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A B S T R A C T

Norway generates the most WEEE per capita in the world, the bulk of which
is treated in Norway. Several of the processes involved are manual and there
is a potential for occupational exposure to the hazardous substances in the
WEEE.

The focus of this thesis is to find the available knowledge, both national
and international, on the chemical work environment in the management and
treatment of WEEE. In addition, we will identify possible knowledge gaps
concerning the situation in Norway. To achieve this we use statistics about
the amount and treatment of WEEE in Norway, exposure data from Norway,
published exposure data from other developed countries and other relevant
internationally published information. Most of the research on this subject
have been done on the informal recycling of WEEE in developing countries.
There are some studies on the conditions found in developed countries, but
only exposure assessments and none on adverse health effects. There are good
statistics on the volume of treated WEEE in Norway, but only some scarce
information on exposure levels in Norway.

Norway follows international trends in the treatment of WEEE, and it is rea-
sonable to expect the concentrations measured in the international literature
are representative for the situation in Norway. The measured concentrations,
both in Norway and abroad, were generally below the relevant occupational
exposure limits. The studies identified a number of new substances of rele-
vance for the chemical work environment. These substances should be consid-
ered for inclusion in new exposure studies in Norway. Some studies found a
considerable positive effect of preventive measures in the facility to better the
chemical work environment. The potential for harmful exposure is present in
the management and recycling of WEEE and there is a need for more compre-
hensive data on the conditions found in these work environments in Norway.
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S A M M E N D R A G

Norge genererer mest WEEE per innbygger i verden, og mesteparten av dette
behandles i Norge. Flere av prosessene er manuelle og det er mulighet for
yrkesmessig eksponering av farlige stoffer i EE-avfallet.

Fokuset i denne oppgaven er å kartlegge den tilgjengelige kunnskapen,
både nasjonalt og internasjonalt, på kjemisk arbeidsmiljø i forvaltningen og
behandling av EE-avfall. I tillegg vil vi identifisere mulige kunnskapshull om
situasjonen i Norge. For å oppnå dette bruker vi statistikk om mengden og
behandlingen av EE-avfall i Norge, eksponeringsdata fra Norge, publiserte ek-
sponeringsdata fra andre industrialiserte land og annen relevant internasjonal
publisert informasjon. Det meste av forskningen på dette temaet har blitt
gjort på uformell gjenvinning av EE-avfall i utviklingsland. Det finnes noen
studier på de forholdene som finnes i utviklede land, men bare eksponer-
ingsvurderinger og ingen på negative helseeffekter. Det finnes god statistikk
på volumet av behandlet EE-avfall i Norge, men lite informasjon om eksponer-
ingsnivåer i Norge.

Norge følger internasjonale trender i behandling av EE-avfall, og det er
rimelig å forvente at konsentrasjonene målt i internasjonal litteratur er rep-
resentative for situasjonen i Norge. De målte konsentrasjoner, både i Norge
og i utlandet, var generelt under de aktuelle eksponeringsgrensene. Studiene
identifisert en rekke nye stoffer med relevans for kjemisk arbeidsmiljø. Disse
stoffene bør vurderes for inkludering i nye studier av eksponering i Norge.
Noen studier har funnet en betydelig positiv effekt av forebyggende tiltak i
anlegget for å bedre kjemisk arbeidsmiljø. Potensialet for skadelig eksponer-
ing er til stede i behandlingen og gjenvinning av EE-avfall, og det er behov
for mer omfattende data om forholdene som finnes i disse arbeidsmiljøene i
Norge.
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1
I N T R O D U C T I O N

Today’s standard of living, the quick pace in technological development and
the short lifespan of electric and electronic equipment (EEE) all contribute to
the fact that the amount of EEE increases three times faster than the amount
of ordinary waste [1]. In Europe the waste electrical and electronic equip-
ment (WEEE) waste stream increases with 3-5 % a year [2]. The main chal-
lenge with the increase in WEEE is the need to properly handle the hazardous
compounds in EEE to minimize the negative impact on man and on the en-
vironment. In later years there have been implemented national (Regulations
About Recycling and Treatment of Waste) and international legislation (EUs
WEEE directive) regarding the collection and treatment of WEEE. The collec-
tion rate of WEEE in Europe is shown in figure 1.
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Figure 1: WEEE collection rate in some parts of Europe in 2012 given in kg per capita.
Map copied from Eurostat [2].
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2 introduction

There is no international accepted definition of WEEE [3]. The most used
definition of WEEE is the European Commission Directive
2002/96/EC, which defines WEEE as "Electrical and electronic equipment
which is waste, including all components, sub assemblies and consumables,
which are part of the product at the time of discarding" [3]. The Organisation
of Economic Co-operation and Development (OECD) defines WEEE as "any
appliance using an electric power supply that have reached its end-of-life" [3].
In Norway WEEE is defined in the waste regulation as waste EEE [4]. EEE is
defined as products and components that is dependent on electrical currents
or electromagnetic fields to function correctly, also including instruments to
generate, transfer, distribute and measure these currents and fields, including
parts necessary for cooling, heating, protection, etc. of the electrical and elec-
tronic components [4]. The Norwegian Environmental Authority have been
given the authority to make a judgement in any cases of doubts [4].

As a part of the legislation are several requirements about the proper treat-
ment of WEEE where the focus is to recycle (re-use, recover materials or re-
cycle energy) as much as possible. This is not a new sentiment, it has histori-
cally been important to preserve valuable materials including valuable parts
of waste. In addition to contain a lot of different hazardous substances WEEE
is a treasure trove of valuable parts and metals. It is possible to find up to 60
different elements in more complex electronic equipment, and most of these
elements are recoverable though all are not economically feasible to extract at
the present date [5]. The term "urban mining" refers to the extraction of the
valuable components and metals from WEEE [5].

Green chemistry is the modern name of focusing on sustainability. This is
done by designing operations and processes to use as few natural resources
and hazardous material as possible in addition to being as energy efficient as
possible [6]. To minimize the generation of and the negative impact of WEEE,
it is important that the producers of EEE not only focuses on phasing out
hazardous chemicals, but also have products that are easy to disassemble at
the end-of-life [3]. There is also a challenge in the trend of producing products
with planned or perceived obsolescence [3].

Some of the benefits of recycling iron and steel WEEE in comparison to
extraction and refining virgin materials is shown in table 1. Information about
the energy savings of recycling other metals and plastic is listed in table 2.

From time to time the media raises the question about chemical safety.
Sometimes the focus is on chemical compounds in consumer goods, where
also EEE are discussed [8]. The concern is then about leaching of hazardous
chemicals from the product. In the spring of 2015 several big news outlets
mentioned a report from the United Nations University where it is calculated
that Norway is the country in the world that generates the most WEEE per
inhabitant [5, 9, 10].

The focus of this study is on the chemicals that are released when the EEE
is recycled. Through the recycling process, the products might be dismantled,
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Table 1: Benefits of using scrap iron and steel. Based on information from Cui and
Fossenberg, 2003 [7].

benefits percentage

Savings in energy 74
Savings in virgin materials use 90
Reduction in air pollution 86
Reduction in water use 40
Reduction in water pollution 76
Reduction in mining wastes 97

Table 2: Recycled materials energy savings over virgin materials. Based on informa-
tion from Cui and Fossenberg, 2003 [7].

materials energy savings (%)

Aluminium 95
Copper 85
Iron and steel 74
Lead 65
Zinc 60
Paper 64
Plastics >80

broken, shredded, melted, and/or incinerated. Dependent on the compound
it might be released in several of these stages. Some compounds like dioxins
might even be created by the processes and cause occupational exposure [11].

The bulk of the international science about recycling of WEEE is done on
the environmental impacts. With regard to occupational exposure the bulk
of the research are about the conditions in the informal recycling of WEEE
in developing countries and not on the conditions in the formal recycling
done in developed countries [3, 11]. What has been researched on the adverse
health effects from working with recycling WEEE has primarily been done on
workers in the informal recycling industry [11, 12].

The goal of this study is to find and assess national and international knowl-
edge about the chemical work environment in the recycling of WEEE and to
assess the situation in Norway and identify possible knowledge gaps.





2
M E T H O D F O R G AT H E R I N G I N F O R M AT I O N

The focus of this thesis is to identify potential challenges in the chemical work
environment for operators working with managing and recycling WEEE in
Norway. This is done by assessing the available national and international
knowledge. Relevant information were located by using search engines, pri-
marily Google Scholar and Web of Science. Additional information were found
by going through the results reference lists. As far as possible, this thesis ref-
erences the primary source.

In addition to the international research data on the subject, it was nec-
essary to map the extent of recycling of WEEE in Norway. This was done
through using the available online resources of the Norwegian Environment
Agency. This includes the web page eeregisteret.no. All the companies that
work with managing WEEE have to report their activity to this site. All data
about the recycling of WEEE in Norway is from 2013. The reason for this is
that the data from 2014 where not available before late spring 2015, when this
thesis is being written. To fully understand these statistics some questions
where asked through e-mail correspondence to the company responsible for
managing eeregisteret.no.

The statistics from eeregisteret.no give the amount WEEE collected by the
different companies. To further map the situation in Norway and check the
relevance of the research, the two different companies were contacted for a
possibility for an interview. One where the company responsible for manag-
ing the greatest amount of WEEE in Norway, Renas. They are responsible for
the treatment of 38 846 tons of the total 144 000 tons, where 25 706 is treated
and recycled in Norway and the rest is exported to other countries. The other
company is Norsk Gjenvinning. They are one of the contractors that preform
the treatment and recycling of WEEE in Norway. They mentions in their pro-
motional material [13] that they have a treatment facility in Drammen where
they treat 11 000 tons of WEEE. That is primarly industrial machinery, high
voltage equipment, installation material, office equipment and electric tools
but they do also treat fluorescent tubes, light bulbs, cables and wires. The
Norks Gjenvinning location visited only sorted WEEE before it were sent for
further sorting and processing at other facilities. The questions asked Renas
and Norsk Gjenvinning in the interviews are listed in appendix A

There were some information concerning air-concentrations and concentra-
tions in biological samples from the industry in Norway. The data are from
a database managed by the National Institute of Occupational Health in Nor-
way.

5
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3
R E C Y C L I N G O F W E E E

Waste electrical and electronic equipment is diverse and complex, both in
the make-up of materials and components. It is therefore important that the
WEEE is properly managed after the WEEE has been collected, sorted and
shipped to the treatment facility . Hazardous components must be removed
alongside the valuable components that are possible to treat or reuse. This is
done to decrease the negative impact on the work and the external environ-
ment.

There are three major steps in the recycling of WEEE. The first process is the
dismantling process. This is necessary to remove reusable components, haz-
ardous materials and valuable components to make it easier to recycle and ex-
tract the valuable materials, e.g. from printed circuit boards and copper wires.
The next stage is upgrading, where the desirable materials are prepared for
further refining through mechanical/physical processing and/or metallurgi-
cal processing. The last stage is the refining where the materials is returned
to their life cycle. Figure 2 shows a typical process flow diagram of recycling
of WEEE.

WEEE
Manual

disassembly Shredder
Magnetic
separator

Eddy
current

separator

Residue

Plastics
Other components Ferrous metals

Non-ferrous metals

Figure 2: A typical process flow diagrams of recycling of WEEE. [14]

3.1 disassembly

The dismantling is primarily a manual process. A schematic overview of the
dismantling process and the different fractions is shown in figure 3.

A challenge in the dismantling process is the treatment of brown goods
(e. g.television sets, video recorder)[7]. The challenge of recycling these prod-
ucts is that they contain low amounts of precious metals and copper, making
it cost-inefficient to dismantle these products manually [7].

7



8 recycling of weee

Waste Electronics

Disassembly

Glass
Metal,
Plastics
Mixture

Large
Metal
Compo-
nents

Cables,
Circuit
Boards

Standard
Compo-
nents
(ICs)

Plastics,
Woods

Battery Mercury
Glass
(contain
lead)

Plastics
(contains
PBB/
PBDE)

Energy
recoveryRefiningFurther

treatment
Re-use Special

treatment
Special

landfilling Destruction

Figure 3: A schematic model of the different fractions separated in a representative
dismantling process.[7]

3.2 typical weee recycling methods

The first part of the process is the manual disassembly where the focus is
to remove parts that either are possible to use again or should be removed
before shredding [14]. The different products have their own line where they
are manually disassembled [14]. The following examples are of the treatment
of household products with large product volume and large number of sales
[14].

TV sets: The cathode ray tube is removed and treated separately [14]. The
different components are removed and the remaining outer casing is shred-
ded. The metal and plastic are then recovered [14].

Refrigerators: First, the chlorofluorocarbon (CFC) and freezer oil is recov-
ered [14]. Then the other components are removed before the outer casing is
shredded [14]. The urethane insulation is removed by using air pressure and
then grinded to fine particles[14].

Washing machine: Fully automatic washing machines use salt water as a
balancer and this needs to be drained[14]. Then the components are removed,
outer casing shredded and plastic and metals recovered [14].

Air conditioners: The CFCs and freezer oil are removed, than the compo-
nents are removed followed by shredding and recovery of metal and plastic
[14].

There are several different technical ways to do the different processes but
they all follow the general flow diagram in figure 2.

The fate of the different components and material recovered in the recycling
of WEEE is shown in figure 4.
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The different recovered metals are submitted to a smelting process with-
out any pre-treatment. The yield of the smelting process is above 95 % of the
total amount of metals found in the WEEE [14]. After smelting, the metals
are shipped as raw materials [14]. The compressors and motors are manu-
ally disassembled where the metals are recovered and the residue is sent to
a landfill [14]. The copper wires has the insulation stripped, the plastic land-
filled and the metal recovered [14]. The organic compounds in the printed
circuit boards are thermally destructed and the different metals are recovered
[14]. The glass is recycled into new products by mixing it with virgin materials
[14]. The other components are manually disassembled to recover metal and
the residue is landfilled [14]. The plastic is made into pellets and converted
to refuse-derived fuel (RDF) [14]. This process has an efficiency of extracting
60-70 % of the available energy.

3.3 metallurgical recovery of metals from weee

Several different main principles can be applied to recover the metals from
WEEE [15]. The traditional method of recovering the metals have been through
pyrometallurgical processes. There are some of these processes that utilize the
energy in the plastic. Thermal systems is a viable way to extract metals as long
as a comprehensible emission system is installed [15]. A different method is
to extract the metals through hydrometallurgical methods where the metals
are dissolved using either acid or caustic leaching [15]. The last main method
that is discussed is bioleaching but there is still need for further research into
the efficiency of this method [15]. Figure 5 show a proposed process flow for
a hydrometallurgicaly extracting metals from WEEE.



10 recycling of weee

SmeltingRecovered ferrous metals Ferrous metals >95%

SmeltingRecovered copper metals Copper >95%

SmeltingRecovered aluminium metals Aluminium metal >95%

(a)

Compressor/
motor

Manual
disassembly

Metal
separation

Residue 15-20% Landfill

Waste metals
80-85%

Smelting Copper

Aluminium

Ferrous metals

(b)

Coated
copper wire

Stripping
coating

Plastics 40% Landfill

Copper wire 60% Smelting Copper

(c)

Printed
circuit board

Smelting Ferrous metals, copper, aluminium, lead, tin, other precious metals

(d)

Glass cullet 15-25%

Virgin material 75-85%

Production of glass CRT (cathode ray tube)

(e)

Other
components

Manual
disassembly

Metal
separation

Residue Landfill

Recovered
metals

Smelting Copper

Aluminium

Ferrous metals

(f)

Plastics Pelletizing RDF 60-70%

(g)

Figure 4: Further treatment of components and material recovered in a recycling pro-
cess. a) The fate of the metal fractions. Further treatment of b) compressors
and motors, c) coated copper wires, d) Printed circuit boards, e) Glass cul-
lets, f) other components, g) plastics [14].
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Crushed matter (-0.3 mm)

Sulfuric acid
leaching of Cu

Filtration

Cl leaching
of Pd

Filtration

Cyanide
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Au and Ag

Filtration

Solid waste treatment
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Filtration Cu recovery
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Filtration Recycling
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Figure 5: A suggested process flow for hydrometallurgical recovery of metals from
WEEE. The figure shows the path and further treatment of the solid (S) and
liquid (L) fractions in the different steps.[15]





4
H A Z A R D I D E N T I F I C AT I O N

EEE is a heterogeneous mix of different parts and components. This is also
true about its chemical makeup [11]. Not all chemicals are toxic to humans
and those that are vary greatly with regard to bioavailability, mobility, degrad-
ability, and toxicity [16]. The Silicon Valley Toxics Coalition reports that just
one computer can contain hundreds of chemical compounds. This includes
toxic compounds like lead, mercury, cadmium, brominated flame-retardant
(BFR) and polyvinylchloride (PVC) [17]. The Norwegian Environmental Au-
thority states that most EEE contains one or more hazardous chemical com-
pounds [1].

4.1 hazardous substances in weee

There are three groups of compounds that the workers in the management
and recycling of WEEE might be exposed to [3]:

• Substances originally a part of the EEE

• Substances added during treatment

• Substances that are formed during the treatment

This thesis focuses mainly on substances in the WEEE that might be re-
leased, and mention some that may be formed through the process. As a
result of the strict rules in Norway about the use of chemicals and the require-
ment about risk assessment of the different processes the substances added as
a part of the treatment should be an obvious source of exposure and should
be adequately known by the businesses that use them.

The RoHS regulates the use of the following compounds found in WEEE:
lead, mercury, cadmium, hexavalent chromium, polybrominated biphenyl (PBB)
and polybrominated diphenylether (PBDE) [18]. But there are identified above
1000 different chemicals in WEEE where there is little or no knowledge regard-
ing their toxicity and environmental effects [3].

Hazardous substances that can be found in WEEE are:

• Americium are used as radioactive source in smoke detectors [18].

• Antimony might be found in printed circuit boards and cathode ray
tubes [19]

• Arsenic might be found in transistors and light emitting diode (LED)
[19]

13



14 hazard identification

• Beryllium might be found in thermal interface materials and printed
circuit boards [18, 19, 19, 20].

• BFRs found in the plastic in most EEE [18, 19, 20].

• Cadmium found in nickel-cadmium batteries and some alloys [18, 20].

• Chlorofluoratedcarbons might be found in old refrigerators and coolers
[3].

• Chromium might be found in nearly all WEEE [19].

• Cobalt might be found in batteries and hard-drives [19].

• Dioxins might be created in the thermal processing of plastic containing
chlorine [3].

• Indium might be found in liquid crystal display (LCD)-screens and sili-
con chips [3].

• Lead might be found in solder, cathode ray tubes, batteries, LED and
some formulations of PVC [18, 20]

• Lithium might be found in rechargeable batteries [19].

• liquid crystal (LC) used in LCD [21].

• Manganese might be found in batteries [19].

• Mercury found in LCD-screen and tilt-switches [18, 20].

• Nickel might be found in most electronics and batteries [19].

• Palladium might be found in most electronics [19].

• Phthalates might be found as softener in plastic [20].

• polychlorinated biphenyls (PCBs) might be found as insulation material

• PVC [19, 20].

• Ruthenium might be found in electrical contacts and chip resistors [19].

• Selenium might be found in printed circuit boards and photosensitice
equipment [19].

• Sulphur found in lead-acid batteries [18, 19].

• Tantalum might be found in capacitors [19].

• Thallium might be found in batteries and semiconductors [19].

• Tin might be found in solder [19].

• Zinc might be found in most electronic products [19].

A challenge in identifying the hazardous substances are the ghost effect.
This effect is when hazardous substances have not been properly removed
and are found in recycled materials [22, 23]. An example of this is the results
from a study that identified PCB, that should have been faced out, in recycled
plastic [22, 23].
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4.2 inorganic compounds

Inorganic compounds are all metals and other elemental substances. Com-
mon for them all is that they cannot be degraded; only their chemical specia-
tion might change through chemical reactions. A typical reaction that change
the chemical speciation is redox reactions. Some metals are nutritionally im-
portant for the human body to function, essential metals/compounds (e.g.
chromium, copper, zinc [24]). Some are only needed in small amounts (es-
sential trace elements). The different compounds are required in different
amounts, and lack of dietary intake of these compounds might cause adverse
health effects. This study will only look at the adverse health effects from
increased exposure.

The human body have several systems to cope with exposure to inorganic
substances. One of these systems is the protein metallothionein. Metalloth-
ionein is a protein that binds to the toxic metals to immobilise them, and then
transport the toxic metals to the kidney where they are stored. This means
that the body has a threshold limit before the exposure to toxic metals cause
adverse health effects.

4.2.1 Arsenic

Today arsenic is mostly used in metal alloys, semiconductors, solar panels
and electronics [16]. The use of arsenic in Norway in 2007 was 42 tons [16].

Arsenic is a metalloid that in its inorganic form is a potent toxin while as
part of an organic molecule its toxicity is decreased [16, 25]. Arsenic exposure
by ingestion or inhalation is considered toxic for humans and might cause
cancer [16, 25].

The use of arsenic and arsenic containing compounds is regulated through
REACH Appendix XVII [25]. Seven arsenic containing compounds are on the
European watch list, meaning that the producers that use these compounds
have stricter information requirements [25].

4.2.2 Cadmium

Cadmium is a common compound in batteries (Nickel-Cadmium (NiCd) bat-
teries), solar cells, solder alloys, cadmium vapour lamps, old television tubes
[16, 26]. In 2007 13 tons of cadmium were used in Norway, where 98 % were
used in batteries. NiCd batteries are used less than before and are being re-
placed by other batteries in all products other than electric tools [16]. It is no
longer allowed to use cadmium in paint, packaging, EEE, and portable cad-
mium batteries [27]. The exemption from this is when used in electric tools
[16].
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Cadmium is acute and chronic toxic for humans [27]. Cadmium will ac-
cumulate in the body, especially in the kidneys, and it has a long biological
half-life of 20-30 years [16, 27, 28]. In reality, humans accumulate cadmium
their entire life [27]. Inhalation exposure to cadmium is considered very toxic
[27].

The reaction mechanism of cadmium in the body is not known but it is
assumed that the adverse health effects are a result of the fact that cadmium
2+ have a similar size to calcium and zinc and might replace them [26, 29].
Another theory is that cadmium induces reactive oxygen species (ROS) which
in turn interfere with metabolism. This theory is partly supported by another
study that claim that the toxicity of cadmium is caused by lipid peroxidation
and other ROS. They also claim that cadmium inhibits the body’s defences
against lipid peroxidation the glutathione peroxidases.

Exposure of above 10 mg cause acute adverse health effects [26]. Cadmium
damages the kidneys, cardiac tissue, bones and is a carcinogen [27]. It is sus-
pected that even low-level cadmium exposure can increase the risks for cardio-
vascular diseases [16, 27]. The first symptom is the excretion of small protein
as retinol-binding protein in urine caused by damage to the tubules which are
no longer able to reabsorb these proteins [26]. Other symptoms for cadmium
exposure is salivation, choking, vomiting, metallic taste, loss of sense of smell
and joint pains [26].

4.2.3 Chromium

The use of Chromium in WEEE where banned in 2006 [30].
Chromium is an essential trace metal and is mainly found in two differ-

ent chemical species, trivalent and hexavalent [16]. As with other metals re-
dox conditions or pH might change the chemical speciation. Pure chromium
have no effect on the human body [30]. Trivalent is considered relatively safe
while hexavalent have the ability to bioaccumulate, have long biological half-
life and might cause allergies and/or cancer [16, 30]. Soluble cadmium com-
pounds might cause corrosive damage and exposure through ingestion might
cause damage to the kidneys and liver [30]. Several compounds containing
chromium are considered to be carcinogens and harmful for the reproductive
system [30].

The European Restrictions of Hazardous Substances (RoHS) prohibits the
use of hexavalent chromium in EEE in the EEA-area [16].

4.2.4 Lead

Lead is an element that has been found in several different useful products
throughout the ages such as sweetener, pipes, paint and gasoline additive. In
the 2nd century BCE Discorides said that "Lead makes the mind go away"
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[31]. In electrical and electronic equipment lead is used in batteries, plastic
(stabilizing PVC), and solder [31]. A ban has been implemented on the use of
lead in packaging, EEE, cars and toys [16].

Lead is one of the most studied hazardous compounds in the 20th century
[31]. Lead is not essential and has no limits that are necessary for the human
body. Lead can have an effect on several processes in the human body. A focus
has been on the adverse effect on the new production of haemoglobin, which
can lead to anaemia [16]. Lead is also proven to adversely affect the nervous
system, the immune system, and reduce the mental development of children
[16, 32].

Lead can be inhaled as a particles, or ingested. When ingested, children
absorb approximately 50 % while adults absorb only around 5-10 % [33]. This
is because children have a greater demand for calcium and iron, and lead
with its approximately same size and charge density is absorbed alongside
these elements.

Lead is distributed in several different parts of the body. Lead that is located
in the blood stream attaches itself to the red blood cells and has a biological
half-life of about 25 days. As mentioned lead mirrors the behaviour of cal-
cium in the body, and lead is therefore found both in muscles and in bone.
In muscles, lead has a half-life of about 40 days while it is much more stable
stored in bone where it has a half-life of about 10 years [33]. Humans accu-
mulate lead throughout our lives, particularly in our bones as youths, and 95
% of the lead in adults is found in our teeth and bones [34].

The most common biomarker of exposure to lead is the blood level where
it is measured as micrograms per one decilitre of blood (µg/dL) [35]. The
regulated limit of lead in the blood of workers in Norway is 1,5 mikromolper-
liter (0,5 mikromolperliter for women in fertile age)[36]. The most sensitive
part of the body for lead poisoning is the nervous system. At high levels of
lead the brain will swell (encephalopathy) which can result in death [35]. It
has been documented that lead has caused damage to the peripheral nervous
system in adults that worked as painters using paint containing lead. There is
evidence that show that adults experience a decrease in their cognitive perfor-
mance at blood lead levels at 25 µg/dL [35]. Another common adverse health
effect from exposure to lead is a result from the lead associating to the red
blood cells. When lead is present in the blood stream haemoglobin synthesis
is impaired and the red blood cells becomes more fragile. This can result in
anaemia. Lead also has an adverse effect on the kidneys and several studies
show a relationship between elevated lead exposure and elevated blood pres-
sure and a weak link between elevated exposure and lung and brain cancer.
Lead also pose a risk to the reproductive system for both males and females.
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4.2.5 Mercury

Mercury is the only metal that is liquid at room temperature. Pure mercury
has a high density, 13,6 times that of water. Mercury has a low boiling point
and high vapour pressure and will therefore slowly evaporate at room tem-
perature [37]. In EEE mercury is found in fluorescent bulbs, switches, ther-
mometers, manometers and button batteries. After EU banned incandescent
bulbs in 2012, the amount of recycled mercury containing bulbs is expected
to grow [16].

Inorganic mercury can be biotransformed by microorganisms to an organic
specie (methyl mercury, Met-Hg) [16, 37]. The methyl group makes the com-
pound more lipophilic and methylmercury will therefore be stored in the fatty
tissue and have the ability to bioaccumulate and biomagnify in the food web
[37].

Exposure to methylmercury (Met-Hg) may cause adverse mental effects
and cause motoric afflictions as a result from damage to the central nervous
system [16, 38]. Inorganic mercury accumulate in the kidneys but might also
cause allergies and might damage the foetus [38]. Both inorganic and organic
species of mercury have a long biological half-life [38]. Inorganic mercury
causes the most harmful effects when inhaled as a mercury vapour. The
vapour easily enters the bloodstream and is transported throughout the body
and it is able to cross both the blood-brain barrier and the placenta. If the
mercury is transported across the blood-brain barrier it might be oxidized.
After being oxidized the charge prevents the mercury from being transported
back intro the bloodstream. With continuous exposure, mercury will accumu-
late in the nervous system leading to potentially debilitating nervous system
afflictions [37].

Adverse effects after exposure to methylmercury have been much more
common. Mercury is a developmental toxin and the U.S National Research
Council states, "60 000 newborns annually may be at risk for adverse neu-
rodevelopmental effects from in uteroeexposure to methylmercury" [37].

The symptoms of exposure becomes apparent after a latency period where
there are not observed any effects. The higher the dose of the exposure,
the shorter is the latency period before the symptoms appear. Occupational
threshold limit for mercury in urine is in Norway 30 µg/g creatinine [36]

4.3 organic compounds

Organic compounds is all compounds with a carbon skeleton. The organic
compounds are produced naturally or artificially. As with the inorganic com-
pounds, the organic compounds have a wide range of properties, but in con-
trast the organic compounds might be degraded in nature. This is done either
biologically or through physiochemical reactions. The different degradation
reactions or recycling processes might even create some hazardous organic
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compounds, like dioxins. The rate of degradation is different from compound
to compound. This is also true about the biological half-life. The human body
have different systems to deal with different compounds, and the systems has
different efficiencies.

Lipophilic compounds generally bioaccumulate and the compounds must
first be made more hydrophilic before the body is able to excrete the com-
pound. These reactions in the body can also influence the toxicity of the sub-
stance; some compounds might even become toxic after the compounds is
made more hydrophilic. This phenomenon this is called bioactivation.

4.3.1 Dioxin

All dioxins are organochlorine compounds and the term dioxin covers eight
chlorinated dibenzodioxins (CDDs), ten polychlorinated dibenzofurans (PCDFs)
and twelve PCBs [39]. The difference between these compounds is the place-
ment and number of chlorine atoms but they have similar properties and
reaction mechanisms [16, 39].

All dioxins are highly lipophilic and difficult to biologically degrade but
are more sensitive to photochemical degradation [40]. There is more than
hundred different compounds with a different degree of chlorination that
are covered by these two groups of compounds [16]. Dioxins are unwanted
by-products of incomplete combustion of organic material where chlorine is
present and is produced naturally in forest fires or volcanic activity [16, 40].
There are also anthropogenic sources like industrial, municipal and domes-
tic incineration and combustions processes. The anthropogenic sources are
considered the most significant sources [39]. Dioxins are covered by the Stock-
holm convention, protocol for persistent organic pollution (POP) [16]. Dioxins
are relevant for the chemical work environment in the incineration of the dif-
ferent types of plastics containing chlorine.

Exposure to dioxins can take the form as inhalation of dust, through the
skin or by ingestion [39]. To excrete dioxins the compound must be trans-
ported to the liver where it is transformed to a more water soluble compound.
Dioxins is slowly metabolised and tend to bioaccumulate, in the fat and liver
[16]. The speed of elimination vary with dose, amount of body fat, age and
sex [39].

Dioxins is acutely toxic for some organisms, but humans are not among
those [16]. Animal studies have shown that a foetus exposure to low lev-
els of dioxins might cause reproductive harm and harm the immune sys-
tem. Some dioxins are considered endocrine disruptors and/or carcinogens
[16, 39]. Proven effects of exposure to dioxins for humans are adverse effects
on the immune system, irritation of the skin and a skin condition called chlo-
racne [16, 39]. Dioxin might also be a carcinogen for humans. The main expo-
sure of dioxins to humans is dietary exposure from eating fish and animal fat
[16].
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Dioxins might have an acute adverse health effect where a short time expo-
sure to (2,3,7,8 TCDD) can cause chloracne, redness and pain [39]. In addition
2,3,7,8 TCDD is also listed as a known carcinogen by IARC (International
agency of Reaserch on Cancer) and as a endocrine disruptive compound in
the European Union Prioritization List [39]. It have also been shown in stud-
ies with laboratory animals to be linked to endometrioses (adverse effect on
the uterous), developmental and neurobehavior effects (learning disabilities),
developmental effects on the reproductive system (decreased sperm count,
malformation of the genitals) and immunotoxic effects [39, 41].

4.3.2 Polychlorinated biphenyls

PCBs are mostly found in mixtures with up to two hundred congeners with
different numbers and placement of chlorine atoms [16, 42]. PCBs were made
illegal to use in Norway in 1980 [16]. PCBs were formally used in trans-
formers, capacitors and other EEE [16]. All lighting fixtures containing PCB
should have been decommissioned and delivered as hazardous waste in 2008
[16, 42]).

PCBs are difficult to degrade and is highly lipophilic and therefore biomag-
nifies in the food web [16, 42]. Since PCBs biomagnify, humans are exposed
to PCBs through dietary intake of animals products containing PCBs, and it
is even possible that PCBs are transferred to the next generations through the
placenta and breast milk [16, 42]. Many of the PCBs and their metabolites
are considered endocrine disruptors caused by their similarity to different
hormones in the body and they might influence the enzymes responsible for
degrading the hormones [16, 42, 43]. Exposure to PCBs might also have an
adverse effect on the immune system, harm the nervous system, cause liver
cancer, reproductive harm, and have developmental effects by negatively in-
fluencing childrens capabilities to learn [16, 42].

4.3.3 Brominated organic compounds

Brominated organic compounds is a term that covers all organic compounds
containing bromine [16]. The main use of brominated compounds is as BFRs.
When brominated organic compounds are exposed to heat, they release bromine
radicals that terminates the chain reactions in combustion reactions [16]. There
are approximately 70 different brominated organic compounds that are used
as flame-retardants and the different compounds may have completely differ-
ent properties with regard to bioavailability, distribution and effects [16]. It is
calculated that in 2007, there was used 450 tons of five different BFRs.

The main contributors to this was tetrabromobisphenol A (TBBPA) at 293
tons, deka-BDE (brominated diphenyl ether) at 114 tons and
hexabromocyclododecane (HBCD) at 43 tons. Of the total use of BFRs, 340
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were used as flame-retardants in EEE. Among the different sources that re-
leases BFRs are shredding installations [16].

When analysing blood and breast milk in the general human population
several BFRs were found. The sources to the general population are house
dust, vapours from EEE and dietary exposure.

• Penta-BDE is difficult to degrade, it bioaccumulates and is an endocrine
disruptor. [44].

• Okta-BDE is classified as harmful for the reproductive system and harm-
ful for the foetus [16, 44].

• Deka-BDE may harm the nervous system and can be metabolised to the
more harmful okta-BDE [16, 44].

• HBCD is difficult to degrade but is mainly harmful to aquatic organisms
[16, 44].

• TBBPA is also difficult to degrade and is an endocrine disruptor [16]. In
the environment, TBBPA may be degraded to bisphenol A [16, 44].

There is a lack of knowledge about the toxicity or possible endocrine dis-
ruptive effects for many of the BFRs [16].

The use of penta-BDE and okta-BDE was prohibited in 2002 and a prohi-
bition to use deka-BDE followed in 2008 [16, 44]. These compounds is also
covered by the Stockholm convention [16, 44]. But these compounds are still
found in older products, and the products that contain more than 0,25 weight
percent is considered to be hazardous waste by the RoHS legislation and it is
required that in the recycling of WEEE the components that contain BFRs are
removed before further processing [16].

4.3.4 Perfluorated organic compounds and phosphorus flame retardants

This term applies to several hundred compounds [16]. Most of the perfluorated
organic compounds (PFCs) are both lipophilic and hydrophilic. Some PFCs
functions as flame-retardants. There is a huge difference in the amount of
knowledge with regard to use and amounts for the different compounds [16].
PFCs are among other things used as a heat exchange medium in the pro-
duction of transistors and other semiconductors and as a softener and flame
retarder in plastic [16, 45]. There are two PFCs in the governments watch list,
PFOS and PFOA [16, 45]. The focus on these compounds have also lead to an
increased focus on other PFCs [16, 45].

The main routes of exposure to PFCs are through ingestion of food and
drinking water and inhalation of dust and indoor air [16, 45]. Contrary to
most other organic compounds that accumulate in the fatty tissue, PFCs are
mostly bound to proteins and accumulates in the liver and in the blood [16].
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A sediment sample from outside a shredding facility contained phosphorus
flame retardants (PFRs) [16]. The PFR that was found to be the most abundant
was tris-chloroisopropylphosphate (TCPP) [16]).

A mapping for the four most common PFRs (tris-chloroethylpylphosphate
(TCEP), tris-dichloroisopropylphosphate (TDCP), tributyltin (TBT) and TCPP)
showed that all of these with the exemption of tributylphosphate (TBP) were
classified as difficult to degrade [16]. TCEP is considered chronically toxic and
assumed to be harmful to the reproductive system [16, 45]. Animal studies
showed that chronic exposure to TCEP, TDCP and TBP cause neurological
damage [16]. None of these PFRs was found to biomagnify [16].

4.3.5 Bisphenol A

Bisphenol A is used as a component in making plastic. Exposure to bisphenyl
A is mainly through residue of bisphenol A monomers that did not react
completely when the plastic where formed.

Bisphenol A is easily degradable in water, does not to any great extent
bioaccumulate and is an estrogen [16, 43, 46]. Since it is a estrogenic it is
considered to be an endocrine disruptor and harmful for the reproductive
system and the development of the unborn child [43, 46]. It is also classified as
harmful for the eyes, irritating to the mucous membrane and it is an allergen
with skin contact [46].

The measured concentrations of bisphenol A in saliva is considered to be
too low to cause adverse health effects in the short term, but there is some
concern with regard effects from long term exposure [16].

4.3.6 Phthalates

Phthalates is the term for a group of organic substances that are mainly used
as a softener in plastics [16]. It is among other things often found in PVC that
are used to isolate cables [16].

As a softener in plastic phthalates is not chemically bound to the plastic and
will in time diffuse out of the plastic and make it more brittle [16]. This means
that plastic containing phthalates will leak phthalates to the surrounding envi-
ronment. Even though plastic containing phthalates leak to the surrounding
environment it is still considered that the main source for phthalates expo-
sure is through diatary intake, and then exposure in the indoor air. The main
source for phthalates in the indoor environment is considered to be from ph-
thalates containing products. An example of a product containing phthalates
is flooring. The use of phthalates has been declining after it was documented
that they might cause adverse health effects and their use is now closely reg-
ulated [16].
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Phthalates are relatively easily degradable in water and bioaccumulate dif-
ferently in different organisms [47]. The difference in the degree of bioac-
cumulation is a result of different organisms ability to degrade and excrete
Phthalates.

Phthalates are suspected to act as an endocrine disruptor and it is possi-
bly carcinogen [16, 43]. Phthalates are considered to be easily degraded in
the human body. The group most sensitive to Phthalates exposure are small
children.

4.3.7 Polyvinyl Chloride

PVC is the organochlorine that is produced in the greatest volume [48]. PVC
is extremely difficult to recycle because it is a mixture of PVC and additives,
and the mixture differs between the different applications [48]. If the PVC is
only deposited to a landfill, the PVC might leech out toxic additives [48].

Elements that are known to have been used as additives in PVC are arsenic,
bromine, calcium, chlorine, copper, iron, lead, manganese, silver, strontium,
tin, titanium and zinc [48].

Incineration of PVC might create dioxins.

4.3.8 Liquid Crystals

The compounds used in LCD are mixture of different compounds belong-
ing to the group of substituted phenylcyclohexanes, alkylbenzenes and cy-
clohexylbenzenes [21]. These compounds are used as electroactive layers that
compose the LCD.

There have been done toxicological studies on single LCs [21]. So fare these
studies have only found some LC that are irritating, corrosive or sensitising
properties to skin [21]. So fare there have not been any indications of a car-
cinogenic effect or any oral acute toxicity [21].
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This chapter lists and gives information about available exposure data. Most
of the available data about exposure for workers working with recycling of
WEEE are from the informal recycling industry, mainly from south-east China
[12]. There are some studies and reports looking at the conditions in the for-
mal recycling industry.

Inorganic elements:

• "Formal recycling of e-waste leads to increased exposure to toxic metals:
An occupational exposure study from Sweden" [49]

• "Release of Mercury from Broken Fluorescent Bulbs" [50]

• "Occupational exposure in the fluorescent lamp recycling sector France"
[51]

• "Exposure to Hazardous Metals During Electronics Recycling at Four
UNICOR Facilities" [52]

• "A Pilot Assessment of Occupational Health Hazards in the U.S. Elec-
tronic Scrap Recycling Industry" [53]

• "Evaluation of Occupational Exposure at an Electronic Scrap Recycling
Facility" [54]

Organic substances:

• "Brominated Flame Retardants in Waste Electrical and Electronic Equip-
ment: Substance Flow in a Recycling Plant" [55]

• "Exposure to Flame Retardants in Electric Recycling Sites" [56]

• "Flame Retardants Exposure: Polybrominated Diphenyl Ethers in Blood
from Swedish workers" [57]

• "Flame Retardants in Indoor Air at an Electronic Recycling Plant and at
Other Work Environments" [58]

• "Polybrominated diphenyl ether exposure to electronics recycling work-
ers - a follow up study - a follow up study" [59]

There are also some reports made by different agencies that also mention
relevant information concerning the exposures in formal WEEE recycling in
different countries.

25
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Reports:

• "WEEE and Hazardous Waste" [21]

• "The global impact of E-Waste - Addressing the challenge" [3]

• "Review of Health Risks for workers in the Waste and Recycling Indus-
try" [60]

• "The WEEE Report - Waste Electrical and Electronic Equipment Reuse
and Recycling in Canada - 2013" [61]

Generally stated the different studies and reports show a clear potential for
hazardous exposure, but the concentrations for the studied substances were
below the different countries occupational exposure levelss (OELs).

Table 3 and table 4 show the available data on the chemical work environ-
ment in the management and recycling of WEEE in Norway. There were also
some data available on the air concentrations of some elements, but too many
of the values were detected but not quantifiable for the results to be summa-
rized in a table. The available data were generally a couple of measurements
from the same facility at different locations and measured in couple of differ-
ent years.

As the table show there are not that many measurements available, and
most of the measurements are from different companies, processes and years.
The data that have been pooled in the table may not give a representative
result given that the different locations might process different WEEE and
therefore it might be expected a difference in the chemicals present in the
work environment. Another weakness is the fact that different years in the
same facility have also been pooled. There were not enough data to look at
any trends in the exposure at the different facilities, and any possible trends
are not accounted for in table 3 and 4.
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Table 3: Measurements of organic solvents at different companies in Norway. Expo-
sure data from the expo.-database.

Collecting of Hazardous waste Collecting of non-hazardous waste Treatment and disposal

Compund N
Geomet-
ric mean

(ppm)
Range (ppm) N

Geomet-
ric mean

(ppm)
Range (ppm) N

Geomet-
ric mean

(ppm)
Range (ppm)

1,1,1-trikloretan 5 0,268 0,03-1,73 0 0

1,2,4-trimetylbenzen 6 0,072 0,023-0,159 0 0

2-butoksyetanol 12 0,099 0,063-0,164 0 0

2-propanol ppm 15 0,241 0,057-1,065 14 0,233 0,005-43,669 16 0,519 0,081-3,972

4-metyl-2-pentanon 0 6 0,050 0,008-1,907 0

Aceton 12 0,188 0,049-2,088 3 15,924 10,09-39,659 3 19,633 1,776-149,291

Alifater C3-C4 12 0,601 0,067-11,649 0 0

Alifater C4-C8 0 7 0,227 0,123-0,374 4 4,231 1,203-14,921

Alifater C5-C8 18 0,410 0,081-8,048 14 0,598 0,063-66,591 14 2,469 0,205-86,193

Alifater C9-C13 18 0,804 0,079-3,834 21 0,385 0,03-8,307 16 0,535 0,082-4,037

Aromater C9-C12 6 0,226 0,095-0,456 0 0

Benzen 0 1 0,981 0,981-0,981 0

Butanon 3 0,561 0,358-0,718 2 0,390 0,166-0,915 0

Diklormetan 5 2,891 0,8-10,2 0 0

Etanol 0 14 0,301 0,023-6,203 8 0,171 0,022-2,597

Etylacetat 20 0,131 0,003-3,69 1 2,059 2,059-2,059 6 0,234 0,015-1,646

Etylbenzen 29 0,053 0,009-0,376 19 0,028 0,004-0,499 20 0,159 0,02-1,059

Freon 113 2 0,841 0,6-1,18 0 0

m&p-xylen 30 0,135 0,013-1,137 20 0,082 0,007-1,382 20 0,393 0,037-3,512

n-butanol 2 0,025 0,006-0,105 0 0

n-butylacetat 14 0,194 0,04-2,278 3 0,372 0,337-0,453 20 0,114 0,008-10,44

o-xylen 30 0,036 0,006-0,36 20 0,028 0,004-0,53 20 0,103 0,012-0,852

Tetrakloretylen 8 0,433 0,04-2,77 0 0

Toluen 30 0,176 0,016-2,36 23 0,084 0,01-3,252 20 0,262 0,011-9,725

Trikloretylen 7 0,447 0,147-2,59 0 0

VOC I 12 1,900 0,47-7,13 0 0

VOC II 12 0,236 0,04-0,75 0 0
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Table 4: Measurements of some elements in biological samples at different companies
in Norway. Exposure data from the expo.-database.

Sorting and treatment of waste before material recycling Dismantling

N GM (umol/l) Range (umol/l) N GM (umol/l) Range (umol/l)

B-Cd nmol/l 144 4, 719 × 10−3 (0, 4 − 71)× 10−3 0

B-Hg nmol/l 143 9, 681 × 10−3 (1 − 45)× 10−3 0

B-Pb (umol/l) 195 0, 345 × 10−3 (0, 04 − 2, 9)× 10−3 16 1, 084 × 10−3 (0, 68 − 1, 9)× 10−3

B-ZPP umol/l 29 0, 470 0, 02 − 3, 3 13 0, 210 0, 08 − 0, 68

U-Cd nmol/l 139 2, 862 × 10−3 (0, 2 − 24)× 10−3 0

U-Hg nmol/l 139 6, 094 × 10−3 (0, 3 − 233)× 10−3 0

U-Kr mmol/l 153 12, 137 × 103 (2, 7 − 42)× 103 0

Collection of Hazardous Waste Treatment and disposal of Hazardous Waste

N GM (umol/l) Range (umol/l) N GM (umol/l) Range (umol/l)

B-Cd nmol/l 0 0

B-Hg nmol/l 0 0

B-Pb (umol/l) 16 0, 121 × 10−3 (0, 04 − 0, 29)× 10−3 0

B-ZPP umol/l 0 0

U-Cd nmol/l 0 0

U-Hg nmol/l 3 1, 194 × 10−3 (0, 1 − 8, 1)× 10−3 17 6, 878 × 10−3 (3 − 38)× 10−3

U-Kr mmol/l 3 13, 162 × 103 (10 − 19)× 103 17 14, 978 × 103 (8, 2 − 32)× 103



6
C A S E S T U D I E S

Most of the research that has been done is on measuring the exposure and
not investigating effects for the workers in the formal recycling of WEEE.

The degree of hazard posed to the workers vary greatly with the specific
methods used. In the following chapter several exposure studies is summa-
rized to identify possible hazards for the workers working with recycling
WEEE.

6.1 occupational exposure to metals

6.1.1 Case One

In this study (Julander et al 2014, [49]) the workers exposure to elements was
measured by using biomarkers and monitoring of personal air exposure. The
exposure to 20 elements was assessed for 55 recycling workers and 10 office
workers. The inhalable aerosol sub-fraction was collected using personal air
samplers. To evaluate the biomarkers urine and blood samples were analysed.

The air samples showed a 10-30 times higher exposure to elements for the
recycle workers than for the office workers. The biomarkers showed a sig-
nificantly higher level of exposure for the recycling workers for chromium,
cobalt, indium, lead and mercury in blood, urine and/or plasma than the
office workers. The concentration of antimony, indium, lead, mercury and
vanadium showed a linear relationship between the levels measured in blood,
urine and plasma and the exposure levels measured in the inhalable aerosol
sub-fraction.

The group with the greatest exposure to elements were the workers work-
ing with dismantling WEEE.

The correlation between the concentrations in the inhalable sub-fraction and
the biomarkers, strongly indicate that the workers exposure to these elements
is taking place at work. Their conclusion is that there is a need to also measure
the exposure to rare metals like indium and antimony and not only the well-
known contaminants mercury and lead.

6.1.1.1 Indium

Indium is mainly used in electronics as indium-tin oxide, mostly used in flat
screens. The effect of exposure to indium is not well known with regards to
its toxicity, but Indium phosphide is categorised as a probable carcinogens by
the IARC and other indium compound are being investigated for their effect

29
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[62]. The exposure was significantly higher for the dismantling workers than
for any of the other groups. The proposed explanation for this is that indium-
tin oxide is used as a thin film on displays, mostly LCD-screens, and it is
only the dismantling workers that came in direct contact with either whole or
dismantled screens. The workers exposure to indium is relevant since it is a
component of flat screens, and this is a product that is increasingly recycled.
There is some evidence that an exposure to indium at 3 µg/L in the blood
can cause effects on the lung.

6.1.1.2 Mercury and arsenic

In this study only inhalable particles were collected because a considerable
amount of the mercury will be present as vapour, the workers exposure to
mercury is most likely underestimated. Even though, none of the workers
worked with light bulbs containing mercury, the recycling workers had 20
times higher air exposure to mercury than the office workers. The probable
source for the mercury is from back lights in different types of screens. The
blood concentrations on the other hand did not show any significant differ-
ence. This is most likely caused by the fact that the main source for mercury
in whole blood is through dietary exposure (methyl mercury).

The air measurements of arsenic did show a 23 times higher exposure for
the recycling workers than the office workers.

Mercury and arsenic are commonly used in many types of electronics as
LCDs and LEDs so the workers exposure to these elements will most likely
only increase in the future.

6.1.1.3 Lead

Lead is predominantly found in the glass of cathode ray tubes and in solder
and may be released when the lead containing WEEE is grinded. The grinded
material where transported openly so it was possible for the lead containing
particles to disperse and cause a lead exposure to all of the recycling workers,
not only the ones working with dismantling. An exposure to lead is most
serious for female workers since lead have been shown to affect an unborn
child.

The process of grinding lead containing components have since been trans-
ferred to another company that specialises on treating lead containing com-
ponents.

6.1.1.4 Cadmium

Cadmium is mostly present in batteries and printed circuit boards. The recy-
cling workers had a 28 times higher air exposure to cadmium than the office
workers. The cadmium concentrations in urine were as expected highest for
the smokers. Among the non-smokers, the recycling workers had the highest
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urine concentration of cadmium. However, this difference is not statistically
significant as most of the participants in the study were smokers.

6.1.2 Case Two

In 2008 and 2009 the National Institute for Occupational Safety and Health
(NIOSH) were asked by the United States Department of Justice Office of the
Inspector general to assist in the health and safety inspection of four UNICOR
facilities recycling program at four Bureau of Prison institutions. The results
from this assessment were published in the report “Exposure to hazardous
metals during electronics recycling at four UNICOR facilities” [52].

The conclusion of this study was that UNICOR did not conduct adequate
planning and job hazard analysis before the recycling work started. This lead
to potential health hazards not being identified before they become relevant.
No training were given to any of the workers, and adequate hazard controls
were not implemented before after several years. In spite of this most of the
workers had cadmium and lead levels in urine below the occupational expo-
sure limit.

6.2 recycling of fluorescent bulbs

There are several studies looking at the occupational exposure to mercury and
other contaminants. The use of mercury in fluorescent bulbs is still permitted
since the mercury is instrumental for the light bulb to function properly [51]

The amount of mercury differs greatly between different types of bulbs. A
120 cm long bulb contains approximately 12 mg of mercury [50]. In the mid-
1980s a bulb could contain 40 mg or more mercury [50]. The average amount
of mercury in fluorescent bulbs recycled is approximately 20 mg [50]. The
bulbs will most likely break during conventional waste handling and thus re-
lease at least parts of the mercury which might cause occupational exposure
to mercury. The amount of mercury released is a function of the form and
amount of mercury, and external factors like temperature. Elemental mercury
is used in the manufacturing of the bulbs. A certain amount of mercury vapor-
izes every time the bulb is used but condenses when the bulb cools [50]. After
a time the elemental mercury is dispersed throughout of the bulb as small
particles of beads that is too small to be seen with the naked eye [50]. This
dispersion will increase the surface area of the mercury that will lead to an
increased volatilization rate. Some of the mercury in the bulb will react with
oxygen to solid mercury oxide (principally HgO) and some of the mercury
will adhere to the glass as the bulb ages [50].
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6.2.1 Case Three

To better know the fate of mercury in fluorescent bulbs an experiment was
conducted by Aucott, McLinden and Winka [50]. The study mimicked a typ-
ical solid waste disposal scenario where the discarded bulbs break during
handling before being stored in an open container for a time before it is dis-
posed.

The concentrations measured in this study were well below the OEL for
mercury. The results did show that the amount of mercury released is strongly
dependent on temperature (figure 6). Figure 6 show the cumulated release of
mercury from broken fluorescents over time at three different temperatures
in percent of total mercury content. First an amount of available mercury is
released, than after 8 hours the rate of emission decreases since the easily
volatile mercury have been released or the Mercury is oxidized to solid mer-
cury oxide. The results from this study can also be used to extrapolate the
amount of mercury released from fluorescent bulbs to 2-4 tons of mercury
each year in the United States of America.

emission rate, and the 95% confidence intervals of the
intercept and slope for the linearized (log-log) functions
were determined. These values were used to generate ad-
ditional power law functions, which were in turn inte-
grated over the time period. Nine different combinations
of slope and intercept were used, representing the mean
intercept/mean slope, mean intercept/minimum slope,
mean intercept/maximum slope, minimum intercept/
mean slope, and so on. In all cases, the minimum slope/
minimum intercept combination generated the smallest
total 340-hr emission estimate, and the maximum slope/
maximum intercept combination generated the largest.
In the case of the 60 °F run, the largest estimate actually
exceeded 100% of the possible emissions, and the small-
est estimate was that only 10% of the total amount of
mercury in the bulbs would be emitted over two weeks.
With the 85 °F run, the range of uncertainty was from 88
to 25%, and for the 40 °F run, the range was 37–12%.
When all data were combined and a similar analysis was
performed, the best estimate was that 25% of the total was
emitted, with a range from 17 to 40%.

The high uncertainty associated especially with the
runs at 60 and 85 °F is likely a function of the relatively
limited amount of data collected at those temperatures.

Despite the uncertainty, it appears that higher tempera-
tures do lead to higher emissions, as would be expected
based on the known relationship of temperature to vola-
tilization rate. To attempt to shed more light on the
temperature dependence of the emission rates, subsets of
the data sets for each temperature run were analyzed by
excluding the first three readings, corresponding to the
initial short time intervals. Removing the first three data
points from the 40 °F run and all runs lumped together
makes the slope more negative, implying a quicker de-
crease in emissions than predicted from the best-fit line
derived from all data. However, the opposite is true for the
60 and 85 °F runs. This suggests that, at higher tempera-
tures, relatively high rates of emission may exist for a
longer time.

Another aspect of these findings should be noted.
This study suggests that elevated airborne levels of mer-
cury, exceeding EPA’s reference concentration of 300 ng/
m3, can exist in the vicinity of recently broken bulbs, and
under certain conditions, mercury concentrations may
exceed occupational exposure limits. The American Con-
ference of Governmental Industrial Hygienists (ACGIH)
and the National Institute for Occupational Safety and
Health (NIOSH) recommend an 8-hr time weighted aver-
age exposure limit of 0.025 and 0.05 mg/m3, respectively,
for elemental mercury vapor.22,23 The Occupational
Safety and Health Administration has set a mercury per-
missible exposure limit of 0.1 mg/m3.24 ACGIH and
NIOSH both list a “skin” notation for elemental mercury
suggesting that exposure, either through direct contact or
vapor contact with skin, eyes, and mucous membranes,
may contribute significantly to overall exposure. Poten-
tial occupational exposure may exist for sanitation work-
ers and employees involved in recycling fluorescent bulbs
in the presence of broken bulb residue.
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Figure 5. Cumulative release of mercury from broken fluorescent bulbs1

at three different temperatures.

Figure 6. Saturated vapor pressure of mercury vs. temperature.
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Figure 6: Cumulative release of mercury at three different temperatures as a function
of time. Diagram copied from Aucott et al. 2003 [50].

6.2.2 Case Four

The purpose of the study conducted by Zimmermann et al. [51] was to deter-
mine the occupational exposure levels and the levels of emission of mercury
in the different operations in the recycling of lamps in France.

Four facilities were inspected. The four different facilities had different pro-
cedures for recycling the lamps. Some of the facilities had pre-treatment exist-
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ing of lamp storage and/or lamp sorting. The treatment used were either end
cut or crushing (shredding). Some had storage of the output (glass, metal end
parts etc.). The facilities did process different volumes ranging from 300 tons
to 1600 tons.

Lamp storage is where the loading and unloading operations take place.
This area has low background concentrations of contaminants but peaks might
appear if any light bulbs breaks. At lamp sorting there might be short time
intervals where exposure might excess the OEL. Air concentrations up to
2430 µg/m3 were measured for yttrium. The end cut process is enclosed in a
low pressure confinement to avoid contaminating the surroundings. Still high
concentrations were measured for inhalable dust, mercury and lead. The op-
erators working with the crushing process were the group with the highest
average exposure. The areas where the lamp input and output from the vari-
ous treatment processes takes place are contaminated from the high volume
of lamps that is broken during handling and feeding and this contamination
leads to occupational exposure.

Figure 7 shows the individual measurements divided by the French OEL.
The reason for this is to visualise the portion of measurements that exceeded
the French OEL.

The study also analysed samples of dust from different surfaces. These
measurements show an amount of barium, lead and yttrium. This shows the
importance of good hand hygiene to avoid contaminating hands which then
might cause ingestion to be a relevant route of exposure.

The study clearly shows that workers at all processes are exposed to what
the authors calls worrying levels of mercury vapour and dust containing lead
and yttrium. A list of appropriate measures to minimize the occupational
exposure is also given. The list is (from Zimmerman et al. 2014 [51]):

1. Inputs and outputs should be stored and handling in ven-
tilated areas. Broken lamps and outputs releasing mercury
vapours should be confined in airtight containers.

2. Accidental breakages should be avoided by handling softly.

3. Existing processes should be improved by implementing source-
capture methods and/or keep the core process in a vacuum
confined enclosure.

4. Vacuum lock or a semi-automatic feed at the lamp input area
should be implemented to keep the workers away from pol-
luted area.

5. The mercury level should be continuously controlled at spe-
cific points in the workplace by real time measurement device
connected with alarm system.

6. A general exhaust ventilation system should be implemented
for all the workplace.
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pollutant level at this step depends to a great extent on (1) the
thoroughness of sorting and avoiding breakage, (2) how breakage
is managed, and (3) the storage conditions of the broken lamps.

4.3. End cut processes

The end cut processes are enclosed in a low pressure confine-
ment to avoid any contamination to its surrounding area. High
concentrations of toxics in these atmospheres have been mea-
sured, especially for inhalable dust (149 mg/m3) mercury vapor
(82.4 lg/m3) and lead (486.5 lg/m3). Using an end-cutting tech-
nique, Rhee et al. (2013) showed that the mass mercury released
to vapor phase is decreased as air flow rate is increased. Thus, it
is important to work at high airflow rate.

In addition, during cleaning or maintenance episodes, operators
can be exposed to high concentrations of pollutants, that require
the use of specific respirators and protective equipment being suit-
able for both mercury vapors and harmful dusts.

4.4. Crushing processes

A different technology is used to crush fluorescent lamps. Pollu-
tion and operator exposure are significant around the treatment
process, whatever the latter. Operators devoted to crushing pro-
cesses are on average more exposed to inhalable dust and metallic
pollutants than those working on the end cut machines.

Crushing lamps can cause greater emissions depending on how
the crusher is confined, and because no decontamination opera-
tions are performed during crushing. This is in contrast with the
end cut procedures. In all cases, the handling of outgoing fractions
and the cleaning and maintenance of the processing areas and
equipment are linked to particularly significant exposure. A similar
finding has been established by Lucas and Emery (2006) who
recommended to consider the entire process, not just the crushing

Fig. 2. Individual atmospheric measurements to key metallic elements divided by
France OELs (Exposure Index).
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Figure 7: Atmospheric measurements of mercury, lead, yttrium and barium divided
by France OELs. Copied from Zimmermann et al. 2014 [51].
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7. In addition to prevention by source reduction and collective
protection, suitable personal protective equipment may be re-
quired especially for limited and hazardous activities (e.g. clean-
ing and maintenance operations). Finally, good conditions of
hygiene should be ensured (e.g. hand washing before break,
shower and clothe changing at the end of workday, working
clothes supplied and washed by company).

6.3 brominated flame retardants

There have been several studies assessing workers exposure to brominated
flame-retardants.

6.3.1 Case Five

The Department of Work Environment Development at the Finnish Institute
of Occupational Health published a study in 2011 [56] on the exposure of
workers at four different recycling sites to BFR.

In this study the airborne concentrations in breathing zone of five flame
retardants were measured. The five compounds where: tetrabromobisphenol-
A (TBBP-A), decabromodiphenylethane (DBDPE), hexabromocyclododecane,
1,2-bis(2,4,6-tribromophenoxy)-ethane, hexabromobenzene, and one chlorinated
flame retardant (Dechlorane Plus R©). In addition to these polybrominated
diphenylethers and polybrominated biphenyls were measured. The air con-
centrations were measured at four different plants, over a period of two years.

The study found that the three most abundant of the measured compounds
were PBDEs (mostly deca-BDE) 21 to 2320 ng/m3, TBBP-A 8,7 to 430 ng/m3,
and DBDPE 3,5-360 ng/m3. At two of the sites there were a decrease of expo-
sure that correlated with the emission control actions (improved ventilations,
improved maintenance of ventilation and improvements of the cleaning proce-
dures). The decrease of exposure was between 10-68 % and 14-79 % in the two
facilities. When assessing if the measured concentrations could cause adverse
health effects for the workers, the researchers had some problems caused by
the lack of OEL for the flame retardants. There is no OEL in Finland for any of
the compounds in this study. Since these compounds are suspected endocrine
disruptors there is a possibility for antagonistic effects where even low levels
might cause an effect. Since the study shows that the occupational exposure
might be decreased by preventive measures one should strive to minimize the
exposure by keeping the levels as low as reasonably practicable.
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6.3.2 Case Six

Flame retardants exposure: PBDEs in blood from Swedish workers This study
was published in 1999 (Sjödin et al. 1999) where the blood serum levels of
five PBDE congeners, 2,2’,4,4’-tetraBDE; 2,2’,4,4’,5,5’-hexaBDE; 2,2’,4,4’,5,6’-
hexBDEE; 2,2’,3,4,4’,5’,6-heptaBDE; and decaBDE were measured. The work-
ers studied were clerks working full time with a computer and workers at a
dismantling site for WEEE. Hospital cleaners were used as a control group.

This study found that the subjects working with dismantling electronics
had significantly higher levels of all of the studied PBDEs. The compound
found in the highest concentrations in the dismantling workers was 2,2’,3,4,4t,5’,6-
heptaBDE. The total amount of all the congeners in the serum was 37 pmol/g
lipid weight for the dismantling workers, 7, 3 pmol/g lipid weight for the
office workers and 5, 4 pmol/g lipid weight for the hospital cleaners. The con-
clusion of this study is that decabromodiphenyl ether is bioavailable and that
the workers at the WEEE dismantling site where occupationally exposed to
these compounds. This conclusion is supported by the data from the change
in PBDE levels in 11 workers before and after they went for vacation. They
also found that the different compounds seemed to have a different half-life
inversely proportional to the degree of bromination, the more brominated the
compound the shorter half-life.

6.3.3 Case Seven

In another paper from Sweden published in 2001 [58], the hypothesis is that
the polybrominated flame-retardants were released during the dismantling
process of WEEE and that there is a possibility that these compounds pose
an occupational health hazard. The air from different working environments
were examined: a recycling plant, a factory assembling printed circuit boards,
a computer repair facility, an office and outdoor air.

This study found polybrominated diphenylethers, polybrominated biphenyls,
1,2-bis(2,4,6-tribromophenoxy)-ethane, tetrabromobisphenol A, and organophos-
phate esters in all of the air samples. The highest concentrations were mea-
sured in the air from the recycling plant. In the recycling plant the air was sam-
pled from two different locations, the dismantling hall and by the shredder.
The air sample from the dismantling hall showed decabromodiphenyl ether
at 38 pmol/m3, tetrabromobisphenol A at 55 pmol/m3, and triphenylphos-
phate at 58 pmol/m3. By the shredder it was measured significantly higher
levels of all of these compounds and this was the first time it is shown occupa-
tional exposure to 1,2-bis(2,4,6-tribromophenoxy)-ethane and several arylated
phosphate esters.

The conclusion of this study is that brominated and phosphorus-containing
additives to plastic materials is released to the air in the process of recycling
WEEE.
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6.3.4 Case Eight -A follow up to Case Seven

A further study of the occupational exposure of workers in the recycling of
WEEE industry to polybrominated diphenylether was published in 2006 [59].
After the studies conducted by Sjödin et al. 1999 [57] and Sjödin et al. 2001 [58]
the factory decided to implement industrial hygienic measures to decrease the
exposure. The effectiveness of these measures to decrease the levels of PBDEs
in the blood serum of the workers was analysed in this study.

In the time between the sampling in the first study (1997) and the second
sampling (2000) there was implemented significant changes. The schematic
changes to the factory layout is shown in figure 8. Since it was identified that
the shredder where the primary source for releasing PBDE [58] the shredder
where moved outside the factory. In 1997 the factory did not have any ventila-
tion, but this was improved by installing a specific process-ventilation system
that forced the airflow from ceiling to the floor to remove the dust particles in
the air. The cleaning routines were improved by installing an industrial vac-
uum cleaner operating on wet floor in addition to sweeping all workstations
and benches with wet rags. It is also important to note that the volume of dis-
mantled and recycled electronics increased greatly, the volume was doubled
between 1997 and 2000 from 1900 tons to 38000 tons. Of this, 75 tons in 1997
were plastic containing BFR compared to 195 tons in 2000.

This study found decrease in BDE-47, BDE-183 and BDE-209. It is hypothe-
sised that the difference in the reduction between different brominated flame-
retardants can be explained by the difference in half-life between the com-
pounds. The low-medium brominated PBDEs did not have the same reduc-
tions as the more brominated PBDEs.

These improvements were achieved even though the processes volume dou-
bled between the measurements were taken and analysed.

The conclusion is that occupational exposure to brominated flame-retardant
can be decreased through structural process planning, good ventilation and
good cleaning procedures.



38 case studies

been reported from several electronics dismantling facilities
in Scandinavia (Sjödin et al., 1999; Hovander et al., 2001;
Thomsen et al., 2001). The toxicity of BFRs and PBDEs
was recently summarised by Birnbaum and Staskal (2004)
and Gill et al. (2004). PBDEs have been shown to have
toxic effects, such as endocrine effects (Vos et al., 2003)
and developmental neurotoxicity (Eriksson et al., 2001;
Viberg et al., 2003a,b, 2005).

In 1999 a first survey was published, confirming that
workers dismantling discarded electronics at an electron-
ics recycling plant in Southern Sweden were exposed
to PBDEs (Sjödin et al., 1999). These results were based
on analysis of serum samples drawn from the workers
in 1997. The exposure to BFRs at this plant was also
described by indoor air measurements at the facility (Sjö-
din et al., 2001). In response to these findings, industrial
hygiene measures to reduce PBDE exposure were taken
by the company. The primary aim of the present study
was to evaluate if the work place improvements had
reduced the personal PBDE exposures (i.e. serum concen-
trations) on group level as well as on individual level.

2. Material and methods

2.1. The plant

Manual dismantling of electronic goods such as per-
sonal computers, printers, television sets and radios is per-
formed at the plant. Discarded electronics goods are stored
inside the facility until further processing. Trucks are used
for transport of goods within the facility, which has an
open lay out (Fig. 1). The discarded electronics are disman-
tled at different work stations using air pressure driven
tools, components are separated, and hazardous compo-
nents are removed. All plastics, such as computer cabinets,
are separated further into bromine containing and non-
bromine containing plastics, using X-ray technology. All
plastic fractions are separately ground to pieces in a shred-
der for volume reduction. The plastic material is packed
and transported to other industries, either for recycling of
the plastics, or for incineration.

The shredder, which in 1997 was placed indoors in the
dismantling hall, was the main contaminating source of
PBDEs in the factory (Sjödin et al., 2001). Hence, when
major industrial hygiene improvements were made at the
plant, the shredder was placed outside the building
(Fig. 1). In 1997 there was no ventilation in the factory,
and the temperature and quality of air was regulated by
opening the doors and windows. For improvement a spe-
cific process-ventilation system was installed, forcing the
airflow from ceiling to floor in order to remove particles
and dust from the air. The flow rates of this process-venti-
lation were 7845 l/s to the factory and 8280 l/s going out.
In 1997, only brooms were used for cleaning of the floor.
The cleaning routines were then improved. An industrial
vacuum cleaner operating on wet floors was installed and
the work benches and work stations surfaces were wept

with wet rags. In November 1999 the changes were fully
implemented.

During the same time period as the industrial hygiene
improvements were implemented the volume of dismantled
and recycled electronics at the factory increased markedly,
and was doubled between 1997 and 2000. In 1997 the
factory processed 1900 tons of discarded electronics, in
comparison to 3800 tons in 2000, which corresponds to
75 and 195 tons of brominated plastic materials, 1997
and 2000, respectively. Even though the workforce was
increased, the productivity of the workers was higher in
2000 than in 1997. The processed electronics comprise of
discarded goods, with different age, from households and
industry in Sweden The relative amount of bromine con-
taining plastics being dismantled did not change. In the
time period of 1997–2000, the relative bromine content
of the plastic fraction was 3–4%. BFR-specific information
is not available.

2.2. Subjects and sampling

In June 1997 nineteen out of 27 employees participated
(Sjödin et al., 1999). Of these, 13 employees were sampled
once again in June–July, 2000, together with 14 workers
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Fig. 1. Schematic figure of the electronics recycling factory plant lay-out,
in 1997 (left) and 2000 (right). The figure is showing the structural changes
made within the plant between the years. The major change made was
moving the shredder (the main contamination source) outside the plant. A
process-ventilation system was installed at the dismantling stations and
the storage area was reduced. The letters given in the figure are; Storage of
hazardous waste (A); loading dock (B); sorting and weighing of incoming
electronics (C); locker room and showers (D); main entrance (E); office
(F).

1856 K. Thuresson et al. / Chemosphere 64 (2006) 1855–1861

Figure 8: The factory lay-out before and after the factory implemented measures to
minimize the levels of BRFs in the work environment. Copied from Thures-
son et al. 2006 [59].
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S I T U AT I O N I N N O RWAY

Norway is the country in the world with the highest generation of WEEE [5].
This increase in waste generation does not necessarily constitute an increased
environmental or human health problem since Norway also returned the most
WEEE for proper treatment [63]. As with the rest of the world Norway is best
at properly disposing the big EEE like washing machines and television sets
but is not so good at returning small EEE like mobile phones and light bulbs
[3, 5, 63].

The three most environmentally hazardous waste fractions are WEEE (mer-
cury containing electronic equipment, mercury containing light bulbs, plastic
from WEEE that contain BFR) [16].

A simplified model of the life cycle and management and recycling of EEE
in Norway is shown in figure 9.

Import/
production

Consumer

Sorting
Treatment

facility Material recovery

Energy recycling

Thermic destruction

Landfill

Figure 9: A schematic model of the management and recycling of WEEE in Norway.
After collection of the WEEE either from the consumer or the importer/pro-
ducer the WEEE undergoes at least one manual sorting process before it
is shipped to a treatment facility. There the WEEE is (manually) disman-
tled and the components undergo either energy recycling, material recovery,
thermic destruction or is shipped to a landfill.

7.1 legislation

Recycling in Norway is regulated through the "Forskrift om gjenvinning og
behandling av avfall" (Regulations about Recycling and Treatment of Waste)
called "avfallsforskriften" (Waste Regulations) [4]. The Norwegian waste reg-
ulation has been adapted to implement the European WEEE-directive from
2006, and the environmental authority are working on some suggested changes
to the waste regulation to implement the changes in the WEEE-directive from
2014 [64].
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The legislation that is relevant for the recycling of waste electrical and elec-
tronic equipment is chapter 1 "Kasserte elektriske og elektroniske produkter"
(Waste electrical and electronic equipment) [4].

This regulates all receiving, collection of, recycling and all other treatment
of waste electrical and electronic equipment except batteries. All treatment
of waste batteries are regulated through chapter 3 "Kasserte batterier" (waste
batteries) [65].

The goal of the regulation of the treatment of WEEE is to reduce the envi-
ronmental impact of discarding electrical or electronic equipment when con-
sidering the environment, use of resources and economic factors [4]. The im-
pact is reduced by separate collection, sorting and treatment of the parts that
is considered hazardous waste and to achieve the greatest possible degree of
recycling of the rest of the WEEE [4].

7.2 organisation of weee handling in norway

All vendors that sell EEE are obligated to receive WEEE [66]. This applies even
if the costumer does not buy any new products, and the product returned is
independent of manufacturer and model, it only needs to be an equivalent
product. After receiving these products the vendors are required to handle
and store the products in a way that minimize damage to the product, to
minimize unwanted emissions, until the WEEE is collected by the return com-
pany.

In Norway, the collection and treatment of WEEE is founded through a
fee on all import electronics to Norway. This fee has to be paid to a certified
return company. The return companies are responsible to administrate the
management and recycling of WEEE. They does not do any of the collection
or treatment of the recycled products but they employ contractors. A result of
this producer responsibility means that the return companies have to evaluate
the hazardous content in both old and new product, and even though the new
product is more environmentally friendly it is the fee on the new product that
is financing the management and recycling of the old products.

The return companies is required to submit a wide set of data either on an
annual or biannually on basis. These statistics are managed by eeregisteret.no.

The return companies have to supply data about:

• Export of EE-products

• Collected EE-products sorted by county, municipality and product group

• Total supply of new EEE and total collected WEEE

• Amount of recycling sorted by product group

• Treated materials per waste groups

• Treated WEEE sorted by product group and type of treatment

http://eeregisteret.no
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The following tables (table 5-9) describe the treatment of WEEE generated
in Norway, with how the different product groups end up, and amount of the
treatment done in Norway and abroad.

These tables show that most of the WEEE returned in Norway are treated
in Norway. After the WEEE have been returned the WEEE is collected by
contractors and then first sorted into nine different fractions[67] [68]. These
fractions are than sent to different treatment facilities where they either are
sorted further into several more fractions or directly to be treated [67][68].
The treatments used further follow the international trends and as described
in Chapter 3. So even if the WEEE is treated abroad, it goes through at least
one manual sorting process in Norway.

A challenge in the dismantling process is about how they identify the haz-
ardous components. This selection process is based on the treatment facilities
knowledge and experience [68]. A good example is how Renas handled the re-
turn of the smart current meters [68]. Renas asked their contractors to collect
one of each kind of these smart current meters, and these were then analysed
to identify hazardous components that need to be removed[68].

Norsk Gjenvinning mentioned that in their sorting operation the chemical
hazards were evaluated to be of low risk [67]. The highest rated risk were
the mechanical and physical hazards [67]. The personal protection equipment
that were used at all times were protective footwear and gloves and breathing
masks were available if the workers found the need to use them [67].
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Table 5: Report on achieved total levels of recycling, material recovery and reuse com-
pared to the govermental demands in 2013. All return companies [64]

Requirement Actual levels

Level of recy-
cling (%)

Level of ma-
terial recycling
and re-use (%)

Level of recy-
cling (%)

Level of ma-
terial recycling
and re-use (%)

Total 93,9 82,1

1. Big home appliances 80 75 94,1 79,3

1a. Refrigeration systems 80 75 98,3 84,9

1b.Other house appliences 80 75 91,8 76,2

2. Small home appliances 70 50 96,8 83,6

3. Data treatment-, telecomunication
-, and office appliances

75 65 95,1 82,1

3a. Computer monitor 75 65 95,2 82,3

3b. Other data treatment-, telecomu-
nication -, and office appliances

75 65 95,1 82,1

4. Sound and picture appliances 75 65 94,6 80,4

4a. Television 75 65 93,3 77,9

4b. Other sound and picture appli-
ances

75 65 96,3 83,8

5. Lighting appliances 70 50 94,8 85,4

6. Lightsources 80 93,2 91,3

7. Electric and electronic tools 70 50 94,4 87,4

8. Toys, Leker, leisure and sports ap-
pliances

70 50 97,1 84,3

9. Medical equipment 94,9 81,3

10. Surveillance and controll appli-
ances

70 50 95,2 83,9

10a. Smoke detectors 70 50 74,9 63,8

10b. Other surveillance and controll
appliances

70 50 95,4 84,1

11. Automatic vendor machine 80 75 98,5 87,1

12. Cables and wires 87,1 75,9

13. Electro technic equipment 96,3 90,2

14. Heating equipment, air condi-
tioning and ventilation

94,9 85,0
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Table 6: Report from all five return companies of total amount of WEEE from Norway
treated in all countries in 2013, by treatment and product group [64]

Product group/ Treatment Treated
total

Other
treat-
ment

Landfilling Energy
recyled

Material
recycled

Thermal
destruc-
tion

Total 144 788,6 409,6 8 151,3 17 091,8 118 908,4 227,5

1. Big home appliances 45 460,5 239,4 2 373,7 6 724,1 36 058,7 64,6

1a. Refrigeration systems 16 215,0 161,1 61,1 2 168,4 13 768,0 56,4

1b.Other house appliences 29 245,5 78,3 2 312,6 4 555,7 22 290,6 8,2

2. Small home appliances 5 429,1 0 157,3 716,0 4 541,2 14,5

3. Data treatment-, telecomunication
-, and office appliances

13 144,7 51,2 568,9 1 703,1 10 795,4 26,1

3a. Computer monitor 1 827,4 0,1 87,6 235,2 1 503,8 0,6

3b. Other data treatment-, telecomu-
nication -, and office appliances

11 317,3 51,1 481,3 1 467,9 9 291,6 25,5

4. Sound and picture appliances 16 256,9 98,8 762,8 2 306,2 13 074,3 14,7

4a. Television 9 326,4 79,9 533,4 1 441,4 7 263,8 8,0

4b. Other sound and picture appli-
ances

6 930,5 18,9 229,4 864,8 5 810,5 6,8

5. Lighting appliances 8 884,2 6,2 449,1 828,7 7 590,2 10,0

6. Lightsources 903,8 0 61,1 17,3 825,2 0,2

7. Electric and electronic tools 9 895,7 0 553,6 688,0 8 651,5 2,6

8. Toys, Leker, leisure and sports ap-
pliances

669,0 0 19,3 85,1 564,3 0,3

9. Medical equipment 524,6 0 25,6 71,3 426,4 1,4

10. Surveillance and controll appli-
ances

2 138,6 0 100,5 242,2 1 793,9 1,9

10a. Smoke detectors 23,2 0 5,8 2,6 14,8 0,1

10b. Other surveillance and controll
appliances

2 115,4 0 94,7 239,6 1 779,1 1,9

11. Automatic vendor machine 469,7 0 5,7 53,5 409,2 1,4

12. Cables and wires 16 964,4 0,6 2 135,6 1 896,3 12 881,9 50,0

13. Electro technic equipment 16 651,8 6,2 577,4 1 023,2 15 012,5 32,5

14. Heating equipment, air condi-
tioning and ventilation

7 395,5 7,2 360,7 736,7 6 283,7 7,3
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Table 7: Report from all five return companies of total amount of WEEE treated in
Norway in 2013, by treatment and product group [64]

Product group/ Treatment Treated
total

Other
treat-
ment

Landfilling Energy
recyled

Material
recycled

Thermal
destruc-
tion

Total 83 990,6 161,8 5 152,0 7 211,7 71 390,2 74,9

1. Big home appliances 29 638,8 74,9 2 251,7 2 863,7 24 439,3 9,2

1a. Refrigeration systems 6 124,5 0 52,7 1 517,6 4 546,5 7,7

1b.Other house appliences 23 514,3 74,9 2 199,0 1 346,1 19 892,8 1,5

2. Small home appliances 1 939,6 0 56,6 200,6 1 682,0 0,4

3. Data treatment-, telecomunication
-, and office appliances

3 976,6 0 177,4 364,8 3 419,9 14,5

3a. Computer monitor 218,0 0 11,0 23,9 182,9 0,3

3b. Other data treatment-, telecomu-
nication -, and office appliances

3 758,5 0 166,4 341,0 3 237,0 14,2

4. Sound and picture appliances 2 831,7 79,2 119,0 201,0 2 423,3 9,2

4a. Television 1 126,1 79,2 57,8 79,1 902,4 7,6

4b. Other sound and picture appli-
ances

1 705,6 0 61,2 121,9 1 521,0 1,5

5. Lighting appliances 7 100,1 0 384,4 600,5 6 110,1 5,2

6. Lightsources 0,3 0 0 0 0,3 0

7. Electric and electronic tools 8 653,1 0 513,0 545,9 7 592,3 1,8

8. Toys, Leker, leisure and sports ap-
pliances

265,1 0 8,9 40,5 215,5 0,2

9. Medical equipment 365,8 0 20,6 57,3 286,9 0,9

10. Surveillance and controll appli-
ances

1 950,9 0 97,2 197,5 1 654,6 1,5

10a. Smoke detectors 22,1 0 5,7 2,5 13,9 0

10b. Other surveillance and controll
appliances

1 928,8 0 91,5 195,0 1 640,8 1,5

11. Automatic vendor machine 197,4 0 4,2 42,8 149,7 0,8

12. Cables and wires 5 748,0 0,6 648,6 762,2 4 336,5 0

13. Electro technic equipment 15 322,4 0 544,1 856,0 13 891,3 31,0

14. Heating equipment, air condi-
tioning and ventilation

6 000,8 7,0 326,2 478,9 5 188,6 0,1
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Table 8: Report from all five return companies of total amount of WEEE from Norway
treated abroad in 2013, by treatment and product group [64]

Product group/ Treatment Treated
total

Other
treat-
ment

Landfilling Energy
recyled

Material
recycled

Thermal
destruc-
tion

Total 60 798,0 247,8 2 999,3 9 880,1 47 518,3 152,6

1. Big home appliances 15 821,8 164,5 122,0 3 860,5 11 619,4 55,5

1a. Refrigeration systems 10 090,6 161,1 8,4 650,8 9 221,6 48,7

1b.Other house appliences 5 731,2 3,4 113,6 3 209,7 2 397,8 6,8

2. Small home appliances 3 489,5 0 100,6 515,4 2 859,3 14,1

3. Data treatment-, telecomunication
-, and office appliances

9 168,1 51,2 391,6 1 338,3 7 375,5 11,6

3a. Computer monitor 1 609,3 0,1 76,6 211,4 1 320,9 0,3

3b. Other data treatment-, telecomu-
nication -, and office appliances

7 558,8 51,1 314,9 1 126,9 6 054,6 11,3

4. Sound and picture appliances 13 425,2 19,6 643,8 2 105,2 10 651,0 5,6

4a. Television 8 200,4 0,7 475,6 1 362,3 6 361,4 0,3

4b. Other sound and picture appli-
ances

5 224,8 18,9 168,2 742,9 4 289,6 5,2

5. Lighting appliances 1 784,1 6,2 64,7 228,2 1 480,1 4,7

6. Lightsources 903,5 0 61,1 17,3 824,9 0,2

7. Electric and electronic tools 1 242,7 0 40,6 142,0 1 059,2 0,8

8. Toys, Leker, leisure and sports ap-
pliances

403,9 0 10,4 44,6 348,8 0,1

9. Medical equipment 158,8 0 4,9 13,9 139,5 0,5

10. Surveillance and controll appli-
ances

187,7 0 3,3 44,7 139,3 0,4

10a. Smoke detectors 1,1 0 0 0,1 0,9 0,1

10b. Other surveillance and controll
appliances

186,5 0 3,2 44,6 138,4 0,3

11. Automatic vendor machine 272,3 0 1,5 10,7 259,5 0,6

12. Cables and wires 11 216,3 0 1 487,0 1 134,0 8 545,4 50,0

13. Electro technic equipment 1 329,4 6,2 33,3 167,2 1 121,2 1,4

14. Heating equipment, air condi-
tioning and ventilation

1 394,7 0,1 34,5 257,9 1 095,1 7,1



46 situation in norway

Table 9: Report from all five return companies with the treatment and amount of
different components and materials in all countries from 2013 [64]

Materials/ Type of waste / Treatment Treated
total

Other
treat-
ment

Landfilling Energy
recyled

Material
recycled

Thermal
destruc-
tion

All products group total 113 476,7 74,0 7 366,7 15 742,8 89 923,4 369,7

a. Capasitors and/or other compo-
nents that contain PCB or PCT.

42,0 0 0,2 13,0 0,2 28,6

b. Capatisors with height/width/di-
ameter above 25 mm that contain en-
vironmental pollutions (except from
above mentioned in a.)

148,8 0 0 0,4 0 148,3

c. Toner cartridges 132,5 56,8 0 69,9 0 5,8

d. External batteries. All batteries tkat
is possible to remove without special-
iced tools and internal batteries that
is hazardous waste. Except batteries
mounted on printed circuit board.

626,4 0 33,7 142,3 450,3 0

e. Other batteries than mentioned in
d.

74,9 0 0,6 9,0 65,3 0

f. Asbestos and asbestos containing
components.

37,6 0 37,6 0 0 0

g. Fireproof ceramic fibre 4,9 0 4,9 0 0 0

h. Mercury containing LCD back-
lights

4,0 0 4,0 0 0 0

i. LCD screens above 100 cm2. All
LCD screens with fluorescent tubes
backlight

858,8 2,9 27,7 64,0 764,2 0

j. Other mercury containing compo-
nents

24,5 0 24,5 0 0 0

k. Cathode ray tubes including fluo-
rescent coating

8 128,4 0 398,7 1 263,8 6 465,9 0

l. Printed circuit board 2 543,2 0 4,6 708,4 1 808,1 22,0

m. Chlorfluorcarboner (CFC), 77,6 3,8 1,4 13,4 0,7 58,3

n. SF6-gas 0,9 0,9 0 0 0 0

o. Beryllium, exept from beryllium in
components on printed circuit board

0,7 0 0,7 0 0 0

p. Plastic containing BFR 2 335,6 0 3,6 2 309,1 12,4 10,4

q. External electrical cables 15 483,3 0 2 039,4 1 190,2 12 204,3 49,4

r. Components in WEEE that contain
radioactive sources, like smoke detec-
tor

12,9 0 5,8 1,0 6,1 0

s. Waste sontaining oil, including
waste oil

841,6 9,7 1,2 792,2 15,7 22,9

t. Gas-discharge lamp -fluorecent
tube

689,7 0 41,0 0 648,1 0,7

u. Gas-discharge lamp light bulb 239,4 0 14,3 0,1 224,9 0,1

v. Other hazardous waste 130,7 0 12,7 111,2 4,9 1,8

w. Environmental remediated WEEE
to be shredded

81 038,4 0 4 710,0 9 054,6 67 252,3 21,5
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D I S C U S S I O N

WEEE is the fastest growing waste stream. It is well known that EEE contains
compounds and components that are hazardous both for man and the envi-
ronment. These components must be safely removed to minimize the negative
impact of this waste and it is good resource management to preserve as much
as possible of the valuable content.

This industry relies primarily on manual sorting and dismantling. In the
process of managing this waste stream there is a potential for occupational
exposure to several different hazardous compounds.

In 2013, 140 000 tons of WEEE was collected in Norway. All of this went
through at least one manual sorting process. Of the total collected volume of
WEEE, 80 000 were treated and recycled in Norway. The WEEE recycling in-
dustry in Norway follow international trends, and it is more than likely that
the information from the recycling in other industrialised countries are rep-
resentative for the situation in Norway. Generally, the studies on the formal
recycling of WEEE show that there are a potential for occupational exposure
to a range of inorganic and organic compounds. The international studies
identified several compounds at elevated concentrations but the geometric
mean concentrations in the formal recycling where found to be generally be-
low the relevant OELs. The work operation where all the different studies
found the highest levels of exposure were the dismantling process. Disman-
tling is extra relevant since it is a manual process that is hard to automate
caused by the heterogeneity of the WEEE. An additional challenge connected
to the dismantling process are importance of extracting as much as possible
of the hazardous substances. Remaining substances might be released to the
work environments in later processing, like shredding. A couple of studies
did identify the shredders as significant point sources for releasing hazardous
compounds into the work environment. The lack of removal of hazardous
substances might be caused by missing knowledge about the placement of
hazardous components or the ghost effect where hazardous substances are
found in supposedly clean materials and components.

The main substances that have been described in the international studies
are several elements (for example lead, cadmium, mercury, indium, arsenic,
yttrium, barium etc) and several BFRs and some dioxins. The international
studies shows single measurements that exceed the OELs but as mentioned
the geometric means were below the relevant OELs. The fact that these sub-
stances were identified in the chemical work environment show that exposure
is taking place and it should be considered to measured these substances
alongside the well-known contaminants like lead, cadmium and mercury.
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A problem specifically mentioned in Case Five were the problems in evalu-
ating the effects of the concentrations of BFRs since the scientists lacked any
OELs to use in their calculations. Another challenge with evaluating the ad-
verse health effect of exposure to BFRs are the fact that these substances are
endocrine disruptors and the exposure of several different endocrine disrup-
tors might cause either synergistic or antagonistic effects.

There are also additional substances that several reports mention as poten-
tial problems but that have not been further studied in formal recycling. These
substances are constituents of plastic, bisphenol A, PFRs, and phtalates. An-
other group of substances that have had little attention in the international lit-
erature but will have an increasing relevance are the compounds use to make
LCD-screens. The use of LCDs are rapidly increasing and are already found
in everything from coffee-makers to printers, TVs, mobile phones and com-
puter screens and the amount of the LC that need to be treated is increasing.
At the moment there have only been identified some LC that are considered
to be irritating, corrosive or sensitising to the skin but further studies are be-
ing done to evaluate other possible adverse health effects. Another hazardous
compound of interest in the LCD is indium. Another relevant product that is
expected to be increasingly recycled in the coming years are mercury contain-
ing light bulbs. Case Four shows that it will also be relevant to measure other
elements used in fluorescent bulbs other than mercury, such as lead, yttrium
and barium.

These is a general knowledge gap with concern to the composition of the
chemical work environment in the management and recycling of WEEE in
Norway. The available data from Norway shows low concentrations of the
measured elements and solvents in the work environments. But the available
information is scarce with few measurements spread over several different
facilities, processes and years. There are a complete lack of data from Nor-
way regarding organic compounds found in WEEE-plastic: BFRs, PCB, PFCs,
bisphenol A, phthalates or compounds that might be created in thermal pro-
cesses like the speciation of the inorganic particles or dioxins.

A couple international studies did show that preventive measures can have
a huge positive effect, for instance in Case Seven and Case Eight. They found
that much of the BFRs were released as particles, and by improving the ven-
tilation, separating the shredder from the rest of the processes and generally
improving their cleaning routines they achieved a decrease in the workers ex-
posure to BFRs even though the volume of BFR containing plastic had more
than doubled in the same period. These measures would most likely also
have a positive impact on the concentrations of other substances in the work
environment since most of the substances would be present as particles.
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C O N C L U S I O N

All of the 140 000 tons of collected WEEE in Norway goes through at least one
manual sorting process, and 80 000 tons of the WEEE are treated in Norway.
The chemical work environment in this industry is highly relevant to charac-
terize since several of the processes (sorting, dismantling) are dependent on
manual labour.

The available data about the chemical work environment in this industry
are scarce. There are some data about the concentrations of some organic sol-
vents in air and some data about the concentrations of inorganic elements in
biological samples and in air samples. This data shows low levels of exposure,
but the measurements are split over different companies, processes and years.
The international data also show relativly low concentrations of hazardous
compounds, but they also identifies several compounds that are of interest to
measure in the recycling industry in Norway. The available data is not enough
to conclude about the state of the chemical work environment in the manag-
ing and recycling of WEEE in Norway. There is a need for further data with a
better resolution on the different processes and substances.

Some studies did show a considerable improvement to the chemical work
environment through implementing better ventilation, separation of work
processes and thorough cleaning.

There is a potential for occupational exposure to a wide range of hazardous
substances when working with managing and recycling of WEEE. This expo-
sure is possible to minimize through implementing preventive measures. The
available data indicate low concentrations of the hazardous substances in the
work environment but further studies are needed to evaluate the state of the
chemical work environments where they manage or recycle WEEE in Norway.
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A
I N T E RV I E W Q U E S T I O N S

a.1 renas

• Kort fortelle om resirkulering av WEEE i Norge og hvilke posisjon Renas
fyller?

• Hvordan blir WEEE behandlet i Norge?

• Hva blir gjort i Norge og hva blir eksportert?

• Hva avgjør hvor WEEE blir bearbeidet? Hvilke kriterier benytter dere
når dere organiserer/planlegger?

• Hvordan forventer dere at dere/industrien vil håndtere økningen i E-
avfall i årene som kommer? (Økt mengde bearbeidet i Norge/Økt mengde
eksportert ut)

• Hvilke stoffer fokuserer dere på? (Noen utover listen på nettet?)

• Benyttes det mest manuell eller mer automatiserte dissmantling pros-
esser?

• Hvor effektiv er dissmantling delen av prosessen? Blir tilstrekkelige
mengder av de verdifulle og de farlige komponentene fjernet?

• Gå kjapt igjennom data levert av EEregisteret for 2013, spesielt fokus
på «Behandlete materialtyper/avfallsfraksjoner. 2013». (Hvorfor er det
en større mengde oppgitt når en ser på produktgrupper sammenlignet
med materialtype/avfallsfraksjon?)

• Hvordan fordeler de ulike operasjonene seg mellom land? (Demontert i
et land, behandlet i et annet/Alt i samme land)

• Har dere noen prognoser for hvordan type/fordeling av WEEE vil endre
seg med tiden? (Nye store produktgrupper som kommer/Nye farlige
eller verdifulle komponenter)

• Hvordan ser dere på dagens rapporteringskrav?

• Tar dere noen stilling til arbeidsmiljøet hos deres kontraktører?

• Hva er grunnen for at det bare er Elsirk som ombrukte WEEE i 2013? Er
det de eneste som får inn WEEE som kan brukes igjen eller eneste som
har kontakt med den spesifikke underleverandøren?

• Setter dere krav til oppbevaring av WEEE før det blir innsamlet av dere?
Åpen/lukket beholder / Tidsaspekter
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52 interview questions

a.2 norsk gjenvinning

• Hvordan blir WEEE behandlet hos dere?

• Hvordan er logistikken rundt WEEE hos dere? (Hvor får dere WEEE fra?
Eventuelt sorterer dere? Noe som blir delvis behandlet så sendt videre?)

• Hva avgjør hvor WEEE blir bearbeidet? Hvilke kriterier benytter dere
når dere organiserer/planlegger?

• Hvordan forventer dere at dere/industrien vil håndtere økningen i E-
avfall i årene som kommer? (Økt mengde bearbeidet i Norge/Økt mengde
eksportert ut)

• Hvilke stoffer som kan være skadelig i arbeidsmiljøet fokuserer dere på?

• Hvilke tiltak har dere igangsatt for å ha kontroll på og bedre det kjemiske
arbeidsmiljøet?
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