realistically
be influenced by OEMs in order to increase the environmental effectiveness of WEEE take
back programs.

2.2.2 System Definition

An illustration of the system within which this methodology operates is shown in figure
2.2.
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Figure 2.2: Simplified Diagram of Material Flows Relevant for ‘Recovered Energy’
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This figure displays the perspective of OEMs when assessing data on collected WEEE
and the materials that are reclaimed in the recycling process. The WEEE is collected
from consumers and then transported to a pre-processing facility, followed by a number
of end-processing facilities that treat the output streams of the pre-processing facility.
The mass of recycled material ready for use in a new application can be assessed after
end-processing.
OEMs in Europe engage in two different types of collection programs, mandatory pro-
grams (legal obligation, WEEE collected by municipalities) and voluntary programs (no
legal obligation, WEEE directly collected by the OEM) (see Figure 2.2). Depending on
voluntary and mandatory programs, OEMs have different levels of influence on the collec-
tion process, the selection of a pre-processing facility, the downstream recycling processes
and other mechanisms (e.g. energy input to production processes) in the system. The fol-
lowing chapter gives a detailed overview on the system variables, which build Erecovered.
Regarding access to data and influence of OEMs on the system variables, some estimations
are made based on the system description in figure 2.2.

2.2.3 System Variables

Five variables, which define Erecovered are identified: mass prepared for recycling, energy
input to recycling process, energy input to primary material production process, sub-
stance, process recycling rate. The mass of a substance reclaimed in a recycling process
is determined by the mass that was fed to the process and by the recovery rate of the
process.

Erecovered =
n∑

i=1
(M i

ink
i)(Ei

p − Ei
s) (2.3)

where Min is the mass fed into the process
k is the recycling rate of the process

Mass Prepared for Recycling (Min): The mass of a substance fed to a process deter-
mines the mass that can potentially be reclaimed. Even if the other variables in the system
do not change, collecting and preparing more WEEE for recycling presents a strategy to
reach higher metric performance.

Energy Input to Recycling Process (Es): The amount of energy required to recycle a
substance from waste depends on the energy input to the recycling process (e.g. energy in-
put to machinery, furnace, smelter) and the rate at which waste is processed. With respect
to the impact on the ‘recovered energy’ metric, the energy input to the process impacts
the Erecovered score in that the difference between Ep and Es increases as Es decreases.
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That is, assuming constant values for all other variables (including the amount of WEEE
prepared for recycling), Erecovered increases with recycling processes becoming less energy
intensive. The energy input to recycling processes is considered at the inventory stage
of materials life cycle assessment (LCA). Provided that data on any decrease of process
energy requirement can be assessed, Erecovered values increase as Es values decrease. For
this study, predefined Es values are accessed through the ecoinvent database (see subsub-
section 2.2.4.2) and one dataset is selected for each secondary material (see appendix D).
If the inventory of these datasets were to be revised in the future, any decrease in energy
input to the recycling process would influence Es and thus Erecovered. Energy input to re-
cycling processes cannot be influenced by OEMs, as the operation of the recycling facility
falls under the responsibility of the operator of the recycling facility.

Energy Input to Primary Material Production (Ep): Producing metals ready for
application in electronics requires mining and preparation of ores, smelting and refin-
ing [33]. Similar to the energy intensity of recycling processes, the energy input to primary
materials production impacts Erecovered in that the difference between Ep and Es increases
as Ep increases. Assuming constant values for all other variables, higher Erecovered perfor-
mance is reached with primary material production becoming more energy intensive. For
this research, primary materials datasets are selected from the ecoinvent database based
on a number of criteria (see appendix D). Realistically, OEMs have no control over the
energy input to production of primary materials as there is no direct relationship with
primary materials producers.

Process Recycling Rate (k): The recycling rate of a process describes the rate at
which the mass of a substance fed to the process can be recovered. In even the most
technologically advanced recycling scenario, not all materials get 100% recycled. For
example, a metallurgical copper smelting process is able to recover copper, some PM
and other materials at a >90% recycling rate, but will not recover ferrous metals [181].
Recycling rates are substance and process specific, and can range from 0% to almost 100%.
In considering the efficiency at which materials are reclaimed, higher mi and Erecovered

values can be reached, even if Min and all other variables in the system remain constant.
This can be observed in table 2.2, which illustrates the recycling rates of three processes
and their impact on Erecovered performance.

For this comparison it was assumed that the same mass and material composition of PC
PCBs are processed in three different recycling scenarios. Data on the composition of
PCBs, estimated recycling rates of different EOL scenarios and the individual ‘recovered
energy’ for four substances were combined. Scenario A involves light shredding of PCBs,
Scenario B describes intense shredding of PBCs, both followed by a metallurgical process.
In Scenario C, the PCBs are directly treated in a metallurgical process (no shredding).

31



Input to Scenario A, B and C Scenario A (Light shredding followed by metallurgical process)
Substance Weight share

in input material [69]
Total Weight
(kg per t of PCBs)

Recovery rate [181] Recovered mass (kg) Recovered CED (MJe)

Aluminum 5.00% 50.0 80.00% 40.0 5,482.4
Ferrous 7.00% 70.0 90.00% 63.0 1,244.1
Copper 20.00% 200.0 40.00% 80.0 1,696.2
Gold 0.03% 0.3 10.00% 0.0 7,073.6
Total 32.03% 320.3 183.0 15,496.4

Scenario B (Intense shredding followed by metallurgical process)

Substance Weight share in input material (a)Total Weight (kg per t of PCBs)

Recovery rate [181] Recovered mass (kg) Recovered CED (MJe) 

Al 0.05 50 90.00% 45.0 6,167.7
Fe 0.07 70 90.00% 63.0 1,244.1
Cu 0.2 200 50.00% 100.0 2,120.3
Au 0.00025 0.25 10.00% 0.0 7,073.6
Total 0.32025 320.25 208.0 16,605.7

Scenario C (No pre-processing followed by metallugical process)

Substance Weight share in input material (a)Total weight (kg per t of PCBs)

Recovery rate [181] Recovered mass (kg) Recovered CED (MJe) 

Al 5.00% 50.0 0.00% 0.0 0.0
Fe 7.00% 70.0 0.00% 0.0 0.0
Cu 20.00% 200.0 90.00% 180.0 3,816.5
Au 0.03% 0.3 95.00% 0.2 67,199.1
Total 32.03% 320.3 180.2 71,015.6

Note: Recovered CED values are based on data obtained from ecoinvent v2.1

Table 2.2: Process Comparison of Recovered Mass and Energy: Light Shredding, Intense
Shredding and Metallurgical Processing of 1t of PC PCBs

The recovery rates are based on extensive modeling of recycling scenarios elaborated by
[181]17. It is shown that the most favorable scenario in terms of mass yield, does not reach
the best Erecovered performance, as high recovery rates for copper and gold can be reached
in process C. Comparing the worst and best-case scenario in terms of Erecovered, scenario
C reaches 4.5 times the performance of scenario A. Scenario B recovers more mass than
the other recycling scenarios, but Scenario C recovers 4.2 times more energy than Scenario
B. Recycling rates of different processes do not fall under direct control of OEMs, but can
be considered when contracting recycling operations as downstream vendors for WEEE
take back programs.

Substance (i): As the energy required for primary production and recycling differs ac-
cording to substance, Erecovered shows different values for each substance. An electronics
manufacturer that would try to increase Erecovered without changing other system param-
eters could prioritize substances with high Erecovered over substances with lower Erecovered

for recycling. OEMs have some influence on this system parameter as they can select the
recycling facilities and hence the preferred processes for the treatment of collected EOL
equipment. Furthermore, OEMs can set up take back programs for the collection of prod-
ucts that contain comparably high amounts of substances with high Erecovered values.

17 The recycling rates shown in table 2.2 possibly deviate from the actual values to a minor degree because
the data was taken off a plot published in [181].
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The description of system variables and the process comparison in table 2.2 reveals the
main difference between the proposed methodology and traditional mass based metrics.
In using mass based metrics, corporate environmental performance (or take back program
performance) can only be improved if the quantity of WEEE collected and recycled in-
creases. As the ‘recovered energy’ approach is coupled to the process recycling rates, as well
as the environmental ‘footprint’ of individual substances, performance can be improved
even if the amount of WEEE collected remains constant. From an OEM perspective, this
approach is not only interesting in terms of program cost (collecting more WEEE always
generates higher cost), but also from a resource efficiency standpoint. Overall, it is shown
that the ‘recovered energy’ approach depends on numerous variables in the recycling sys-
tem. OEMs have influence over some of the variables, which build Erecovered. There is a
potential for OEMs to draw attention to the recycling rates of processes and the environ-
mental footprint of substances when initiating take back programs and choosing recycling
vendors/processes.

2.2.4 Data Input

Two types of data can be varied in the methodology: absolute values for all variables,
which define the methodology (k,Ep, Es,Min, i) and thematic values, i.e. alternative en-
vironmental impact indicators to ‘energy input’.

2.2.4.1 Absolute Values

Process Recycling Rates (k): A number of studies have investigated recycling rates
for different substances in different WEEE recycling processes. Consequently, this data is
available from literature and covers a couple of different processes, for example manual pre-
processing [43, 181], mechanical pre-processing [31, 119, 151, 181] and some metallurgical
processes [17, 51, 77, 181]. Reliable data on process recycling rates is in fact difficult to
obtain due to rapid development of new recycling technologies, as well as changes in the
composition and product design of WEEE. Collecting empirical data on the recycling rates
of a process is complex and requires operators of recycling facilities to disclose information
that is otherwise proprietary. As a part of this study, such empirical data was collected
in a recycling trial, which is described in chapter 3.

Mass Prepared for Recycling (Min): Data on the mass of substances prepared for
recycling is difficult to obtain for the mixed WEEE stream, but less so for OEMs if EOL
products of the own brand are recycled. If data on the material composition of these
products is available from the company’s engineering records, characterizing the amount
and type of substances put into a recycling process is feasible. This is also true if the
feed material consists of only one type of product (e.g. cell phones, PCBs) regardless of
brand, because a representative sample can be obtained and the substance composition
of the waste can be chemically analyzed prior to recycling [69]. Data on the exact mass
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of a substance present in the mixed WEEE stream is difficult to assess because WEEE
presents a very heterogeneous waste stream. The material composition of products also
varies according to age, type and brand [78]. Literature data on the material composition
of different electronics shows high variability (see appendix B). A robust approach to deal
with this issue is developed and extensively described in [31], who assays and analyzes all
24 output fractions of a recycling process for PM, ferrous, aluminum and copper content.
In [31] the sum of the substances identified in the output fractions represents the estimated
input to the process. For the purpose of this study, a cost/benefit decision was made and
four output streams of the recycling trial described in section 3.2 were chemically assayed.
This provides sufficient data to validate the metric methodology. An estimation of the
material composition of the mixed WEEE stream and the recycling trial feed material is
illustrated in appendix B and appendix C.

Substances (i): Generally, all substances, which can be recycled from waste without
loss of quality and properties can be selected for the methodology. This does not apply
for all materials in WEEE (e.g. plastics), but applies for ferrous and non-ferrous metals.
Furthermore, the selection of substances should always be based on the availability of data
and the purpose of the investigation. For this analysis, six substances were selected. The
two metal categories, which are typically recovered from WEEE are non-ferrous metals
(e.g. copper, PM, aluminum) and ferrous metals [161]. Despite their low mass content in
WEEE, gold, silver and palladium (along with other PM such as rhodium) are the most
significant substances in terms of value recovery per recovered mass [37]. Other non-ferrous
metals that are included in this analysis are copper and aluminum. Copper is recovered
in the same final recycling process as PM (see subsubsection 3.2.1.2), so it is reasonable
to assess this substance along with gold, silver and palladium. Aluminum is separated
in the pre-processing step of WEEE recycling and treated at an aluminum smelter (see
subsubsection 3.2.1.2). Ferrous metals represent a major mass stream in electronics and
WEEE recycling, which is the reason why ferrous metals were investigated in this study.
Ferrous metals account for 63 to 69% of the weight of a desktop PC [59, 175], and
account for over 40% of the weight in 1 t of mixed WEEE [30].

2.2.4.2 Thematic Values

In a first step, the methodology is tested with ‘energy input’ to primary and secondary
production values. However, ‘energy’ has been criticized as an insufficient stand-alone
environmental impact indicator [3, 75]. In order to provide a more comprehensive view
on the avoided impact on natural resources (e.g. energy sources, biologically productive
land), human health (e.g. toxicity) and climate change (e.g. greenhouse gas emissions),
several alternative indicators and life cycle impact assessment (LCIA) methods are applied.
These include single-score indicators, which quantify the direct consumption of available
resources (e.g. energy and exergy extraction from the natural environment, land use),
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as well as “impact-oriented” [135] indicators, which describe the life cycle impact of a
specific material on the environment (e.g. on the climate, human health, freshwater). The
‘recovered energy’ metric can thus be translated into an ‘avoided environmental burden’
(AEB) metric.

AEB =
n∑

i=1
(M i

ink
i)(EBi

p − EBi
s) (2.4)

where AEB is the ‘avoided environmental burden’
EBp is the environmental burden resulting from the production of
primary material
EBs is the environmental burden resulting from the production of
secondary material

The main source of data is ecoinvent (version 2.1), a database for LCA issued by the ecoin-
vent centre18. The database includes several LCIA methods, of which some are applied
to the proposed methodology. The ecoinvent centre provides detailed information on the
methodology and scope of the inventory, which are useful in case multiple datasets are
available for one product [33]. An overview of the information and assumptions on which
the selection of datasets was based is given in appendix D.

For all primary metals the scope of the inventory includes (1) mining of the ore, (2) pro-
cessing (e.g. sorting, leaching) of the ore, and (3) metallurgical processing of the ore
concentrate into primary metal. Transportation of primary metal from the refinery/plant
to any given location is not included19. Transportation of the ore to the plant, as well as
transportation between different production sites and other input materials to the plant
is included in the datasets. Just like for primary metals, the scope of the inventory of sec-
ondary metals data is limited to the material production processes only, which comprises
the mechanical pre-processing process (i.e. shredding and sorting) and the downstream
metallurgical recycling process [33]. Transportation of the secondary material to any given
location is not included. The selected dataset ‘shredding, electrical and electronic scrap’
(GLO) is a generic dataset for mechanical treatment of WEEE (regardless of WEEE type)
and comprises the energy consumption of the pre-processing machinery, air emissions orig-
inating from the shredding process, impacts originating from the building infrastructure
(indirect impacts) and transport from the collection site to the pre-processing facility.

18 The ecoinvent centre is a consortium of universities and research institutes led by Eidgenössische Tech-
nische Hochschule (ETH) Zurich, École Polytechnique Fédérale de Lausanne (EPFL) Lausanne, Swiss
Federal Laboratories for Materials Testing and Research (EMPA), Swiss Federal Research Station Agro-
scope Reckenholz-Tänikon (ART) and Paul Scherrer Institute (PSI) [4].

19 For this study, datasets ‘at refinery’ or ‘at plant’ are selected.
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Transportation between the pre-processing facility and the end-processing plant is cov-
ered in the datasets for secondary materials. This choice of inventory boundaries avoids
the complications and data uncertainties associated with the transport of primary and
secondary materials to different locations for application in products. A detailed discus-
sion on transport activities in the context of this study can be found in section 2.3. The
inventory boundaries for both types of materials (primary and secondary) are illustrated
in figure 2.3.
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Figure 2.3: Inventory Boundaries for Primary and Secondary Materials Production

The following paragraphs give an overview of the LCIA methods and data, which were
used in this study: Renewable and non-renewable Cumulative Energy Demand (CED),
renewable and non-renewable Cumulative Exergy Demand (CExD), Ecological Footprint
(EF), Global Warming Potential (GWP) (IPCC 2007, 100a), Human Toxicity Potential
(HTP), Acidification (AP) and Nutrification Potential (NP) (CML 2001).

Cumulative Energy Demand: Many studies suggest that the cumulative fossil energy
demand greatly increases the environmental impact of products [75]. The CED method
assesses all direct energy demand (e.g. energy demand of production processes) as well as
indirect energy demand (e.g. energy demand of buildings and production infrastructure)
throughout the life cycle of a commodity or service [3]. CED values are expressed in
MJ-equivalents (MJe/kg). Ecoinvent provides eight CED categories for different sources
of energy. This is based on the fact that each energy carrier can be attributed an in-
trinsic energy value, which is based on the amount of energy removed from the natural
environment [3]. There is no aggregated value available in the database, but it is possible
to combine and adjust all renewable categories and non-renewable categories for own cal-
culations. Energy values for non-renewable and renewable resource categories are shown
independently in table 2.3 because some of the main studies on CED recommend refraining
from aggregating non-renewable and renewable energy sources in CED analyses [56].
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Substance Non-renewable CED for 
production of primary 
material (MJe/kg) 

Non-renewable CED for 
production of secondary 
material (MJe/kg) 

Recovered non-renewable 
CED (Mje/kg)

Aluminum 159.9 22.9 137.1
Copper 48.5 27.3 21.2
Ferrous Metals 29.1 9.3 19.7
Gold 289,965.3 7,021.8 282,943.5
Palladium 169,264.8 13,432.7 155,832.0
Silver 6,088.2 121.8 5,966.4

Substance Renewable CED for 
production of primary 
material (MJe/kg) 

Renewable CED for 
production of secondary 
material (MJe/kg) 

Recovered renewable CED 
(MJe/kg)

Aluminum 34.0 1.8 32.2
Copper 11.9 1.7 10.3
Ferrous Metals 1.9 0.5 1.4
Gold 22,454.8 417.9 22,036.9
Palladium 7,422.7 790.8 6,631.9
Silver 610.4 7.3 603.2

Substance Total CED for production 
of primary material 
(MJe/kg) 

Total CED for production 
of secondary material 
(MJe/kg) 

Total recovered CED 
(MJe/kg)

Aluminum 194.0 24.7 169.3
Copper 60.4 29.0 31.5
Ferrous Metals 30.9 9.8 21.1
Gold 312,420.1 7,439.7 304,980.3
Palladium 176,687.5 14,223.6 162,464.0
Silver 6,698.6 129.0 6,569.6

Table 2.3: Renewable and Non-renewable CED Values for Selected Primary and Secondary
Metals

Overall, CED is referred to as an impact indicator with low technical data uncertainty,
compared to other methodologies [3, 75].

Cumulative Exergy Demand: CED describes the amount of energy withdrawn from
nature in order to provide a commodity or service, but does not capture the quality
of the energy that is consumed. The ‘quality of energy’ is linked to the second law
of thermodynamics, which defines that not all of the inherent energy of a system (e.g.
1t of coal, 1 l of hot water) is useful to perform work. The amount of energy that
is available to do work is defined as ‘exergy’ [10]. Exergy is therefore the maximum
amount of work that can be performed by an energy flow or a mass with reference to the
conditions of the environment [42], and is frequently referred to as “useful” energy [46].
In the context of environmental analysis, exergy is a common unit to assess the energy
efficiency of systems, for example of waste treatment/recycling processes [47, 88, 134] and
production processes [20, 188]. In acknowledging the fact that exergy (unlike energy) can
be destructed or consumed, measuring the exergy of systems has also been suggested as a
tool to quantify resource consumption [10]. Understanding the loss of exergy that appears
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in the course of material and energy transformation (i.e. resource consumption), allows
for the identification of processes that potentially contribute to resource depletion20. In
an effort to integrate a perspective on resource consumption into the metric methodology,
‘exergy demand’ is proposed as an alternative indicator to ‘energy demand’. The method
employed is CExD, which is extensively discussed in [21] and integrated into the ecoinvent
database. Similar to CED, the CExD method takes into account the total amount of
exergy consumed (i.e. withdrawn from the natural environment) to provide a commodity
or service. Ecoinvent defines ten resource categories (fossil, nuclear, primary forest, metals
and minerals as non-renewable sources; wind, solar, water, biomass and water as renewable
sources), which are each attributed an intrinsic exergy value, expressed in MJ-equivalents
(MJe/kg).

Substance Non-renewable CExD for 
production of primary 
material (MJe/kg) 

Non-renewable CExD for 
production of secondary 
material (MJe/kg) 

Recovered non-renewable 
CExD (MJe/kg) 

Aluminum 168.8 23.1 145.8
Copper 260.9 32.7 228.2
Ferrous Metals 38.2 9.4 28.8
Gold 695,435.7 7,112.7 688,323.0
Palladium 184,665.9 13,522.2 171,143.7
Silver 12,530.2 123.4 12,406.8

Substance Renewable CExD for 
production of primary 
material (MJe/kg) 

Renewable CExD for 
production of secondary 
material (MJe/kg) 

Recovered renewable CExD
(MJe/kg) 

Aluminum 48.0 3.3 44.7
Copper 21.8 3.6 18.2
Ferrous Metals 3.2 1.1 2.1
Gold 56,421.5 801.8 55,619.7
Palladium 34,769.0 1,948.5 32,820.5
Silver 1,215.5 13.9 1,201.5

Substance Total CExD for production 
of primary material 
(MJe/kg) 

Total CExD for production 
of secondary material 
(MJe/kg) 

Total recovered CExD
(MJe/kg) 

Aluminum 216.9 26.4 190.5
Copper 282.7 36.3 246.4
Ferrous Metals 41.4 10.5 30.9
Gold 751,857.2 7,914.5 743,942.7
Palladium 219,434.9 15,470.6 203,964.3
Silver 13,745.7 137.3 13,608.3

Table 2.4: Renewable and Non-renewable CExD Values for Selected Primary and Sec-
ondary Metals

20 A related approach is discussed by [62], who proposes entropy production as a measure of resource
consumption.
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A major asset of CExD is that it also accounts for non-energetic resources, such as water
resources and metals, which makes it a more informative method for resource consump-
tion analysis than CED. The inclusion of non-energetic resource categories is particularly
valuable in the context of a study dealing with metals, as CExD shows the contribution of
metal ores (almost 40%) to the total exergy consumption of metals [21]. This demonstrates
that CExD is not only useful to compare the ‘exergy intensity’ of different commodities
(such as primary versus secondary metals), but also to compare the exergy values of dif-
ferent resource categories (for example energetic and non-energetic resource categories)
within one data set. As in CED, renewable and non-renewable CExD datasets are shown
independently in table 2.421.

Ecological Footprint: The EF concept was introduced by [144] as a tool to assess the
anthropogenic impact on the Earth’s resources. The concept quantifies the amount of
biologically productive land, which is required to produce the resources consumed by a
population and absorb emissions generated by the consumption of non-renewable energy
carriers. Ecological Footprint is a common methodology to assess and compare the envi-
ronmental impact of regions, countries and other geographical entities [189]. In the context
of LCA, the EF is a method to assess the amount of direct and indirect land occupation
over time. Indirect land occupation originates from the use of nuclear fuels, fossil fuels and
cement burning [76]. These processes are included into the calculation by estimating the
size of the afforestation area required to offset CO2 emissions from fossil fuel use, cement
burning and nuclear fuels. Ecological Footprint datasets are integrated in ecoinvent. The
values are expressed in m2a (occupation of m2 land per year). The method is interesting
to explore in the context of the metric methodology since previous research has shown
that the primary production of metals shows high EF values (> 104m2a) as compared to
low EF values of recycling processes (0.05m2a)22.

Substance Total EF for production of 
primary material (m2a/kg) 

Total EF for production of 
secondary material (m2a/kg)  

Recovered total EF
(m2a/kg) 

Aluminum 32.2 4.2 28.0
Copper 10.8 5.9 4.8
Ferrous Metals 5.6 1.7 3.9
Gold 58,525.0 2,506.3 56,018.7
Palladium 31,790.0 2,852.8 28,937.2
Silver 1,260.0 43.2 1,216.8

Substance GWP originating from 
production of primary 
material (kg CO2e/kg) 

GWP originating from 
production of secondary 
material (kg CO2e/kg) 

Recovered GWP 
(kg CO2e/kg) 

Aluminum 12.4 1.4 11.0
Copper 3.2 1.8 1.3
Ferrous Metals 2.1 0.5 1.6
Gold 18,695.0 851.5 17,843.5
Palladium 9,729.4 756.8 8,972.6
Silver 439.2 14.7 424.5

Substance HTP originating from 
production of primary 
material (kg 1.4-DCBe/kg) 

HTP originating from 
production of secondary 
material (kg 1.4-DCBe/kg) 

Recovered HTP 
(kg 1.4-DCBe/kg)  

Aluminum 57.9 1.4 56.5
Copper 641.9 8.4 633.5
Ferrous Metals 10.6 0.8 9.8
Gold 392,150.0 647.2 391,502.8
Palladium 17,475.0 328.8 17,146.2
Silver 4,451.4 11.2 4,440.2

Substance AP originating from 
production of primary 
material (kg SO2e/kg) 

AP originating from 
production of secondary 
material (kg SO2e/kg)  

Recovered AP 
(kg SO2e/kg) 

Aluminum 0.1 6.2E-03 4.8E-02
Copper 0.5 2.0E-02 0.5
Ferrous Metals 8.5E-03 2.2E-03 6.2E-03
Gold 192.6 1.8 190.7
Palladium 8,538.5 3.1 8,535.4
Silver 6.7 3.2E-02 6.7

Substance NP originating from 
production of primary 
material (kg PO4e/kg) 

NP originating from 
production of secondary 
material (kg PO4e/kg)  

Recovered NP 
(kg PO4e/kg)  

Aluminum 6.1E-03 1.8E-03 4.3E-03
Copper 0.5 1.1E-02 0.5
Ferrous Metals 2.0E-03 3.6E-04 1.6E-03
Gold 1,067.0 0.1 1,066.9
Palladium 16.1 3.8E-01 15.7
Silver 12.5 2.2E-03 12.5

Table 2.5: EF Values for Selected Primary and Secondary Materials

21 For a detailed discussion on the complications associated with aggregating values for renewable and
non-renewable energy sources, please refer to [21].

22 The study compares EF values for a set of 19 categories (e.g. recycling, incineration, transport, plastics,
paper) [76].
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However, when comparing 98 metals, the variance of the individual values in the metal
category is high compared to other categories [76]. For this analysis ‘total ecological
footprint’ (GLO) values were sourced from the ecoinvent database. Table 2.5 shows the
EF values selected for the metric analysis.

Global Warming Potential (IPCC 2007): Carbon dioxide (CO2) is the most im-
portant anthropogenic GHG. The concentration of CO2 and other GHGs (e.g. methane,
nitrious oxide) in the atmosphere has been steadily increasing since the start of the in-
dustrialization, mainly due to the use of fossil fuels and land use change. GHG emissions
cause a rise in global temperature levels along with a series of impacts on e.g. the natu-
ral environment, regional climate and availability of natural resources [90]. GWP (IPCC
2007) in ecoinvent is a method to quantify the GWP of goods and substances, i.e. the
amount of GHG emissions caused along the life cycle, in order to understand their impact
on climate change. GHG emissions considered in the inventory are converted into CO2e

emissions based on their GWP as compared to CO2 [3]. The method captures direct
GHG emissions (e.g. from the use of fossil energy carriers), as well as emissions due to
land transformation (e.g. deforestation) and biogenic emissions. Ecoinvent provides three
different categories with respect to average GWP for a specific period. For this study,
values from the 100 year (a) impact category were selected (IPCC 2007, 100a). GWP is a
straightforward impact oriented indicator, which provides the metric methodology with a
widely accepted impact unit (CO2e). The GWP (IPCC 2007) values used for the metric
analysis are shown in table 2.6.

Substance Total EF for production of 
primary material (m2a/kg) 

Total EF for production of 
secondary material (m2a/kg)  

Recovered total EF
(m2a/kg) 

Aluminum 32.2 4.2 28.0
Copper 10.8 5.9 4.8
Ferrous Metals 5.6 1.7 3.9
Gold 58,525.0 2,506.3 56,018.7
Palladium 31,790.0 2,852.8 28,937.2
Silver 1,260.0 43.2 1,216.8

Substance GWP originating from 
production of primary 
material (kg CO2e/kg) 

GWP originating from 
production of secondary 
material (kg CO2e/kg) 

Recovered GWP 
(kg CO2e/kg) 

Aluminum 12.4 1.4 11.0
Copper 3.2 1.8 1.3
Ferrous Metals 2.1 0.5 1.6
Gold 18,695.0 851.5 17,843.5
Palladium 9,729.4 756.8 8,972.6
Silver 439.2 14.7 424.5

Substance HTP originating from 
production of primary 
material (kg 1.4-DCBe/kg) 

HTP originating from 
production of secondary 
material (kg 1.4-DCBe/kg) 

Recovered HTP 
(kg 1.4-DCBe/kg)  

Aluminum 57.9 1.4 56.5
Copper 641.9 8.4 633.5
Ferrous Metals 10.6 0.8 9.8
Gold 392,150.0 647.2 391,502.8
Palladium 17,475.0 328.8 17,146.2
Silver 4,451.4 11.2 4,440.2

Substance AP originating from 
production of primary 
material (kg SO2e/kg) 

AP originating from 
production of secondary 
material (kg SO2e/kg)  

Recovered AP 
(kg SO2e/kg) 

Aluminum 0.1 6.2E-03 4.8E-02
Copper 0.5 2.0E-02 0.5
Ferrous Metals 8.5E-03 2.2E-03 6.2E-03
Gold 192.6 1.8 190.7
Palladium 8,538.5 3.1 8,535.4
Silver 6.7 3.2E-02 6.7

Substance NP originating from 
production of primary 
material (kg PO4e/kg) 

NP originating from 
production of secondary 
material (kg PO4e/kg)  

Recovered NP 
(kg PO4e/kg)  

Aluminum 6.1E-03 1.8E-03 4.3E-03
Copper 0.5 1.1E-02 0.5
Ferrous Metals 2.0E-03 3.6E-04 1.6E-03
Gold 1,067.0 0.1 1,066.9
Palladium 16.1 3.8E-01 15.7
Silver 12.5 2.2E-03 12.5

Table 2.6: GWP (IPCC 2007, 100a) Values for Selected Primary and Secondary Materials

Human Toxicity Potential, Acidification, Nutrification (CML 2001): The CML
2001 method covers a number of impact-oriented assessment categories, of which human
toxicity, acidification and nutrification are selected to inform the Ep and Es variables [3].
The human toxicity category captures the impact of a large number of toxic substances on
the human environment (e.g. air, soil, freshwater, seawater) [68]. For each product, the
HTP is expressed as 1,4-dichlorobenzene (DCB) equivalents per kg (kg 1.4−DCBe/kg).
For this study, a category fitted to an infinite time horizon and global application was
selected (HTP infinite, GLO). The AP of substances describes the impact of acidifying
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substances (e.g. ammonia, nitrogen oxides, sulfur dioxide) on soil, groundwater, sur-
face water, organisms, ecosystems and materials (buildings). Acidification can cause e.g.
degradation of soil, damage to woodlands and decrease of fish populations. The acidifica-
tion potential (AP) of a product is expressed as sulfur dioxide (SO2) equivalents per kg
(kg SO2e/kg) in ecoinvent [68]. Nutrification includes all impacts resulting from exces-
sive emissions of nutrients (especially nitrites and phosphates) to air, water and soil [61].
Nutrification causes many negative impacts on ecosystems, e.g. excessive phytoplank-
ton growth. The NP of products is expressed as phosphate (PO4) equivalent per kg (kg
PO4e/kg) in ecoinvent. For this study, the generic datasets (no specific time scale) and
global scale application were selected for both AP and NP (AP/NP generic, GLO). To-
gether with the GWP method, the CML 2001 categories evaluate the consequences of
primary and secondary materials production, and go beyond the accounting approach
of CED, CExD and EP. Table 2.7 shows the HTO, AP and NP values selected for this
analysis.

Substance Total EF for production of 
primary material (m2a/kg) 

Total EF for production of 
secondary material (m2a/kg)  

Recovered total EF
(m2a/kg) 

Aluminum 32.2 4.2 28.0
Copper 10.8 5.9 4.8
Ferrous Metals 5.6 1.7 3.9
Gold 58,525.0 2,506.3 56,018.7
Palladium 31,790.0 2,852.8 28,937.2
Silver 1,260.0 43.2 1,216.8

Substance GWP originating from 
production of primary 
material (kg CO2e/kg) 

GWP originating from 
production of secondary 
material (kg CO2e/kg) 

Recovered GWP 
(kg CO2e/kg) 

Aluminum 12.4 1.4 11.0
Copper 3.2 1.8 1.3
Ferrous Metals 2.1 0.5 1.6
Gold 18,695.0 851.5 17,843.5
Palladium 9,729.4 756.8 8,972.6
Silver 439.2 14.7 424.5

Substance HTP originating from 
production of primary 
material (kg 1.4-DCBe/kg) 

HTP originating from 
production of secondary 
material (kg 1.4-DCBe/kg) 

Recovered HTP 
(kg 1.4-DCBe/kg)  

Aluminum 57.9 1.4 56.5
Copper 641.9 8.4 633.5
Ferrous Metals 10.6 0.8 9.8
Gold 392,150.0 647.2 391,502.8
Palladium 17,475.0 328.8 17,146.2
Silver 4,451.4 11.2 4,440.2

Substance AP originating from 
production of primary 
material (kg SO2e/kg) 

AP originating from 
production of secondary 
material (kg SO2e/kg)  

Recovered AP 
(kg SO2e/kg) 

Aluminum 0.1 6.2E-03 4.8E-02
Copper 0.5 2.0E-02 0.5
Ferrous Metals 8.5E-03 2.2E-03 6.2E-03
Gold 192.6 1.8 190.7
Palladium 8,538.5 3.1 8,535.4
Silver 6.7 3.2E-02 6.7

Substance NP originating from 
production of primary 
material (kg PO4e/kg) 

NP originating from 
production of secondary 
material (kg PO4e/kg)  

Recovered NP 
(kg PO4e/kg)  

Aluminum 6.1E-03 1.8E-03 4.3E-03
Copper 0.5 1.1E-02 0.5
Ferrous Metals 2.0E-03 3.6E-04 1.6E-03
Gold 1,067.0 0.1 1,066.9
Palladium 16.1 3.8E-01 15.7
Silver 12.5 2.2E-03 12.5

Table 2.7: HTO (infinite), AP (generic) and NP (generic) Values for Selected Primary and
Secondary Materials
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2.3 Discussions

In the previous chapter it was shown that comparing the environmental burden of primary
metals production with that of secondary metals production is a robust methodology to
assess avoided environmental impact, as primary materials data consistently show higher
EB values than recycled metals data. The analysis of the AEB methodology and the
investigation of alternative environmental impact indicators revealed some challenges and
opportunities that are worthwhile to discuss.
The number of datasets for primary metals is generally much higher than the data avail-
able for recycled materials. Especially for the ‘critical metals’ (see subsection 1.1.1) (e.g.
indium), there are no datasets for recycled metals. This data needs to be assessed in the
future to enable the inclusion of these materials into environmental impact analysis. For
some recycled metals, the available data is not tailored to WEEE recycling. For exam-
ple, the dataset for ‘palladium, secondary, at refinery’ describes the recycling of secondary
palladium from automotive catalysts. This is the best dataset on secondary palladium cur-
rently available and it is reasonable to use this data in the context of this study [177], but
datasets describing secondary raw material recycling from WEEE would be convenient.
At the time this study was completed, an LCA of a precious metals refinery in Europe
was ongoing, but no material specific data appeared to be published [159]. Such analysis
is valuable for the future inclusion of more data on secondary metals (from WEEE) into
the ecoinvent database.
Furthermore, the development of a ‘criticality’ method, which aggregates aspects such as
scarcity, estimated future demand and supply into one indicator would be a useful future
scientific endeavor. This study considers exergy demand as an indicator of natural re-
source consumption, which is a widely accepted and informative method. However, CExD
is only an indirect way to capture resource issues and does not capture any of the ‘criti-
cality’ aspects mentioned in subsection 1.1.1.
The inventory boundary of the selected datasets covers the primary and secondary pro-
duction processes, but does not include transportation from the end-processing facility to
a manufacturing plant. Although transportation (especially air transportation) can sub-
stantially impact the environmental footprint of products, it is neither feasible, nor useful
to include this part of the material life cycle into this study. Above all, the study does not
deal with a showcase example of material recycling versus primary materials production
for a specific case. In the context of studies investigating the benefits of recycling in a
specific region or for a specific case [67,187] it is of course essential to include more trans-
portation activities. This study aims at developing a baseline methodology for OEMs to
assess the environmental benefits of collection and recycling programs in any given loca-
tion, potentially even for the total mass of WEEE that was collected globally in one year.
The material flows of recycled metals after end-processing are unclear because recycled
metals can usually not be distinguished from primary metals. End-processing facilities sell
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metals to multinational trading companies [140], who trade primary and secondary metals
alike. Consequently, it is not feasible to ‘locate’ secondary metals and track the material
flow up to the re-application in a new product in order to calculate the transportation that
was necessary to provide the recycled metal for manufacturing. For this methodology and
the potential area of application, it is reasonable to limit the scope of the data inventory
to production processes (extraction from virgin ore/waste, processing and refining in a
sequence of primary production/recycling steps) because the boundaries can clearly be
defined, which makes the data for primary and secondary production comparable.
Another aspect that concerns the data is that of limited quantitative information on data
uncertainty. On the basis of ecoinvent background reports some qualitative statements
can be made. The single score methods (CED, CExD, EF), as well as the GWP method
show low data uncertainty compared to the CML 2001 methods, because many estima-
tions need to be made at the impact assessment stage [3]. This is particularly true for
toxicity impact assessment methods (e.g HTP), which need to be further developed [58].
While there is a need to refine the information on data uncertainty and develop the quality
of toxicity methods, it also needs to be said that this study sourced data from the most
comprehensive and transparent database currently available.
The previous chapter has illustrated that the AEB methodology provides by far more
insight into the recycling system than the traditional mass based metric. It also motivates
OEMs to improve take back programs with respect to environmental impact minimization.
The limits of using the metric are in including those materials into the data assessment,
which do not regain their original quality in recycling [184]. This can be illustrated with
the example of recycled plastics, which can only completely substitute primary plastics
if different types (e.g. ABS, PVC, PC) and colors (e.g. white, black) can be recovered
separately from the WEEE. In reality, this is rarely the case for the mixed WEEE stream,
and is only feasible if large amounts of one specific type of product are treated in one
batch. In most cases, the mixed recycled plastics from WEEE will not be used in the
same type of product from which they were recovered.
Another question that arises is that of the allocation of the benefits of recycling to
OEMs [55]. A recycling company might argue that the stakeholder in charge of the
actual recycling process should be credited the environmental benefit of material recovery
(like in the case of a large recycling company in Germany [2]). Others might argue that
the same is true for the legislators, who initiate recycling policies and targets, and pro-
vide some of the infrastructure for WEEE collection. Manufacturers of EEE will support
that they should be credited the AEB, because they are financially liable for the take
back and recycling. In fact, any stakeholder initiating WEEE take back and recycling
programs (e.g. charities collecting EOL phones) could claim the credit to themselves. It
is important to note that it is not the purpose of this analysis to allocate the AEB to
any stakeholder in the recycling system, nor credit OEMs for the avoided environmental
impacts and resource consumption that originate from WEEE recycling. The aim of the

43



metric methodology is simply to provide an informative and effective measure to OEMs to
assess the performance of take back and recycling programs and motivate actions beyond
increase of collected mass.

2.4 Conclusions

The previous chapter has shown that the proposed AEB metric can be influenced by sev-
eral variables in the recycling system. It was further shown that energy consumption as
an indicator of environmental impact can be complemented by a number of alternative
environmental indicators, which provide a more comprehensive view on the avoided re-
source consumption and environmental impacts resulting from the recovery of secondary
materials. All of the impact methods that were reviewed show particularly high AEB val-
ues for PM, compared to ferrous metals, copper and aluminum. However, it also has to be
considered that these materials cover only a small amount of the total mass of the WEEE
stream. The absolute AEB values of materials always have to be evaluated in connection
with mass flows. This kind of analysis will be outlined in chapter 3. The previous chapter
has demonstrated options to improve metric performance by outlining the influence of the
main system variables on AEB. In doing so, it was shown that the methodology is not
only helpful to assess current program performance but also to give OEMs guidance on
how collection and recycling programs can be improved in the future.
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3 Empirical Case Study

To demonstrate the validity of the proposed methodology, a base case of WEEE recycling
is considered. The case deals with the recovery of secondary raw materials from waste
ICT equipment, which are collected through municipal collection points and then treated
at a pre-processing facility. The key objectives of the case study are

(1) to investigate which products are currently collected in the ICT waste category,

(2) to quantify the amount of secondary raw materials recovered from ICT waste, and

(3) to provide a proof of concept for the proposed metric methodology.

For the purpose of this case, sampling analysis of ICT waste, as well as a physical recy-
cling trial is conducted at a pre-processing facility in Europe. Previous empirical WEEE
recycling trials compare the impact of different recycling technologies (manual disassem-
bly versus mechanical pre-processing) on material yields [151] and analyze material flows
and recovery yields of precious metals in a WEEE pre-treatment process [31,43]. A study
by [120] carries out a recycling trial to investigate material flows of organic compounds,
heavy metals and other materials in a WEEE pre-treatment process. The analysis by [123]
performs revenue and cost analysis of mechanical pre-treatment of WEEE. Overall, recy-
cling trials provide a valuable tool to collect original data on process recovery rates and
raw material yields. These data points are critical for the assessment of the performance
of recycling processes (e.g. with respect to mass yields and AEB) but often inaccessible
due to confidentiality concerns of the operators of recycling facilities. As in the aforemen-
tioned studies, the trial applies SFA methods (see subsection 2.2.1) to assess the flow of
substances within the pre-processing stage of WEEE recycling. The approach chosen for
this case study is original in that:

(1) Specific emphasis in put on the proportion of product categories in the trial feed
material, which consists of waste ICT equipment. The share of each product cate-
gory in the trial feed is allocated according to the results of the preceding sampling
analysis;

(2) Data assessment in the recycling trial is limited to the amount of data necessary
to test the validity and effectiveness of the proposed metric methodology, i.e. the
trial elaborates SFA for only some substances. The case study is premised on two
theoretical assumptions. One concerns the feed material of the trial, which is rep-
resentative of the waste ICT equipment collected through municipal collection in
Europe in 2011. The other relates to the recycling process reflecting a standard
process to mechanically process WEEE and separate shredder scrap into a number
of output fractions.
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3.1 Waste Characterization

The case study is designed to enable generalizations about the overall ICT waste collected
and recycled. In order to generalize, the composition of the trial feed material must
be representative of the composition of the overall ICT waste23. Representativeness can
be assumed if the proportion of different products in the trail feed material reflects the
proportion of products in the overall ICT waste stream as accurately as possible. ICT
waste in this analysis includes any ICT equipment that has been disposed of at a municipal
collection site and which coincides with one of the product categories listed in table 3.1.

Sampling Category Definition

Personal computer (PC) monitor Personal computer monitor based on cathode ray tube (CRT) technology 
Flat panel display (FPD) monitor Personal computer monitor based on liquid crystal (LC) or plasma technology
Desktop PC/server Plastic or metal case enclosing the data processing hardware of a PC/server (tower 

and desktop models), excluding monitor and other accessories
Laptop/notebook/netbook Personal computer for mobile use, which contains a monitor, a keyboard and 

a pointing device
Printer/fax/scanner/multifunctional PC peripherals used to print, fax or scan data (laser and inkjet technology)
IT misc. Modem, router
IT accessory PC mouse, PC keyboard
Mobile phone Portable phone 
Phones (other) Fixed phone (landline use)

Table 3.1: Product Categories for Sampling Analysis

Information on the current product mix can be obtained either through existing data, or
empirical data collection. However, there are few data points available on the product com-
position of the WEEE in general and ICT in particular, and the available data is not useful
in the context of this study. Some data is provided by ‘Schweizerischer Wirtschaftsver-
band der Informations-, Kommunikations- und Organisationstechnik’ (SWICO) [165], a
scheme responsible for ICT and consumer electronics (CE) waste take back in Switzer-
land, ‘Stiftung Elektro-Altgeräte Register’ (EAR), an organization in charge of WEEE
management in Germany [164] and ICT Milieu, the producer take back scheme in the
Netherlands [87].
Table 3.2 shows that EAR and SWICO include take back statistics for CE (e.g. audio
equipment, televisions) in their reporting, product categories that are not within the scope
of this study24. With respect to the level of detail in defining the product categories, the
data available from EAR, SWICO and ICT Milieu cannot be translated into the categories
defined in table 3.1. For example, the existing data does not report different types of
monitors, while this study distinguishes between FPD and CRT monitors.

23 In this context, the term ‘composition’ describes ‘the mix of products’ (e.g. share of monitors, printers,
desktop PCs).

24 Excluding CE from the calculations was not possible, because EAR did not publicly disclose absolute
tonnage numbers.
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Category NL, 2010 (%) CH, 2010 (%) DE, 2010 (%)
Source [87] [165] [164]
Monitors 58.8 13.5 23.8
Personal computers/servers/laptops 19.5 10.3 8.9
Printing/scanning/copying equipment 14.1 17.3 9.5
Telecom 0.5 3.7 1.0
IT accessories 7.1 6.5 -
Televisions - 29.3 42.7
Foto/video - 0.2 0.1
Dental - 0.1 -
Consumer electronics - 19.2 14.1
TOTAL 100.0 100.0 100.0

Table 3.2: 2010 Take Back Statistics for ICT and CE Waste in the Netherlands, Switzer-
land and Germany

Another aspect that must be considered is shown by [7], who clearly illustrates that the
proportion of product categories within ICT waste undergoes considerable changes over
time. At the time this study was designed, the existing data from EAR, SWICO and ICT
Milieu was already one year old and considered to be somewhat outdated. To conclude, it
is necessary to collect empirical data on the current composition of the ICT waste stream
in order to prepare a representative mix of feed material for the recycling trial.

3.1.1 Methodology

Because the overall waste stream is too large to be studied, samples serve as a base for
inferences about the population. The validity of the inferences depends on how closely the
proportion of product categories in the overall number of samples represents the proportion
of product categories in the overall ICT waste stream.
Only few studies have previously dealt with the collection of this type of empirical data and
investigated the representativeness of the results [102,132,149]. The analysis of [149] builds
on guidelines for the preparation of scientifically credible sampling established by [102].
These guidelines are helpful in preparing samples for chemical analysis (e.g. toxicity tests)
but do not address the type of sampling analysis that is carried out in this study. The
guidelines also give some information on sampling of containers, which is discussed in
subsection 3.1.3. More useful in the context of this study is the analysis by [132], which
quantifies the representativeness of the WEEE sampling results carried out by SENS, the
scheme for WEEE (excl. ICT and CE) take back in Switzerland. In order to investigate
the share of eleven WEEE categories in the WEEE stream, SENS conducts sampling
analysis at recycling facilities. Because each sample is characterized based on the product
category, the basic assumption of [132] is that the analysis of representativeness must be
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based on the number of units (not the overall weight) sampled. A confidence interval
(CI) is determined for each WEEE category, which gives an indication on the accuracy of
the estimated value (share of a category in the overall population). This study applies a
sampling methodology similar to the one elaborated by [132]:

(1) Random samples are taken from the overall population. In random sampling, each
unit theoretically has an equal probability of being included in the sample [27].

(2) Dichotomy applies to every category, i.e. one sample is attributed as either ‘category’
or ‘non-category’ [132].

(3) As a large number of samples are characterized in the analysis, the results (share of
each category) are considered representative of the overall population [132].

(4) Errors in the total sample follow a normal distribution because of the large number
of samples. The standard error σ(px) for each category share can be expressed as
follows [27]:

σ(px) =

√
πx × (1− πx)

n
=

√
πx × (1− πx)√

n
(3.1)

where n is the number of samples and
π is the estimated share of the category in the total sample.

σ(px) is inversely proportional to
√
n [110]. However, the standard error (and thus

the reliability of a category share) does not depend on the size of the overall popu-
lation the samples are taken from.

(5) Assuming that the sample proportions are normally distributed, the 95% confidence
intervals are calculated by multiplying the standard error with the standard normal
deviate:

CIx = σ(px)×±1, 96 (3.2)

The upper confidence limit is thus σ(px)×±1, 96 above πx, the lower confidence limit
σ(px)×±1, 96 below πx. The difference between the upper and the lower confidence
limit is defined as the absolute CI width.

(6) Because the reliability of an estimated value not only depends on the absolute CI
width but also on the size of the value itself, the relative CI is calculated:

CIRx = CI

π
(3.3)
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CIRx describes the relationship of the absolute CI width to the estimated value,
which is helpful to understand the absolute uncertainty of the results.

3.1.2 Results

The waste was accessed at the recycling facility hosting the subsequent recycling trial25.
A total of approximately 30 t of waste ICT equipment was randomly drawn from the in-
coming shipments to a recycling facility in Europe. The samples were drawn over two
subsequent weeks in July 2011. The samples were drwan from different shipments to
ensure that multiple municipalities were covered by the analysis. Each waste ICT unit
(sample) was hand sorted and categorized according to the categories listed in table 3.1.
A total number of 5,233 units were categorized, weighed and registered.

Category No. Category Units Total Weight (kg) Unit (%) Absolute CI 
Width (%)

Relative CI Uncertainty (%)

1 PC monitor (CRT) 810 11,696 15.5 2.0 0.1 12.7
2 Flat panel display (FPD) 152 678 2.9 0.9 0.3 31.3
3 Desktop PC/server 862 8,250 16.5 2.0 0.1 12.2
4 Laptop/notebook/netbook 78 213 1.5 0.7 0.4 44.1
5 Printer/fax/scanner/multifunctional 1022 6,419 19.5 2.1 0.1 11.0
6 IT misc. 214 66 4.1 1.1 0.3 26.3
7 IT accessory 1871 1,497 35.8 2.6 0.1 7.3
8 Mobile phone 101 9 1.9 0.7 0.4 38.6
9 Phones (other) 123 85 2.4 0.8 0.3 34.9

TOTAL 5,233 28,913 100.0

Table 3.3: Results of Sampling Analysis and Uncertainties

The data was finally consolidated; the total weight and number of units per category
were converted to percentages to assess the share of each category in the overall number
of samples. Table 3.3 shows the results of the sampling analysis, including statistical
uncertainties26,27.
Those categories with a large share in the overall number of samples show uncertainties
< 20%, whereas categories with a smaller share (e.g. category 8) show uncertainties > 20%
and up to 44%. For categories 2, 4, 6, 8 and 9, taking more samples would increase the
representativeness of the sampling results. Other than the distribution of units across the

25 Specifications on the location of the facility cannot be disclosed in this study to protect the identity
of the facility operator. This does not compromise the validity of the sampling methodology, which is
reproducible in another geographic setting.

26 The results of the sampling analysis showed some inconsistencies regarding the total weight of some
categories (6 IT misc., 7 IT accessory, 8 Mobile phone) and the number of units in these categories. It
is likely that these inconsistencies are due to errors in the sampling process, i.e. the sorter incorrectly
categorized samples. It is unlikely that these errors are due to weighing mistakes. The errors could
not be reproduced at the time they were detected, so the number of units was corrected based on an
estimate for the average weight of the respective product types.

27 The sampling analysis showed that many of the products in category 5 were broken into pieces due to
unloading and shifting of the container. To correct this error and avoid double counting, all samples
categorized as ‘Printer/fax/scanner/multifunctional’ showing a weight less than 2 kg (6% of the total
number of samples), were excluded from the final data set.
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overall number of samples, table 3.3 also shows the distribution of weight across the total
volume sampled for the analysis. Based on weight, this distribution shows the highest
value for category 1, as CRT monitors were the heaviest products in the product mix28.
In addition to data acquisition, the sampling process showed that many of the samples
had been liberated from valuable parts prior to arrival at the recycling facility. This
was mainly noticeable for products with metal cables (mostly copper) on the outside,
which can easily be cut off. According to the operator of the pre-processing facility, an
estimated 60% of WEEE arriving at the facility has already had cables, other metal parts
and functional units (e.g. hard drive, main logic board) removed during the collection
process. For the recycling business, this results in substantial financial damage because of
the loss of metals, while only the less valuable materials (e.g. plastics, glass) remain for
processing at the plant. In the context of this study, the ‘cannibalization’ of the samples
was primarily an issue because the sampling analysis was followed by a recycling trial,
which required complete products to be processed.

3.1.3 Discussions

The output of the sampling analysis is a set of up-to-date and well-documented results
on the product composition of the ICT waste stream. The statistical analysis provides
reliable, quantitative estimates of the representativeness of these results. Overall, the
methodology to determine representativeness is a feasible and useful approach. In addi-
tion to the statistical analysis, comparison with the results of previous sampling analysis
illustrates the representativeness. The sampling results obtained in this study were com-
pared with the results of a pilot sampling analysis that the operator of the pre-processing
facility had undertaken over the course of six months in 2011. The total amount sampled
equaled 375 t. For this pilot analysis, the recycler had drawn random sample containers
from the incoming waste shipments and the content was characterized according to five
product categories. The data from the sampling analysis performed in this study was
fitted to these categories to compare the results of the two analyses.

Product Category Pilot Study Results
% Weight

Sampling Study Results
% Weight

1 46.6 42.8
2 34.4 34.7
3 18.9 22.2
4 0.1 0.3
5 <0.1 <0.1
TOTAL 100.0 100.0

Table 3.4: Comparison of Sampling Results with Results of Pilot Sampling Analysis

28 The weight of each category is irrelevant for the statistical reliability assessment of the sampling results,
however, this data was useful for the recycling trial that followed the sampling analysis.
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Table 3.4 illustrates that the difference between the results of this sampling study and
the recycler’s pilot analysis is small, although the amount of waste sampled and catego-
rized was over 12 times larger in the pilot analysis. This finding also supports a conclusion
of [132] in showing that there is no correlation between the number of samples and the size
of the overall population. Discussions with different stakeholders in the recycling business
revealed that the amount of samples taken is often fixed to the weight of the total WEEE
stream (e.g. 1% or 2% of the total mass of WEEE processed at the facility is sampled).
This approach is also supported by the sampling guidelines in [102], which recommend that
300 containers need to be sampled if the overall population is larger than 600 containers.
In this study, it is shown that a much smaller number of sample containers are sufficient
to achieve representative results on the share of different product categories in ICT waste.
Taking more samples certainly increases the reliability of sampling results, but above a
certain number of samples the reliability of the data improves only marginally [132]. Es-
pecially with regard to the high cost of sampling analyses, it important to note that the
number of samples taken does not have to be increased as the overall WEEE processed
increases.
Some limitations that this study had to deal with are the sampling period and the ge-
ographical coverage. Ideally, samples were taken from all municipal collection sites in
the country, which was not possible because the collected waste is processed by several
recycling companies. The pre-processing facility only receives only a certain share of the
WEEE from municipal collection points. There is also a possibility that the composition of
the product mix shows temporal variability over the course of the year, so taking samples
from January throughout December is usually favored29. Furthermore, systematic uncer-
tainties need to be considered due to the practical nature of this study. The sampling
was planed carefully around the conditions on site (e.g. sampling period, access to waste,
geographical coverage), but systematic errors may occur during the implementation of a
sampling plan. In this case, false categorization of samples, double counting of samples
or other deviations from the original sampling plan could have occurred as the analysis
progressed on site. All errors identified were discussed in the preceding section.
The results of the sampling are a robust base for the composition of the feed material for
the recycling trial. On the basis of the statistical analysis and comparison with previous
sampling results, it can be concluded that the share of product categories in the trial feed
represents the composition of the overall ICT waste stream.

29 In their study, [132] show that distribution of different WEEE categories varies over the course of the
year. For example, IT and CE products show higher return rates in January and February, which may
be due to increased sales of IT and CE products during the holiday season.
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3.2 Recycling Trial

The recycling trial includes the physical pre-processing of ICT waste and the modeling
of downstream end-processing steps for some material streams. The overall aim of this
trial is to reconstruct a baseline scenario, which illustrates the current situation of WEEE
recycling. The final results of the trial must provide information on the type and quantity
of secondary raw materials recycled from a representative mix of waste ICT equipment.
Furthermore, the analysis is designed to identify and quantify potential material losses in
the recycling process. This data serves as a base to validate the usefulness of the proposed
methodology. The main outputs of the trial are:

(1) Assessment of Actual Secondary Raw Material Yields: The output of the
physical trial is a list of material output streams, which are characterized and
weighted. After the pre-processing, all of the output fractions need to be further
processed in metallurgical processes to produce secondary raw materials. The end-
processing of aluminum scrap, ferrous materials, PCBs and copper/PM (Cu/PM)
rich scrap is modeled based on literature data. The output of the modeling step is
data on the type and amount of secondary aluminum, copper, steel, gold, silver and
palladium recovered from the ICT waste. The empirical/modeled results of the trial
can then be evaluated with the AEB metric.

(2) Assessment of Potential Secondary Raw Material Yields: Assuming that the
rate at which materials are recovered in the trial is improvable, the study analyzes
the material flows of aluminum, copper, ferrous, gold, silver and palladium to identify
potential material losses. The methodological framework supporting this part of the
research is SFA (see subsection 2.2.1). Samples are taken from three trial output
streams and are chemically assayed. If losses of aluminum, copper, ferrous, gold,
silver and palladium are identified, the impact of these losses on the AEB metric can
be shown.

The recycling trial was conducted in August 2011 at the same recycling facility as the
sampling analysis. Prior to the trial, 30 t of complete waste ICT products were put together
based on the distribution of product categories assessed in the sampling analysis30. For
the trial, the ICT waste was fed into the recycling process, which represents standard pre-
processing technology (see figure 3.1). It was not possible to achieve the exact distribution
of categories, but the overall difference between the sampling results and the distribution

30 At the planning stage of the trial, it was assumed that the amount and type of substances fed to the
process can be roughly estimated by consulting literature data and data from dismantling trials (see
appendix B and appendix C). This, however, required undamaged and complete products to be used as
feed material, as bill of materials (BOMs) typically show the quantity of each material for a complete
product. Since much of the equipment sampled and categorized in the sampling analysis was incomplete
or damaged (see subsection 3.1.2), the samples could not be used for the recycling trial. Instead the
recycler collected the trial feed in order to use (mostly) complete products.
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of product categories in the trial feed material is marginal. Table 3.5 shows the number of
products per category and the total weight of each category31. The overall weight of the
feed material represented the minimum throughput necessary for steady-state operating
condition of the shredding and sorting machinery.

Category No. Category Units Weight (kg) Uncertainty (±kg) Weight (%) Comment

1 PC monitor (CRT) 837 12,080 57.7 40.3 One cable per unit
2 Flat panel display (FPD) 158 703 7.0 2.3 Without cable
3 Desktop PC/server 895 8,564 85.6 28.6 One cable per unit, 15% without HD, 10% empty
4 Laptop/notebook/netbook 85 222 2.2 0.7 25% without HD, all without battery
5 Printer/fax/scanner/multifunctional 1,061 6,668 66.7 22.3 25% with cable, 75% without cable
6 IT misc. 225 69 0.7 0.2
7 IT accessory 1,943 1,555 15.5 5.2 90% computer keyboard, 10% computer mouse
8 Mobile phone 112 10 <0.1 <0.1 Without battery  
9 Phones (other) 110 87 0.9 0.3 Stations plus handsets plus 10.5 kg cable

TOTAL 29,958 806.1 100.0

Table 3.5: Trail Feed Material

3.2.1 Recycling Process Description

3.2.1.1 Pre-Processing

Prior to the trial, the facility, including shredders, sorting machines, conveyor belts, con-
tainers, grounds and storage bays were cleaned of all materials from previous operations.
A general flowchart of the recycling process is shown in figure 3.1. The standard process
at the recycling facility includes depollution, followed by shredding and a number of sep-
aration processes to sort the scrap into different output fractions. The depollution step
involved removal of batteries from cell phones and laptops, as well as the removal of large
ink cartridges from printing equipment. This step was carried out prior to the trial, i.e.
the feed material as listed in table 3.5 (29,958 kg) represents depolluted ICT waste.

(1) in figure 3.1: As a first step of the trial, all CRT monitors were disassembled and
separated into glass, plastics and metal scrap.

(2) in figure 3.1: The metal scrap from the CRT scrap (mostly cables, copper coils,
PCBs, also some glass and plastics) was then sent to a shredder where it was fed, along with
the rest of the trial feed material (categories 2 - 8). The shredder output was then processed
over a magnet to separate out the ferrous and non-ferrous metals. In a subsequent step,
aluminum was recovered from the non-ferrous scrap using an eddy current separator. The
remaining non-ferrous material was processed over a sieve to separate very fine particles.
Coarse scrap was run over another magnet to recover material that was referred to as
‘magnetic fraction’ by the operator of the facility. This fraction predominantly consisted
of PCBs and metals, but also contained about 30% of plastics. What remains was reported

31 The number of units in category 4 was small enough to check the products for completeness. 25% of
the units were found to miss the hard drive (HD). The amount of products in category 3 was too large
to check every unit for completeness, so it was estimated that 25% of the PCs were missing the HD as
well.
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as ‘non-magnetic fraction’, which consisted of plastics, some PCBs and glass. This ‘non-
magnetic fraction’ was then processed over a series of optical and density based automated
sorting steps to further recover PCBs and copper.

(3) in figure 3.1: In a final step, these PBCs and copper, along with the ‘magnetic
fraction’ and the fines were shredded in a smaller shredder to produce an output fraction
that is rich in copper and PM.

(4) in figure 3.1: The eddy current separator does not separate PCBs very effectively;
hence the aluminum output fraction was processed over another separation step to recover
PCBs. This separation step is part of the standard process at the facility but could not
be physically be performed in this study. As a result, this process step was modeled (see
table 3.6).
Overall, the technology at the recycling facility is estimated to represent standard mechan-
ical pre-processing technology to recover secondary raw materials from WEEE. Research
conducted prior to the trial showed that the combination and sequence of process steps
varies slightly in different facilities, but the general approach of manual depollution, shred-
ding and automated (magnetic, eddy current, density and optical) separation is widely
applied in the WEEE recycling industry [104].
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Figure 3.1: Simplified Flowchart of the Recycling Process (Pre-processing)
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3.2.1.2 End-Processing

The output streams of the pre-processing facility are sold to a number of downstream
recycling operations, where the material undergoes end-processing. Most end-processing
facilities produce secondary raw materials (e.g. copper smelter, aluminum smelter) from
the output fractions, while some output fractions do not qualify for secondary materials
production and are incinerated (e.g. shredder residue). There exist several hundred pre-
processing facilities in Europe (manual and mechanical treatment), but there are only a
few metallurgical plants that are able to re-melt and refine scrap to produce secondary raw
materials [140]. The end-processing steps of the trial feed material were modeled based on
the material recycling rates of smelting and refining processes, which were obtained from
literature references. Because this study puts specific focus on the secondary production
of steel, aluminum, copper, gold, silver and palladium, the end-processing routes for these
materials are explained in detail. For some other output fractions the end-processing route
is briefly explained in subsection 3.2.4.

End-processing of ‘PCBs from aluminum’ output fraction and copper/PM
rich output fraction: PCBs and other copper/PM rich output streams of WEEE pre-
processing facilities in Europe are typically processed at integrated non-ferrous metals
smelting and refining operations [70, 71, 171]. These type of operations involve pyromet-
allurgical and hydrometallurgical process steps and are able to recover and refine copper,
gold, silver and palladium, as well as a number of other substances (e.g. lead, nickel) at
different yields from the feed material [37]. Because the downstream end-processing facil-
ity of the pre-processing operation in this study is a copper smelter, the process yields used
for the modeling of the end-processing of the ‘PCBs from aluminum’ and the copper/PM
rich output fraction correspond to copper smelting operations [77]. The average recovery
rate is estimated to be 95% for copper, 97% for silver, 98% for gold and 98% palladium.
These values are published in the study of [77] and are based on empirical data and expert
interviews [81]. A full list of average recoveries of metals at a copper smelter can be seen
in appendix E.
There are different copper/PM smelting and refining operations; hence the following de-
scription is only a brief overview of the process. Prior to metallurgy, the feed material
is sampled and crushed (if necessary) according to the requirements of the process [70].
The scrap is fed to a smelter (e.g. blast furnace) to concentrate copper and PM and
segregate lead/lead slags. The smelter output is then processed in a converter and an
anode casting plant, where copper anodes are produced. The copper anodes are then fed
to a refinery, which produces secondary copper, as well as a precious metal containing
anode slime. The anode slime undergoes further hydrometallurgical or pyrometallurgical
treatment (depending on the operation) to recover and refine PM [33]. Ferrous metals and
aluminum cannot be recovered in this process and are transferred into the slag [37].
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End-processing of ferrous output fraction: The two main steel producing routes are
electric arc furnace (EAF) and basic oxygen furnace (BOF) production, which both use
ferrous scrap as feedstock. The production of 1 t of primary steel requires about 250 -
350 kg of steel scrap to control the temperature in the BOF [185]. The EAF processing
route treats steel scrap exclusively to produce secondary steel [192].
The ferrous scrap output fraction from the pre-processing trial is a mix of low-alloyed steel
and some iron32. The output fraction is sold to a ferro smelter operation, which uses EAF
technology to produce secondary steel. The scrap is pre-heated and then smelted in the
EAF. Oxygen is injected to the furnace to support the melting process. After the slags
are separated from the molten steel, the steel is treated in a ladle furnace (addition of
micro-alloys and ferro alloys) to adjust the temperature of the liquid steel for the casting
operation. In a final step, the secondary steel is casted [51]. Secondary steel from EAF
production is able to replace primary steel from BOF production [192], unless there are
specific requirements regarding low residual element concentration for a steel product. The
recovery rate of the EAF processing route varies between 81% to 96%, i.e. 1039 - 1231 kg
of scrap are fed to the EAF to produce 1 t of secondary steel [51, 192]. For this analysis,
a mean recovery rate of 89% was assumed.

End-processing of aluminum output fraction: Secondary aluminum is produced
from two types of scrap, post-industrial scrap and post-consumer waste, at secondary
aluminum refining operations [33]. Recycling of aluminum scrap can be done without
any loss of quality and properties of the material. However, the presence of alloying el-
ements (e.g. copper, magnesium, zinc, ferrous), i.e. the mix of different types of alloys
in aluminum scrap from post-consumer waste makes the recycling process more complex
and energy intensive than the recycling of post-industrial aluminum scrap. Mixed post-
consumer scrap, such as the aluminum output fraction from the pre-processing trial is
referred to as low-quality scrap by aluminum recycling operations [49].
The scrap is sorted and prepared (e.g. crushed, recovery of iron and other material, dry-
ing) before it is being fed to the furnace. The scrap is then processed in a furnace. It is
then refined (alloying) and casted. Mixed shredder scrap (such as WEEE scrap) typically
produces cast alloys, which can be used for the production of e.g. automotive and engi-
neering components [86]. The recovery rate of the rotary furnace/refining/casting process
is estimated to be 50% to 90% assuming low-quality scrap input [17]. For this analysis,
it was estimated that 60% of the mass of scrap fed to the aluminum smelting process is
recovered as secondary aluminum33.

32 High-alloyed steel, such as stainless steel, is less common in WEEE than low-alloyed and is party hand
picked during pre-processing due to the economic value of stainless steel [140].

33 The estimation of potential recovery rates for aluminum is likely to be an idealized description as the
aluminum smelting/refining process. The production of secondary aluminum does not only depend on
the amount of aluminum fed to the process, but more importantly on the amount of alloying elements in
the scrap. Hence, the amount of aluminum fed to the aluminum smelting process does not automatically
increase the secondary raw material yield.
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3.2.2 Data Assessment Methodology

The following section explains the different steps of the experiment, which were necessary
to assess the actual mass of secondary aluminum, copper, steel, gold, silver and palladium
recovered from the trial feed material. The methodology to calculate the potential material
yields and identify material losses is explained in subsubsection 3.2.2.2.

3.2.2.1 Assessment of Actual Secondary Raw Material Yields

The data collection approach for this part of the analysis includes five steps: weightings
of trial feed material and output fractions, sampling of three output streams, modeling of
the aluminum separation step, assaying (including data interpretation), modeling of the
end-processing (including data interpretation). Figure 3.2 gives an overview over this part
of the analysis.
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Figure 3.2: Methodology to Assess the Actual Mass of Secondary Aluminum, Copper,
Steel, Gold, Silver and Palladium Recovered from the Trial Feed Material

(a) Weightings: The feed material was stored by category in containers, which were
each weighed separately. The weight of each category was recorded and then consolidated
to assess the overall weight of all categories. In order to double-check the weight, the
feed material was put into trucks and driven over a truck scale prior to the trial. After
each step of pre-processing, the output fractions were weighed separately. Weightings
were conducted after the CRT shredding and separation process (1 in figure 3.1), after
the shredding and magnetic separation/eddy current/sieve separation process, after the
optical/density based separation process (2 in figure 3.1), and after the final shredding of
copper/PM rich material (3 in figure 3.1). The weights of all final output fractions were
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consolidated and the total weight of the feed material was compared against the total
weight of the output fractions.

(b) Sampling: Samples from the copper/PM rich output stream, the aluminum and the
ferrous output fraction were taken34. The fractions were identified as relevant in terms
of PM, ferrous, aluminum and copper recovery and covered over 53% of the total mass
of the output streams. The sample from the copper/PM rich output fraction was taken
using an automated sampling installation. In this procedure, the sampling installation
was mounted underneath the small shredder (see (3) in figure 3.1) at the discharge outlet.
The sampling installation is a rotary chain that holds buckets at regular intervals. The
buckets intercept the falling stream at regular intervals.

shredder 
discharge 
outlet

sample

increment

Figure 3.3: Simplified Layout of Automated Sampling Installation

2 sec.

Figure 3.4: Simplified Layout of Manual Sampling Procedure

34 For guidance on obtaining a representative sample the author refers to [99].
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Figure 3.3 illustrates the automated sampling installation. More than 1200 increments
were taken from the full cross-section along the entire stream in order to obtain a repre-
sentative sample. Samples from the aluminum and the ferrous output fraction were taken
manually as an automated sampling installation was not available. Samples were taken at
regular intervals (ever 2 minutes) by momentarily positioning (approx. 2 sec.) a bucket
at the discharge end of the conveyor belts and taking increments from the falling streams.
40 increments of each output fraction were taken. The total mass of the ferrous sample
was 38.3 kg; the total mass of the aluminum sample was 18.4 kg. Figure 3.4 illustrates the
manual sampling procedure. Both sampling procedures yield representative samples of the
output streams, while samples that were taken manually are allocated higher uncertainties
because less increments were taken (see subsection 3.2.3).

(c) Modeling of aluminum separation step: The aluminum separation step (4 in
figure 3.1) is a standard part of the process in the facility that was evaluated, but was
only modeled for this study. According to the operator of the facility, 90% of the PBCs
contained in the aluminum output stream are recovered in this separation step. An es-
timated 10% of PCBs remain with the aluminum scrap. To model this process step, the
aluminum sample obtained in (b) was hand sorted into PCBs and aluminum scrap. The
PCBs, as well as the aluminum scrap were weighed. The total mass of PCBs and the total
mass of aluminum scrap in the aluminum output fraction were calculated based on the
share of both types of scrap in the sample. The mass of the PCBs that are recovered from
the aluminum output fraction and the mass of the remaining aluminum scrap (including
some PCBs) were calculated based on the estimated recovery rates for PCBs mentioned
above. Table 3.6 gives an overview of the methodology to assess the amount of PCBs
recovered in this separation step.

No. Modelling Step
1 Hand sorting of sample taken from aluminum output stream into PCBs (18%) and aluminum scrap (82%)
2 Calculation of total mass of PCBs in aluminum output stream (136 kg)
3 Calculation of mass of PCBs that is recovered in the aluminum separation step, based on an estimated 

recovery rate of 90% (123 kg)
4 Calculation of mass of remaining aluminum scrap (including 10% of PCBs) (635 kg)

Table 3.6: Overview of Steps Necessary to Model the Final Separation of Aluminum

(d) Assaying (including data interpretation): Four samples (ferrous sample, alu-
minum scrap sample, ‘PCBs from aluminum’ sample, copper/PM rich output fraction
sample) were sent to a laboratory for gold, silver, palladium, copper, ferrous and aluminum
assay using inductively coupled plasma atomic emission spectrometry (ICP-AES)35. The
substance concentration is expressed in parts per million (ppm) and percent (%). To cal-
culate the total mass flow of a substance in an output fraction, the concentration identified
in the sample is extrapolated to the total mass flow of the output fraction:
35 The ICP-AES method is further explained in [112].
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M s,f = ms,fMf (3.4)

where s is a specific substance
f is a specific output fraction
M is the absolute mass flow
m is the concentration expressed in ppm or %

The mass of gold, silver, palladium and copper in the copper/PM rich output fraction
and in the PCBs are the basis for calculating the actual mass of secondary gold, silver,
palladium and copper recovered from the trial feed material. Furthermore, the assaying
results are required to determine the potential raw material yields of pre-processing (see
subsubsection 3.2.2.2).

(f) Secondary raw materials recovered (including data interpretation): The end-
processing of aluminum scrap, ‘PCBs from aluminum’, ferrous materials and copper/PM
scrap was modeled based on end-processing recycling rates (k) obtained from literature
references [51,77,192]. Table 3.7 shows the k values that were used for the calculations.

M s
out = ksM s

in (3.5)

where Min is the mass of a material fed to the metallurgical process
Mout is the mass of secondary raw material recovered from the process
k is the recovery rate of the process
s is a substance/material

The mass of the ferrous fraction fed into the steel recycling process was obtained in step (a),
the mass of the aluminum fraction fed to the aluminum recycling process was calculated
in step (c) and the amount of copper, gold, silver and palladium present in the PCBs and
the copper/PM rich fraction was obtained in step (d).

Source [77] [77] [192] [51]
Material Cu/PM rich PCBs Aluminum Ferrous
Gold 98% 98% 0% 0%
Silver 97% 97% 0% 0%
Palladium 98% 98% 0% 0%
Copper 95% 95% 0% 0%
Aluminum 0% 0% 60% 0%
Steel 0% 0% 0% 89%

Table 3.7: Estimated Recovery Rate of End-processing (k)
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3.2.2.2 Assessment of Potential Secondary Raw Material Yields

The previous part of this chapter has outlined the methodology that was used to assess
the amount of secondary gold, silver, palladium, copper, aluminum and steel that were
actually recovered from 30 t of mixed ICT waste. The results are defined as the Actual
Raw Material Yields. The following part of this chapter will describe how to deter-
mine the amount of material that could potentially have been recovered. The Potential
Raw Material Yield is calculated based on the total amount of a substance present
in the four output streams that were assayed (pre-processing) and the estimated yield of
end-processing. The assessment of potential raw material yields is to be considered as
a scenario analysis (What if all substances were perfectly separated in pre-processing?).
The goal of this analysis is to compare the actual and potential raw material yield for
six substances. Finally, the actual and potential yields will be evaluated with the AEB
metric.
The methodology for the assessment of potential secondary raw material yields consists of
five steps: calculation of total mass flow of ferrous, aluminum, copper, silver, gold and pal-
ladium in four output fractions, calculation of ‘best-case recovery rate’ of pre-processing,
estimation of secondary gold, silver, palladium and copper potentially recovered.

(a) Calculation of total mass flow in four output fractions (potential yield):
Based on the first law of thermodynamics, substances contained in the feed material can
never dissolve within the process, but can be present in multiple output streams of pre-
processing. All six materials of interest were detected in each one of the four output
fractions, which were assayed. The total mass flow of a substance represents the sum of
the mass flow in the ferrous fraction, the aluminum fraction, the ’PCB from aluminum’
fraction and the copper/PM rich fraction. This can be expressed as follows:

M s
potential =

n∑
f=1

ms,fMf (3.6)

It is important to note that the total mass flow assessed in this step does not represent the
total mass flow of copper, silver, gold and palladium in the trial because only four output
fractions were assayed. For a detailed explanation, see subsubsection 3.2.2.2 step (b).

(b) Calculation of ‘best-case recovery rate’ of pre-processing: The actual recov-
ered mass (M s

actual) of copper, gold, silver and palladium is the amount of these substances
present in the copper/PM rich output fraction and in the ‘PCBs from aluminum’. The ac-
tual recovered mass of ferrous equals the amount of ferrous present in the ferrous fraction
and the actual recovered mass of aluminum represents the amount of aluminum present
in the aluminum scrap fraction.
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This is based on the fact that PM and copper are only recovered from the copper/PM rich
output fraction and the ‘PCBs from aluminum’, ferrous is only recovered from the ferrous
fraction and aluminum only from the aluminum fraction. For example, any content of
ferrous in the ‘PCBs from aluminum’ is not available for raw material recovery, because
the end-processing of PCBs does not recover ferrous material.
The ‘best-case recovery rate’ of a substance describes the proportion of the total mass flow
M s

potential to the actual recovered mass M s
actual.

RR(s) = M s
actual

M s
potential

× 100 (3.7)

where RR is the ‘best case recovery rate’ of a substance
Mpotential is the total mass flow or the mass that is potentially recoverable
Mactual is the actual recovered mass

It is important to note that the recovery rate shown here does not represent the overall
recovery rate of the recycling process and does not compare to the term ‘recycling rate’
discussed in e.g. [64, 180, 181]. This is because there is no information available on the
potential presence of gold, silver, palladium, ferrous, aluminum, and copper in shredder
output fractions that were not assayed (e.g. plastics, glass). The total mass of the output
fractions for which an assay was available covers 53% of the total mass of all shredder
output fractions. In case the remaining 47% of the output mass did not contain any
PM, ferrous, aluminum, or copper, the values calculated through Equation 3.7 could be
considered as the total recycling rate of the process. However, samples of some output
fractions were manually separated and contained pieces of metal and PCB, which supports
the assumption that the recovery rate shown here does not qualify to describe the total
efficiency of the process. The recovery rate shown here can thus rather be described as a
‘best case recovery rate’.

(c) Estimation of secondary raw materials potentially recovered: Based on their
total mass flow M s

potential, the end-processing step can be modeled. This is a theoreti-
cal scenario showing the amount of secondary raw materials which could be recovered if
M s

potential ended up in a recycling process that qualifies for recovery of substance s. Hence,
it is assumed that there are no losses of copper, silver, gold and palladium in the ferrous
and the aluminum fraction, no losses of aluminum in the ferrous fraction, the copper/PM
rich material and the PCBs, and no losses of ferrous in any of the ‘non-ferrous’ fractions.
The yields of the end-processing step can be calculated on the basis of Equation 3.5 and
the estimated recycling rates shown in table 3.7.
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3.2.3 Uncertainty

Uncertainties in the data are a due to three types of errors that can occur during the
recycling trial: weighting errors, sampling errors and assaying errors (see subsubsec-
tion 3.2.2.1) [31]. Weighting errors are fixed to the scales that are used to obtain the
weight of the feed material and the output fractions. Four scales were used in the trial,
a large floor scale to weigh the output fractions and some of the larger input categories
(±1 kg) and a small floor scale to weigh the input categories (±0.5 kg). For some larger
input categories and output fractions several weightings were necessary, which increases
the uncertainty. The CRTs were weighted on a truck scale (±20 kg) and the mobile phones
were weighted on a digital scale with an uncertainty of < 100 g.
The uncertainties from sampling and assaying outweigh the uncertainties from weighing.
Thus, all input categories and output fractions (except for the CRT input and the mobile
phones input) were allocated a weighing margin of error of 1%, which is a conservative
estimate for the majority of categories and fractions. In the sampling step, an uncertainty
is allocated due to the heterogeneous mix of the material. According to the operator of
the recycling facility, the uncertainty for manual sampling is estimated to be 10% and the
uncertainty for automated sampling is estimated to be 5%. This is because the automated
sampling installation is able to obtain a very large number of increments at fixed intervals.
The uncertainty of the ICP-AES assaying results is estimated to be 2% [31]. The uncer-
tainties of weighting, sampling and assaying are independent from each other and can be
combined into the total error by applying the Gaussian error propagation law [23,27]:

∆Atotal =
√

(∆AW eigthing)2 + (∆ASampling)2 + (∆AAssaying)2 (3.8)

where ∆Atotal is the uncertainty of the total mass flow

The uncertainty of the total mass flow ∆Atotal is allocated to the mass flow of a substance
in an output fraction M s,f . The Gaussian law also applies to the calculation of the
uncertainty allocated to the total mass flow M s

potential.

3.2.4 Results

Output fractions of pre-processing: The weights of the output fractions, which were
produced in the trial are shown in figure 3.5. The ‘glass’ output fraction almost exclusively
originated from CRT monitors, as well as the ABS plastics, which was baled (compacted)
right after the CRT shredding processes and sent to a plastics recycling plant. More ABS
was recovered from the ‘non-magnetic fraction’ because it can be sold at a higher price
than ‘plastics mixed’. The ferrous/copper composite is material that is hand picked at
different stages of the sorting process and mainly consists of motors and coils.
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Figure 3.5: Weight of Output Fractions from the Pre-processing Trial

The components are recovered because they would otherwise be discharged into the ferrous
output but are more valuable than ferrous scrap due to their 40% copper content. Stainless
steel is also recovered by hand picking for economic reasons. This material would otherwise
flow into the aluminum fraction. Although representing less than 0.1% of the total output,
the origin of the batteries is unclear but it is likely that some batteries were missed out
in the depollution step. The ‘shredder residue’ mainly consisted of foils, rubber and
Styrofoam, and is sent to incineration for energy recovery. The total mass of the output
differs to the total mass of the feed material by 4%. According to the operator of the
recycling facility, the difference between the input and the output weight can be up to
5% so the difference here is not abnormally high, but lies along the upper limit of an
acceptable difference36.

Analytical Results of Four Output Fractions: The ICP-AES assay results presented
in table 3.8 are informative with respect to some of the substance flows in the output frac-
tions of the pre-processing facility37. The uncertainty of the assaying results (concentration
36 The difference can be due to a number of reasons, for example if shredder output was inadvertently

dumped into a wrong container before a weight was obtained. The trial was monitored at all times
and the staff was well instructed prior to the trial but inaccuracies are not avoidable with the size of
the facility and the amount of material handled. The difference can partly also be related to weighing
uncertainties.

37 The concentration of ferrous in the ferrous fraction, and the concentration of aluminum in the aluminum
fraction were estimated based on interviews with the laboratory that was subcontracted for the assay.
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in ppm or %) is ±5.4% for the copper/PM rich fraction and ±10.2% for the other output
fractions, and covers the uncertainty of weighing, sampling and assaying. Table 3.8 shows
the results of the assaying, including the absolute uncertainty of each value (±g/kg).

Output Fraction Weight (kg)
±1% ppm g ± g ppm g ± g ppm g ± g

Cu/PM rich material 3,736 29.0 108.3 5.9 322.0 1,203.0 65.9 6.0 22.4 1.2
Ferrous 10,959 6.9 75.6 7.7 102.0 1,117.8 114.5 2.6 28.5 2.9
Aluminum 635 23.0 14.6 1.5 155.8 98.9 10.1 2.8 1.8 0.2
PCBs from Aluminum 123 128.0 15.7 1.6 329.0 40.5 4.1 12.0 1.5 0.2
TOTAL 214.3 39.8 2,460.2 457.0 54.2 10.1

Output Fraction Weight (kg)
±1% % kg ± kg % kg ± kg % kg ± kg

Cu/PM rich material 3,736 20.5 765.9 41.9 2.8 104.6 5.7 4.7 175.6 9.6
Ferrous 10,959 6.2 683.8 70.1 5.6 608.2 62.3 85.0 9,315.2 954.5
Aluminum 635 3.9 24.5 2.5 83.7 531.8 54.5 3.7 23.4 2.4
PCBs from Aluminum 123 30.7 37.7 3.9 8.8 10.8 1.1 1.5 1.9 0.2
TOTAL 1,511.9 280.8 1,255.5 233.2 9,516.0 1,767.5

Ferrous

SilverGold

Copper

Palladium

Aluminum

Table 3.8: Analytical Results of Four Trial Output Fractions (Substance Concentration
and Absolute Mass)

As for the total mass flow, the results show that the mass flow of gold and silver in the
ferrous fraction accounts for 35% (gold) and 45% (silver) of the total mass flow of these
substances. For both substances, the mass flow in the ferrous fraction is almost as large
as in the copper/PM rich fraction, which contains 51% of the gold and 48.9% of the silver.
The mass of gold and silver in the PCBs is only 7.3% (gold) and 1.6% (silver) of the total
mass flow. This demonstrates that the total mass flow of the output fraction is essential
when looking at the substance concentrations. The concentration of 6.9 ppm of gold in
the ferrous fraction appears reasonably low compared to 128 ppm detected in the PBCs,
but the mass flow of a fraction is crucial for the absolute mass of a substance38. The mass
of palladium in the ferrous fraction is even larger than in the copper/PM rich fraction.

Best-case Recovery Rates of Pre-processing: The distribution of substances across
the output streams can be seen in figures 3.6 to 3.11. The blue edging in these figures
indicates the output stream from which the substance can be recovered in the end-process
and thus the best-case recovery rates of pre-processing. The best-case recovery rate is the
lowest for aluminum and palladium, which are both recovered at a rate of < 50%. In the
case of aluminum, the largest mass flow is contained in the ferrous output fraction, from
which aluminum is not recovered in end-processing.

38 The relationship of mass flow and substance concentration is extensively discussed in [31]. For compar-
ison, this study finds 27 ppm of gold, 329 ppm of silver and 5 ppm of palladium in the ferrous output
fraction [30].
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Figure 3.6: Gold, Best-case Recovery Rate of Pre-processing

Figure 3.7: Silver, Best-case Recovery Rate of Pre-processing

Figure 3.8: Palladium, Best-case Recovery Rate of Pre-processing
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Figure 3.9: Copper, Best-case Recovery Rate of Pre-processing

Figure 3.10: Aluminum, Best-case Recovery Rate of Pre-processing

Figure 3.11: Ferrous, Best-case Recovery Rate of Pre-processing
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Actual Secondary Raw Material Yields: For the end-processing, the output frac-
tions are sent to the operations described in subsubsection 3.2.1.2. Based on the recovery
rates of the copper smelter, EAF process and the aluminum smelter, the secondary raw
material yields of the recycling trial can be calculated and are presented in table 3.9. The
uncertainties of the values refer to the uncertainty of the pre-processing results. The end-
processing recovery rates are based on literature references and their uncertainty cannot
be quantified. The uncertainty of the PM and the copper recovery rates is estimated to
be low because the recovery rates obtained from the study by [77] are consistent with the
recovery rates documented in other references [24,181].
Table 3.9 shows the estimated amount of secondary gold, silver, palladium, copper, alu-
minum and steel that were recovered from 30 t of mixed ICT waste in the trial.

Material Cu/PM rich PCBs Aluminum Ferrous TOTAL
Gold (g) 106.2 ±5.3 15.4 ±1.6 0.0 0.0 121.6 ±14.1
Silver (g) 1,166.9 ±58.3 39.2 ±4.0 0.0 0.0 1,206.1 ±140.1
Palladium (g) 22.0 ±1.1 1.4 ±0.1 0.0 0.0 23.4 ±2.7
Copper (kg) 727.6 ±36.4 35.9 ±3.7 0.0 0.0 763.4 ±88.7
Aluminum (kg) 0.0 0.0 319.1 ±32.7 0.0 319.1 ±32.7
Steel (kg) 0.0 0.0 0.0 8,290.5 ±849.5 8,290.5 ±849.5

Table 3.9: Actual Secondary Raw Material Yields (Material Yield after End-processing)

Potential Secondary Raw Material Yields: Figure 3.12 illustrates the difference be-
tween the potential and the actual secondary material yields from the trial feed material.

Figure 3.12: Comparison of Secondary Raw Materials Actually Recovered and Potentially
Recoverable

68



These values that underly the potential yield in Figure 3.12 correspond to a scenario in
which the total mass (M s

potential) of each substance (see total values in Table 3.8) is steered
to an end-processing facility, which is able to recover the substance for the production of
secondary raw material. As a matter of fact, the ratio between ‘mass actually recovered’
and ‘mass potentially recovered’ corresponds to the best-case recovery rates RR(x) of pre-
processing. The potential yield is a theoretical scenario, but shows that the secondary raw
material yield could be significantly increased if pre-processing separated substances more
effectively.

3.3 Results Applied to AEB Metric

The AEB metric provides an effective tool to evaluate the differences between the actual
and potential secondary raw material yields from an environmental viewpoint. To obtain
values for the total AEB in each impact category, the mass of each material is multiplied
with the respective AEB value shown in tables 2.3 to 2.7. The output of this interpretation
is a total AEB value for each of the seven environmental impact categories demonstrated
in figure 3.21.

AEBc =
n∑

s=1
M s

actual/potentialAEB
s
c (3.9)

where c is an environmental impact category

The results of the comparison of category AEBs for the actual trail yields and the potential
yields are shown in figures 3.13 to 3.19.

Figure 3.13: Actual and Potential Recovered CED (MJe)
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Figure 3.14: Actual and Potential Recovered CExD (MJe)

Figure 3.15: Actual and Potential Recovered EF (m2a)

Figure 3.16: Actual and Potential Recovered GWP (kg CO2e)
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Figure 3.17: Actual and Potential Recovered AP (kg SO2e)

Figure 3.18: Actual and Potential Recovered NP (kg PO2e)

Figure 3.19: Actual and Potential Recovered HTP (kg 1.4−DCBe)
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Regarding the actual AEB, steel accounts for the largest share of the total avoided burden
in the CED, CExD, EF and GWP categories, and copper dominates in the CML 2001
impact categories. Despite their significant AEB per kg of material, gold, silver and
palladium cover only a small share of the total actual AEB in all impact categories (with
the exception of AP, which is dominated by palladium and copper). However, the AEB
values are relatively high given the small mass flow of these materials. This confirms
the recycling of PM is particularly effective from an environmental viewpoint (i.e. small
amounts of recovered mass result in relatively large environmental benefits), which is
illustrated in figure 3.20.

Figure 3.20: Comparison of Weight Share and Recovered CED Share (Gold)

72



The dominance of copper in the CML 2001 categories is illustrated in figure 3.21 and can
be analyzed by consulting the ‘per kg AEB’ values shown in table 2.7. Out of the three
metals accounting for a large mass flow in the trial (ferrous, aluminum, copper), copper
shows much higher recovered AP/NP/HTP values than aluminum and ferrous (e.g. the
recovered HTP of 1 kg of copper is 11 times larger than that of aluminum and 65 times
larger than that of steel). The high values for copper in the AP impact category are
mainly due to SO2 (and to a smaller extent ammonia and nitrogen oxide) emissions in
the primary copper production process. These types of emissions are neither generated
in the copper recycling process, nor (or to a much lesser extent) in primary steel and
aluminum production, so the potential to avoid these emissions is one of the benefits of
secondary copper production. As for the NP category, the high values for copper are almost
exclusively due to the emission of phosphates in primary copper production. The reason
for high copper values in the HTP category is emissions of arsenic, and to a lesser extent
nickel, cadmium and other emissions to air and water, which occur in primary copper
production. Again, much less of these emissions occur in secondary copper production (so
the difference between primary and secondary values is high), and also in primary steel
and aluminum production. Overall, the prominent position of copper in the CML 2001
categories is a result of the mass flow of copper, combined with the high recovered AP,
NP and HTP values per kg of copper (compared to the other mass-relevant materials steel
and aluminum). The recovered AP/NP/HTP per kg of PM is certainly higher than that
of copper, but the mass flow of these metals is comparably low.

Figure 3.21: Overview of Material Share per Impact Category
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Palladium shows large avoided impacts (compared to silver and gold) in the AP category
because of extensive SO2 emissions in the primary palladium production process.
When looking at opportunities to improve the AEB performance of the recycling trial,
the largest potential across all categories is in improving the pre-processing recovery rates
of copper, PM and aluminum. Steel shows little potential for improvement due to the
high recovery rate in pre-processing. More effective separation of aluminum in the pre-
processing trial would particularly lead to better overall performance in the CED, EF and
GWP categories, whereas overall CExD, AP, NP and HTP performance would profit from
higher yields of copper. The data for actual and potential performance in all categories
can be found in appendix F. Table 3.10 shows the overall improvement potential of each
impact category, as one compares the performance of the actual and potential trial yields.

Impact Category Potential to Improve 
Actual Performance

CED TOTAL  (MJe) 46%
CExD TOTAL  (MJe) 55%
GWP (kg CO2e) 40%
EF (m2a) 43%
AP (CML 2001) (kg SO2e) 94%
NP  (CML 2001) (kg PO4e) 83%
HTP (CML 2001)  (kg 1.4-DCBe) 77%

Table 3.10: Improvement Potential of Actual Performance

3.4 Discussions

In the previous chapter a base case of ICT waste recycling was built to assess empirical
data on the amount and type of raw materials currently recovered fromWEEE. The results
of this trial were used to demonstrate the effectiveness of the AEB methodology.
There are certainly opportunities to expand the empirical data collection, by including
more substances and output streams into the analysis. For the purpose of this study,
the material flows and end-processing yields of six substances were put in focus and four
output streams were chemically assayed. Future studies could include additional materials,
e.g. plastics and other base materials (lead, nickel) and the end-processing yields of
more output streams, for example batteries and product units (such as the copper/ferrous
composite in the trial). Such analysis is comprehensive, but would provide a complete
picture of the total amount of raw materials extracted from WEEE today. In light of
the discussions around criticality (see subsection 1.1.1), it would be worthwhile to engage
in an analysis on the material flows of ‘critical’ substances contained in WEEE. These
substances are presently not among the materials that are recovered fromWEEE. However,
the combination of an investigation into the flows of e.g. gallium, indium and rare earth
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elements in pre-processing and the assessment of environmental impact data would be
important to understand the opportunities of recycling critical substances.
This study has determined ‘best-case recovery rates’ for six materials, which is an efficient
way to provide validation for the methodology. As a matter of fact ‘best-case recovery
rates’ do not provide a complete picture on the substance losses that occurred in the trial.
As a consequence of ‘best-case recovery rates’, the AEB improvement potential stated
in table 3.10 is to be understood as the minimal potential to improve performance. To
obtain the total recovery rates, the feed material would need to be characterized on a
substance level. This data is difficult (if not impossible) to obtain because of the complex
material composition of the mixed WEEE stream. As previously mentioned, the study
of [31] developed a methodology to estimate the mass of some substances in the trial feed
material, which requires chemical assaying of all output fractions. Because the aim of the
trial described in section 3.2 is different from the research goals in [31], such extensive
assaying does not seem reasonable in the context of this study. However, some analysis
was undertaken to characterize the feed material based on literature data and data from
extensive product dismantling trials by WEEE Analysis Service KERP39. The results of
this analysis can be found in appendix C.
One of the basic assumptions of the recycling trial was that mechanical pre-processing and
the combination of depollution/shredding/separation describes the status quo of WEEE
recycling in Europe. Because the results of the trial are used to estimate the overall
performance of OEMs in WEEE collection and recycling programs, the case is considered
representative for the current situation of electronics recycling. Notwithstanding, it must
be acknowledged that a large variety of different facilities and technologies exist to process
EOL electronics [153]. Not all of these facilities use mechanical technology, many also use
a manual approach to dismantle products and recover materials [158]. Some facilities also
use mechanical dismantling technology [96]. Even amongst the large shredding facilities
in Europe (such as the one portrayed in the previous chapter), some differences exist with
respect to the level of dismantling prior to shredding, the recovery of certain units/material
streams and the sorting technology. The case in this study adequately describes one
possible and the most common way to process WEEE [96], but does not cover the multitude
of approaches and technologies that currently exist.

3.5 Conclusions

The question remains as to how the rate at which aluminum, copper and PM were re-
covered in the trail could be improved in practice, in order to tap the full potential in
terms of AEB performance. A logical strategy is to improve the separation of substances
in pre-processing in order to better steer substances into adequate end-processing routes.

39 The dismantling trials were carried out by KERP Research Elektronik und Umwelt GmbH, who provided
datasets on the material composition of each product category present in the trial feed material.
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In the case of this trial, none of the precious metals rich components of the feed material
were manually removed prior to shredding, which may lead to lower PM/copper recovery
rates. Even if the amount of PM in the feed material cannot be accurately quantified,
it is certain that the largest amount of copper/PM in the trial feed came from the PCs
(which contain large PCBs and covered a significant mass share of the trial feed) (see
appendix B). Removing these PCBs from the PCs prior to shredding would be a first step
to reach higher PM and copper recovery rates and improvement of AEB performance.
It was also shown that the indicators selected for the AEB methodology provide a diverse
view on the environmental effectiveness of material recycling. While the impact of ferrous
materials dominates in all single-score indicator categories and GWP, the CML 2001 cat-
egories unveil the AEB of copper recycling.
There is also a contrast between the material that accounts for the largest AEB (steel) and
the materials that hold the largest potential for improvement of overall AEB performance
(copper, PM and aluminum). This supports the argument that the recycling of materials
with high mass streams must be maintained, while the recovery of materials with lower
mass streams must be improved.
To conclude, the argument laid out in subsection 2.2.1 was that the performance of the
AEB metric can be influenced by a number of variables in the recycling system. By comb-
ing the results of the recycling trial with the AEB values for six materials, table 3.10 in
fact shows that the performance of the trial can be increased by 40% (GWP) to 94% (AP).
Most importantly, this improvement is possible without increasing the mass of WEEE col-
lected and sent to a recycling facility. The conclusion that OEMs should not only look at
the increase of collected WEEE, but also turn their attention to the effectiveness of raw
material recovery is perhaps the most important finding of the AEB methodology and the
fundamental contrast to mass based corporate performance metrics.
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4 Scenario Analysis

The main finding of the previous chapter is that the AEB of a recycling program can be
increased by at least 40% if materials are recovered at a higher rate in pre-processing. In
operational reality, AEB performance is also influenced by the mass of EOL equipment
collected for recycling and the type of material collected and recycled (in knowing that
each material shows different AEB values). The following chapter develops two modeled
scenarios, which illustrate the influence of type of material collected and recycled (covering
the substance variable i and the mass variableMin) combined with the influence of process
recovery rates (k in the recycling system) on AEB performance. The results of this exercise
can be used to guide strategic development of WEEE collection and recycling programs.

4.1 Scenario in Context

The modeled cases developed in the following chapter exclusively focus on one type of
WEEE, EOL mobile phones (as opposed to mixed ICT waste in the empirical case). The
processing route is depollution followed by metallurgical processing in scenario 1, and de-
pollution, mechanical pre-processing and metallurgical end-processing in scenario 2. The
recycling process described in scenario 2 is thus identical to the recycling process illus-
trated in the mixed ICT waste case; only the process feed (input) is different. In an effort
to understand how the AEB performance of a mobile phone collection program compares
against the mixed ICT waste collection program, the recovery of secondary gold, silver, pal-
ladium, copper, aluminum and steel from mobile phones is investigated in both scenarios.
Environmental data (AEB values of all impact categories defined in subsubsection 2.2.4.2)
are used to evaluate the mass of secondary raw materials recovered in scenario 1 and 2.
Figure 4.1 summarizes the system variables of the AEB methodology (input, recycling
process, output and environmental impact assessment) and shows where data input in
scenario 1 and 2 will be different from the mixed ICT waste case.
In recent discussions around resource efficiency and the development of closed loop economies,
increasing focus has been put on the collection and recycling of EOL mobile phones
[45,95,131,145]40.

40 In the context of sustainable production and consumption, the term ‘closed loop’ refers to the idea of a
zero waste economy, in which all EOL materials can be reapplied in the production of new goods. The
opposite is an ‘open loop’ economy, in which EOL goods and materials are e.g. dissipated or land-filled,
without being used in a new application [22].

77



!!"
! ! !! ! !! ! !!! !!!! !

Data input varied for EOL  
mobile phone scenarios 

System  
Variables 

Input Process Output AEB Metric 

Recovery Rates of 
Process(es) Process Yield 

Type/Mix of Product(s)  

Absolute Mass 

Material Composition of 
Product(s) 

EB of secondary 
material 

EB of primary material Data Input 

Figure 4.1: Overview of System Variables

Among the main reasons for this are:

(1) EOL mobile phones hold a number of valuable substances, e.g. PM and copper,
which can be recycled, provided that the waste enters an appropriate recycling pro-
cess. The total mass of PM per phone is low (compared to the mass of e.g. plastics
and glass) [148] but the concentration is higher than in most other ICT products [127]
and also higher than in virgin metal ores [11]. In addition to monetary value, the
recovery of potentially critical substances, such as PGM, antimony and tellurium
has recently brought mobile phone recycling to the attention of industry, media and
legislators [25,131].

(2) Mobile phones are among the product groups that appear to largely escape the of-
ficial collection and recycling systems. Take back rates of formal collection systems
are traditionally below 20% [29]41. This can also be seen in table 3.3, where mobile
phones accounted for less than 1% of the mass of ICT waste collected at munici-
palities. The small size of mobile phones allows for easy disposal in the household
waste and storage over long periods of time, as opposed to bulkier products, e.g.
EOL monitors, PCs and white goods. Recent data suggests that most consumers
either store their phone or give it someone else after the first use phase [28]. Mo-
bile phones are used for up to another six years by second and third consumers. A
number of collection programs in different regions have shown that it is challenging
to motivate consumers to hand back their EOL phones. Factors that support con-
sumer willingness to return EOL mobile phones are ease of use/convenience, strong
messaging/consumer education and incentives, according to a study by Nokia [168].

41 For comparison, the collection rate of LCD monitors and CE is > 40% of WEEE generated [80].
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(3) In addition to absence of successful strategies for EOL mobile phone collection,
previous research has shown that traditional mechanical pre-treatment of mobile
phones is not optimal to reclaim raw materials from EOL mobile phones [78]. The
study of [78] shows that the combination of depollution and metallurgy is the most
favorable recycling route from a value recovery standpoint, and the second most
favorable in terms of environmental performance, compared to three alternative EOL
routes (manual disassembly, mechanical treatment and landfilling)42. However, most
EOL phones are currently pre-processed along with the mixed WEEE stream in
mechanical processes [31]. It is also estimated that many EOL mobile phones are
donated or resold to developing countries, where efficient recycling infrastructure
does not exist [153].

In summary, the data shows that there is currently a large gap between the perceived im-
portance of mobile phone recycling, and the reality of collection and recycling rates. Poor
performance of current programs on the one hand, and substantial potential in terms of
value and resource recovery on the other, may lead OEMs to invest in programs specifically
tailored to EOL mobile phone collection. These programs would need to overcome the
weaknesses of the current collection systems, for example educate consumers on mobile
phone recycling, provide incentives for consumers, provide convenient disposal options and
optimize the choice of treatment processes.
Designing and implementing a program for EOL mobile phone collection would
require financial investments beyond the costs of traditional WEEE take back
programs, as well as time investments for the development of e.g. consumer
education strategies and collection logistics. The question that provokes the
modeling of the scenarios is as to whether these investments would ‘pay off’
for OEMs in terms of AEB performance43. The commitment of OEMs to improve
AEB performance is the prime motivation for developing scenarios. These scenarios are
able to give guidance on how collection programs could potentially be designed.

The key questions are:
Question 1 (Comparison of scenario 1 and mixed ICT waste case): Would fo-
cusing on one specific EOL product substantially increase AEB performance in order to
justify the additional investments, which an EOL mobile phone collection program de-
mands?
Question 2 (Comparison of scenario 1 and scenario 2): If so, to what extent do
these improvements depend on the choice of a specific recycling process?

42 Environmental performance of ‘direct smelting’ is surpassed by ‘manual disassembly’, but the economic
performance is 16 times higher for the ‘direct smelting’ route.

43 This work does not apply any economic metrics to evaluate take back programs, so the use of the term
‘pay off’ is to be understood in a qualitative sense.
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Question 3 (Comparison of scenario 1 and mixed ICT waste case): Does high
concentration of PM and copper in mobile phones compensate for the 0% recovery of
steel and aluminum in the metallurgical process, given that steel and aluminum recovery
accounted for the majority of CED, CExD, EF and GWP savings in the mixed ICT waste
case?
In developing scenario 1 and 2 the AEB of an exclusive EOL mobile phone collection
program can be quantified. In selecting two different processing routes, the results of
scenario 1 and scenario 2 can be compared against each other and compared against the
mixed ICT waste case.

4.2 Variables

Three parameters are of importance in both scenario 1 and 2: mass Min of substance i
fed to two different processes, which are characterized by their recovery rates ki. The
following chapter outlines the main assumptions behind the system variables and data
inputs for the scenarios.

4.2.1 Basic Assumptions

Municipal recycling systems currently collect EOL mobile phones along with the mixed
WEEE stream. Despite research showing that the optimal recycling route for phones is
direct processing in a copper smelter, the reality shows that recyclers cannot manually
separate the phones from the incoming mixed WEEE containers. This results in the
phones being treated along with other product groups. The advantage of an exclusive
mobile phone collection program is that the phones can be steered towards the optimal
process. An overview of the input, processes and material flows modeled in the scenarios
can be seen in figure 4.2.

Scenario 1 involves manual removal of the battery (depollution) and processing at the
copper smelting facility. In this case, it is assumed that there is no manual disassembly of
e.g. plastics, as the labor cost for dismantling would exceed the additional value returns
(in a European setting of the scenario) [78]. There is also no mechanical disassembly (e.g.
shredding, automated disassembly), but the phones are processed at a copper smelter
facility directly after depollution. Batteries, chargers and other mobile phone accessories
are not considered in the calculations, so the material data outlined in table 4.1 refers
to handsets only. At the smelting facility, the phones are typically shredded to prepare
the feed material for the smelter [91]. Contrary to the pre-processing of mixed WEEE, no
material is separated after shredding, but all of the scrap is fed to the metallurgical process.
The shredding process is also an isolated system, which means that dusts remain with the
scrap. The material is then fed to a furnace. Along with copper, gold, silver and palladium
the recovered substances also include e.g. lead, zinc and platinum. However, this scenario
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only looks at recovered cooper, silver, gold and palladium to enable comparison with the
mixed WEEE case. Ferrous materials and aluminum are not recovered in the copper
smelter and are transferred to the slag [37].

Scenario 2 describes a case in which the phones are depolluted and then shredded at a
traditional pre-processing facility (similar to the one in the empirical case). As opposed to
the ICT waste case, scenario 2 assumes that shredder feed consist of EOL mobile phones
only, so the phones are not shredded along with other types of WEEE. After shredding, the
scrap is processed over a number of separation steps to seperate ferrous metals, aluminum
and other non-ferrous metals. The ferrous metals and the aluminum output streams are
then sent to end-processing facilities, where secondary steel and aluminum are produced
from the scrap. The copper/PM-rich output is end-processed at a copper smelter to
produce secondary gold, silver, palladium and copper (amongst others). The material
input data refers to handsets only (without battery and accessories). As opposed to
scenario 1, the total yield of raw materials recovered in scenario 2 is influenced by the
recovery rate of two types of processes, (mechanical) pre-processing and (metallurgical)
end-processing.

EOL Mobile Phones 
Input 

Process 

Output 

AEB Metric 

EOL Mobile Phones Mixed ICT Waste 

Scenario 1 Scenario 2 Empirical Case 

Direct Processing in 
Copper Smelter 

Mechanical Pre-
Processing 

Mechanical Pre-
Processing 

Metallurgical End-
Processing 

Metallurgical End-
Processing 

Recovered CED, 
CExD, EF, GWP, 

HTP, AP, NP 

Recovered CED, 
CExD, EF, GWP, 

HTP, AP, NP 

Recovered CED, 
CExD, EF, GWP, 

HTP, AP, NP 

Gold Silver Pall. Gold Silver Pall. Gold Silver Pall.

Copper Alum. Steel Copper Alum. SteelCopper Alum.

Figure 4.2: Overview of Material Flows in Scenario 1, 2 and the Mixed ICT Waste Case
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4.2.2 Data Input

Data input to the scenario consist of material data, process data and environmental data
(see Table 4.1). Material data includes data on the average product composition of EOL
mobile phones and a value for the mass fed to the process. The overall mass of EOL
phones fed to the process is fit to the mass of mixed ICT waste fed in the empirical trial to
enable comparison. Process data covers the recovery rate of gold, silver, palladium, copper,
aluminum and ferrous metals in mechanical pre-processing, the estimated recovery rates
of a copper smelting process, secondary aluminum production, as well as secondary steel
production. Data input to the EB variables (environmental data) is obtained from the
ecoinvent database and identical in both scenario calculations and the mixed ICT waste
case.

Scenario 1 Scenario 2
Material Data Substance 

Concentration
Unit Reference Material Data Substance 

Concentration
Unit Reference

Ferrous Materials 7 % [24] Ferrous Materials 7 % [24]
Aluminum 1 % [69] Aluminum 1 % [69]
Copper 13 % [24] Copper 13 % [24]
Gold 347 ppm [24] Gold 347 ppm [24]
Silver 3630 ppm [24] Silver 3630 ppm [24]
Palladium 151 ppm [24] Palladium 151 ppm [24]

Feed Mass 29,958 kg Feed Mass 29,958 kg

Process Data Recovery Rate Unit Reference Process Data Recovery Rate Unit Reference
Ferrous Materials 0 % [77] Pre-processing 
Aluminum 0 % [77] Ferrous Materials 90 % [31] [176]
Copper 95 % [77] Aluminum 60 % [176]
Gold 98 % [77] Copper 60 % [31] [176]
Silver 97 % [77] Gold 25 % [31]
Palladium 98 % [77] Silver 25 % [31] [176]

Palladium 25 % [31]
Environmental Data see table 4.5 End-processing 

Ferrous Materials 89 % [51]
Aluminum 60 % [192]
Copper 95 % [77]
Gold 98 % [77]
Silver 97 % [77]
Palladium 98 % [77]

Environmental Data see table 4.5

Table 4.1: Data Input for EOL Mobile Phone Scenarios

4.2.2.1 Material Data

Data on the concentration of the six target substances in mobile phones is available from
a number of literature references [24, 69, 77, 78, 124, 127, 183], which are shown in table
4.2. For this study, a dataset which represents the average composition of mobile phones
is selected [24]. This data is based on multiple assays of several t of mobile phones. The
original dataset does not provide an explicit value for aluminum concentration, so an
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estimate was made, based on a reference by the same author [69]. The reason for selecting
average material composition data is that all other datasets represent only an example of
what the material composition of one mobile phone can be.

Reference  [77]  [24]  [78]  [183]  [69]  [124] [127]
Year of Production 2000 1995-1996 1999 2005 1997-2006
Material Unit
Ferrous metals 2.4 7.0 8.0 3.7 5.0 3.0 3.5 %
Non-ferrous metals
Copper 26.8 13.0 14.2 15.6 13.0 15.0 33.3 %
Aluminum 2.3 2.9 1.8 1.0 1.5 %
Gold 800.0 347.0 380.0 245.0 350.0 1455.3 ppm
Silver 800.0 3630.0 2430.0 4800.0 1340.0 8252.1 ppm
Palladium 610.0 151.0 150.0 0.0 210.0 376.3 ppm
Other 4.2 4.2 10.3 0.9 4.0 %
Other
Plastics 44.0 41.0 59.6 57.0 58.0 %
Glass 5.5 34.0 10.6 2.0 %
Other 18.4 0.2 21.0 20.0 %
Note Average 

mobile phone 
composition

Other: nickel, 
zinc, silver and 
its compounds

Data refers 
to PCB only, 
mean values of 
19 samples

Table 4.2: Comparison of Literature References: Gold, Silver, Palladium, Copper, Alu-
minum and Ferrous Concentration in Mobile Phones

The data shown in table 4.2 indicate that this type of product data varies significantly.
The material composition depends on model and make, but also on the year of production
[78]44.
For example, table 4.3 shows that silver and ferrous concentration in PCBs from mobile
phones varies greatly, whereas the concentration of copper and gold varies much less. The
data was obtained from the study by [127] and is based on analysis of PCBs from 19
different mobile phones. Although the data only covers the material composition of the
PCBs, the analysis demonstrates the variability of product BOMs. This finding supports
the approach of using data that captures the average composition of mobile phones.

Substance Mean Concentration Unit CV
Silver 8252 ppm 0.95
Gold 1455 ppm 0.20
Palladium 376 ppm 0.66
Copper 33 % 0.16
Aluminum 2 % 0.53
Ferrous 4 % 1.09
Based on data obtained from [127]

Table 4.3: Mean and coefficient of variation (CV) for Gold, Silver, Palladium, Copper,
Aluminum and Ferrous Concentration Detected in 19 Different PCBs from Mo-
bile Phones

44 The fact that material concentrations vary by year of production is also illustrated in the study of [78]
who compares the average composition of mobile phones built in 1999 and 2003 and shows that the
concentration of PM decreased by 60% (silver), 25% (gold) and 35% (palladium).
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The total mass of gold, silver, palladium, copper, aluminum and ferrous in the input
material is calculated by combining the absolute mass of the input material with the
concentration values.

4.2.2.2 Process Data

Mechanical Pre-Processing: Recovery rates of the process modeled in scenario 2 are
more difficult to obtain than recovery rates of metallurgical processes. In mechanical pre-
processing, recovery rates largely depend on the disassembly and separation technology.
In other words, the recovery rates vary by facility. Although scenario 2 and the mixed ICT
waste (empirical) case compare in terms of processing technology and recycling path, the
‘best-case recovery rates’ assessed in the empirical trial are not useful for application in
scenario 2. If used as input for variable k in scenario 2, the recycling rates of pre-processing
are likely to be overestimated. This is because the ‘best-case recovery rates’ are based on
assaying of only 50% of the total output fractions from the trial. A number of literature
references provide recovery rates for different substances in mechanical pre-processing of
WEEE. An overview of these values is shown in table 4.4.

Material [30] [181] [72] [119]
Ferrous Metals 71% 90% <95% n.a.
Aluminium n.a. 90% <95% n.a.
Copper 60% 50% <95% n.a.
Gold 25% 10% n.a. 75%
Silver 12% n.a. n.a. 70%
Palladium 26% n.a. n.a. 40%
Note Mixed WEEE feed PCB feed, 'Intense 

Shredding'
Scenario

Mixed WEEE PC only feed

Table 4.4: WEEE Pre-processing Recovery Rates – Empirical and Modeled Values from
Different Literature References

Some data are based on empirical trials [31, 119], some data is modeled [181] or based
on estimates [72]. The pre-processing technology and process steps described in these
references is not identical, for example, in [119] the feed is processed in a smasher in
order to liberate the PCBs prior to shredding45. In [31], the feed is directly processed in a
shredder (similar to the empirical case in chapter 3 and similar to the estimated conditions
in scenario 2). The study of [31] also provides the most comprehensive dataset in terms
of substances analyzed and gives detailed information on how the data was obtained, and
was therefore used as the main reference for this study. Some of the values were rounded
based on expert guidance [176], for example the rate for all PM was estimated to be 25%,
90% for ferrous, and 60% for copper and aluminum.

45 A smasher consists of a rotary drum, which is used to liberate certain components from WEEE.
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Metallurgical End-Processing: As in the mixed WEEE case, recovery rates of a cop-
per smelting plant are obtained from [77]. In this study, the term ‘recovery’ implies the
production of secondary material, which perfectly replaces primary material. Ferrous ma-
terials and aluminum contained in copper smelter slags find application in the production
of building material but cannot be recycled into the original material. The recovery rate
for these substances therefore is zero. The same recovery rates as in the mixed ICT waste
case were applied for aluminum and steel scrap smelting and refining (see table 4.1).

4.2.2.3 Environmental Data

Appendix D shows the datasets that were selected from the ecoinvent database to obtain
values for secondary and primary materials. These datasets were used for the analyses of
the ICT waste case. The same environmental data was used for the scenario analyses.
Table 4.5 gives an overview of the AEB of gold, silver, palladium, copper, aluminum and
steel in seven environmental impact categories.

Material Recovered  CED 
(MJe/kg)

Recovered CExD 
(MJe/kg)

Recovered EF 
(m2a/kg)

Recovered GWP 
(CO2e/kg)

Aluminum 169.3 190.5 28.0 11.0
Copper 31.5 246.4 4.8 1.3
Ferrous Metals 21.1 30.9 3.9 1.6
Gold 304,980.3 743,942.7 56,018.7 17,843.5
Palladium 162,464.0 203,964.3 28,937.2 8,972.6
Silver 6,569.6 13,608.3 1,216.8 424.5

Material Recovered HTP 
(kg 1.4-DCBe/kg)

Recovered AP (kg 
SO2e/kg)

Recovered NP (kg 
PO4e/kg)

Aluminum 56.5 4.8E-02 4.3E-03
Copper 633.5 0.5 0.5
Ferrous Metals 9.8 6.2E-03 1.6E-03
Gold 391,502.8 190.7 1,066.9
Palladium 17,146.2 8,535.4 15.7
Silver 4,440.2 6.7 12.5

Table 4.5: Overview of Environmental Data Used in Scenario 1, 2 and the ICT Waste Case
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4.3 Results

Table 4.6 shows the results of the recovered mass in both scenarios.

Material Mass Recovered in 
Scenario 1 (kg)

Mass Recovered in 
Scenario 2 (kg)

Mass Recovered in 
ICT Waste Case (kg)

Ferrous Metals 0.0 1,679.7 8,290.5
Aluminium 0.0 107.8 319.1
Copper 3,699.8 2,219.9 763.4
Gold 10.2 2.5 0.1
Silver 105.5 26.4 1.2
Palladium 4.4 1.1 <0.1
Total 3,819.9 4,037.4 9,374.3

Table 4.6: Secondary Raw Material Yields of Scenario 1 and Scenario 2

The results show that the recovered mass is largely dominated by secondary copper in
scenario 1 and by copper and ferrous metals in scenario 2. The mass yield of scenario 1 is
13% and the mass yield of scenario 2 is 14% compared to the overall weight of the input
to the process. In fact, even if this analysis looked at all of the materials contained in
EOL mobile phones, the total yield of recycling scenario 1 would not be higher than 20%
of the input mass, because glass and plastics (which account for about 75% of the input)
are transferred to the slag in a copper smelting process. Although ferrous metals and
aluminum are recovered in scenario 2, the total yield in this scenario is only slightly larger
than in scenario 1. The amount of PMs recovered in scenario 1 is 120 kg, of which the
largest share is silver (88%). Scenario 1 recovers about 80 times more PMs than the ICT
waste case. The amount of precious metals recovered in scenario 2 is 30 kg, so only about
25% of the precious metals yield of scenario 1, but over 20 times as much as in the ICT
waste case.
The AEB methodology was applied to the mass yields of secondary steel, copper, alu-
minum, gold, silver and palladium calculated in scenario 1 and 2. The sum of the AEB in
each impact category was compared against the sum of the AEB in the ICT waste case.
The results of this comparison are shown in figures 4.3 to 4.6. The most apparent result of
the analysis is that scenario 1 is the most favorable option in terms of AEB performance
in all environmental impact categories. This is a result of the high concentration of PM in
EOL mobile phones and their high recovery rates in direct metallurgical processing. On a
more granular level, the data shows that the largest share of AEB comes from the recovery
of gold in the CED (67%), CExD (70%), GWP (67%) and EF (68%), NP (76%) and HTP
(58%) in scenario 1. While not being the largest source of recovered HTP, copper also
accounts for a major share (34%) in the HTP category because of the high mass flow and
extensive SO2 emissions in primary copper production. The only category where gold
plays a minor role is AP, for which palladium covers 90% of the total recovered AEB.
As mentioned before, this demonstrates that the efficient recovery of gold, copper and
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palladium must be the utmost priority in mobile phone recycling.
In terms of total AEB, the second most favorable take back and recycling option is not
consistent in all categories. While the ICT waste scenario shows higher or about equal
values in the CED, CExD, EF and GWP categories, scenario 2 shows better results in
terms of recovered AP, NP and HTP. This is largely a result of the high mass flow of
copper in the mobile phone input and higher yields of copper in scenario 2 than in the
mixed ICT waste case. There was at least 1,511 kg of copper in the mixed ICT waste batch
and around 3,894 kg was estimated to be in the process feed material in scenario 2. Even
though the overall efficiency of the recycling chain (pre-processing and end-processing in
copper smelter) was only 57% for copper in scenario 2, the total recovered mass is still
larger than in the ICT waste case and results in high recovered HTP, AP and NP.
Overall, the results of the scenario analysis can be interpreted as follows: Compared to
scenario 2 and the ICT waste case, a collection program such as the one described in sce-
nario 1 is by far the most favorable option from an environmental standpoint and the most
effective way to significantly improve AEB performance. In terms of environmental per-
formance, the success of an EOL mobile phone collection program fundamentally depends
on the choice of recycling process to recover secondary raw materials. Although the results
are not consistent across all impact categories, it can be concluded that OEMs could as
well just continue to limit collection programs to mixed WEEE, rather than investing in
an EOL mobile phone recycling program, if the recycling rates of pre-processing are as low
as in scenario 1. Scenario 2 shows better results than the ICT waste case only in the AP,
NP and HTP categories, but the difference is not nearly as significant as the difference
between scenario 1 and the other cases.
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Figure 4.3: Comparison of Total Recovered CED/CExD in Scenario 1, 2 and the ICT
Waste Case

Figure 4.4: Comparison of Total Recovered EF/GWP in Scenario 1, 2 and the ICT Waste
Case
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Figure 4.5: Comparison of Total Recovered AP/NP in Scenario 1, 2 and the ICT Waste
Case

Figure 4.6: Comparison of Total Recovered HTP in Scenario 1, 2 and the ICT Waste Case
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4.4 Discussions

The previous chapter has shown that the development of scenarios is a straightforward
approach for OEMs to estimate the AEB performance of future take back programs and
to organize collection and recycling based on environmental considerations. The develop-
ment of scenarios can thus support decisions in the planning stage of take back programs.
The scenarios developed in this study are a good example for a case in which the collection
of a specific type of EOL material can lead to significant AEB improvements, but also to
disadvantages or less significant improvement, depending on the choice of the recycling
process. The key learning from this analysis is that collection of environmentally burden-
some materials is not an environmental ‘win’ per se, but that the most efficient process
for the specific waste must be chosen.
The choice of the scenarios was largely based on the availability of process input and recy-
cling rates data. The material data available for mobile phones is extensive and detailed,
compared to other product categories (as can be seen in appendix B). Recovery rates of
different recycling processes are also difficult to obtain and are currently limited to just
a few empirical studies, which are shown in table 4.4. The recovery rates estimated for
mechanical processing of EOL mobile phones are to be regarded as approximate values.
More complex scenario analysis can be conducted with commercial models, such as QW-
ERTY [77].
One aspect that complicates scenario analyses is that the most and least favorable sce-
nario is not always consistent across all impact categories. This can be seen in the scenario
analysis developed in this study, in which the second most favorable option is scenario 2
in considering AP, NP and HTP, and the ICT waste case in considering e.g. the CED, EF
and GWP categories. If the results of scenario analyses were used in the planning stage of
recycling programs, OEMs would necessarily have to decide which type of avoided impact
they prioritize. Furthermore, even if OEMs incorporate environmental considerations into
the design of take back and recycling programs, it must be acknowledged that economic
factors (cost of collection, cost for processing, value returns of recycling process) are at
least as important as AEB performance.

4.5 Conclusions

In order to answer one of the questions stated in section 4.1 (Would the investments into
the design of a mobile phones take back program ‘pay off’ in terms of AEB performance?),
it can be concluded that the investments are worthwhile if the choice of processing is that
of scenario 1, instead of the process described in scenario 2. Compared to the mixed ICT
waste, EOL mobile phones intuitively seem like a more relevant product category in terms
of secondary raw material recovery because of their high concentration of precious metals.
However, the analysis shows that this potential is only tapped if the optimal recycling
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path is chosen. Overall, the AEB metric has proven to be an effective tool to quantify the
environmental benefit of different programs and can be used to inform strategic decisions
on future take back programs.
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5 Results and Recommendations

In the last chapter of this thesis, the main results of the research will be summarized and
discussed in light of the research questions and metrics criteria outlined in chapter 1. While
some of the strengths and weaknesses of the methodology, empirical trial and scenario
analysis were discussed at the end of the respective chapters, the following part of this
thesis will raise some overarching points of discussion that concern this work. Some
of the findings of this research can be translated into recommendations, which concern
producers of electronics on the one hand, and policy makers on the other hand. Moreover,
the empirical trial revealed some relevant findings for the analysis of WEEE and recycling
processes, which is why some recommendations are addressed to the operators of recycling
facilities. This research has also shown that there are many opportunities for future
research, of which some will be discussed at the end of this chapter.

5.1 Summary of Results

Two research questions were posed at the beginning of the thesis: (1) How can producers
measure the performance of WEEE collection and recycling programs, irrespective of mass
and units collected? (2) How can indicators of environmental impact be incorporated into
these alternative performance metrics? Below is a summary and critical discussion of how
these questions were answered.

5.1.1 Research Questions

The work presented here has shown that the AEB metric is capable of measuring the envi-
ronmental impact of WEEE collection and recycling programs and is an alternative to the
widely used mass and unit based performance metrics that were shown in subsection 1.2.4.
The five key findings of analysis are:

(1) The metric is not entirely independent of the mass of WEEE that is collected and
recycled because more WEEE will potentially result in higher avoided environmental
impacts. What sets the AEB metric apart from traditional metrics is that perfor-
mance improvement is not exclusively coupled to increased collected volumes, but
to numerous parameters in the recycling system.

(2) In reality, producers cannot influence all of these parameters (e.g. the environmental
impact of primary production), but they have influence on some of them. Perhaps
most importantly, the research has shown that by increasing the rate at which ma-
terials are reclaimed in recycling, the performance of collection programs could be
improved significantly. For example, in the empirical case it was shown that there
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is a large potential to increase the effectiveness of collection programs by increasing
the material recycling rate in pre-processing. The improvement potential in this case
ranged from 40% in the GWP (IPCC 2007) category to 94% for AP (CML 2001).

(3) Focusing on improved recovery of precious metals is of major importance in terms of
performance improvement, but the largest share of the total AEB still comes from
the recovery of steel, copper and aluminum. This is true for the current ICT waste
stream, but the material composition of this waste stream will change in the future
and has to be reevaluated. Due to miniaturization of ICT products, it is likely that
there will be a shift from ferrous metals to non-ferrous metals (e.g. PM, copper).

(4) The application of numerous environmental impact categories shows that ‘energy’ is
not a sufficient stand-alone indicator to describe the avoided environmental burden
that results from secondary materials production. While CED, GWP and EF largely
correlate in combination with the results of the mixed ICT case, the CML 2001 cate-
gories and CExD underline the importance of copper recycling. The results actually
show that it is complicated to decide for or against the recovery of one material and
that all depends on the environmental impact category that is considered to be a
priority.

(5) When a program collects exclusively mobile phones and recovers the most ‘environ-
mentally burdensome materials’ at a high rate (scenario 1), the avoided environ-
mental impact is significantly higher than for a program that collects mixed ICT
waste46. However, scenario 2 shows that the collection of the most environmentally
burdensome materials is not a gain for the environment ‘per se’, and can in fact
even turn out less effective than the collection of mixed ICT waste, if suboptimal
processes are selected for treatment.

Although the empirical trial is meant to illustrate a ‘standard case’ of municipal WEEE
collection and recycling in Europe, it is essentially to be understood as a test case to
validate the methodology. The same is true for the modeled scenarios. There would
certainly be countless other opportunities to develop scenarios and empirical trials. In the
end all cases show that what matters in the design of a program is that the processes are
tailored to the type of WEEE that is collected.

5.1.2 Effectiveness of Proposed Metric

In subsection 1.2.3 a selection of criteria to consider in the development of metrics were
discussed and the AEB metric can be compared against these criteria.

46 The scope of the analysis includes six materials, of which the three precious metals (gold, silver and
palladium) are considered as ‘environmentally burdensome materials’ in the context of this work. This
is because of the much larger difference between impact of primary and secondary material per kg of
material than in the other materials (steel, copper and aluminum).
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(1) The usefulness of the metric can be demonstrated by comparing the findings of
the overall analysis with the factors that were defined as ‘the goals of recycling’
in subsection 1.1.3. This comparison shows that the metric helps corporations to
achieve two out of three key goals of WEEE collection and recycling: environmental
impact minimization and management of corporate reputation. The metric can have
a lasting impact on the design of take back programs, which determines the environ-
mental performance of WEEE collection and recycling. The benchmarking analysis
showed that a surprisingly small number of ICT companies report on material flows
after collection, and even less on the materials that get recycled from WEEE. None
of the companies that were analyzed provided any type of environmental measure
for WEEE collection and recycling, so the implementation of the AEB metric would
set a producer apart from the industry trend. Data on the environmental impact
of collection programs is more than legislators and other stakeholders expect from
corporate reporting in this field and demonstrates commitment beyond compliance
and common practice. As for the third goal of recycling, the metric does not respond
to the current reporting requirements set by legislators. As long as legislators use
mass based metrics, environmental impact metrics will have smaller chances of being
implemented in the industry.

(2) The key objective of the methodology proposed in this research is to assess the en-
vironmental impact of recycling and to demonstrate how this positive impact can
be increased. Most of the parameters that influence performance are related to ef-
ficiency (e.g. material recycling rate, collect the most environmentally burdensome
materials), which is in line with the resource efficiency objectives of Euro-
pean policy makers. The metric motivates producers to make environmentally
informed choices when selecting recycling vendors for WEEE collection programs,

(3) The methodology of comparing the impacts of primary material production with that
of secondary materials production is a straightforward, easy to use approach that
does not underlie a complicated model. As opposed to mass and unit based metrics,
the AEB metric definitely needs to be accompanied with more information of the
methodology when used for internal and external communication. If this information
is concise and well structured, the AEB metric is easy to communicate.

(4) The AEB metric is rather complex in terms of data input. For most of the
parameters that underlie the methodology very few data is available. While the
environmental impact data (EBp and EBs) is comparatively good (although data
is only available for few materials, lack of data is specifically the case for recycled
materials), data on the recycling rates of different processes as well as data on the
material composition of EOL products is very difficult to obtain. The AEB metric
definitely involves a much larger amount of data than mass based metrics. While
primary data on the mass of WEEE collected is a regular part of producer’s take
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back programs, primary data on material recovery rates (ICT waste trial) or the
material composition of WEEE (appendix C) is costly and complex to assess.

(5) As a consequence of the common reporting practice of the industry, the AEB metric
does not enable benchmarking of performance and is thus not comparable. Even
if multiple companies reported the performance of their take back programs in envi-
ronmental terms, there would have to be a standard methodology and data sets to
make benchmarking possible.

(6) The AEB metric is diagnostic in that it helps to identify the weaknesses of WEEE
collection programs and can even be a helpful tool in the program design process.
The methodology that underlies the AEB metric delivers insights into the many
parameters that determine the magnitude of impacts that can be avoided through
EOL product recycling.

5.1.3 Discussions

This research has shown that the AEB metric is useful to quantify the environmental
impact of WEEE collection and recycling programs, and to analyze which parameters in
the recycling system influence the overall environmental effectiveness of industry WEEE
collection programs.
One of the baseline assumptions in this work is that producers require metrics to improve
recycling programs beyond legal obligations. It can be argued whether or not there is an
incentive for producers to ‘care’ about the type of products they collect, the processes in
which the WEEE gets recycled and the rate at which materials are recovered. For one,
especially in the EU, there is an increasing amount of legislation that affects producers of
electronics and it can be assumed that efforts to be compliant impede voluntary measures.
Secondly, in a sector with high safety and occupational health risks, such as the recycling
sector, OEMs will consider EHS a priority when engaging with recycling vendors. While
both arguments are valid, they do not consider the strategic importance of secondary raw
material supplies for the electronics industry. Given the rapid development of technol-
ogy and the potential (and largely unpredictable) demand for technology materials, it is
advisable for producers to understand the capacities, technologies and structure of the
‘reverse supply chain’. From a producer’s perspective, ‘caring’ about the recycling indus-
try and downstream processes is probably a long-term investment, but OEMs that have
built knowledge in recycling technologies will clearly benefit from this understanding in
a future of unforeseeable supply and demand. On a further more general note: The dis-
cussions that took place with operators of different types of recycling facilities and many
producers over the course of this research showed that there is few, if any constructive
communication between the electronics and the recycling industry. The AEB metric can
be a tool to encourage these industries to collaborate and share information in terms of
product make and material composition of products on the one hand, and technological
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challenges to recover materials from complex products on the other.
Another concern that might be raised is the fact the largest environmental impacts (in
terms of energy consumption and GHG emissions) in the life cycle of many electronic
products occur in manufacturing (e.g. ICT) [32,126] or in the use phase of a product (e.g.
white goods) [160], which could lead to the question of whether or not it is a priority for
OEMs to put effort into the environmental assessment of product EOL. It is important to
clarify that the research question posed at the beginning of this work, and the methodology
that was developed to respond to it, are not meant to compensate any efforts that produc-
ers should undertake to decrease the environmental impacts of electronics manufacturing
or increase the energy efficiency of products. Such measures are of major importance, but
the fact that production and use are the environmental hot spots in the life cycle of a
product, should not abstain OEMs from engaging in areas of comparably lesser impact.
The methodology that underlies the AEB metric is based on two assumptions that need
to be discussed. The first assumption is that secondary materials are able to perfectly
replace primary materials, in a sense that the materials are able to regain their original
material characteristics (e.g. functionality, substance composition). As mentioned be-
fore, this comparison can only be made for metals, as the plastics contained in WEEE
typically get downgraded in recycling. For glass, which mainly comes from CRTs in the
current mixed ICT stream, very few options still exist for glass-to-glass recycling [170]. In
many cases the glass is decontaminated, grinded and used for the production of building
materials. Other materials (typically wood and cardboard) are incinerated. The second
assumption is that mining, primary production and the resulting environmental impacts
are ‘avoided’ through the recovery of secondary raw materials from waste. This implies
that less virgin material is produced and thus less emissions and raw material consumption
is needed for materials production overall. In a system where many metals are mined as a
by-product or coupled with other elements, this assumption is not entirely realistic. Sim-
ply speaking, the economics of metal mining are more complicated than the assumption
that decreasing demand (as a result of increased secondary production) will result in less
primary production and thus ‘avoid’ environmental impacts. For example, the majority
of the global production of silver is mined as a by-product of copper, lead and zinc [1].
The primary production of silver therefore heavily depends on the demand for the main
metals, and declining demand for silver would likely not influence the amount of silver that
is produced, but the price at which silver is traded on the commodity market. That is,
even if more silver were recycled from waste, there would be greater supply (which would
influence prices), but greater supply alone would not affect the amount of silver that is
produced from virgin ore. However, even if the reality of materials production and the
mechanisms of the markets are more complex than the proposed methodology probably
implies, the effectiveness of the metric is not impaired. Quantifying the environmental
impact of primary production and comparing this impact with recycling creates more
awareness for the extensive resource consumption and emissions resulting from mining,

96



smelting and refining of ores. For example, amongst the materials that were analyzed
in this study, the CED of primary material production is between twice (copper) and 51
times (silver) as large as the CED of secondary materials production. In any case, even
if recycling does not prevent mining under the current market conditions, recycling is the
more resource efficient option. If the AEB metric motivates producers to reconsider their
choices in recycling programs and opt for more efficient processes, it is in fact not relevant
if the assumptions behind the metric represent economic reality.

5.2 Recommendations

While the original intention of this research was to develop performance metrics for pro-
ducers, the research uncovered some aspects that are of interest for operators of recycling
facilities. Some of the following recommendations are also addressed to policy makers.

5.2.1 Recommendations for Producers

The key recommendations for producers can be loosely classified into recommendations
concerning program performance metrics and reporting, and some thoughts on the oppor-
tunities for collection program design and product information.
The analysis of 22 different corporate websites and sustainability reports has shown that
there are major differences between different companies in terms of the amount and quality
of information and the emphasis that is put on WEEE collection programs overall. Re-
gardless of the type of metrics that are used to quantify the achievements in WEEE take
back; one recommendation would be to be more precise in the reporting overall. In many
cases it is not clear if the reporting on collected volumes covers only one region or all of
the regions where the company operates, and often the coverage with respect to the type
of WEEE that is collected is unclear (i.e. does the company only collect ICT products,
of the own make or regardless of make?). If methodologies or terms are used that are not
self-explanatory, it is advisable to give a brief definition or explanation. Especially terms
such as ‘recovery’, ‘recovery rate’, ‘recycling rate’, ‘resource’ and ‘reuse’ tend to be used
loosely and provide no information at all, if not accompanied by more information. The
risk that is linked to such nondescript reporting is that consumers and other stakeholders
will not consider the information credible.
There is a strong indication that many companies have changed their metrics over the
past couple of years. While a couple of US companies used to refer collected volumes to
previous sales [6], some of these companies have changed their metrics to absolute mass
based metrics. There are likely a number of reasons why the companies decided to change
their metrics. One argument could be that generic product lifetime assumptions, which
underlie these metrics, are in fact not realistic. Why abandon the metric completely if
it could be improved? It is strongly recommended that producers reevaluate lifetime as-
sumptions, as there is obviously a difference between the lifetime of a mobile phone and
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that of a computer. With respect to product specific lifetimes, it is questionable if mobile
phones are really discarded after two years. Assessing average product lifetime is a difficult
task, and more research has to be undertaken in this field (see section 5.3). Producers
can support this research in assessing lifetimes of EOL products empirically, as they have
access to the WEEE that is collected. It would be feasible to do sampling analysis and
determine the average lifetimes of products that are found in the waste stream. The sam-
pling methodology proposed in section 3.1 referred to the assessment of product type, but
the statistical methods can be used for lifetime assessments as well. Current assumptions
seem to be based on a rule of thumb estimate and could be significantly improved with
empirical data, in order to enhance the validity of ‘mass collected versus mass sold’ met-
rics.
Perhaps most importantly, it is strongly recommended to focus performance metrics on
the impacts of WEEE collection and recycling, rather than the action itself. At the heart
of any recycling program is the idea that material recovery from waste is a ‘better’ EOL
option than landfilling, so these programs should be evaluated with environmental metrics.
The AEB metric is a feasible tool to measure take back and recycling performance, and
it can be used complementary with mass based metrics in order to enable benchmarking,
but also assess environmental performance.
The AEB metric can be a useful tool for producers to evaluate and improve the quality
of recycling programs in a sense that the program set-up can be based on environmental
considerations (i.e. choosing the best process for a specific type of WEEE, collecting the
most impactful materials). This is a key difference compared to the existing metrics, which
encourage producers to focus exclusively on the mass that is collected. Overall, producers
should look carefully into their downstream recycling stream because the environmental
gain of a collection program is not only determined by the amount (mass) of WEEE that
is collected. As for take back programs that are operated by collection schemes in the EU,
producers often do not have the possibility to make any choices regarding type of WEEE
that is collected and the recycling processes that are used for WEEE treatment. However,
at least for voluntary programs, attention can be placed on the way the WEEE is sorted at
the collection point and the way different types of products are treated to recover raw ma-
terials. As for the data input, producers could contribute to more accurate AEB analysis
in making more BOM of EEE publicly available. Such data on the material composition
of products would enable more reliable and comprehensive analysis of the materials that
are collected and material specific recycling rates. There are currently very few electronics
companies that report on materials (e.g. Nokia) [125]. The data that is currently available
in the literature is often dated and only valid for one specific type of e.g. PC or mobile
phone. As can be seen in appendix B, the variance of material composition data obtained
from literature is large. At the same time, there is little data available for many prod-
uct types, so there are limited possibilities for researchers to assess the representativeness
of specific BOMs because the number of samples is not large enough. Producers could
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support environmental assessments in providing more of such data to researchers or even
publicly. The data would not only support assessments such as the one shown in this
research or LCA of electronics, but also be utile for operators of recycling facilities. With-
out knowledge about the material composition of the products that are sold today, the
recycling industry and academia has limited possibilities to prepare for the future WEEE
stream and to develop suitable recycling processes.

5.2.2 Recommendations for Operators of Recycling Facilities

The empirical case study conducted by this dissertation and described in chapter 3 led
to some useful findings and recommendations for operators of recycling facilities. The
preparation of the trial was accompanied by a series of detailed discussions with different
recyclers about the WEEE recycling system overall and the role of the recycling industry
in particular. At least some of the following recommendations were made as a result of
these discussions.
As is shown in section 3.1, the statistical methods that were used to assess the represen-
tativeness of the sampling results are straightforward to apply and provide robust results.
Sorting of only 30 t of WEEE led to some useful findings in terms of the current ICT
waste product mix. It was also shown that the representativeness of the results does not
increase exponentially with the amount of ICT waste that is sampled. Furthermore, it was
demonstrated that the size of the overall population is not a relevant parameter for the
representativeness of the results. To date, many recyclers calculate sampling sizes based
on the amount of WEEE that is processed overall. This research suggests that this is
not useful to increase the representativeness of the results. It is strongly recommended to
use simple statistical methods (such as the ones described in this study) to determine the
amount of WEEE that needs to be sampled, in order to lower staff cost and decrease the
amount of data.
This research has also shown major inefficiencies that occur in a standard WEEE recycling
process (pre-treatment) and demonstrated the potential to increase recovered mass and
environmental benefits. The economic disadvantage of such inefficiencies is substantial for
recycling operations. In the recycling trial at least 40% of the PM were diluted in the
ferrous and aluminum output streams. The loss of PM could be significantly decreased
if more manual disassembly of PM containing parts (e.g. PCBs) was conducted prior
to mechanical pre-processing. There are a number of reasons why recycling operations
typically oppose manual disassembly, and one of them is high labor cost for disassembly
and sorting. In the recycling trial a number of workers were positioned at different points
in the sorting process in order to pick valuable material from the conveyor belts. Given
the dilution of PM that is evidentially caused by shredding ICT waste, it would be more
reasonable to use some manual labor at the front end of the recycling process and recover
at least PCBs. Another obstacle to manual disassembly of PCBs is certainly the issue of
poorly sorted containers that arrive from municipal collection points. In reality, it is very
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labor intensive to isolate products, which contain high value PCBs (e.g. desktop PCs,
laptops, mobile phones) from products that are rich in plastics and steel (e.g. printers).
It is strongly recommended that operators of recycling facilities articulate this issue to
relevant municipal authorities and policy makers.
Another recommendation that concerns the recycling industry is that of more detailed as-
sessments of material specific recovery rates. Most of the data that is assessed by recyclers
compares the mass of the input material with the mass of all output fractions, but this
data is not useful to understand the rate at which specific materials are recovered from
the WEEE. The main barrier to such analysis is that taking samples and assaying of all
output streams involves significant cost. As is shown in appendix B and appendix C, the
composition of mixed WEEE is difficult to determine, so it is challenging for a recycler to
understand the quantities of different materials that are fed to the process. One option
to overcome this issue would be to undertake a trial with one single product type (for
example mobile phones), for which more accurate estimations of input materials can be
made. Such analysis would be useful for recyclers to understand the material recycling
rates of the process and show where improvements are necessary.

5.2.3 Recommendations for Policy Makers

The preparation work and sampling analysis that led up to the recycling trial showed
that a major share of the WEEE that arrives at recycling facilities for treatment has been
liberated from valuable materials at some point in the collection process. The operators
of the recycling facility described in chapter 3 estimate that as much as 60% of the EOL
products that arrive from municipal collection points are incomplete. This issue was also
described by other recycles in the EU that were visited over the course of this research.
There is no proven evidence for where this leakage occurs, but it is possible that valuable
parts (e.g. copper cables, HDs, PWBs) are removed from WEEE at municipal collection
sites. In an industry with low margins, this leads to a significant loss in revenue for the
operators of pre-processing facilities, who are left with mainly plastics, glass and ferrous
materials for treatment. From a resource conservation standpoint, such leakage results
in informal trade of spare parts or valuable materials, which are potentially exported to
countries where no recycling infrastructure exists. It is strongly recommended that policy
makers undertake efforts to investigate and quantify leakages in the collection system, in
order to implement regulatory measures (e.g. penalties) and prevent theft of WEEE in
the collection system.
As for the definition of metrics to measure the success of environmental policies, it is
strongly recommended that policy makers start defining metrics that measure the impact,
rather than absolute in- and outputs. Unfortunately, mass based metrics are still popu-
lar to measure environmental performance, e.g. post-industrial waste per USD/EUR in
revenue or ‘material intensity’ indicators (material input as compared to GDP). Metrics
and indicators defined by legislators strongly influence the metrics that are used by other
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stakeholders in the system (see subsection 1.2.4), and policy makers would do well to set
examples and move away from mass based targets and metrics. If this is done, standards
for the underlying methodologies and data will need to be implemented as well.

5.3 Research Opportunities

This section summarizes critical research areas and knowledge gaps relevant to the devel-
opment of environmental metrics for WEEE collection and recycling. Some key research
opportunities include: (1) Methods to assess product lifetime. What are the existing
statistical tools (e.g. Weibull distribution)? What other methods and data can be used to
estimate the average use-phase of products and predict product EOL? Current industry
metrics often refer collected mass to previous sales and the lifetime assumptions that are
used for this metric are typically based on a rule of thumb estimate. Regardless of perfor-
mance metrics, it is crucial for producers and policy makers to understand when specific
products become available for collection. On the one hand, it is relevant to align collection
and recycling infrastructure to future waste flows, on the other it is critical to understand
at what point in time secondary raw material supplies become available for recovery. (2)
Metrics to develop and describe closed loop material systems. Most of the tradi-
tional mass and unit based metrics, as well as the metric proposed in this research, do not
link the amount of WEEE that is collected with the amount of WEEE that is POM by a
company. Apart from ‘mass collected versus mass sold’ metrics, what are other measures
to compare the WEEE that is collected with the products that were sold some years prior?
Are these measures operationally feasible? Are the metrics helpful to guide producers to-
wards the development of closed loop systems? (3) Methods to educate consumers
and incentivize safe WEEE disposal. Low collection rates, specifically for ICT waste
and other small WEEE, underscore the critical need for research in the field of consumer
recycling behavior. Which communication strategies can be implemented to effectively
educate consumers on the importance of proper WEEE disposal? What is the role of
producers in education consumers and creating incentives to return EOL products? How
can recycling systems be transformed to make proper disposal of WEEE more convenient
for consumers? How can these systems include the informal WEEE streams that exist?
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The following table shows an overview of the performance metrics that were communicated
by 22 companies in the IT, telecommunications and CE sector at the time this research
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B Estimation of Trial Input Material Composition (Litera-
ture Data)

To estimate the type and amount of material that was fed to the process, literature data
was collected and compared. The following tables show the concentration of different
materials for the nine product categories contained in the trial feed. Based on the weight
of category 1-9, the overall amount of ferrous, non-ferrous and other material contained
in each product category was calculated.
It is difficult to find reliable data for some of the product categories (e.g. cordless phones,
printers). In many cases, the data that was available did not show the level of detail
that was required for this study, for example many datasets did not provide data on PM
content. For some categories two or more datasets were available, which enabled the
comparison of the values. As can be seen in for the product categories 1-5 and 8, the
data obtained from the different literature references varies greatly. In fact, many data
points vary over 100%, e.g. copper content of desktop PCs (category 3). For some values,
however, the data shows only small variation, e.g. ferrous metal in PCs.
Because there is no reference point of comparison for some products, and because of the
variation of data in the other product groups, it is not feasible to draw reliable conclusions
on the overall material composition of the trial feed. The data is however helpful to answer
some of the questions that might arise when looking at the total (actual) raw material
yields from the trail (see figure 3.5). For example, over 50% of the ferrous material that
was recovered in the trial, can be estimated to originate from the desktop PCs, in which
an estimated 5,714 kg (average value) of ferrous material was contained. The same is true
for the PM, which can be estimate to originate largely from the desktop PCs.
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Trial Category 2: LCD Monitor
Material Concentration 

per unit
Unit In Sample 

Batch (703 kg)
Unit

(1) (10) (9) (1) (10) (9)
Ferrous metals 39.5 49.5 37.1 % 277.9 347.8 261.1 kg
Steel 37.2 30.4 37.1 % 261.6 213.6 260.8 kg
Iron 2.3 19.1 0.0 % 16.3 134.2 0.3 kg
Non-ferrous metals
Copper 2.3 3.1 6.1 % 16.3 21.8 42.9 kg
Aluminum 0.6 4.6 % 4.5 32.6 kg
Gold 39.4 ppm 27.7 g
Silver 102.3 ppm 71.9 g
Palladium 8.1 ppm 5.7 g
Rest 9.3 2.8 0.2 % 65.4 19.7 1.1 kg
Other
Plastics 34.9 36.9 43.5 % 245.2 259.3 306.0 kg
Glass 5.5 % 38.4 kg
Other 14.0 1.6 8.4 % 98.1 11.5 59.2 kg
Total 100 100 100 % 703 703 703 kg

Trial Category 4: Laptops
Material Concentration 

per Unit
Unit In Sample 

Batch (222 kg)
Unit

(10) (16) (1) (3) (10) (16) (1) (3)
Ferrous metals 17.1 12.4 11.1 23.0 % 38.0 27.4 24.7 51.2 kg
Steel 17.1 11.6 23.0 % 38.0 25.8 51.2 kg
Iron 0.8 % 1.7 kg
Non-ferrous metals
Copper 2.6 4.3 1.9 7.1 % 5.8 9.6 4.1 15.9 kg
Aluminum 1.3 16.4 13.5 % 2.9 36.4 30.1 kg
Gold 20.4 95.2 ppm 4.5 21.1 g
Silver 67.4 370.4 ppm 15.0 82.2 g
Palladium ppm g
Rest 33.8 1.7 29.6 0.4 % 75.0 3.7 65.8 1.0 kg
Other
Plastics 29.8 44.3 14.8 29.7 % 66.2 98.3 32.9 65.9 kg
Glass 12.7 16.2 % 28.2 36.1 kg
Other 2.6 4.7 42.6 26.1 % 5.8 10.5 94.6 57.9 kg
Total 100 100 100 100 % 222 222 222 222 kg

Trial Category 5: Printing Devices
Material Concentration 

per unit
Unit In Sample 

Batch 
(6668 kg)

Unit

(14) (15) (14) (15)
Ferrous metals 35.5 18.6 % 2367.1 1240.9 kg
Steel 18.6 % 1240.9 kg
Iron % kg
Non-ferrous metals
Copper 3.2 1.3 % 213.4 87.4 kg
Aluminum 0.2 4.4 % 13.3 294.2 kg
Gold ppm g
Silver ppm g
Palladium ppm g
Rest 7.4 13.6 % 493.4 903.9 kg
Other
Plastics 45.8 58.3 % 3053.9 3884.9 kg
Glass % kg
Other 7.9 3.9 % 526.1 256.7 kg
Total 100 100 % 6667 6668 kg
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Trial Category 6: IT Misc.  (router, modem, etc.)
Material Concentration 

per unit
Unit In Sample 

Batch (69 kg)
Unit

(19) (19)
Ferrous metals 20.1 % 13.8 kg
Steel 20.1 % 13.8 kg
Iron % kg
Non-ferrous metals
Copper %
Aluminum 1.3 % 0.9 kg
Gold ppm
Silver ppm
Palladium ppm
Rest 39.3 % 27.1 kg
Other
Plastics 38.9 % 26.8 kg
Glass % kg
Other 0.5 % 0.3 kg
Total 100 % 69 kg

Trial Category 7: IT Accessoires (keyboard, mouse)
Material Concentration 

per unit
Unit In Sample 

Batch 
(1555 kg)

Unit

(6) keyboard (11) keyboard (6) mouse (6) keyboard (11) keyboard (6) mouse
Ferrous metals 7.3 9.2 % 102.7 128.0 kg
Steel 7.3 % kg
Iron 9.2 % 128.0 kg
Non-ferrous metals
Copper 4.3 5.4 16.3 % 60.2 76.2 25.4 kg
Aluminum % kg
Gold ppm kg
Silver ppm kg
Palladium ppm kg
Rest 1.8 32.7 5.3 % 24.5 457.2 8.2 kg
Other
Plastics 86.6 52.7 54.7 % 1211.7 737.6 85.1 kg
Glass % kg
Other 23.7 % 36.8 kg
Total 100 100 100 % 1399 1399 155 kg

Trial Category 9: Cordless Phones
Material Concentration 

per unit 
Unit In Sample 

Batch (87 kg)
Unit

(5) (5)
Ferrous metals 13.0 % 11.3 kg
Steel % kg
Iron % kg
Non-ferrous metals
Copper 10.0 % 8.7 kg
Aluminum 2.0 % 1.7 kg
Gold 120.0 ppm 10.4 g
Silver 1350.0 ppm 117.5 g
Palladium 95.0 ppm 82.7 g
Rest 1.8 % 1.6 kg
Other
Plastics 41.0 % 35.7 kg
Glass % kg
Other 32.0 % 27.8 kg
Total 100 % 87 kg
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C Estimation of Trial Input Material Composition (Empiri-
cal Data)

In addition to the analysis of literature data (see appendix B), the preparation of the
pre-processing trial included a collaboration with researchers from KERP Competence
Center in Vienna, Austria, who have deleoped a methodology and software tool to analyze
the material composition of mixed WEEE. The methodology is a top-down approach in
which the trial feed is categorized into the nine product categories. For each category,
WEEE Analysis Service KERP has assessed empirical data through in-depth dismantling
of multiple products of the same category and preparation of datasets that represent
average product composition. Compared to the BOM of electronics that can be found in
the literature, the material data assessed in these dismantling analyis is very explicit. For
example, different types of plastics are identified, whereas most literatur references only
show a general value for plastics. Missing components in the a mixed batch of WEEE
can be taken into account (e.g. some cables and HDs were missing in the trial feed, see
table 3.5) in the calculation.
The below table shows the estimated mass of several different materials in the trial feed
that was handled for the empirical case in chapter 3. Compared with the mass of Ferrous
material, Aluminum, Copper and PM that was detected in the trial, the data seems
reasonable with the exeption of Aluminum, where the mass of Aluminum that was detected
in four output streams (approx. 50% of the mass of all output streams) is almost equals
the amount that was present in the trial feed. The value for Aluminum is likely to be
underestimated.
The analysis shows that a rough estimation of the material composition of a mixed WEEE
batch is feasible, if substantial amount of data is available on the products contained in
the batch and the materials contained in electronics and electronics components.
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Material Group Material Subgroup Mass in Trial Feed (g)

Ferrous TOTAL 10,683,355
Hazardous Component Ammonium chloride 4

Lead 15,481
Silver oxide 587
Indium tin oxide 70
Lithium 1,622
Magnetite 4,389
Mercury 626
Other hazardous 42,038

Hazardous TOTAL 64,815
Non-Ferrous Aluminum 1,175,561

Aluminum oxide 137,593
Calcium oxide 44,972
Chromium 6,885
Gold 416
Copper 1,631,557
Magnesium oxide 6,484
Manganese oxide 162,534
Nickel 2,612
Palladium 117
Silver 3,368
Tungsten 6
Zinc 27,445
Tin 38,881

Non-Ferrous TOTAL 3,238,431
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D Scope of Environmental Data

The following table shows which datasets were selected from the ecoinvent 2.1 database.
If available, global aggregated datasets (GLO) or RER (describing a process in Europe)
datasets were selected over datasets for a country specific situation. For GLO datasets,
ecoinvent allocates the country specific datasets according to the average global produc-
tion shares from the years 2000 to 2004. If GLO or RER datasets are not available, a
country specific dataset for the dominant producer is selected. If multiple GLO datasets
are available for one material, material specific criteria (e.g. mining method) are consid-
ered.
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E Average Recovery Rates of a Copper Smelter

The following table shows average substance recovery rates of a copper smelter. The table
is derived from p. 102 in Huisman, J. (2003). The QWERTY/EE concept. Quantifying
Recyclability and Eco-Efficiency for End-of-Life Treatment of Consumer Electronic Prod-
ucts. Doctoral Thesis, Delft University of Technology, Delft, The Netherlands.

Element Recovery Rate
Copper 95%
Silver 97%
Gold 98%
Palladium 98%
Nickel 90%
Lead 90%
Tin 90%
Cadmium 90%
Mercury 90%
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F Actual and Potential AEB (Data)

The below tables show the data that underlies figures 3.13 to 3.19 in this study. The val-
ues are based on the empirically assessed and modeled (actual and potential) raw material
yields of the empirical recycling case, and the environmental data shown in appendix D.
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