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Abstract

WEEE consists of a large amount and variety of materials, mainly various plastics, metals and composite
materials. Some of the materials are valuable, but there is also a considerable variety of hazardous materials.
In the EU unified targets concerning collection of WEEE and restricting the use of some hazardous materials
have been set. Still many hazardous materials are used in the products, and even those recently banned or
restricted will be found in the WEEE waste streams for still some time to come, due to lifespan of the appliances
and storage after use. Also in spite of collection targets a considerable amount of WEEE never enters the
appropriate WEEE collection scheme. This means that the recyclable materials as well as the harmful substances
in the WEEE not collected, is stored in homes or is placed in the mixed waste, and end up in landfills or
incineration.
At present the collected WEEE is sorted (at source or site), some components are dismantled and the rest is
treated mechanically to recover metals. The waste residues from this process are difficult and expensive to treat
due to their hazardous content.
Materials present only in specific components might be better recovered by more efficient sorting and
dismantling of the items, but many harmful substances are not recovered in the treatment processes at present.
According to a recent study over a quarter of the electronic and electrical equipments in the households are not
in use, but stored obsolete. Considering present methods of recovering harmful substances from this group of
items, it may even be considered a safe temporary storage for them.
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1 Introduction

Waste electrical and electronic equipment, WEEE, is probably the fastest growing waste stream in the EU, with
an estimated annual growth rate of 2,5 - 2,7% . By 2020 the amount has been expected to grow to roughly 12.3
million tonnes of WEEE (Huisman et al., 2007). For some categories, such as IT and telecom equipment and
consumer electronics, where the technical development has been especially fast, the growth rate may be even
stronger. (Cui and Forsberg 2003)
Waste electrical and electronic equipment consists of a large amount and variety of recyclable materials. Some of
the materials are valuable, which makes recycling an attractive alternative, some materials have hazardous
properties, which in turn pose a risk to the environment. (Robinson, 2009)
In spite of collection targets a considerable amount of WEEE never enters the appropriate WEEE collection
scheme. This means that the recyclable materials as well as the harmful substances in the WEEE not collected, is
stored in homes or is sorted with the mixed waste, and end up in landfills or incineration. Some are collected
illegally and shipped to developing countries where the equipment is disassembled and treated in lacking
conditions posing a substantial risk for health and environment. (Härri, 2013) According to a recent study
roughly 26% of the IT- and consumer product EEE items in the households are obsolete, which shows that a
considerable amount of the potential E-waste is stored in the households. (Ahqvist, 2012)
At present the collected WEEE is sorted (at source or at site), some components are manually dismantled and
basically the rest is treated mechanically to recover metals. The waste residues from this process, though not a
large amount, are difficult and expensive to treat due to their hazardous content. Also each group of manually
separated parts is treated further for recovery of recyclables.

1.1 Research focus

In this research, the focus is on “high value” waste electrical and electronic equipment, and specifically how
some hazardous substances are distributed in the treatment processes. High value WEEE have printed circuit
boards that use valuable metals. These products are typically found in Category 3, 'IT and telecommunications
equipment' and category 4 'Consumer equipment'. Similar parts can also be found in some items in category 7
'Toys, Leisure and Sports Equipment', which also make them high value products from a recycling perspective.
Although screens and televisions (both CRT and LCD) are included in categories 3 and 4 and actually represent a
very high share of the product assortment of these categories, they are not included in the group of high value
products in this research. This is because both CRTs and LCDs have very different treatment paths compared to
that of, e.g., computer processors, PlayStations (excluding screens), CD and DVD players, mobile phones, and
cameras, which represent typical high value products.

1.2 Legislative demands

EU legislation has set targets for WEEE collection and recycling (WEEE directive, 2003) as well as that
concerning restrictions on the use of certain hazardous substances in electrical and electronic equipment (RoHS
directive, 2003).
The aim of the WEEE directive is to enhance the collection and recycling of waste electrical and electronic
equipment, to ensure that an increasing share is collected and treated properly, and to reduce the amount that
goes to final disposal. Originally the collection target was 4 kg e-waste per inhabitant per year, but has recently
been revised to 45% of the average EEE put on market in the preceding three years by 2016 and 65% (or 85%
of the WEEE generated in that territory) by 2019.(WEEE directive, revised, 2012)
The aim of the RoHS directive is to reduce the risks posed by the use of some hazardous materials. The RoHS
directive restricts the use of six hazardous materials in the manufacture of various types of electronic and
electrical equipment:

1. Lead (Pb), (max. concentration 0,1 w-%)
2. Mercury (Hg) , (max 0,1%)
3. Cadmium (Cd) , (max 0,01%)
4. Hexavalent chromium (Cr6+), (max 0,1%)
5. Polybrominated biphenyls (PBB) , (max 0,1%)
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6. Polybrominated diphenyl ether (PBDE) , (max 0,1%)
The maximally permitted concentrations are 0.1% (except for cadmium, which is limited to 0.01% ) by weight
of homogeneous material. The directive has recently been revised to apply to a larger range of devices. (RoHS2
directive, revised, 2011)
Still many hazardous materials are used in the products, and even those recently banned or restricted will be
found in the WEEE waste streams for still some time to come, due to lifespan of the appliances and devices
stored in households.

1.3 Common hazardous materials in EEE, and impacts on health and environment

The type and concentrations of environmental contaminants in WEEE depends on the type of item as well as its
age. (Robinson, 2009) Many of the hazardous substances are used to achieve specific properties in the product.
Table 1-1 shows common high value WEEE devices and components with hazardous properties.

Table 1-1. Common devices and components with hazardous materials (Julander et al., 2012, Lundstedt, 2011 )

Product Component Hazardous subsance
Flat screens, laptos and
mobile phones

Liquid crystal devices(LCD) Liquid crystals, indiumtinoxide as thin film
coating, and mercury in lamps

All products Printed circuit boards Lead and antimony in solders. Cadmium and
beryllium in switches and solders, Mercury and
beryllium in relays, flame retardants in plastics

Portable devices Batteries Lead, nickel, cadmium, mercury
Different electroninc
circuits

Capacitators PCB

Covers, cables and
printed circuit boards

Plastics and polymers PVC and teflon as polymers
flame retardants, cadmium, lead och tin (organic
compounds), phthalates as additives.

Lamps cold cathode lamps, LED,
Halogen

Mercury, galliumarsenide, tallium

Product using solar cells Solar cells Galliumarsenid, Indiumtinoxide

Most of these materials don’t pose a threat to health or environment as long as the items are in their intended
use. The health hazard or environmental threat actualizes in the waste treatment phase. Obviously the biggest
environmental and health risks are caused when devices are treated illegally in very poor conditions, mostly in
developing countries. (Härri, 2012)
Despite the materials banned through RohS2 directive (2011), many of the banned substances will still be present
in near future waste flows. Also technical development promotes use of new innovative materials some of which
may have controversial or unpredictable impacts on both environment and health. (Watson et al. 2010)
According to Wäger et al. (2011) elevated levels of many of the restricted materials can be traced in mixed plastic
fractions of WEEE. Higher levels of heavy metals, such as lead, measured in the mixed plastic fractions are
probably cross contaminated from other fractions containing lead e.g. printed circuit boards. This cross
contamination is probably caused by insufficient separation in the dismantling phase, and blending of all
components present, especially in shredding processes. (Wäger et al. 2011)
According to Retkin, (2012) 25% of the WEEE material composition is plastics and 8% of the plastics use flame
retardants. Many of the banned flame retarding hazardous materials have been replaced by emerging additive
BFRs, however very little is known about the toxicity of these materials. Many of these new substances may pose
a significant risk in the future. (Watson et al. 2010)
Modern treatment plants are fairly safe and do not pose a significant environmental risk as long as everything
runs as planned, however certain impacts on health cannot completely be avoided. There are acknowledged risks
associated especially with mechanical shredding, even under controlled conditions. (Lundstedt, 2011)
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The biggest problems concerning WEEE treatment at modern facilities are the hazardous substances in the dust
and other small particles, caused through the dismantling and shredding processes. How strongly the employees
are affected depend technical solutions of the working space as well as use of protective clothing and other
equipment, as well as working methods. (Rosenberg et al. 2010) Also in the US high levels of cadmium and lead
have been measured at a modern E-waste recycling facility. (Lundstedt, 2011) In another research higher blood
levels of PBDE:s of workers at some European recycling plants. (Sjödin et al., 2001)
These results show that caution is required when handling E-waste.

2 Material and Methods

2.1 Methods

The material flows for high value WEEE, were studied closer in cooperation with a recycling company to assess
the actual material outputs of the treatment processes (Vattulainen, A., 2011; Tuominen, L., 2012). A material
flow analysis (MFA) was done to depict a typical treatment process of high value WEEE. The outputs of the
processes were compared to input flows, which were calculated based on data from literature (Chancerel and
Rotter, 2009). For the calculation and visualisation of the MFA, software called STAN (IWR, 2012) was used.
The material flows of the process are shown in figure 2-1.

Figure 2-1 Material flows of the high value WEEE treatment process
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In the base case, components and materials are manually dismantled for sale or further processing, and the
remaining 46 % is further processed for separation of metals.  In the metals separation process only a few metals,
mainly ferrous metals and aluminium, can be recovered as fairly pure fractions, but most output flows recovered
are mixtures of metals or impure plastic fractions (mainly suitable for incineration). In the metals separation
process no hazardous substances are separated or recovered for appropriate treatment, and it is probable that
these substances are distributed among all the output flows.

The manual dismantling in the base case of high value WEEE treatment is compared to the composition of high
value WEEE entering the treatment process. The composition of the input material flow was calculated based
on data from literature. (Chancerel and Rotter 2009) Chancerel and Rotter (2009) studied the composition of
WEEE collected from certain collection areas in Germany. They sorted the items collected by category and
analysed the composition of each appliance. From their disassembly exercise, the products interpreted as high
value were chosen for this research and a weighted average composition on the WEEE considered high value
was calculated. Figure 2-2 shows the composition of high value WEEE calculated based on Chancerel and
Rotter (2009).

Figure 2-2 Input composition of high value WEEE (Chancerel and Rotter, 2009)

The material composition varies, depending on the sample and source. Typical materials and parts in high value
WEEE products are metals, plastics, printed circuit boards, cables and wires, power supplies, DVD and CD
stations, hard drives, and batteries.

The disassembly of the output is not made into the exact same fractions as the input material distribution of
Chancerel and Rotter (2009), which makes comparison between output and input more complicated.
Some of the materials obtained in the metals separation process are the same as materials from manual
dismantling. Mostly the materials obtained in the metals separation process are less pure, and even though these
materials can be used for recycling, the value is lower than that of pure materials. Some of these mixed material
fractions cannot be avoided due to the complex nature of the input material. In figure 2-3 the output in the Base
Case of high value WEEE is compared to the input composition based on Chancerel and Rotter (2009).
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Figure 2-3 Comparison between input (Chancerel and Rotter, 2009) and output (base case)flows

Looking at the parts manually dismantled, it seems that approximately half of the printed circuit boards are lost
by not separating them manually, as well as a substantial share of the batteries. This is somewhat alarming since
we know that these components also contain a variety of hazardous substances.
Also most of the plastic is lost to the metals separation process, where the plastic recovered is good for
incineration but not usable anymore for material recycling. One problem may be that a large share of the plastic
is integrated in the composite materials and ends up in various fractions in the metals separation process. The
composite materials in the input flow are divided into several parts and fractions of the output flow, not only in
the metals separation process, but also in some of the parts manually disassembled, such as DVD/CD units,
hard drives, and power supplies. It also seems that there is more ferrous metals in the output than in the input.
Some ferrous metals will probably also be found in the composite materials, but also the composition of high
value WEEE calculated based on literature may differ somewhat from the actual high value input of the base
case. The differences are still fairly small and indicate that the material composition is fairly similar.
The components that are manually disassembled are sent for further processing and materials recovery.

3 Results and Discussion

Viewing the material distribution we can see that some components and materials are lost in the dismantling
process, which in turn means that both the material value and the hazardous properties of the component are
“lost” from the material flow going to the intended treatment. A surprisingly high share of the input material
ends up in the metals separation process where ferrous metals, aluminium and some copper can be recovered
fairly well, but most output flows are mixed or impure metals or other mixed fractions. The waste fraction
output from the metals separation process has hazardous features and requires special treatment.
We know that printed circuit boards have a large variety of hazardous substances; lead and antimony in solders,
cadmium and beryllium in switches and solders, mercury and beryllium in relays, as well as flame retardants in
plastics. The printed circuit boards not manually dismantled enter the metals separation process where these
hazardous substances are distributed among the output fractions.
Similar observations were made by Wäger et al. (2011), when they analyzed hazardous substances in plastic
fractions of treated WEEE. They found that some hazardous substances (such as lead) actually enriched in the
plastic fractions.
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Also the lead, nickel, cadmium, and mercury present in the batteries not recovered in the disassembly phase will
be distributed among the output flows of the metals separation process.
There is also a substantial amount plastics entering the metals separation process which adds to the amount of
flame retardants. The flame retardants cause a health risk in the treatment process.

At present only a few hazardous substances are actually separated in the treatment process such as mercury from
lamps, but most are “lost” in the treatment process ending up in end products, ashes and flue gases from
incineration, or in various waste fractions. Worst of all are those released in the air and environment during
treatment processes, posing threats to health and environment.

4 Conclusions

Many of the hazardous substances are used to achieve specific properties in the product. Materials present only
in specific components might be better recovered by more efficient manual dismantling of the items, but
harmful substances in plastics or composite materials or even from the dismantled parts may still be challenging
to recover. Only a few of the hazardous substances are separated from the waste mainly due to legislative
measures. Many harmful substances are at present not recovered in the treatment processes.
In a recent study we found that over 25 w-%, of the electronic and electrical equipments in the households are
no more in use, but still being stored at the households. Considering present methods of recovering harmful
substances from this group of items, it may even be considered a safe temporary storage for these items.

5 References

Ahlqvist, K., (2012), Urbaanit materiaalivarastot – kotitalouksien sähkö- ja elektroniikkalaitteet, master’s thesis,
Aalto University School of Engineering

Chancerel, P., Rotter, S., (2009). Recycling-oriented characterization of small waste electrical and electronic
equipment. Waste Management 29 (2009) 2336–2352

Cui, J. and Forssberg E., 2003. Mechanical recycling of waste electric and electronic equipment: a review. Journal
of Hazardous materials B 99 (2003) 243-263

Huisman, J., (lead author) Delgado, C., Magalini, F., Kuehr, R., Maurer, C., Artim, E., Szlezak, J., Ogilvie, S., Poll,
J., Stevels, A. (2007) 2008 Review of Directive 2002/96 on Waste Electrical and Electronic Equipment (WEEE)
Final Report, United Nations University 2007, 347p

Härri, Anna, 2013, Kaukainen kaatopaikka, E-jätteen matka Suomesta kehitysmaihin, Eettisen kaupan puolesta

IWR, 2012. STAN2, softwarefir SubSTanceflow Analysis. TU Wien, Research Centre for Waste and Resource
Management. http://www.stan2web.net/

Julander  A.,  Gustavsson  P.,  Jakobsson  K.  (2012)  Kunskapsöversikt  Kemisk  exponering  och  hälsorisker  vid
hantering av elavfall, Rapport 2012:17, Arbetsmiljöverket

Lundstedt, S., (2011), Recycling and disposal of electronic waste, Health hazards and environmental impacts,
Naturvårdsverket, Swedish environmental protection agency Report 6417, March 2011

Retkin, R., 2012 Bromattujen palonestoaineiden rajoitusten vaikutus jätteiden hyödyntämiseen ja käsittelyyn,
Suomen Ympäristö 29|2012, Suomen Ympäristökeskus



Sinks a Vital Element of Modern Waste Management
2nd International Conference on Final Sinks
16 – 18 May 2013
Espoo, Finland

Robinson, B.H., 2009 E-waste:an assessment of global production and environmental impacts, Science of the
Total Environment 408 (2009) 183-191

RoHS directive 2003, DIRECTIVE 2002/95/EC OF THE EUROPEAN PARLIAMENT AND OF THE
COUNCIL  of  27  January  2003  on  the  restriction  of  the  use  of  certain  hazardous  substances  in  electrical  and
electronic equipment

RoHS2 directive, recast (2011) DIRECTIVE 2011/65/EU OF THE EUROPEAN PARLIAMENT AND OF
THE COUNCIL of 8 June 2011 on the restriction of the use of certain hazardous substances in electrical and
electronic equipment (recast):
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2011:174:0088:0110:en:PDF

Rosenberg, C., Hämeilä, M., Tornaeus, J., Säkkinen, K., Puttonen, K., Hesso, A., Savolainen, K., Kiilunen, M.,
Linnainmaa, M., Korpi, A., Rahkonen, T., Savolainen, O., Pasanen, P., (2010) Kemialliset haittatekijät sähkö-ja
elektroniikkaromun kierrätyksessä – altistuminen ja torjunta, Loppuraportti TSR-hanke 107060, Työterveyslaitos

Sjödin A., Carlsson H., Thuresson K., Sjölin S., Bergman Å., Östman C. (2001)Flame retardants in indoor air at
an electronic recycling plant and at other working environments. Environmental Science & Technology 35:448-
454.

Tuominen L., (2012); Kuusakoski Oy; Discussions and e-mail exchange on several occasions during 2011-2012

Vattulainen A., (2011); Kuusakoski Oy; Discussions and e-mail exchange on several occasions during 2011

Watson, A., Brigden K., Shinn M., Cobbing M., 2010, Toxic transformers; - A review of the hazards of
brominated & chlorinated substances in electrical and electronic equipment. Greenpeace Research laboratories,
Technical Note 01/2010.

WEEE directive (2003) Directive 2002/96/EC of the European Parliament and of the Council of 27 January
2003 on waste electrical and electronic equipment (WEEE)

WEEE directive, recast (2012), DIRECTIVE 2012/19/EU OF THE EUROPEAN PARLIAMENT AND OF
THE COUNCIL of 4 July 2012 on waste electrical and electronic equipment (WEEE) (recast): http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:197:0038:0071:en:PDF

Wäger, P., Schluep, M., Müller, E., Gloor R., (2011), RoHS regulated substances in mixed plastics from waste
electrical and electronic equipment. Environmental Science and Technology 2012, 46, 628-635


