
Waste Management xxx (2011) xxx–xxx
Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier .com/locate /wasman
A preliminary categorization of end-of-life electrical and electronic equipment
as secondary metal resources

Masahiro Oguchi a,⇑, Shinsuke Murakami b, Hirofumi Sakanakura a, Akiko Kida a, Takashi Kameya c

a Research Center for Material Cycles and Waste Management, National Institute for Environmental Studies, 16-2, Onogawa, Tsukuba 305-8506, Japan
b School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
c Graduate School of Environment and Information Science, Yokohama National University, 79-7 Tokiwadai, Hodogaya-ku, Yokohama 240-8501, Japan

a r t i c l e i n f o
Article history:
Received 9 September 2010
Accepted 18 May 2011
Available online xxxx

Keywords:
End-of-life electrical and electronic
equipment
WEEE
Metal
Secondary resource
Characterization
Collectability
0956-053X/$ - see front matter � 2011 Elsevier Ltd. A
doi:10.1016/j.wasman.2011.05.009

⇑ Corresponding author. Tel.: +81 29 850 2784; fax
E-mail address: oguchi.masahiro@nies.go.jp (M. O

Please cite this article in press as: Oguchi, M.,
resources. Waste Management (2011), doi:10.1
a b s t r a c t

End-of-life electrical and electronic equipment (EEE) has recently received attention as a secondary
source of metals. This study examined characteristics of end-of-life EEE as secondary metal resources
to consider efficient collection and metal recovery systems according to the specific metals and types
of EEE. We constructed an analogy between natural resource development and metal recovery from
end-of-life EEE and found that metal content and total annual amount of metal contained in each type
of end-of-life EEE should be considered in secondary resource development, as well as the collectability
of the end-of-life products. We then categorized 21 EEE types into five groups and discussed their poten-
tial as secondary metal resources. Refrigerators, washing machines, air conditioners, and CRT TVs were
evaluated as the most important sources of common metals, and personal computers, mobile phones,
and video games were evaluated as the most important sources of precious metals. Several types of small
digital equipment were also identified as important sources of precious metals; however, mid-size infor-
mation and communication technology (ICT) equipment (e.g., printers and fax machines) and audio/video
equipment were shown to be more important as a source of a variety of less common metals. The phys-
ical collectability of each type of EEE was roughly characterized by unit size and number of end-of-life
products generated annually. Current collection systems in Japan were examined and potentially appro-
priate collection methods were suggested for equipment types that currently have no specific collection
systems in Japan, particularly for video games, notebook computers, and mid-size ICT and audio/video
equipment.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

End-of-life electrical and electronic equipment (EEE) have be-
come an important target in managing material cycles from the
viewpoints of appropriate waste management, resource conserva-
tion, and environmental pollution control. European countries
have increased their recycling of end-of-life EEE under the direc-
tive on waste EEE (2002/96/EC), which covers any types of EEE
(Huisman et al., 2007). In Japan, an estimated 200 million units
and 1.7 million tonnes of end-of-life EEE are generated annually
(Oguchi et al., 2008) and 12 specific types of EEE are currently col-
lected and separately recycled through individual collection and
recycling systems under two recycling laws. Seven types of home
appliances – cathode-ray tube (CRT) TVs, liquid crystal display
(LCD) TVs, plasma display panel (PDP) TVs, refrigerators, freezers,
washing machines, and air conditioners – are collected individually
and recycled by equipment type as specified by the Home
ll rights reserved.
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Appliances Recycling Law (Aizawa et al., 2008). Personal comput-
ers (desktop and notebook PCs) and displays (CRT and LCD types)
are also collected individually and recycled based on the Law for
the Promotion of Effective Utilities of Resource (Yoshida et al.,
2009). End-of-life mobile phones are also voluntarily collected
and recycled by carriers (Murakami et al., 2008).

Since the recycling efficiency has been evaluated on a weight
basis, mainly primary materials have been recovered previously.
End-of-life EEE, however, is recently receiving attention as second-
ary sources of various metals because they contain many kinds of
metals, including precious metals and less common metals (Boghe,
2001; Chancerel et al., 2008; Hagelüken and Meskers, 2008; UNEP,
2009). Huisman et al. (2003) also pointed out the importance of
evaluating recycling efficiency from an environmental perspective.
Since the demand for a wide variety of metals has increased
throughout the world, particularly in emerging countries, securing
a supply of metals is viewed as a critical issue (UNEP, 2010) and
end-of-life EEE would play an important role.

Under the circumstance, a trial of separate collection of several
types of small digital equipment, such as portable audio players
ion of end-of-life electrical and electronic equipment as secondary metal
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Fig. 1. Analogy between natural resource development/utilization and metal recovery from end-of-life products.

1 According to JORC (2004), a ‘‘mineral resource’’ is a concentration or occurrence of
material of intrinsic economic interest in or on the Earth’s crust in such form, quality,
and quantity that there are reasonable prospects for eventual economic extraction.
Mineral resources are sub-divided into inferred, indicated, and measured categories
in order of increasing geological confidence. Meanwhile, an ‘‘ore reserve’’ is the
economically mineable part of a measured and/or indicated mineral resource, and it
incorporates factors, including mining, metallurgical, and economic considerations.
Mineral resources and ore reserves roughly correspond to the USGS (2009) categories,
‘‘reserve base’’ and ‘‘reserves,’’ respectively.
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and digital cameras, are being implemented in several cities in Ja-
pan with financial assistance from the government (MoE and METI,
2010; Shichida, 2008). The main purpose of this trial is to explore
efficient ways to collect and recover precious and less common
metals from these items because they are thought to have a rela-
tively high precious and less common metal content. Many other
types of EEE are produced, however, and most of them are col-
lected and treated as municipal waste in Japan. Although those also
contain various metals. For effective reuse of metals from those
types of end-of-life EEE, it is needed to sort out what kind of metals
in what types of equipment should be given priorities and recon-
struct the systems for collection, sorting, and pre-processing con-
sidering each type of equipment’s specific characteristics.

In this study, we examined the characteristics of end-of-life EEE
as a secondary metal resource. We constructed an analogy be-
tween natural resource development and metal recovery from
end-of-life products and identified the attributes that should be ta-
ken into account at the early stages of secondary resource develop-
ment. We then categorized various types of end-of-life EEE into
several groups by the metal content and the total annual amount
of metals contained in end-of-life products for 21 types of EEE
and discussed the potential of each group as a secondary source
of metals. We also examined the collectability of each type of
EEE, categorized the EEE into several groups, and evaluated the
current and potential future systems in terms of these
categorizations.

2. Analogy between natural and secondary metal resources

When characterizing end-of-life products as secondary re-
sources, it is helpful to consider how natural resources are charac-
terized and evaluated. Murakami (2007) and Cuddington (2008)
discussed the analogy between metal production from natural re-
sources and from secondary resources (e.g., end-of-life products
and scrap). Based on their discussion, we organized a more general
analogy between natural resource development and the recovery
and utilization of metal from end-of-life products (Fig. 1).
Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
resources. Waste Management (2011), doi:10.1016/j.wasman.2011.05.009
Metal materials are obtained from natural resources through
several steps (Fig. 1a). Crude ores are mined and then concentrates
are beneficiated from crude ores through mineral processing. The
concentrates are then subjected to smelting and refining processes,
and metals are extracted and refined.

Prospecting, exploration, and feasibility studies are generally
conducted before mining to identify which areas are suitable for
mine development. Through prospecting and exploration, some
geological information, such as the grade of the samples, is ac-
quired. With this information, the size of the resources or reserves1

can be roughly estimated and a pre-feasibility study is carried out to
identify whether a more detailed survey and cost evaluation are
warranted. If further studies are conducted, more detailed explora-
tion will be carried out to gather more accurate geological informa-
tion. The information is then analyzed with geostatistical techniques
to obtain more accurate information of the deposit, such as the dis-
tribution of the resource and its grades. More detailed feasibility
studies are also then carried out.

In these later feasibility studies, techniques and costs related to
mineral processing and the smelting/refining processes are evalu-
ated. For this reason, mineral processing tests and smelting and
refining tests are also usually conducted. Finally, the entire project,
including mining, mineral processing and sometimes even smelt-
ing and refining, will be designed prior to a final decision being
made. In this engineering design process, more accurate project
information, such as the size and the distribution of the resources
and reserves are estimated, and the production schedules are set.
ion of end-of-life electrical and electronic equipment as secondary metal
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We can likewise outline the flow of the metal recovery process
from end-of-life products (Fig. 1b).2 If we want to recover metals
from end-of-life products, we need to consider many steps, including
collection (including transportation of collected products to treat-
ment facilities), sorting, dismantling and mechanical separation,
and smelting and refining. Collection is analogous to mining and
sorting, whereas dismantling and mechanical separation are analo-
gous to mineral processing.

Fig. 1 shows that analogous steps to prospecting, exploration,
and feasibility studies are also required before collection and recy-
cling systems for end-of-life products can be established, so that
reasonable end-of-life products will be chosen as targets. A higher
metal content in an end-of-life product may indicate a higher pos-
sibility of economically feasible recycling. From this viewpoint,
small digital equipment, such as mobile phones and portable audio
players, have recently received greater attention in Japan as poten-
tial sources of precious and less common metals (MoE and METI,
2010; Shichida, 2008). However, as our comparison in Fig. 1 shows,
although metal content is important, so are the amount of end-of-
life products in determining the total amount of metals available in
specific types of end-of-life equipment, which is considered impor-
tant at the first step of prospecting and exploration for secondary
resources because the total amount of metals is analogous to the
size of (potential) resources.3 The characteristic related to the col-
lection of end-of-life products is also important because collection
systems are analogous to the mining process. The presence and
the concentration of each metal in what material or component
should be known in the subsequent step as information related to
dismantling and separation processes. Information on harmful metal
impurities and deleterious substances that can influence smelting
and refining processes is also required. Experimental characteriza-
tion and material flow and stock analysis/accounting (MFA/MSA)
are useful for surveying these attributes for different types of EEE.
These procedures can be considered to be analogous to prospecting
and exploration for metal recovery from end-of-life products. More
detailed analyses, such as life cycle assessments (LCA) and cost eval-
uations, are also needed as feasibility studies, and collection and me-
tal recovery schemes must be studied.

In following sections, we categorize various types of end-of-life
EEE according to several attributes, including metal content and to-
tal annual number and total annual amount of each metal in each
type of end-of-life EEE, as well as measures of collectability, as the
first step in the evaluation of end-of-life EEE as potential secondary
metal resources.
2 In a strict sense, end-of-life products with owners should be analogous to the
Earth’s crust in the case of natural resources because, although they exist, it is
uncertain whether metals can be recovered from them at this point. Only products
from which metals can be recovered potentially or economically should be counted as
secondary resources. We included every type of end-of-life EEE in (potential)
secondary resources in this study because end-of-life EEE often contains a relatively
high content of various metals compared with other waste; however, we must note
that only a part of end-of-life EEE can be counted as secondary reserves because
metals cannot be economically recovered from all types of end-of-life EEE. To
maximize the amount of secondary resources that can also be considered as
secondary reserves, it is needed to reconstruct the systems for collection, pre-sorting,
and pre-processing considering the characteristics of each type of end-of-life EEE as
secondary metal resources.

3 In natural resource development, it is important to know the size of the resources
or reserves, that is, the amount of stocks. In contrast, in the case of metal recovery
from end-of-life products, it is important to know the total annual amount of metals
in end-of-life products, not the amount in in-use products (stocks) because the
potentially collectable amount of metals is determined by the amount of products
discarded. Hashimoto et al. (2008) created a classification table of secondary material
stocks, consistent with that of primary mineral resources. In their classification, they
separated in-use stocks by the time they would emerge as wastes and secondary
resources. They stated that the amount of in-use stocks emerging as waste in any
given year, which is equivalent to the amount of end-of-life products discarded in a
year, is important from the perspective of resource utilization and waste
management.

Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
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3. Materials and methods

3.1. Categorization by metal content and total amount of metal of end-
of-life products

In this section, we analyze the metal content and annual total
amount of each type of metal contained in various end-of-life
EEE products. The end-of-life products were then categorized into
several groups according to these attributes. The analysis was con-
ducted for selected common metals (Al, Cu, Fe, Pb, Sn, and Zn), pre-
cious metals (Ag, Au, and Pd), and less common metals (Ba, Bi, Co,
Ga, Sr, and Ta). Most of the metals was selected because more than
10% of the domestic demand was consumed in the production of
electric and electronic components in Japan according to the sub-
stance flow of metals in Japan (JOGMEC, 2008),4 and thus these
metals are considered particularly important in metal recovery from
end-of-life EEE.

The metal content of each type of equipment was calculated
from the material composition of the end-of-life products and
the metal content of materials and components. For the calculation
of Fe, Al, and Cu, we included the amount in the primary materials
that contain these metals, such as metallic housings, flames, cables,
printed circuit boards, and other electrical components. For other
metals we included the content in printed circuit boards because
these metals are primarily used in circuit boards and the mounted
electronic parts. We especially focused on primary metallic mate-
rials and printed circuit boards because they are widely used al-
most for any types of electrical and electronic equipment and
therefore, primarily of interest for categorization of various types
of equipment in this study. A few of the selected metals, however,
can be found in other components with larger amount. As exam-
ples of such components, we also included Ba, Pb, and Sr in CRT
glasses of CRT TVs and Co in lithium-ion batteries of notebook
PCs and mobile phones for reference. Material composition and
metal content were obtained from literature mainly from Japan
(AEHA, 2003; Andreola et al., 2005; JEITA, 2005; JOGMEC, 2008;
Kawaguchi and Kida, 2009; Kida et al., 2009; Li et al., 2009; Méar
et al., 2006; MoE, 2006; MoE and METI, 2010; Mukunoki, 1997;
Nnorom et al., 2011; Oguchi, 2007; Rydh and Svärd, 2003; SESJ,
1996; Tasaki et al., 2007; Tohoku Bureau of ETI, 2007; Uto et al.,
2004; Uto and Mori, 2006) or were measured by the authors.

For our measurements, 62 end-of-life products categorized into
12 equipment types were dismantled and separated into materials.
Each material was then weighed, and the weight fraction was cal-
culated. Metal content was measured for some of the dismantled
printed circuit boards, which are made of composite materials con-
taining various kinds of metals, using an analytical procedure pro-
posed for the determination of a wide variety of metals in
composite materials. The procedure is a modification of IEC
62321, the determination procedure for regulated metals in the
Restriction of Hazardous Substances Directive (RoHS) directive
(IEC, 2008). Printed circuit boards were cut and ground into small
particles (preferably to a particle size of <0.25 mm) and digested
with aqua regia, alkaline solution, or hydrochloric acid. The metal
concentration was then determined using inductively-coupled
plasma optical emission spectrometry (ICP-OES) and mass spec-
trometry (ICP-MS).

The total amount of each type of metal is equal to the product of
the metal content (in mg kg�1 product or weight%, depending on
the metal) and the annual amount of each type of end-of-life EEE
(thousand t). We used the estimated annual end-of-life product
amounts of Oguchi et al. (2008), in which the average unit weight
4 Data for several metals also include demand in electrical and electronic
components used for products such as automobiles and industrial machines.

ion of end-of-life electrical and electronic equipment as secondary metal
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was calculated based on data from product catalogs and the annual
number of end-of-life products was estimated from sales data
using a delay model considering product lifespan distribution.
The amount was updated to that in 2009 by using average lifespan
by Oguchi et al. (2008) for LCD TVs, PDP TVs, and DVD players/
recorders that have shown great increase in sales in past several
years.

Various types of equipment were categorized into several
groups according to these attributes using an agglomerative hier-
archical cluster analysis (Anderberg, 1973). Dissimilarity between
the clusters was measured by Euclidean distance. All of the data
on material composition and metal content were based on the
analysis of a limited number of samples of end-of-life products,
and the values varied depending on the published source and indi-
vidual samples. In addition, the amount of data was limited be-
cause obtaining this type of data using an experimental approach
is time consuming and cost intensive. Therefore, considering the
data’s possible lack of representativeness, the examined equip-
ment types were categorized into different groups by differences
in the order of magnitude of dissimilarity.

3.2. Categorization from collectability of end-of-life products

Before metal can be recovered from end-of-life EEE, the prod-
ucts must be collected. As discussed above, collection is analogous
to mining ore, but before mines can be developed, the geological
condition of the resources must be determined, which is closely
linked to the mining process. Similarly, it is important to know
the characteristics related to the collection of end-of-life products
(hereinafter, we call this characteristic ‘‘collectability’’) to establish
effective collection systems that are suitable for each equipment
type. In this study, we looked at two attributes – product unit size
and annual number of end-of-life products – because these two
attributes show rough tendencies in physical collectability.

In terms of product unit size, for example, small equipment can
easily be mixed in with other wastes because of its size, even if
there is a separate collection system. Also, small equipment may
easily end up in dead storage (e.g., in drawers or closets) even after
Table 1
Material composition of 21 types of end-of-life EEE.

Equipment type Number of data Weight fraction of materialsa

Ferrous
material (%)

Aluminum
material (%)

Copper c
material

Refrigerator 2 47.6 1.3 3.4
Washing machine 3 51.7 2.0 3.1
Air conditioner 2 45.9 9.3 17.8
CRT TV 15 12.7 0.1 3.9
PDP TV 3 33.6 15.1 1.2
LCD TV 5 43.0 3.8 0.8
Desktop PC 6 47.2 – 0.9
Notebook PC 10 19.5 2.4 1.0
VCR 21 52.6 4.5 2.0
DVD player/recorder 4 62.5 – 3.6
Stereo system 4 41.4 1.7 1.7
Radio cassette recorder 18 35.1 0.5 3.2
Facsimile 5 33.3 1.7 6.1
Telephone 2 – – 10.3
Printer 6 35.5 0.2 3.2
Mobile phone 16 0.8 – 0.3
Digital camera 2 5.2 4.3 0.3
Camcorder 2 5.0 – 2.9
Portable CD player 2 0.8 – 0.4
Portable MD player 2 16.1 6.5 3.0
Video game 2 19.9 2.3 1.6

a Median values of obtained data.
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it is no longer used. These reasons have often been used to explain
the low collection rate of end-of-life mobile phones in Japan
(Murakami and Murakami-Suzuki, 2008). Therefore, some con-
sumer incentives may be necessary to collect small equipment sep-
arately. Conversely, because small equipment is highly portable,
people may be more likely to bring small end-of-life products to
collection points.

By contrast, large equipment, such as refrigerators and washing
machines, rarely gets mixed in with other wastes (if they are col-
lected separately) or end up in dead storage because of its size.
Although pick-up collection may be necessary, it is also feasible be-
cause the new piece of equipment usually needs to be delivered
and the old one can be taken away at that time. This was one of
the reasons for selecting the current target equipment of the Home
Appliances Recycling Law in Japan.

The number of end-of-life products generated annually is an-
other possible attribute related to physical collectability. For
example, it may be possible to introduce a separate collection sys-
tem for equipment types having a large number of end-of-life
products. In contrast, it may be easier to identify the state of prod-
ucts in use and places where end-of-life products will be generated
for equipment types that have a smaller number of end-of-life
products, which is a favorable collection characteristic. However,
it can be difficult to introduce specific collection systems for these
types of equipment because of the small number of end-of-life
products.

In this study, we categorized various types of equipment into
several groups using unit size and annual number of end-of-life
products as indices of physical collectability. We used average unit
weight data (Oguchi et al., 2008) as a proxy for unit size of each
equipment type. The annual number of end-of-life products for
each equipment type was also obtained from Oguchi et al. (2008)
or the updated data in Section 3.1. As before, an agglomerative
hierarchical cluster analysis was used for the categorization, and
dissimilarity was measured by Euclidean distance. As with the cat-
egorization in Section 3.1, the examined equipment types were
categorized into different groups basically by differences in the or-
der of magnitude of dissimilarity.
able and
(%)

Plastic
(%)

Printed circuit
board (%)

CRT glass (%) Battery(%)

Panel glass Funnel glass

43.7 0.5 – – –
35.3 1.7 – – –
17.7 2.7 – – –
17.9 8.7 22.9 12.9 –
10.1 7.8 – – –
31.8 11.6 – – –
2.8 9.4 – – –
25.8 13.7 – – 14.4
24.1 15.8 – – –
15.3 14.0 – – –
18.9 11.1 – – –
46.9 10.4 – – –
49.1 12.2 – – –
53.2 12.6 – – –
45.8 7.4 – – –
37.6 30.3 – – 20.4
31.8 20.2 – – –
29.0 17.7 – – –
72.3 10.1 – – –
26.3 15.7 – – –
47.8 20.6 – – –

ion of end-of-life electrical and electronic equipment as secondary metal
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Table 2
Metal content of printed circuit boards of 21 types of end-of-life EEE.

Equipment type Number of
data

Metal content of printed circuit boarda (mg/kg)

Common metal Precious metal Less common metal

Al Cu Fe Pb Sn Zn Ag Au Pd Ba Bi Co Ga Sr Ta

Refrigerator 1 16,000 170,000 21,000 21,000 83,000 17,000 42 44 – 82 480 120 – 51 –
Washing machine 1 1000 70,000 95,000 2200 9100 2400 51 17 – 65 51 16 – 9 –
Air conditioner 1 6900 75,000 20,000 5800 19,000 4900 58 15 – 320 – 29 – 26 –
CRT TV 5 62,000 72,000 34,000 14,000 18,000 5300 120 5 20 2400 280 36 – 550 –
PDP TV 2 38,000 210,000 20,000 7100 15,000 12,000 400 300 – 3900 100 – – 650 100
LCD TV 1 63,000 180,000 49,000 17,000 29,000 20,000 600 200 – 3000 – – – 300 –
Desktop PC 8 18,000 200,000 13,000 23,000 18,000 2700 570 240 150 1900 50 48 11 380 7
Notebook PC 2 18,000 190,000 37,000 9800 16,000 16,000 1100 630 200 5600 120 80 10 380 5800
VCR 2 35,000 160,000 38,000 20,000 18,000 16,000 210 23 50 1200 – 47 9 27 23
DVD player/recorder 3 54,000 220,000 11,000 12,000 22,000 26,000 710 150 20 4300 85 110 9 400 77
Stereo system 1 29,000 150,000 12,000 19,000 22,000 14,000 57 6 – 1400 – 3 – 14 –
Radio cassette

recorder
2 61,000 140,000 58,000 17,000 24,000 11,000 170 26 34 1400 230 8 12 120 9

Facsimile 1 37,000 120,000 11,000 19,000 7400 7700 69 35 110 4300 – 420 – 95 –
Telephone 1 67,000 96,000 150,000 19,000 34,000 8600 2400 – – 4700 400 100 – 300 –
Printer 2 180,000 140,000 17,000 10,000 16,000 4200 70 38 21 3000 9 39 3 170 –
Mobile phone 19 15,000 330,000 18,000 13,000 35,000 5000 3800 1500 300 19,000 440 280 140 430 2600
Digital camera 10 24,000 270,000 30,000 17,000 39,000 8800 3200 780 200 16,000 230 140 15 440 7900
Camcorder 8 29,000 210,000 45,000 30,000 38,000 13,000 5000 530 970 18,000 240 180 52 610 8000
Portable CD player 2 68,000 200,000 46,000 12,000 50,000 20,000 3700 370 10 8600 1100 80 – 230 670
Portable MD player 2 27,000 330,000 45,000 9300 48,000 11,000 3400 940 550 19,000 660 150 – 340 9600
Video game 6 40,000 190,000 77,000 13,000 26,000 12,000 740 230 43 5100 260 100 16 400 83

a Median values of obtained data.
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4. Results and discussion

4.1. Material composition and metal content of end-of-life EEE

Tables 1 and 2 show the median values of the material compo-
sition of products and the content of selected common metals, pre-
cious metals, and less common metals in printed circuit boards for
21 types of EEE. The median values of contents for Ba and Sr in CRT
panel glass and Pb in funnel glass were 79,000, 74,000, and
215,000 mg/kg, respectively, and that for Co in Li-ion battery was
167,000 mg/kg. The detailed data are shown in the Supplementary
material.
4.2. Categorization of end-of-life EEE as secondary metal resources

4.2.1. Categorization by metal content and total amount of metal of
end-of-life products

We categorized the 21 equipment types for the selected metals
according to the content and annual total amount contained in
specific types of end-of-life equipment (Fig. 2). Metals in CRT glass
and Li-ion battery were plotted separately. In the figures, the diag-
onal right upward direction indicates the total amount of metal
contained in the specific equipment types, which is equal to the
product of the metal content and the annual amount of end-of-life
products. Thus, the equipment types located in the upper right of
each figure have a larger total amount of the specific metal shown
in the figure.

For each metal, the 21 equipment types were categorized into
one of the five groups, the characteristics of which are shown in Ta-
ble 3. Group 1 has the largest amount of total metal, with both a
relatively high metal content and amount of end-of-life products.
Therefore, the equipment types of group 1 are considered to be
the most important secondary metal resources on the basis of
these attributes. The metal content decreases from high to low in
groups 2, 3, and 4, and they should be prioritized as secondary me-
tal resources in this order from the viewpoint of the economics of
the metal recovery process. However, three groups are at the same
level in terms of the total amount of metals; thus, they may be
Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
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equally important from the long-term perspective of secondary re-
source development. Group 5 has the smallest amount of total me-
tal and a middle level of metal content. Thus, the equipment types
of group 5 are less important than those of the other groups as sec-
ondary metal resources.

Table 4 summarizes the characteristics of each equipment type,
each of which is discussed below.
4.2.1.1. Refrigerators, washing machines, air conditioners, and CRT
TVs. Refrigerators, washing machines, air conditioners, and CRT
TVs were categorized into group 1 for Al, Cu, and Fe because they
have the largest total amounts of these common metals among the
21 equipment types. These results suggest that these four equip-
ment types are therefore the most important equipment as sec-
ondary resources of common metals. CRT TVs were also
categorized as group 1 for Ba and Sr contained in printed circuit
boards only, although much Ba and Se were found in CRT panel
glass with higher contents.

The end-of-life products of these four equipment types are cur-
rently required to be collected and recycled under the Home Appli-
ances Recycling Law in Japan (Aizawa et al., 2008). In this recycling
system, ferrous, aluminum, and copper materials are the primary
materials recovered. Printed circuit boards and some other electri-
cal devices are separated and smelted to recover copper and other
metals. Considering that these four equipment types have the larg-
est total amounts of Al, Cu, and Fe, this system of recycling makes
sense as an effective means of recovering secondary resources of
common metals.
4.2.1.2. PCs, LCD TVs, mobile phones, and video games. Desktop PCs,
notebook PCs, LCD TVs, mobile phones, and video games were cat-
egorized into group 1 for Au and mainly into group 2 for Ag (there
were no group 1 equipment types for Ag). These results suggest
that these five types of equipment are therefore the most impor-
tant as secondary resources of Au and Ag. Desktop PCs were also
categorized into group 1 for Sr. Notebook PCs were categorized
into group 1 for Ta and mobile phones were categorized into group
1 for Ta and Ga. These results indicate that these equipment types
ion of end-of-life electrical and electronic equipment as secondary metal

http://dx.doi.org/10.1016/j.wasman.2011.05.009


Fig. 2. Categorization of end-of-life EEE from metal content and amount of end-of-life products. The dashed diagonal lines indicate the same amount of total metal. Product
types within the ovals are in the same groups. The dashed ovals indicate empty groups.
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also have relatively high potential as secondary resources of these
metals. In addition, much Co was found in Li-ion batteries of note-
book PCs and mobile phones with higher contents; therefore,
Li-ion batteries were also important as Co resources.

For PCs, LCD TVs, and mobile phones, specific collection and
recycling systems have been introduced in Japan. End-of-life LCD
TVs are collected and recycled through the above-mentioned sys-
tems specified the Home Appliances Recycling Law in Japan. End-
of-life PCs are collected and recycled through a system that was
voluntary established by PC manufacturers and importers based
on the Law for the Promotion of Effective Utilities of Resource
(Yoshida et al., 2009). End-of-life mobile phones are voluntarily
Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
resources. Waste Management (2011), doi:10.1016/j.wasman.2011.05.009
collected and recycled by mobile providers (Murakami et al.,
2008). In these systems, copper and precious metals contained in
printed circuit boards are the primary recovery targets. Some less
common metals are also recovered in some cases. The results of
our categorization indicate that these recycling efforts will contrib-
ute to effectively recovering precious and less common metals as
secondary resources.

The results also suggest that video games have the highest po-
tential as secondary resources of precious metals. Most end-of-life
video games, however, are currently collected and treated as muni-
cipal waste by local governments, and precious metals are rarely
recovered from them. Therefore, video games should be considered
ion of end-of-life electrical and electronic equipment as secondary metal
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Fig. 2 (continued)

Table 3
Characteristics of each group of end-of-life EEE categorized by metal content and
amount of end-of-life products.

Group Metal
content (A)

Amount of end-of-life
products (B)

Total amount of metal
(A � B)

1 Middle–high Middle–large Middle–large
2 High Small Middle
3 Middle Middle Middle
4 Low Large Middle
5 Middle Small Small

Table 4
Summary of the general characteristics of 21 types of end-of-life EEE from metal
content and total amount of metals.

Equipment type Metal Content Total
amount

Refrigerator, washing
machine, air conditioner

Al, Cu, Fe High Large
Others Low Middle

CRT TV Al, Cu, Fe, Ba, Sr High Large
Pb (CRT funnel glass) High Large
Others Low–

Middle
Middle

Desktop PC Au, Fe, Sr High Large
Others Low–

Middle
Middle
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as a target to be exploited as secondary resources of precious
metals.
Notebook PC, mobile phone,
video game, LCD TV

Au, Ag, Fe, Ta, Ga High Large–
Middle

Co (Li-ion batteries) High Large
Others Middle Middle

Portable CD player, portable
MD player, digital camera,
camcorder

Precious metals, Ba,
Fe, Ta

High Middle

Others Middle Small

Telephone, facsimile, printer,
radio cassette recorder, VCR,
stereo system, DVD
player/recorder, PDP TV

Fe High Large
Others Middle Middle
4.2.1.3. Other equipment types. Small digital equipment, such as
portable audio players, digital cameras, and camcorders, were
mostly categorized into group 2 for precious metals, Ba, and Ta.
This result suggests that they should be considered as secondary
resources of precious metals and Ta. These equipment types have
received attention as sources of precious and less common metals
recently in Japan because of their relatively high content of these
metals (MoE and METI, 2010; Shichida, 2008). Our results confirm
that recovery of precious metals and Ta from these types of EEE
seems reasonable.

For other less common metals, however, most types of small
digital equipment were categorized as group 5, although they have
been mentioned as secondary sources of various less common met-
als. The rest of the equipment types examined, mainly mid-size
information and communication technology (ICT) and audio/video
equipment (e.g., fax machines, printers, VCRs, and radio cassette
recorders) were mainly categorized into group 3 for almost all
metals. This indicated that these mid-size equipment types have
larger total amounts of metals than small digital equipment with
Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
resources. Waste Management (2011), doi:10.1016/j.wasman.2011.05.009
the same level of metal content (except for precious metals, Ba,
and Ga). This result suggests that these types of equipment should
be considered as somewhat important secondary resources of var-
ious types of less common metals.

The total amount of precious metals, Ba, and Ga in each type of
mid-size equipment is about the same as it is in small digital
equipment. Although the metal content is lower and it may not
be feasible to recover these metals from the mid-size equipment
given current technologies, we may need to focus on these types
ion of end-of-life electrical and electronic equipment as secondary metal
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of mid-size equipment as secondary metals resources in the future
in terms of total amount of metals.

Most end-of-life mid-size equipment is currently collected and
treated as municipal waste by local governments in Japan.
Although there are local treatment differences, basically the equip-
ment is landfilled either directly or after being shredded. In some
cities, ferrous, aluminum, and copper materials are recovered from
the shredded end-of-life products by using separation equipment;
however, materials containing other metals are rarely recovered.
The necessity of recovering precious and less common metals from
the mid-size equipment should be explored in more detail from
the long-term perspective of secondary resource development.

Recovering precious and less common metals from the mid-size
equipment, however, may not be economically feasible given cur-
rent technologies. In addition, there are several metals that are
technically or thermodynamically unrecoverable in conventional
metallurgical processes – for example, Bi and Co have no or limited
own production infrastructure (Reuter and Verhoef, 2004) and Ga
is difficult to recover in conventional nonferrous pyrometallurgy
processes from the thermodynamic aspect (Nakajima et al.,
2009). Metal recovery efficiency could also be different depending
on pre-processing technologies and equipment types (Chancerel
et al., 2010). Thus, for effective reuse of metals from end-of-life
EEE, the systems for collection, sorting, and pre-processing should
be reconstruct considering the characteristics of each equipment
type.

4.2.2. Categorization from collectability of end-of-life products
The examined equipment types were categorized into five

groups according to unit size and annual number of end-of-life
products as the indices of physical collectability (Fig. 3). In the fig-
ure, the diagonal right upward direction indicates the total amount
of each end-of-life product, which is equal to the product of the
unit weight and the annual number of end-of-life products. Thus,
the equipment types located in the upper right have a larger total
amount of end-of-life products.

4.2.2.1. Refrigerators, washing machines, air conditioners, and CRT
TVs. Refrigerators, washing machines, air conditioners, and CRT
TVs were categorized into group C, the group with the largest unit
size and a relatively large number and amount of end-of-life prod-
ucts. Because of their large size, the equipment types in this group
are not likely to be mixed with other wastes or to dissipate. There-
fore, they are considered to be easier to collect separately if neces-
sary. Pick-up service, however, may be required to collect end-of-
life products in this group. Because the number and, therefore,
Fig. 3. Categorization of end-of-life EEE from physical collectability of end-of-life produc

Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
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the amount of end-of-life products are also relatively large, it is
reasonable to collect these items through specific collection
systems.

These four equipment types are currently collected through a
separate collection system as specified by the Home Appliances
Recycling Law in Japan (Aizawa et al., 2008). In that collection sys-
tem, end-of-life products of these four equipment types are col-
lected by retailers and sent to recycling plants. In many cases
they are picked up by delivery companies when the new replace-
ment product is delivered. Such specific collection systems are
considered reasonable from the viewpoint of collectability.

This group also included several other large equipment types,
such as microwave ovens and kerosene fan heaters, although we
do not have metal content data for these items. Even so, from
the aspect of physical collectability, similar collection systems
could be appropriate for these types of equipment.

4.2.2.2. PCs and displays. Desktop PCs and CRT displays were also
categorized into group C, and notebook PCs were categorized into
group D, which had a moderate unit size with a moderate to large
number of end-of-life products. Because these types of equipment
do have moderate to large numbers of end-of-life products, it could
also be reasonable to collect them through individual collection
systems.

End-of-life PCs and displays are currently collected individually
through a separate collection system based on a different recycling
law in Japan; consumers can mail their end-of-life computer prod-
ucts to a recycling plant using a parcel service (Yoshida et al.,
2009).

Pick-up collection may also be appropriate for desktop PCs and
CRT displays because they are relatively large and are similar to
CRT TVs and other large home appliances in physical collectability
(Fig. 3). Collection using a parcel service may be more reasonable
for notebook PCs because the unit size is smaller and pick-up ser-
vice is not necessary.

4.2.2.3. Mobile phones. The collectability of mobile phones is un-
ique. They were the only type of equipment categorized into group
A, which has the smallest unit size and the largest number of end-
of-life products.

End-of-life mobile phones are currently voluntarily collected by
mobile phone providers and manufacturers through a specific col-
lection system called the ‘‘Mobile Recycling Network’’ (MRN)
(Murakami et al., 2008). Consumers are asked to bring their end-
of-life mobile phones to retail stores where they are collected over
the counter. Because the number of end-of-life mobile phones is
ts. Equipment types listed in italics are those for which we have metal content data.

ion of end-of-life electrical and electronic equipment as secondary metal
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Fig. 4. Tendencies in physical collectability of end-of-life products and possible collection systems.
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quite large and the unit size is quite small, it is reasonable to col-
lect end-of-life mobile phones through such a system.

Mobile phones can, however, get easily mixed with other waste
and may also easily end up in dead storage because of their small
size. In fact, end-of-life mobile phones collected through the MRN
system accounted for only 35.5% of the number of mobile phones
that were replaced or cancelled in fiscal year 2009 (TCA, 2010).
Therefore, consumers may need greater incentive to use the recy-
cling network to increase the collection rate.
4.2.2.4. Other equipment types. Small digital equipment, such as
portable audio players and digital cameras, were categorized into
group B, which had the smallest unit size and a moderate number
of end-of-life products. Video games and camcorders were catego-
rized into group D, which had both a middle unit size and a mod-
erate number of end-of-life products.

Although these types of equipment are mostly collected and
treated by local governments as municipal waste, they are col-
lected separately in several cities on a trial basis, with a focus on
items that have a high content of precious or less common metals
(MoE and METI, 2010; Shichida, 2008). Two basic collection meth-
ods are used in the trials: box collection and pick-out collection.
With box collection consumers are asked to bring their end-of-life
products to collection boxes placed in city offices and retail stores.
The target equipment types are mixed, but they are collected sep-
arately from other waste. With pick-out collection the target
equipment types are separated from mixed waste at local waste
treatment plants.

In the case of portable audio players and digital cameras, con-
sumers can easily transport their end-of-life products. Therefore,
box collection is an appropriate method of collecting these types
of end-of-life products.5 However, these products can easily get
mixed with other wastes because of their small size, and consumers
may need some sort of incentive to use the box collection system.
5 It should be noted that consumers bear a part of the collection cost in this case.

Please cite this article in press as: Oguchi, M., et al. A preliminary categorizat
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Although pick-out collection does not require separated disposal,
the target equipment types must be separated from other waste,
which increases the cost of recycling.

The number of end-of-life products is smaller for these equip-
ment types (much smaller than that of mobile phones), and it
may not be easy to introduce specialized collection systems for
each type of equipment. However, there may be a possibility to col-
lect them together with mobile phones through a specialized sys-
tem because their characteristics related to metal contents are
similar, which may allow pre-treatment and metal recovery to-
gether. In the current trial collection systems, mobile phones are
also collected and thus it seems reasonable for these equipment
types.

The collectability of video games and camcorders appeared sim-
ilar to notebook PCs (all were in group D). Considering that video
games also have similar characteristics to notebook PCs in terms
of metal content and total amount of metals (Table 4), collection
using a parcel service, which has been introduced for notebook
PCs, might also be appropriate for video games.

The rest of the examined equipment types, mainly mid-size
equipment, were categorized into groups D or E. Group D mainly
included mid-size ICT or audio/video equipment. Group E, which
has a relatively small number of large end-of-life products, in-
cluded home appliances, such as dishwashers and heating appli-
ances. These mid-size equipment types are still collected and
treated as municipal waste by local governments in Japan. How-
ever, some of these equipment types, such as fax machines, print-
ers, VCRs, and radio cassette recorders, were evaluated to be
important as secondary resources of metals in Section 4.2.1, and
we may need to focus on these equipment types as sources of met-
als in the future. If so, appropriate collection systems will need to
be developed.

Fig. 4 shows potential collection systems categorized by two
attributes: unit size and the number of end-of-life products
(Fig. 4). Mid-size office and audio/video equipment types are located
in the same area as notebook PCs (Fig. 3). Collection using a parcel
service may be appropriate for these types of equipment, but such
ion of end-of-life electrical and electronic equipment as secondary metal
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individual collection is expensive, and it may be more cost effective
to use another method. Because the unit size of these types of equip-
ment is too large to ask consumers to bring them to collection
points, pick-out collection is probably a more realistic option. To
consider which method is more efficient, more detailed assessment
including cost analysis of collection and metal recovery is needed.
5. Conclusion

End-of-life EEE have recently received attention as secondary
metal sources and we should consider efficient collection and
recovery systems for each EEE type according to the specific charac-
teristics of each EEE type to maximize the efficiency of metal reuti-
lization, This study conducted a preliminary categorization of a
wide variety of end-of-life EEE and sorted out their rough character-
istics as secondary metal resources as a basis for the reconstruction
of the systems for collection, sorting, and pre-processing towards
more effective reuse of metals in end-of-life EEE.

We organized an analogy between natural resource develop-
ment and metal recovery from end-of-life products and identified
that metal content and the total amount of metals in specific types
of end-of-life equipment are both important factors at the first step
of secondary resource development, because they are analogous to
the grade and the size of (potential) resources, respectively. Col-
lectability of end-of-life products is also important because collec-
tion systems are analogous to the mining process.

According to these identified attributes, we categorized 21
types of equipment into several groups and discussed the charac-
teristics of each equipment type from the perspective of content
and the total amount of each metal in each equipment type. The
equipment types were also characterized in terms of unit size
and annual number of end-of-life products as indices of physical
collectability. Based on these characteristics and existing collection
systems for end-of-life products, potentially appropriate collection
systems were discussed for equipment types that currently have
no specific collection systems in Japan.

In this study, the characteristics of 21 types of equipment were
examined. There are many other types of equipment types used
and discarded in the society, but we cannot include them in the
analysis at this moment because of lack of information on compo-
sition and metal content of the equipment types. It is needed to
accumulate the information through cooperation in international
scientific communities in future.
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