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Executive Summary

A novel Life-Cycle Assessment (LCA) model has been defined for the determination of
the environmental cost of measures taken to attain ahigh level of fire safety. In one
application of the model the fire safety performance of the product modelled is attained
through the inclusion of an additive to the polymeric materia used to manufacture the
product.

This study represents the first full application of the LCA model as defined above. This
case study concentrates on a comparison between a TV with an enclosure manufactured
from VO rated High Impact Polystyrene (HIPS, typical for the US market) and one with
HB rated HIPS (typical for the European market). A fire model has been defined based
on international statistics, which indicate that use of VO rated enclosure material
essentially removestherisk of TV fires while approximately 165 TV fires occur per
million TVsin Europe each year (where the enclosure material is breached).

Large-scale experiments have been conducted, on both free burning TVs and fully
furnished lounge rooms, to provide fire emission data as input to the LCA model.
Species measured include acute toxicants such as: CO, CO,, HCI, HBr, Sb, VOC
(volatile organic compounds), and chronic toxicants such as PAH (polycyclic aromatic
compounds), PCB (polychlorinated biphenyls), brominated and chlorinated
dibenzodioxins and furans, and the flame retardant used in the VO enclosure,
decabromodiphenylether (deca-BDE). These results are the most detailed measurements
of their kind and provide a realistic measure of the environmental cost of ahigh level of
fire safety.

A detailed study has been made of the recyclability of commercial quality flame retarded
HIPS (FR-HIPS) relative to non-flame retarded HIPS (NFR-HIPS). Results from this
work show that the presence of the flame retardant does not prohibit the recycling of the
plastic. Indeed the commercial HIPS grades used in this study indicate that the FR HIPS
performs better than the NFR-HIPS after one cycle of thermo-oxidative ageing and
recycling. The results also indicate that the flame retardant does not migrate out of the
plastic or degrade in the plastic during the ageing and recycling process. Thisis
confirmed by the retention of the VO classification for the FR-HIPS even after ageing
and recycling.

An investigation of the effect of the presence of flame retarded plastic in the fuel stream
of amunicipal waste incinerator on the product distribution from this incinerator has also
been made. Input for the LCA model for energy recovery of the FR-HIPS has been
defined.



The full application of the model indicates that emissions of some key species (such as
dibenzodioxins and PAH) are actualy lower for the TV with the FR enclosure than for
the TV with the NFR enclosure. This has direct repercussions for the assessment of the
environmental impact of the FR TV relative to that of the NFR TV.

Finally, when considering the risk associated with the use of flame retardantsit is
important to also consider the risk associated with fires. Based on the indepth analysis of
available fire statistics conducted as a part of this study, it has been estimated that as
many as 160 people may die each year in Europe as adirect result of TV firesand as
many as 2000 may be injured in the same period.

The technology to achieve ahigh level of fire safety has been commercially available for
many years. Based on the results of this study, areturn to the use of materials with high
levels of fire safety is clearly needed to provide adequate protection to European
consumers.

KEY WORDS: Flame retardant, fire, LCA, material recycling, landfill, energy recovery
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1 | ntroduction

The Fire-LCA project officially started in September 1998 after completion of a
Preparatory Study where a straw LCA model was defined, both in general terms and for
the specific case studies included in the original project proposal. This report contains a
summary of the results from the Preparatory Study plus full information concerning the
work that has been completed within the TV Case Study. More details of the straw model
are also available in SP Report 1998:25 [1]. Thismodel has also been presented
internationally [2].

Since the 1970s the materials used for TV sets enclosures have changed significantly. In
older models, the box shaped "housing” was made of wood covered with alayer of
natural or synthetic veneer, and the "backplate” cover was generally made of
particleboard or plywood. When plastic materials were introduced, it became possible to
use other designs, and the backplate shape became more complex.

Concern about the high number of firesin TV sets during the same period of time led to
anumber of technological improvements to reduce the fire risk associated with these
products. Important modifications included the reduction of the energy requirements of a
TV and an ensuing reduction in the heat produced by the TV when in use. Further,
plastic materials with very high fire performance, conforming to the VO classification of
the UL 94 standard [1] were adopted. These materials were produced by the introduction
of highly effective halogenated flame retardants into the plastic matrix.

The international standard I1EC 60065 [3], the document that specifies the ” safety
requirements for mains operated electronic and related apparatus for household and
similar general use”, states that enclosure materials should meet the requirements of the
HB (Horizontal Burning) classification, although in critical locations higher performing
materials must be used. In the HB test, the flame travelling between two marks on a
horizontal test specimen may not burn faster than 38 mm/min for specimens having a
thickness of between 3-13 mm. In contrast to V-classified materials, HB-classified
materials burn quite easily, although generally at a slower rate than materials with
neither VV nor HB ratings. Thisisthe standard applied in Europe.

In contrast, in the USA (where UL 1410 [4] specifies VO material for TV enclosures) and
Japan (which has similar requirements for backplates) manufacturers voluntarily meet
standards that are more stringent than in Europe. Many TV set manufacturersin Europe
continued to use V-classified materia for the enclosures up until recently. Now HB-
classed materials, the lowest classification allowed, are dominant. A recent Danish [5]
study has shown that many new TV sets taken at random from the European market will
burn fiercely when ignited, confirming that in Europe many enclosure materials only
comply to the lowest material fire standards.

In the early 1990s, the anti-halogen stance of some environmentalist groups in Europe
saw a number of legislative activities [6] aimed at restricting the use of certain

hal ogenated flame retardants. This was amplified by results from atest of TV set
enclosures, presented in a popular consumer magazine, which analysed and downgraded
those enclosures containing halogenated flame retardant additives. Monitoring of the
results reported by these magazines [ 7] shows a strong trend away from the use of

hal ogenated additivesin plastics (see Figure 1).
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Figure1: % of the TV set enclosurestested those contained halogens as reported by
Stiftung Warentest [7].

The use of materials with poorer flammability properties creates a situation in which the
fire safety of new TV sets marketed in Europe now relies amost entirely on the design of
internal electrical components, and significantly increases the likelihood of fires caused
by consumer misuse. A full investigation of European and US fire statistics has indicated
that the number of TV firesin Europe has increased significantly in the 1990’ s [8].

The aim of the present study is to focus on the function of the flame retardants using a
Life-Cycle Assessment (LCA) approach. Asthe first phasein this project a straw model
was defined and is described in detail in SP Report 1998:25 [9]. This model includes
emissions associated with the production of the flame retardant and its introduction into
the product and juxtaposes these with emissions associated with fires due to the product
in question. In thisway it is possible to obtain arealistic measure of the environmental
impact of including the flame retardant in the product. Further, the effect of the flame
retardant on the recyclability of the material used and on the emissions associated with
energy recovery is, of course, aso considered explicitly.

The LCA model that has been developed relies on the construction of afire model where
the effect of the presence of aflame retardant in TV enclosures is expressed in terms of
the number and size of TV fires as afunction of the level of fire safety. As mentioned
above, statistics from avariety of sources have been used to create this model and details
are given in the next chapter and references 10 and 11.

The LCA model itself and its application to the TV Case Study is described in Chapter 2.
Chapters 3-7 deal with various individual parts of the model with specific bearing on the
presence or absence of aflame retardant, i.e., the fire model, fire experiments, recycling,
waste incineration and landfill. Finally, results presented in the Assessment in Chapter 9.

A series of Appendices contain colour photos of the fire experiments, details of the
chemical analyses and some background data for the production of the TV. A great deal
of input isrequired to the LCA model from all aspects of the TV production, use,
disposal and involvement in afire. The LCI data are summarised in Appendix 4.
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2 L CA Mode

2.1 An overview

Life-Cycle Assessment (LCA) is aversatile tool to investigate the environmental aspects
of aproduct, a process or an activity by identifying and quantifying energy and material
flows for the system. The use of a product or a process involves much more than just the
production of the product or use of the process. Every single industrial activity is
actually a complex network of activities that involves many different parts of the society.
Therefore, the need for a system perspective rather than a single object perspective has
become vital in modern research. It is no longer enough to consider just asingle step in
the production. The entire system has to be considered. The Life-Cycle Assessment
methodology has been developed in order to handle this system approach. A Life-Cycle
Assessment covers the entire life-cycle from the “ cradle to grave” including crude
material extraction, manufacturing, transport and distribution, product use, service and
maintenance, product recycling, mechanical material recycling (not feed stock recycling)
and final waste handling such asincineration or landfill. With LCA methodology it is
possible to study complex systems where interactions between different parts of the
system exit.

LCAs are also amuch better tool to evaluate the environmental impact of a chemical
substance used in a product than purely hazard based assessments. Hazard based
assessments ook only at the potential for environmental damage by focusing on the
hazardous characteristics of a substance and worst case use scenarios without taking
account of how the substance is actually used, and of possible environmental benefits or
costs resulting indirectly from the function of the substance

The prime objectives are:

¢ to provide as complete a picture as possible of the interactions of an activity with
the environment;

¢ to contribute to the understanding of the overall and interdependent nature of the
environmental consequences of human activities; and,

¢ to provide decision-makers with information that defines the environmental
effects of these activities and identifies opportunities for environmental
improvements.

Applications for an LCA can be many and some are listed below, divided into internal
and external use for an organisation:

Internal

Knowledge generation

Strategic planning

Development of prognoses

Development of environmental strategies

Environmental improvement of the system

Design, development and optimisation of products or processes
Identifying critical processes for the system

Development of specifications, regulations or purchase routines
Environmental audit

Waste management
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External

Environmental information
Environmental labelling
Environmental audit of companies

An LCA evaluates the environmental situation based on ecological effects and resource
use. An LCA does not cover the economical or social effects. In an LCA, amodel of the
system is designed. This system is of course arepresentation of the real system with
various approximations and assumptions.

Thelife-cycle approach isin fact not new. It existed in the 1960’ s although early models
only considered energy flows. In the late 1980’ s a more general environmental approach
was formed. The methodology was further developed in the early 1990’ s based on ideas
from Europe and the USA. Basic ideas concerning the methodology were originally
defined in the SETAC (Society of Environmental Toxicology and Chemistry) document
“Guidelinesfor Life-Cycle Assessment: A Code of Practice” from 1993 [1]. Since then,
different documents have been published in different countries but the basic theories are
relatively similar. In the Nordic countries for example the "Nordic Guidelineson Life-
Cycle Assessment” (1995) has been published as a guideline, not a standard [2].

The standardisation work for the LCA methodology is now under preparation in the 1SO
standardisation committee. The standard will be published in the 14040 series. Only the
first standard, No. 14040, has been published to date, although several other standards
are under preparation. Where relevant these 1 SO documents provide the basis of the
method employed.

The Life-Cycle Assessment methodology that will be used in the project is based on
standard LCA methodology. This methodology is described in the 1SO standard 14040-
series and other documents from different countries in Europe and the USA. Generally
the method can be divided into three basic steps with the methodology for the first two
stepsrelatively well established while the third step is more difficult and many research
projects have been focused on this subject. The three steps are:

Goal definition and scoping )LCI -
Inventory analysis Life cycle inventory
Impact analysis
Valuation phase

PO

The Goal Definition and Scoping consists of defining the study purpose, its scope,
project frame with system boundaries, establishing the functional unit, and establishing a
strategy for data collection and quality assurance of the study. Any product or service
needs to be represented as a system in the inventory analysis methodology. A systemis
defined as a collection of materially and energetically connected operations (e.g.,
manufacturing process, transport process, or fuel extraction process) that perform some
defined function. The system is separated from its surroundings by a system boundary.
The whole region outside the boundary is known as the system environment.

The Functional Unit isthe measure of performance that the system delivers. The
functional unit describes the main function(s) of the system(s) and is thus arelevant and
well-defined measure of the system. The functional unit has to be clearly defined,
measurable, and relevant to input and output data. Examples of functional units are "unit
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surface area covered by paint for a defined period of time", "the packaging used to
deliver agiven volume of beverage", or "the amount of detergents necessary for a
standard household wash." It isimportant that the functional unit contains measures for
the efficiency of the product, durability or life time of the product and the performance
quality standard of the product. In comparative studies, it is essential that the systems be
compared on the basis of equivalent function.

Other important aspects to consider in the goal definition and scoping include:

o whether the LCA iscomplete or if some component is excluded from the study;
¢ which type of environmental impact is considered in the study; and
e adescription of important assumptions.

In the Inventory Analysis the material and energy flows are quantified. The system

within the system boundaries consists of several processes or activities e.g. crude
material extraction, transports, production, waste handling. The different processesin the
system are then quantified in terms of energy use, resource use, emissions etc. The
processes are then linked together to form the system to analyse. Each sub-process hasits
own functional unit and several in- and outflows. The final result of the model isthe sum
of al in- and outflows calculated per functional unit for the entire system.

In an inventory analysis, products can move across system boundaries. In these situations
it is necessary to distribute (allocate) the environmental impact to the different products.
In principle, 3 types of allocations can be distinguished.

1. Multi-output: Several products are produced in the same factory e.g. crude oil
refinery.

2. Multi-input: Different products into a single unit e.g. waste incineration

3. Open-loop recycling: In recycling processes where the materia is used outside the
system boundaries.

Several allocation principles exist such as:

1. Physical or chemical allocation based on natural causality

2. Economical or social alocation

3. Allocation based on an arbitrary choice of a physical parameter such as mass,
volume, energy content, area or molar content.

The most difficult part and also the most controversial part of an LCA isthe Impact
Assessment. No single standard procedure exists for the implementation of impact
assessment although generally different methods are applied and the results compared.
Due to the complexity of the model used here a qualitative assessment has been done for
anumber of significant species. Thisis presented in Chapter 9.

In the valuation phase the different impact classes are weighed against each other. This
can be done qualitatively or quantitatively. Several evaluation methods have been
developed. The methods that have gained most widespread acceptance are based on
either expert/verbal systems or more quantitatively methods based on valuation factors
calculated for different types of emissions and resources such as Ecoscarcity, Effect
category method (long and short term), EPS- system, Tellus, Critical volume or Mole
fraction. Due to the fact that many important emission species from fires (in this
particular study: dibenzodioxins and furans, and PAH, PCB, deca-BDE etc) are either not
dealt with in detail or not available at all, these methods are not suitable for an objective
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interpretation of environmental impact. Thus, a qualitative comparison method has been
found to be most beneficial.

In some cases the LCA analysisis followed by an interpretation phase where the results
are analysed. This phase provides an opportunity for the discussion of the resultsin terms
of safety aspects. The fact that people may die in fires and that flame retardants cause a
reduction in the number of fire deaths cannot be included explicitly in the LCA. This
should be, and is, discussed together with the results of the LCA analysisto provide a
context for their interpretation and a connection to the reality of fire safety.

An LCA study has theoretical and technical limitations. Therefore the following parts of
asystem are usually excluded:

e Infrastructure: Production of production plants, buildings, roads etc.

e Accidental spills: Effects from abnormal severe accidents. In the new “Fire-
LCA” model, firesare included but not industrial accidents during production.

e Environmental impacts caused by personnel: Waste from lunch rooms, travels
from residence to workplace, personal transportation media, health care etc.

e Human resources: Work provided by humansis not included.

An LCA analysis usually covers energy use, use of natural resources and the
environmental effects. In an entire decision making process the LCA results and the
environmental aspects are only a part of all the decision factors such as economic
factors, technical performance and quality, and market aspects such as design.

2.2 Therisk assessment approach

In a conventional Life-Cycle Assessment the risk factors for accidental spills are
excluded. For example, in the LCA datafor the production of a chemical, only factors
during normal operation are considered. However, there can also be, for example,
emissions during a catastrophic event such as an accident in the factory. Those emissions
are very difficult to estimate due to alack of statistical data and lack of emission data
during accidents. The same type of discussion exists for electric power production in
nuclear power plants.

In the case of the evaluation of normal household fires the fire process can be treated as a
commonly occurring activity in the society. The frequency of fire occurrencesis
relatively high (i.e. high enough for statistical treatment) and statistics can be found in
both Europe and the USA.. Thisis expanded in Chapter 7. Thisimpliesthat it is possible
to calculate the different environmental effects of afireif emission factors are available.
The fundamental function of flame retardantsisto prevent a fire from occurring or to
slow down the fire development. The introduction of flame retardants into products will
thus change the occurrence of fires and the fire behaviour. By evaluating the fire
statistics available with and without the use of flame retardants the environmental effects
can be calculated. The benefits of the flame retardant must be weighed against the
“price” society has to pay for their production and handling. To evaluate the application
of flame retardants in society the Life-Cycle Assessment methodology will be used. In
thisway a system perspectiveis applied.



17

2.3 Project methodology

The Life-Cycle Assessment methodology that will be used in this project is based on
normal LCA methodology. This methodology is described in the SO standard 14040-
series and other documents from different countries in Europe and the USA. Basic ideas
concerning the methodology were originally defined in the SETAC (Society of
Environmental Toxicology and Chemistry) document “Guidelines for Life-Cycle
Assessment: A Code of Practice” from 1993 [1]. After that, different documents have
been published in different countries but the basic theories are relatively similar. In the
Nordic countries for example the "Nordic Guidelines on Life-Cycle Assessment” (1995)
has been publish as aguideline, not a standard [2]. The model has been called the “Fire-
LCA” model and will be referred to as such forthwith.

2.4 Computer modelling methods

Different computer software solutions for LCA calculations exist. Generally the software
can be divided into two different groups.

o Specific Life-Cycle Assessment programs, (KCL-ECO, LCA Inventory Tool,
SimaPro etc.), and,

e General calculation programs such as different spread sheet programs (Excel
etc.).

In addition to the different LCA calculation programs several database structures for
storage of LCA data and meta-data exist.

For this project a specific LCA tool, KCL-ECO has been selected. KCL-ECO isa
versatile tool for performing LCA studies. With KCL-ECO you can easily build LCA
system models and calculate results for the system. It is also easy to aggregate modules
into new modules and create new systems based on existing modules. The program can
handle processes as well as transports and materia flows between modules. KCL-ECO is
basically a program for solving linear equations. It is therefore easy to handle material
recycling processes. However, non-linear processes cannot be calculated in the program.
These can be calculated separately in other programs and inserted into KCL-ECO as
constants. It is also possible to include sensitivity analysis and different valuation
methods based on valuation factors such as Ecoscarcity, the Effect Category Method and
the EPS-system. Classification and characterisation must also be calculated separately
outside the program.

Working with Life-Cycle Assessment requires not only a new calculation method but
aso anew way of thinking, i.e., system thinking rather than single object thinking. The
computer model defined in this project is the first full LCA model for the Fire Safety
Industry. That model can then be developed further and will hopefully serve asa
reference for the entire industrial group.
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2.5 TheFire-L CA system description

Schematically the Fire-LCA model proposed for this project can beillustrated asin
Figure 2. The model is essentially equivalent to atraditional LCA approach with the
inclusion of emissions from fires being the only real modification. In this model a
functional unit is characterised from the cradle to the grave with an effort made to
incorporate the emissions associated with all phases in the units life-cycle.

Crude material
preparation

i Oor X % FR in materia

Fire retardant
production

Fire extinguishing I

Material
production

Decontamination
processes
Recycling Production of
processes primary product Replacement of Replacement of
primary products ||| secondary products
YY SRR o
; \d Y E
0 Fire of primary Fire of secondary :
A % products products i
| Use of primary i
product - !
Fire of secondary Fireof primary | |
C% products products i

Replacement of
primary products

Ash

Landfill Fire

A+B+C+D=100 %

Figure 2: Schematic representation of the LCA model.

It is difficult to allocate emissions associated with accidents due to the lack of statistical
data. Fires are slightly different to industrial accidents (e.g., accidental emissions during
production of agiven chemical) as awealth of statisticsis available from avariety of
sources (such as, Fire Brigades and Insurance Companies). Differences between
countries and between different sources in the same country provide information
concerning the frequency of fires and their size and cause. The use of these fire statistics
is discussed in more detail in the next chapter.

In order to facilitate the detailed definition of the Fire-LCA model shown in Figure 2 let
usfirst define the Goal and Scope of the Fire-LCA and its' System Boundaries and
discuss the possible choices of Emissions to include in the Fire-LCA output.
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Goal and Scope: The aim of this model is to obtain a measure of the environmental
impact of the choice of agiven level of fire safety. Implicit in this model, in its present
application, isthe fact that to obtain ahigh level of fire safety with flammable material it
is necessary to include flame retardants and that the choice of flame retardant will
depend on both the material and application. In order to assess the environmental impact
of the presence of the flame retardant it will be necessary to compare two examples of
the same functional unit: one with and one without flame retardant. The model does not
necessarily aim to obtain a comprehensive LCA for the chosen functional unit. In other
words only those parts of the model that differ between the flame retarded and non-flame
retarded version of the product will be considered in detail. All other parts will be
studied in sufficient detail to obtain an estimate of the size of their relative contribution.
Further, present technology will be the assumed throughout. In those cases where
alternatives exist these will be considered as ‘best’ and ‘worst’ cases or as ‘present’,
‘possible future’ and ‘ state-of-the-art’ technol ogies. These alternatives can be presented
as possible scenarios and the effect of the choices made can be illuminated by
comparisons between the various scenarios.

System Boundaries: According to standard practice no account will be taken of the
production of infrastructure (as defined in Chapter 2) or impact due to personnel.
Concerning the features of the model that are specifically related to fires the system
boundaries should be set such that they do not appear contrived. In general itisrealistic
that we assume that material that is consumed in afire would be replaced. Where
possible we will rely on literature data to ascertain the size of such contributions. In lieu
of such data an estimate of the contribution will be made based on experience of similar
systems. In the case of small home fires, which are extinguished by the occupant without
professional help, the mode of extinguishment will not be included due to the difficulty
in determining the extinguishing agent. In cases where the fire brigade is called to afire,
transport and deployment will be included as realistically as possible. In the present
application of this model this has, however, not been included.

Emissionsfromfires: A wide variety of species are produced when organic materia is
combusted. The range of species and their distribution is affected by the degree of
control in the combustion process. Due to its low combustion efficiency afire causes the
production of much more unburned hydrocarbons than does a controlled combustion. In
the case of controlled combustion one would expect that carbon dioxide (CO,) emissions
would dominate. In afire, however, awide variety of temperature and fuel conditions
and oxygen availability are present. Thus, a broader range of chemical species, such as
CO, polycyclic aromatic hydrocarbons (PAH), volatile organic compounds (VOC),
particles, and dibenzodioxins and furans must be considered.

The above choices provide the framework for the Fire-LCA. They should not be seen as
insurmountabl e boundaries but as guidelines. Asintimated above, in most applications of
an LCA it iscommon to propose a variety of scenarios and to investigate the effect of the
choicesinvolved. Typically the system boundaries may be defined in different ways and
the effect of this definition can be important for our understanding of the model.
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2.6 TV Case Study

The overall goa of the Life-Cycle Inventory project has been to analyse the effect of the
use of a brominated flame retardant in a product. A common application of brominated
flame retardantsisin TV sets. A TV set application has thus been used for the Life-Cycle
model. An overview of the entire LClI model is shown in Figure 3. To make the figure
easier to read the electric power production modules have been excluded. The model
covers essentially four different parts of the life-cycle:

TV set production (including material and component production),
TV use,

waste handling of the TV set, and

TV set fires (including material replace etc).

Each module in the model is described in the inventory presentation of this report and in
different specific chapters covering different specific subjects. An overview of the
system is given in this chapter.

Thelife-cycle of aTV set starts with the production of the different raw materialsused in
the TV set production. The materials are described in each module from “cradle to
factory gate’. Special attention has been paid to the production of the flame retardants.
From the production, the TV sets are distributed to the different users. In the study, the
use of one million TV sets has been analysed. The TV sets are then used during their
entire lifetime. After their regular lifetime, the TV sets are handled in the waste handling
modules. Three different waste handling possibilities are used in the model.

1. Waste (TV sets) to landfill,
2. Waste (TV sets) to incineration,
3. Waste (TV sets) to mechanical material recycling (not feed stock recycling).

In the case of mechanical material recycling the TV sets are first disassembled. The
different materials are then transported to a specific material recycling process. From the
disassembly process the material that are not recycling, can be transported to incineration
or landfill. This process des not include feed stock recycling.

The unique concept of this project is the handling of the TV set fires. With the use of TV
fire statistics, a number of different TV fires have been identified. The fires can involve
not only the TV set but also an entire room or house. From the fire statistics the number
of fires per million TV setsisidentified and thisinformation is used in the model. A fire
will shorten the life time of the different products involved in the fire and those products
must thus be replaced. An average of 50 % life time reduction has been assumed in the
model. Thus, only 50 % of the material is replaced.

The model is aflexibletool for many different analyses. In this study the model has been
used to analyse a TV set, with and without brominated flame retardants in the TV
enclosure. The flow chart for this specific application of the model is shown in Figure 3.
This model has been the basis of the Inventory presented in Chapter 8, and Assessment
presented in Chapter 9.

The types of parameters that are important in the various models are summarised in
Table 1. Other parameters may be included as required.
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Table 1. Examples of the types of input and output parametersthat areimportant

in the various modules.
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Input parameter

Output parameter

Energy

Energy

(Electric power)

Recovered heat

Coa Materialg/products
Crude oil Produced products
Natural gas Emission to air
Hydro power CO,-fossl
Nuclear power CO,-biogenic
Natural resources 6(0)
Crude ail NOx
Metals (Fe, Al, Zn, Au, Pt etc.) SOy
Other minerals HC, VOC etc.
Natural products (wood, cotton etc.)  HCI
Etc. HBr

H,S

Brominated organic compounds

Chlorinated organic compounds

Particles

Metals (Hg, Cd, Pb, etc.)

Emissions to water

COD

BOD

HBr

HCI

Brominated organic compounds

Chlorinated organic compounds

Organic compounds

N-total

P-total

Particles, suspension

Metals (Hg, Cd, Pb, etc.)

Solid material and waste

Volume, area occupation etc.

Organic contents

Metals (Hg, Cd, Pb, etc.)

Brominated organic compounds

Chlorinated organic compounds

Organic compounds
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3 Fire Model

A large body of fire statistics are available world-wide concerning fires in audio-visual
eguipment. A great deal of these statistics had been collected by EBFRIP as a part of
their previous project concerning TV fires and flammability [1]. This material provides
the basis for an article outlining the effect of the presence of flame retardantsin TV
enclosures on the frequency and size of TV firesinternationally [2]. Much of the work
presented in this chapter is based on reference 2.

The available statistics are defined based on a variety of ignition sources. For the sake of
clarity these are discussed in the next section. The available fire statistics from Europe
and the US are then discussed in some detail before the specific presentation of the Fire-
LCA TV firemodel.

3.1 | gnition sour ces

311 Internal

A recent and very thorough study, carried out by Sambrook Research International and
commissioned by the UK Department of Trade and Industry (DTI) [3], identified the
following causes of TV set fires, based on the historical record:

- Solder joints ageing causing arcing

- Mains switch, worn contacts

- Electromechanical stressin “heavy” components
- Overhesating due to circuit component imbalances
- Capacitor failure (one design)

- Line output transformer

- Poor design of circuit layout (early TVS)

- Cathode ray tube (CRT)

- Mainslead

- Standby function, especially in old sets

While design of TVs has undoubtedly improved through the years, it remains an arduous
undertaking due to the continually increasing complexity of these products. Indeed, the
evidence shows that no design is totally safe. Asreported in the DTI study, the history of
television setsrecalled by their manufacturers due to faulty design or construction,
summarised in Table 2, testifies to this fact.
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Table 2: Examplesof TV Set Recalls, 1992-1997

Country Manufacturer Recall Year Period of Manufacture Number of Sets
Denmark N/A 1992/3 N/A 40 000
France Philips 1993 1983-1987 40 000
Germany N/A 1989 N/A 200 000
Netherlands  Philips 1993 1983-1987 300 000
Sweden Philips 1993 1983-1987 75 000
UK Sony 1989 1985-86 N/A

UK A 1993 1983-1986 21 models
UK B N/A 1986-1988 1 model
UK C 1993 N/A 7 models
UK D N/A >1992 2 models
UK F 1993 >1992 2 models
UK w 1993 1983-86 1 model
UK Dixons/Matsui 1997 1993 “1000's

This table isindicative rather than comprehensive as no systematic record of TV set
recallsis kept in any country. This example from the UK demonstrates that recalls are
not uncommon.

In one study [4], 35 used TV sets (aged 3 to 20 years) were examined for signs of
damage that would increase the likelihood of fire. They represented a cross-section of
sets collected from customers after rental or the purchase of anew TV set. Nearly one-
third showed signs of incipient damage which the authors believed reduced the level of
fire safety: cracksin electric cables, deficient solder joints, signs of breakdown of
components, signs of increased heat development, and significant dust accumulation. A
majority showed signs of damage: 40% showed interior damage, and 26% showed minor
visible damage.

The study concluded that faults not apparent at the time of manufacture, and inevitable
wear and tear present afire hazard. Available statistics al'so indicate that firesin TV sets
due to internal ignition sources are most common when the appliance is >10 years old.

312 External

Statistics usually exclude TV set firesif they are not clearly at the origin of thefire. The
following external sources of TV set fires were identified in previous studies [3,5]:

- Night-lights left burning without stands

- Christmas decorations

- Candles falling on the top or standing next to the set
- Lightning

The use of candlesis particularly popular in Nordic countries. Thereis plenty of
anecdotal evidence that consumers do not recognise the danger of placing a naked flame
near aTV set, and when afire occurs, the actual cause may not find its way into the
statistics. One article [6] tells the story of afirein aflat where the television had caught
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fire, but among the debris of the burnt television, traces of two tinned candles
(“flambeaux™) were found. The person who lived in the flat had not said a word about
them when he explained how the television had “suddenly” burst into flames. A dlight
seasonal increasein TV set firesin December might be due to this tradition of setting
naked lights (candles, paraffin lamps, etc.) on top of or closeto TV sets.

Too often TV sets are treated like any other piece of furniture and decorated with a plant,
alamp or even acandle. TV sets can contribute significantly to the amount of
combustible material availablein afire. It is estimated that a modern TV can contribute
approximately 165 MJto afire. Thisis equivalent to 5 litres of gasoline.

313 Consumer misuse

Manufacturers and fire brigades inform consumers about the safe use of TV sets. They
are warned against using the top of the TV set as a shelf, for supporting vases, candles, or
acloth that could reduce ventilation. Consumers are warned about inadequate ventilation
if the set is placed inside furniture [7]. Nevertheless, there is evidence [8] that most
consumers do not read the manual for their TV sets, least of all the safety precautions.

Fire brigades indicate the following causes of fire due to consumer misuse [3,5]:

- Lack of ventilation, especially when the TV sets are “boxed in” furniture

- Lack of maintenance, to remove accumulated dust (dampness can lead to electrical
failurein case of dust accumulation)

- Extensive use of the standby function, especially by families with children

3.2 Fire Statistics

The criteria under which fires are counted as TV set fires can vary significantly from one
country or from one statistics collecting organisation to another.

To compare statistics, the Sambrook study [3] defined a TV set fire as follows:

“A TV fireisafire where the first point of ignition is from within the structure of the TV
or ancillary equipment that forms a part of the TV, [such as] avideo recorder or satellite
system. [...] Theresultant fire will have breached the envelope of the TV [...].
Specifically excluded are acts of vandalism, criminal damage, ignition caused by the use
of accelerants and electrocution as a result of tampering.”

Thisisin accordance with the safety standards as defined by 1EC 65 and is the definition
used by National Electrical Safety Boards throughout Europe.

This definition tends to narrow statisticsto fires of electrical origin, excluding most other
causes. Significantly, fires that are contained within aTV set’s enclosure are ignored,
highlighting the important role enclosures play by providing the last barrier to any
internal fire spreading outside the TV set. In addition, this definition excludes external
causes such as candles.

Fire brigades and insurance companies, on the other hand, tend to report higher figures
due to a broader definition of TV set fires that includes firesinitiated externally.
Insurance companies are generally more inclusive than other organisations in their
definition of a TV fire. A recent detailed investigation of Insurance Company statisticsin
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Sweden [9] found that approximately 50% of all TV fires as defined by insurance
companies in Sweden would not qualify as TV fires according to the Sambrook
definition. The discrepancy arises from the fact that fires confined only to withina TV
set enclosure are included in the insurance company figures. Significantly, the Sambrook
study has concluded that the occurrence of fires throughout Europe seemsto be
essentially the same (normalised per million TV sets) in each individual country. The
Sambrook study relies on statistics from similar sources in each country. Assuming that
the Sambrook conclusion is correct in indicating this similarity in fire behaviour the
Swedish data can be used as amodel for Europe.

At the time of the study by Sambrook the Swedish data were not available. Therefore,
Sambrook has accounted for the inclusion of ‘fires’ due to external ignition sources, or
due to incorrect classification of the type described above, by estimating these effectsin
each country studied. To this end they adjusted the reported rate of TV set firesin
Denmark by subtracting 35-45% to account for firesinvolving candles, and for the lower
rate of TV firesin smaller towns, which were extrapolated from the statistics of larger
cities. An additional 25% was subtracted to account for small fires that self-extinguish.
Similar adjustments were made for France (-15% and -25%), Germany (-34%), Italy (-
33%), The Netherlands (-15%), Sweden (-20%), and the UK (-24%). The conclusions of
the Sambrook survey suggest that about two thirds of the total number of TV set fires
reported are due to internal/electrical causes and about one third to external causes.
Based on their purposely conservative definition of TV set fires, Sambrook concludes
that there are approximately 2208 fires in Europe per year, or 12.2 TV fires per million
TV sets. They further conclude that another 6 TV fires per million TV sets are caused by
external ignition.

Sweden is the first European country to make a concerted effort to reconcile the
differences between fires statistics for TV fires from different sources. In the 1990’ s the
Insurance Federation reported approximately 6000 electrical fires per year. In 1994 (a
typical year) approximately 42% of these were due to audio/visual equipment, the vast
majority of which (>90%) were TV fires. This corresponds to approximately 2500 TV
firesthat year. At the same time the Swedish National Electrical Safety Board (SEMKO)
officially estimated the total number of electrical firesto be less than 2500 (i.e., the
number of TV fires according to the Insurance Federation) and the number of TV firesto
be approximately 150-250 per year. In order to determine which number was most
realistic an in-depth study was initiated centred around the Stockholm suburb of
Valingby. Over a14 month period all electrical fires were investigated in detail by
experts from SEMKO. The results of their findings were extrapolated to cover the whole
of Sweden.

Two findings were particularly interesting. First, the Insurance federation grossly
overestimated the total number of electrical fires and in particular the number of TV
fires, and second, SEMK O had previously underestimated the total number of TV fires.
Using SEMKO's definition, the Vallingby study estimated that approximately 750 (or
between 600-900) audio/visual fires occur per year in Sweden. These fireswere al large
enough to have breached the TV enclosure SEMK O concluded that the additional 1750
fires reported by the Insurance Federation were either wrongly classified, e.g., so small
that they had not breached the enclosure, or were caused by an external ignition source.
Assuming that approximately half of the Insurance Federation fires did not breach the
housing would |eave approximately 500 due to external ignition sources. These data
correspond to approximately 100 TV fires/million TVsin Sweden due to interna
ignition and 65 TV fires/million TVsdueto external ignition, and 160 TV fires/million
TVswhere the fire does not beach to enclosure.
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Usually, only the most severe TV set fires find their way into electrical safety board or
fire brigade statistics. The authors suggest that the VVallingby project results, because of
the thoroughness of the methodology, are more representative of awider European
reality. Understandably, consumers would have a financial incentive to report small TV
set fires to insurance companies, while only in the event of amgjor fire would the
consumer call the fire brigade. Therefore, it is not surprising that the Vallingby dataare
closer to Insurance Federation numbers than those reported in the statistics of fire
protection agencies. Similarly, electrical safety boards are presumably only interested in
fires of clearly electrical origin.

In conclusion, the Sambrook study provides a sound basis for comparison of fire
statistics from different European countries, but it istoo conservative in its estimate of
the frequency of TV fires. The Vélingby data provided a better model for European TV
set fire behaviour.

321 Trends

Between the mid-1980s and the mid-1990s, the number of TV set firesfell by as much as
50%. This trend coincided with improvements in design, manufacture, decreased power
consumption and the use of effective flame retardant additives in enclosure materials. To
facilitate country-to-country comparison of recent TV fire statistics, the datain graphs 2

- 4 are presented as number of fires per million TV sets.
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Figure4: Trendsin number of TV firesin the UK. Source: Home Office Statistical
Bulletin, Summary Fire Statistics, UK (normalised per million TVs).

To make certain that the most conservative figures are used, the 1994 Valingby data are
taken as areference, and the trend reported by the Swedish Insurance Federation is
applied. The two sets of data, as discussed above, set the limits of the range of TV set
fires per million sets reported in Europe.
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Theincrease in therate of TV set fires observed in the UK (+39%) and in Sweden
(+101%) during the 5 year period after the mid-1990s is disturbing. The number of TV
set fires reported by the Dutch fire brigades is in the same range as the UK. While the
year-to-year datafrom The Netherlands are slightly more erratic due to their smaller
statistical base, an upward trend starting in 1989 is evident.
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Figure5: Trendsin number of TV firesin the Netherlands. Source: CBS
Brandweer statistiek (normalised per million TVs).
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Figure6: Trendsin number of TV firesin Sweden. Sour ce: Vallingby 1994 data and
Swedish I nsurance Federation (normalised per million TVs).
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3.3 LCA TV firemodd

Asdiscussed in section 3.2, the results show that a figure of approximately 100
TVdgmillion burn in Europe each year due to internal ignition sources and a further 65
TV<gmillion due to external sources. The distribution according to size of thefireis
based on German results summarised in Table 3 [3]. At this point we will assume that
statistics for European TV's can be related to TV s that do not contain flame retardantsin
the TV enclosure.

Table 3: Severity of TV set firesin Germany [3].

Severity Frequency (%) % usedin # used in Category in
model LCA model LCA model

Fire restricted to the TV 30-40 35 58 minor

Fire spread beyond the TV 40-60 53 88 full TV

and causing damage to the

property

Fire causing severedamage <5 5 8 full room

to the room and property

Fire causing major damage <5 5 8 full house

to the entire dwelling

Fire completely destroying <2 2 3 full house

the building

A further 160 TV<gmillion are classified as being involved in fires by insurance
companies but the ‘fires' are restricted to inside the TVs and correspond to the category
of “minor’ primary firesin the LCA model. This means that the model proposed as a part
of the Preparatory Study for Europe is changed dightly. The results are summarised in
Table 4.

Based on the statistical model as presented in Table 4, certain input is required for the
LCA model. These are defined below:

FE(TV1-B) = Fire Emissions associated with burning of a TV without FR in enclosure
FE(TV1-Room) = Fire Emissions associated with burning of full room due to ignition of
aTV without FR in enclosure

FE(TV1-House) = Fire Emissions associated with burning of afull house due to ignition
of aTV without FR in enclosure

RE(TV 1-P) = Replacement Emissions associated with a TV without FR in enclosure
RE(Room-P) = Replacement Emissions associated with afull room containing a TV
without FR in enclosure

DE(Fire Brigade) = Deployment Emissions for fire brigade
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Table 4: Emissions from fires associated with burning of TVswith NFR enclosures
in oneyear.

Type of fires Size Fire Emissions Other Emissions

Primary Fires

107 88 x full TV 88 x FE(TV1-B) 88 x RE(TV1-P)

8 x full room 8 X FE(TV1-Room) 8 X RE(Room-P)

11 X full house 11 X FE(TV1-House) 11 X RE(House-P)
218" - minor 309% replacement  N.A. 0,3 x 218 X RE(TV1-P)
Fire brigade 107 fires 107 x DE(Fire Brigade)
Secondary Fires
4-housefires  gxfull TV 6 X FE(TV1-B) 6 X RE(TV1-P)
TOTAL 94 x FE(TV1-B) + 153 X RE(TV1-P) +

8 X FE(TV1-Room) + 8 X RE(Room-P) +
11 X FE(TV1-House) 11 X RE(House-P) +

107 x DE(Fire Brigade)

“This number corresponds to 160 minor fires from Insurance Federation statistics plus 58 minor
fires using the German division of the fire statistics shown in Table 3.

It is reasonable to assume that any external ignition of TVsin the US must either pertain
to alarge external ignition source, or be due to the presence of asmall but significant
number of TV setswith HB enclosure material. This assumption is based at least in part
on the results presented in the next chapter. Thus, to make the US statistics comparable
to the European statistics one can assume that internal ignition will provide a high
estimate of the number of fires associated with TV set housed with VO enclosure
material. This correspondsto atotal of 5 TV fires/million TVs each year [10]. Again,
based on experimental evidence of the fire behaviour of V0 enclosure material one can
assume that these fires are essentially minor with little damage to material other than the
TV of origin. The results of this study can be summarised in Table 5.

Based on the statistical model as presented in Table 5 certain input is required for the
LCA model. These are defined below:

FE(TV2-B) = Fire Emissions associated with burning of a TV with FR in enclosure,
burning as part of a housefire, and
RE(TV2-P) = Replacement Emissions associated with a TV with FR in enclosure
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Table 5: Emissions from fires associated with burning FR TVsin oneyear.

Type of fires Size Fire Emissions Other Emissions

Primary Fires

5 - ‘internal’ 5 X minor fire N.A. 5x RE(TV2-P)

160 - minor 30% replacement  N.A. 0,3 x 160 X RE(TV2-P)
Fire brigade 2 fires 2 X DE(Fire Brigade)
Secondary Fires

4-housefires 6 x full TV 6x FE(TV2-B) 6x RE(TV1-P)
TOTAL 6 X FE(TV2-B) 5XRE(TV2-P) +

6 X RE(TV1-P) +

0,3 X 160 X RE(TV1-P) + 2 X DE(Fire
Brigade)

The LCA model for TV firesis based on the information summarised in Table 4 and
Table 5. In order to apply this information the LCA model requires emission datafrom a
burning TV with NFR enclosure material, a burning TV with FR enclosure material, a
burning room where the TV with NFR enclosure material isthe ignition source and a
similar room containing and TV with FR enclosure material where something other than
the TV istheignition source. Finally information is required concerning emission from a
burning house.

The emissions data for all but the burning house are based on the results of experimental
work conducted within this project. The results of this experimental work are
summarised in the next Chapter. In the case of the burning TV containing FR in the
enclosure the fire experiments have indicated that thistype of TV isvery difficult to
ignite and it is assumed that the fire emissions are minimal for the 5 FR TVs that burn
per millions TVsin the US. Thusin the LCA model FE(TV2-B) =0 in the case of
primary fires. In the case of secondary fires we have set FE(TV2-B) = FE(TV 1-B).
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4 Fire Experiments

4.1 Choiceof TV

In order to focus on the effect of the presence of aflame retardant in the backplate of a
TV it was decided that we should attempt to obtain two makes of the same model TV. A
major international TV manufacturer has been helpful throughout with choice of TV
brand and size.

On the recommendation of the TV manufacturer a choice of 27-28” was made for the
screen size as the mgjority of European TVs sold, at the time of the project planning, lie
in this class. The same brand and screen size was chosen for the purchase of USTVs.
Before shipping to Europe the US TV s were checked for the presence of FR in the
enclosure.

Throughout all experiments the brand name on the TV has been obscured. We aim to
highlight general behaviour rather than pin-point a specific brand.

Strictly speaking it ismisleading to call one TV ‘FR’ and the other ‘NFR’, as they both
have FR and NFR parts. Thus, throughout the rest of the report they will be referred to as
the ‘Swedish’ TV (= ‘NFR’) and the ‘' US TV (=‘'FR’), designating the country of
purchase, wherever feasible. In figuresit is more compact to write “FR” and “NFR” and
thus this notation has been used.

Table6;: Dataon USTV-set.

Manufactured August 1998 and September 1998
Model no. TS 2744 C106

Chassis model no. 27B700-7562

Circuit board model no. EMB780A002

Weight of TV-set (kg) 31.4kg

Weight of combustible material (kg) ca 6.5kg

"Approx 2.9 kg in the enclosure.

Table 7: Data on Swedish TV-set.

Manufactured February 1998
Model no. 28PT4473/11
Weight of TV-set (kg) 33.6kg

Weight of combustible material (kg) ca 6 kg’

"Approx 2.7 kg in the enclosure.

The weight of combustible material as cited in Table 6 and Table 7 have been estimated
by dismantling one TV of each kind and weighing the major components.
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4.2 Analysis of materials

The TV housing, backplates and a representative printed wiring board (PWB) were
analysed for specific important elements. The composition data was important for
prediction of fire gas products and also valuable in the assessment of the fire test results.

For the sake of clarity let us define the housing as the material immediately surrounding
the picture tube and the backplate as the material moulded in a single piece, extending
from the housing to cover the back of the TV. Together the housing and backplate define
the TV enclosure.

4.2.1 Chemical Analysisof TV housing and backplate

This material was analysed mainly regarding the amount and composition of flame
retardants. Samples were extracted both from the housing and from the backplate. First a
semi-qualitatively analysis of the inorganic composition using wavelength dispersive X-
ray fluorescence (XRF-WD) was made. The results from this analysis are summarised in
Table 8

Table 8: Results from semi-quantitative XRF-analysis of inorganic compounds.

Component of TV-set Major inorganic compounds Minor inorganic compounds

Housing, Swedish TV Si, Na, Al, Zn, Br, Fe, Ti
Backplate, Swedish TV Ti,Fe, Ca 2Zn, S
Housing, USTV Br, Sb Al, S, S Zn, P
Backplate, USTV Br, Sb Al, Si, S, Zn, Mo, P, Se

The results from the X RF-analysis showed that the amounts of Br and Sb were
approximately the same in the housing and in the backplate from the fire retarded TV.
This led usto the assumption that the same material was used in both cases. In all
quantitative analyses only the backplate was used.

A gquantitative analysis of Bromine (Br), Antimony (Sb) and Phosphorus (P) was made
on the samples from the backplates of the TV-sets. The samples were combusted in a
bomb calorimeter with an excess of oxygen, and the analysis was performed using | CP-
MS. The results of these analyses are summarised in Table 9. Further, a quantitative
determination of the carbon (C), hydrogen (H), and nitrogen (N) content in the
backplates has been made using C-H-N-analyser (LWCO CHN 600), calibrated against
certified coal. This was done to confirm that the composition is consistent with HIPS.
These results are also summarised in Table 9.
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Table 9: Results of quantitative determination of Br, Sb, P, C, H, and N inthe TV
backplates.

Element Swedish TV (weight-%) US TV (weight-%)

Br <0.1 8.6
Sbh <0.1 21
P <0.1 <0.1
C 91 79
H 79 6.5
N <0.1 <0.1
Other ~1.1 ~3.8

4.2.2 Fire Classification of TV backplate

Based on the assumption that the same material was present in the housing and backplate
afire classification of the backplate only was made. The classification was according to
UL 94 and the test results are summarised in Table 10.

Table 10: UL 94 Classification of TV backplates.

TV UL 94 classification
USTV VO
Swedish TV HB

4.2.3 Analysis of wiring boards

The wiring boards in the two different models of TV -sets were, as could be seen by
visual inspection, not of the same type. The printed wiring boards (PWB) differed both
in colour and shape. Quantitative analysis of the material was made to determine the
presence of flame retardants. The samples were combusted in a bomb calorimeter with
an excess of oxygen, and the concentrations of Bromine (Br), Antimony (Sh) and
Phosphorus (P) were determined by ICP-MS. The results of these analyses are
summarised in Table 11.

Asin the case of the backplates a quantitative determination the C, H, and N content in
the laminate material used for the PWBs has been made. This time the aim was to obtain
an indication of the material used to produce the laminate. These results are a'so
summarised in Table 11.
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Table 11: Results of the quantitative deter mination of Br, Sh, P, C, H, and N in the
TV PWB laminates.

Element Swedish TV (weight-%) US TV (weight-%)

Br <0.1 4.3
Sb <0.1 <0.1
P 16 0.5
C 55 49
H 5.2 55
N 14 21
Other ~36.8 ~38.6

The analysis of the laminate used in the PWB in the Swedish TV indicates that no
brominated flame retardants are present in this material. Results form the analysis of
emissions from the TV and TV-Room experiments with the Swedish TV indicate,
however, that small amounts of TBBPA are emitted when this TV burns. The
manufacturer has suggested that these emissions are probably from TBBPA in
components on the PWBs, and from the PWB brackets.

4.2.4 Analysis of chlorinein wire sheathing

The presence of chlorinein the TV-sets was one important issue for the analysis of
dibenzodioxinsin the fire tests. The wiresin the TV were considered to be the main
source of chlorine. Four different kinds of wires were selected for analysis in both types
of TV-sets. Chlorine was qualitatively determined in the wire sheathing material using
XRF-WD. High amounts of chlorine were detected in all wire sheathing tested and it is
assumed that the sheathing material is PVC.

4.3 Cone calorimeter experiments

4.3.1 Aim

Cone Calorimeter experiments have been conducted in order to ascertain the
approximate burning behaviour of the US and Swedish backplates and PWBs. The
results cannot be extrapolated directly to large scale behaviour but will provide guidance
asto the types of products expected from the large scal e experiments. The production of
large amounts of soot, for example, has hel ped determine measurement flow rates for the
adsorbent measurements. Similarly, the relative production of HBr from the backplates
and PWBs from the same TV gives some indication of the importance of these two parts
of the TV in producing brominated compounds.

4.3.2 Test configuration

The fire tests were performed in the cone cal orimeter (1SO 5660). The sample had
dimensions of 0.1 m x 0.1 m, and the external radiation from the cone was 35 kW/m’.
The parameters measured related to fire performance were: hesat release rate (HRR), time
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to ignition and mass loss rate (MLR). The concentrations of carbon dioxide (CO,) and
carbon monoxide (CO) were measured by |R-technique as an integrated part of the
calorimetric system.

Two types of cone calorimeter tests were conducted. The first set of tests was conducted
according the 1SO 5660 with the radiation from the cone and the spark ignition source
present throughout. As the results show, in this configuration both the FR and NFR
material exhibit similar fire behaviour. The results from these tests are dealt with first in
section 4.3.3.

The second set of tests was conducted on the enclosure material only. In these tests the
radiation from the cone was turned off once predetermined test conditions had been
achieved. In the case of the NFR enclosure material the cone and ignition source were
removed once ignition of the material had been achieved. The ignition time determined
in this experiment was then used to define the time at which one would switch off the
cone for the FR material, i.e., in the second test (using FR material) the cone was turned
off and the spark removed at the ignition time determined in the first experiment. Finally,
an experiment was conducted on the FR material where the cone was switched off and
the spark was removed once this material had ignition. The material continued to burn,
although intermittently, no doubt due to the continued influence of the cone radiation as
it takes some time for the cone to cool. The results from these experiments are presented
in section 4.3.4.

4.3.3 Standard Cone Calorimeter Tests

Additional analysis of the smoke gases was made using several different techniques. On-
line FTIR measurements were made, mainly focused on inorganic gases such as HBr,
HCN and NO. Further, the amount of Antimony (Sb) in the smoke gases was determined
using wet sampling and subsequent analysis by |CP-OES. For organic components
(VOCs and PAHS) in the smoke gases, Tenax and XAD-2-adsorbents were used
respectively. In this technique the organic components in the smoke gases are
accumulated on the adsorbent material over a specific time period, and the identity and
amounts of adsorbed compounds are determined by gas chromatography-mass
spectrometry (GC-MS). For calculation of the amounts of VOC aflameionisation
detector (FID) was used. The results are presented as toluene equivalents. Specifically
for the sampling of PAH, the sampling system consisted of: a cold-trap, filter and the
XAD-2 adsorbent used. Analyses for six selected PAH compounds were made on the
total sample.

The output from the cone (35 kW/m’) was a trade-off between a lower value which
would have caused the NFR material to burn but not the FR material and a higher value
which would have possibly resulted in a‘clean’ burning behaviour. It should be stressed
that these results cannot be directly related to the large scale results, although general
comparisons can be made.

Fire performance

The fire performance results for the cone cal orimeter are summarised in Table 12.
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Table 12: Fire performance parametersfor the standard cone calorimeter
experiments.

Parameter Backplate (Swedish) Backplate (US) PWB (Swedish) PWB (US)
Time for average (min) 0-6 0-6 0-3 0-3
Timeto ignition (s) 47 72 68 52
Peak HRR (kW/m?) 613 297 406 424
Average HRR 352 162 123 124
Peak mass loss (g/s) 0.18 0.22 0.21 0.27
Average mass |oss 0.10 0.10 0.06 0.08
Peak smoke (m?/kg) 1939 2445 544 675
Average smoke 1093 1698 268 389

Fire products

As could be seen from the data on fire performance, the mass loss rates both for
backplates and PWBs were approximately equal between both types of TV-sets. This
fact makesit possibly to use concentration data in comparison of fire products.

A comparison of the fire gases measured on-line can be found in Figure 7 for the
backplate tests, and in Figure 8 for the PWB tests. Unfortunately an error occurred in the
collection of FTIR-datain parts of the two tests on backplates. Thus, the concentrations
of e.g. HBr, HCN and NO were not recorded during the whole tests.

These results show that the US backplate produces much less heat (HRR) when it burns
than does the Swedish backplate, which can be related to the risk of material nearby
igniting. Further, the US backplate produces more incomplete combustion products (CO)
and less complete combustion products (CO,) that the Swedish material under these
conditions.

These results show similar heat release and CO, production for both PWBs. Slightly
more CO was produced by the US PWB than the Swedish PWB and no HBr was
detected when the Swedish PWB burned implying that this PWB does not contain a
brominated FR. The US PWB produced both HCN and NO in larger amounts.
Components were removed from the PWBs for these tests.

Antimony was found in the smoke gases from the US backplate and the PWBs. In Table
13 the total amounts Antimony produced and the relative mass yields can be found. The
concentrations found in the absorption solutions from the PWBs were low. In the case of
the US PWB the level was close to the determination limit.

Table 13: Resultsfrom analysis of Antimony (Sb) in the smoke gases.

Test Amount Sb (g) Yield Sb (%)
American backplate 1.4 3.7
American PWB 0.007 0.04

Swedish PWB 0.022 01
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The results for organic compounds are summarised in Table 14. The abbreviation VOC
stands for " Volatile Organic Compounds’. The compounds adsorbed and analysed arein
the molecular weight range of 75-200. Data of the six individuals PAH compounds
summarised in the table can be found in Table 15. All results are expressed as Toluene
equivalents, i.e., when quantifying the concentrations one has assumed that each
compound has the same response as Toluene.

As can be seen from Table 14, the US backplate (FR) produces higher amounts both of
VOC and PAH, than the Swedish (NFR) backplate. Similarly, a higher production of
PAH isfound from the American PWB, although the VOC production was
approximately equivalent.

Table 14: Summary of resultson VOC and PAH.

Parameter Backplate (Swedish) Backplate (US) PWB (Swedish) PWB (US)
VOC yield (mg/g) 14.9 59.8 22.1 22.3
PAH yield (sumof 6  0.40 1.69 0.13 0.43

substances, mg/g)

Table 15: Percentage yields of the 6 analysed individual PAH compounds. Note that
the low molecular-mass compounds dominatein all cases.

Polyaromatic substance Molecular Swedish US Swedish US PWB
weight Backplate Backplate PWB
amu % % % %
fluoroanthene 202 55 60 63 43
benzo(a)fluoranthene 252 25 22 16 22
benzo(b)fluoranthene 252 3 2 4 4
benzo(a)pyrene 252 6 5 5 12
indeno(1,2,3-c,d)pyrene 276 7 8 8 10
benzo(g,h,i)perylene 276 3 3 5 9
Sum of PAHSs, yield (pg/g) 399 1687 132 427

The main constituents of VOCs adsorbed on Tenax are presented in Table 16, as
percentages of the total VOC yields (% peak area of total FID area). The identification
of individual VOC compounds showed that the VOCs from the backplates were mainly
mono- and di-aromatic hydrocarbons such as benzene, styrene and naphthalene. From
the circuit boards, benzene, phenols and furufural dominated.



Table 16: Percentage yields of the main individual VOC compounds.

Substance Molecular  Backplate Backplate PWB PWB (US)

weight (Swedish) (US) (Swedish)

amu % % % %
benzene 78 21 7.1 21 34
toluene 92 13 10 29 8.6
furfural 96 N.D. N.D. 2.8 0.9
ethynylbenzene 102 6.5 12 11 4.3
styrene 104 28 > 27 1.0 4.1
phenol 94 3 3 33 12
methylstyrene 118 2.6 5.7 N.D. N.D.
indene 116 6.3 2.8 2 17
2- and 4-methyl phenol 108 N.D. N.D. 12 2.6
(cresols)
furfural acohol 98 N.D. N.D. 19
naphthalene 128 8.4 8.3 3.6 11
biphenyl 154 16 1.0 0.5 1.0
acenaphthylene 152 11 <05 1.0 2.6
bromobenzene 157 N.D. 1.0 N.D. N.D.
bromomethylbenzene 170 N.D. 0.3 N.D. N.D.
bromoethenylbenzene 182 N.D. 0.3 N.D. N.D.
bromophenol 172 N.D. N.D. N.D. 0.5
other substances 94 23 17 17
VOC yield (mg/g) 14.9 59.8 221 22.3

N.D. = not detected

Some other minor VOC substances identified in the gas samples include:

Swedish Backplate: ethylbenzene, benzal dehyde, methylnaphthal enes, benzofurane, and

propenylbenzene.

US Backplate: as above + methylethylbenzene, ethenylbenzene, diethenylbenzene,
acetophenone, diphenylmethane, 1,1"-(1,3-propandiyl)bisbenzene (M.W. 196) , 1-
methyl-2-(2-phenylethenyl)benzene.

Swedish PWB: xylenes, methylbenzofurane, benzonitrile, dibenzofurane, 5-

(hydroxymethyl)-furfural, and diethylphthalate

US PWB: xylenes, methylbenzofurane, benzonitrile, and dibenzofurane
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4.3.4 Design Cone Calorimeter tests

On-line FTIR measurements were made, mainly focused on inorganic gases such as HBr,
HCN and NO.

Fire Performance

A total of three design tests were conducted. Test 1 was conducted using the Swedish
enclosure material and was used to define the time until removal of the ignition sourcein
Test 2. Thefire performance parameter from each of the three tests are summarised in
Table 17.

In Test 1 the cone was switched off and the spark removed at the ignition time (52 s).
The sample continued to burn well without an external ignition source. It should,
however, be noted that despite the fact that the cone has been turned off it takes
approximately 15 minutes to cool down. Thus, the heat from the cone is not immediately
removed by switching it off.

In Test 2 the cone was switched off and the spark removed at the ignition time defined in
Test 1i.e, 52 s. As can be seen from the results no ignition occurs in this experiment and
heat release and fire species emissions are low.

In test 3 the cone was switched off and the spark removed at the ignition time (69 s). The
results of thistest show clearly that the flame retarded enclosure material exhibits less
than half the peak HRR and approximately one third the average HRR. Due to the
continued influence of the hot cone, however, the production of smoke s high for this
test. As above, thisisareflection of the fact that the cone takes approximately 15
minutes to cool down once turned off. Under the influence of this radiant heat pyrolysis
gases continue to form.

The evolution of the various parameters is shown in Figure 9 below.

Table 17: Fire performance parametersfor the design cone calorimeter
experiments.

Parameter Test 1 (Swedish) Test 2 (US) Test 3 (US)
Time for average (min) 0-6 0-6 0-6

Time to ignition (3) 52 no ignition 69

Peak HRR (kW/m?) 465 33 218
Average HRR 328 0.4 111

Peak massloss (g/s) 0.14 0.06 0.18
Average mass loss 0.09 0.02 0.08

Peak smoke (m%kg) 2870 under MDL 3072

Average smoke 1137 1968
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Figure 9: Comparison between HRR, mass |oss, and species production for the US

and Swedish backplates.

435 Conclusions

The Cone Calorimeter tests have been used as orientational tests when defining
measurement parametersin the large scale tests. The results of these tests indicate that
large amounts of particulate material are to be expected from the large scale experiments
and that high concentrations of the products of incomplete combustion will be present in
the fire gases. Thus the measurement systems for VOC, and PAH in particular were
defined based on these preliminary findings.
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4.4 TV experiments

441 Aim

Large scales experiments were conducted specifically to provide input to the LCA
models concerning emissions from a TV should it burn fully. In the case of the Swedish
TV it was easily ignited and burned ‘well’. Thus, it is assumed that the burning
behaviour will to alarge degree be independent of the choice of ignition source. The US
TV, however, was difficult to ignite and two types of tests were conducted to determine
the fire emissions associated with a TV burning very poorly and one burning as well as
possible. In order to achieve this aim a series of increasingly large ignition sources were
used. These are described below and the detailed results of the burning US TV show that
anything short of a flashed-over room would have difficulty sustaining the combustion of
the US-TV. Based on these results we assume that the 5 US TV fires/million TVs
represent essentially “minor” fires and no fire emissions are included for these firesin
the LCA model.

4.4.2 | gnition sour ces

Match sized

The smallest ignition source used was an open ended tube (internal diameter: 5 mm)
connected to butane. A flame the size of amatch was lit on the end of the tube. This
burner had a heat release that was too low to measure using the hood system in the 1ISO
9705 room but it is estimated that the heat release rate was approximately 0.5 kW.

Small CBUF burner

A small square burner was used as the second ignition source. This burner was used in
the CBUF project for small scale furniture tests. It was connected to propane and run at a
heat release rate of approximately 10 kW.

CBUF burner

The square burner developed in the CBUF project for full scale furniture testing was
used as the third ignition source. It was connected to propane and run at a heat release
rate of approximately 30 kW. This burner is physically identical to the burner described
in Californian Technical Bulletin 133.

4.4.3 Experimental descriptions

Both TVswere placed on a platform that was positioned on scales connected on line to
give ameasurement of the mass loss rate while the TV burned. The scales have a
resolution of approximately 10 g and the TV's plus platform weighed just under 100 kg in
both cases prior to start of the experiment.

The TVswere placed under the hood of the | SO 9705 room and heat release rate (HRR),
production of CO, CO, and O, as well as smoke density were monitored using the
standard 1 SO 9705 room apparatus. Further instruments were connected to the duct,
adjacent to the position for the standard 1SO 9705 room instrumentation, to measure
antimony, HBr, HCN, NO,, and a variety of dibenzodioxins, furans, and flame retardants.
A full list of species monitored and mode of measurement is summarised below in Table
18.
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Table 18: List of species monitored and mode of measurement.

Species Mode of measurement
CO, CO, IR

0O, paramagnetism
small/medium organics  adsorbents + GC-MS/FID
PAH adsorbent + GC-MS

HBr, HCI, HCN, NO,  FTIR

Sb impinger bottles + ICP-MS
dibenzodioxingfurans  adsorbents + GC-MS
deca-BDE adsorbents + GC-MS
deca-BB adsorbents + GC-MS
PCB adsorbents + GC-MS

444 Fire Performance

Table 19 summarises the main fire performance parameters for the large scale
experiments on the burning US and Swedish TVs. The ignition tests carried out on the
USTV cannot be analysed meaningfully in thisway and are included in a graphical
comparison only.

Table 19: Fire performance parametersfor the large scale experiments. The
experimental time startsat 0, although the ignition sourceisnot in position before
2-5 minutes after this.

Parameter Swedish TV US TV
Time for average (min) 5-50 2-23
Ignition source application (min) 5 2

I gnition source power (KW) 1 30
Timeto ignition (s)’ ~130 ~90
Peak HRR (kW) 240 130
Average HRR 60 60

"Time after application of ignition source

Some important snapshots from the US and Swedish TV fire tests are shown in
Appendix 1.

The Swedish TV was ignited easily with the small ignition source with the plastic
beginning to burn within approximately 30 seconds from application of the burner. The
HRR curves shown below, however, do not show amajor increase in the HRR for this
TV until approximately 2 minutes after application of the ignition source. Thisis because
theinitial fire development is slow with the major increase coming about 1.5 minutes
after initial ignition of the plastic housing. Thisimplies that an occupant would have
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approximately 1.5 minutes to react and extinguish asmall fire after which the fire
development is very rapid.

The US TV could not effectively be ignited using the small ignition source or aslightly
larger ignition source. The HRR curve for the US TV ignition test illustrates this well
where there is no indication of the application of the smallest ignition sourcein the first
10 minutes. Upon application of the second ignition source at approximately 12 minutes
the HRR from the burner is seen but the HRR returns to zero upon removal of the
ignition source. Finally application of the CBUF burner at approximately 29 minutes
gave asmall additional heat release over and above the burner heat release, but the TV
self-extinguished after removal of the burner. The US TV fire test was, therefore carried
out using alarge ignition source, which was allowed to remain in contact with the TV as
long as TV material could be made to burn.

300

Swedish TV

250 H US TV Ignition Test

200 H

150 ~

HRR (kW)

100 +

50 -

Time (min)

Figure 10: Comparison of HRR for thethree large scale experiments. The Swedish
and US TV tests have been adjusted so that t=0 correspondsto the time of ignition.
The HRR curvefor the US TV has been corrected for the 30 kW ignition source.

The mass as shown in Figure 11 indicates that most of the 6.5 kg of combustible material
estimated to be present in the Swedish TV was burned while only approximately two
thirds of the combustible material estimated to be present in the US TV was burned. This
was despite the fact that alarge ignition source was used to ignite and burn the USTV.
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Figure 11: Comparison of mass behaviour for the two large scale fire experiments.
Thetotal massincludesthe TV, and a platform for the TV to stand on. Thetime
scale has been adjusted to correspond to the time scale used in figure 10.

4.4.5 Chemical Species

All results presented below are expressed as yields based on the weight loss information
presented in Table 20. All results presented for the US TV are for the full experiment
using the largest ignition source.

The method of analysis for the various organic speciesis summarised in Appendix 2,

together with the extraction method for the dibenzodioxins and furans and PAH. This
material will not be dealt with in detail in this chapter.

Table 20: Weight data for TV experiments.

Swedish TV USTV

Total weight (kg) 314 33.6
Weight combustible material (kg) 7 6.5
Mass loss during test (burned amount) (kg) 5.39 3.14
Relative amount combusted of combustible material (%) 90 48
Relative combusted amount of total (%) 0.16 0.10

A wide range of chemical species were analysed in the fire gases. These are divided into
anumber of sub-groups and presented groupwise below.

Inorganic Species

A number of small inorganic compounds were measured. The yields are summarised in
Table 21, below. The production of HCN, NH,, SO, and NO, was also monitored but
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concentrations of these compounds did not exceed the limit of quantification for the
FTIR spectrometer used for their determination.

Table 21: Yields (g/g burned material) inorganic species from the Swedish and US
TV experiments.

Compound Swedish TV USTV

CO; 3.28 1.48

(6(0) 0.068 0.104
HBr <0.0005 0.043
HCI 0.007 0.018
Sb <0.0002 0.028

Volatile Organic Compounds (VOC)

Theresults are presented in Table 22 as total yields and the specific species represent
major contributions, i.e.>1%. All VOC which contribute <1% are summarised together
under the heading " Other VOC".

Table 22: Yields (g/kg burned material) VOCsfrom the Swedish and USTV
experiments.

Species m/z (amu) Swedish TV USTV
Benzene 78 59 13.38
Phenol 94 0.84 191
Styrene 104 7.17 4491
Toluene 92 1.90 1.2.42
Naphthalene 128 1.48 4.78
Ethynylbenzene 102 0.84 4.78
Other VOCs 2.95 13.38

TOTAL 21.08 95.56
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Polycyclic aromatic hydrocarbons (PAH)

The results are presented in Table 23 specified both in terms of 19 specific species and as
the sum of these species.

Table 23: Yields (g/kg burned material) PAH from the Swedish and USTV
experiments. The” blank” yields are normalised relative to the material burned in
the USTV asthisrepresentsaworst case.

Species m/z (amu) Blank Swedish TV USTV
Acenaphthalene 152 0125 084 0.29
Acenaphthene 154 0.021 0.05 0.04
Fluorene 166 0.060 0.29 0.22
Phenanthrene 178 0349 156 2.92
Anthracene 178 0.013 0.8 0.07
Fluoranthrene 202 0.049 0.32 0.81
Pyrene 202 0.035 0.17 0.04
Benzo(a)fluorene 216 0.003 0.09 0.18
Benzo(b)fluorene 216 0.002 0.08 0.09
Benzo(a)anthracene 228 0.004 0.10 0.25
Chrysene 228 0.020 0.25 0.97
Benzo(b)fluoranthene 252 0.025 0.20 0.47
Benzo(k)fluoranthene 252 0.008 0.04 0.09
Benzo(e)pyrene 252 0.009 0.06 0.13
Benzo(a)pyrene 252 0.007  0.06 0.09
Perylene 252 N.D. 0.01 0.01
Indeno(1,2,3-c,d)pyrene 276 0.012 0.06 0.14
Benzo(g,h,i)perylene 276 N.D. 0.04 0.07
Dibenzo(a,h)anthracene 278 N.D. 0.03 0.14
Coronene 300 N.D. 0.01 0.02

TOTAL PAH 0.0742 4.45 7.03
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Polychlorinatedbiphenyls (PCB)

Theresults are presented in Table 24 both specified in terms of those species defined in
DIN 51527 plus additional coplanar PCB isomers.

Table 24: Yields (ug/kg burned material) PCB from the Swedish and USTV
experiments. The”blank” yields are normalised relative to the material burned in
the USTV asthisrepresentsaworst case.

PCB species m/z (amu) Blank Swedish TV USTV
DIN 51527

2,44 -triCB 256 0411 N.D. N.D.
2,2°,55-TeCB 292 N.D. N.D. N.D.
2,2,3,4,4-PnCB 326 0411 0.06 6.74
2,2,3,4,4 5 -HxCB 360 0.288 040 26.96
2,244 55 -HxCB 360 0.267 N.D. N.D.
2,234,455 -HpCB 396 0.247 0.46 16.40
Sum PCB according to DIN 51527 1213 091 49.43
Coplanar PCB isomers

3,3,4,4-TeCB 292 N.D. N.D. N.D.
2,3,3,4,4-PnCB 326 0.092 0.08 N.D.
2,344 5-PnCB 326 0.247 047 N.D.
3,344 ,5-PnCB 326 N.D. 0.20 N.D.
2,3,3',4,4" ,5-HxCB 360 0.031 011 N.D.
2,3,3,4,4°,5,-HxCB 360 N.D. N.D. N.D.
2,344 55 -HxCB 360 0.005 0.02 N.D.
3,344 ,55-HxCB 360 N.D. 0.03 N.D.

Brominated flame retardants (Br-FR)

Theresults are presented in Table 25. Efforts were made to determine concentrations of
both polybrominated biphenyls (PBB) and polybrominated diphenylethers (PBDE).
Difficultiesin quantifying all but deca-BDE have lead to the exclusion of the test results
from this report.

Table 25: Yields (mg/kg burned material) brominated-FR from the Swedish and US
TV experiments. The”blank” yields are normalised relative to the material burned
inthe USTV asthisrepresentsaworst case.

Br-FR Blank Swedish TV USTV
TBBPA 4.01 27.26 100.42
decaBDE <0.002 0.003 8.09

"This experiment was conducted prior to the US TV experiments. This valueis, however,
so low as to be due to a contaminant in the collection system.




Polychlorinated dibenzodioxins (PCDD)

The results are presented in Table 26 as both individual species concentrations and
TCDD-Equivalents calculated using both a modified version of the EADON method and
the new WHO method. The TCDD-equivalents are calculated based on contributions
from both dibenzodioxins and furans. Very low concentrations of dibenzodioxins relative
to dibenzofurans were found. Thisis no doubt due to the fact (at least in the presence of
deca-BDE) the mechanism for the production of dibenzofuransis asimple ring closure
while the mechanism for the production of dibenzodioxins requires aring cleavage
followed by a recombination reaction. Both formations probably occur essentially during
the cooling down stage after passing through the actual fire zone. In particular, the
dibenzodioxin reaction is expected to occur to a large degree on the surface of soot
particles.

Table 26: Yields (ug/kg burned material) PCDD from the Swedish and USTV
experiments. The”blank” yields are normalised relative to the material burned in
the USTV asthisrepresentsaworst case.

PCDD Blank Swedish TV USTV TCDD-factor TCDD-factor
(EADON) (WHO)

2,3,7,8TCDD N.D. N.D. N.D. 1 1

1,2,3,7,8 PnCDD N.D. 0.18 N.D. 1 1

1,2,3,4,7,8 HXCDD N.D. N.D. N.D. 0.033 0.1

1,2,3,6,7,8 HXCDD N.D. N.D. N.D. 0.033 0.1

1,2,3,7,8,9 HXxCDD N.D. N.D. N.D. 0.033 0.1

1,2,3,4,6,7,8 HpCDD N.D. N.D. N.D. 0.033 (assume) 0.01

TCDD-equiv. 1.01 6.90

(EADON)

TCDD-equiv. (WHO) 1.03 10.0

Total TCDD N.D. 1.32 78.63

Total PNCDD N.D. 1.44 56.17

Total HXCDD N.D. 0.16 15.28

Total HpCDD N.D. N.D. N.D.

Total OCDD N.D. N.D. N.D. 0.0001

The various TCDD-equivalent calculations are based on the same principle using slightly
different coefficients (see Table 26 and Table 27). The TCDD-equivalents represent a
weighted sum of both polychlorinated dibenzodioxins and furans. In thissumitis
assumed that 2,3,7,8-tetrachlorodibenzodioxin (2,3,7,8-TCDD) is the most toxic of this
group of chemicals and each other member of the group is assigned a factor which
describes the toxicity of the speciesrelative to that of 2,3,7,8-TCDD. The TCDD-
equivalent is then calculated using:

TCDD —equiv. = Z[a,. (dioxin), + b, ( furan),]

where a and b, are coefficients for the various dibenzodioxins and furans, respectively.
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Polychlorinated dibenzofurans (PCDF)

The results are presented in Table 27 asindividual species concentrations and sums of
tetra, penta, hexa, and hepta chlorinated dibenzofurans. The TCDD-equivalents, cited in
Table 26, are calculated based on contributions from both dibenzodioxins and furans.

Table 27: Yields (ug/kg burned material) PCDF from the Swedish and USTV
experiments. The”blank” yields are normalised relative to the material burned in
the USTV asthisrepresentsaworst case.

PCDF Blank Swedish TV USTV TCDD-factor TCDD-factor
(EADON) (WHO)

2,3,7,8 TCDF N.D. 0.71 1.80 0.33 0.1

1,2,3,7,8 PnCDF N.D. 0.60 N.D. 0.33 0.05

2,3,4,7,8 PnCDF N.D. 111 18.87 0.33 0.5

1,2,3,4,7,8 HXCDF N.D. 0.46 N.D. 0.021 0.1

1,2,3,6,7,8 HXCDF  N.D. 0.60 211 0.021 0.1

2,3,4,6,7,8 HXCDF N.D. 0.68 0.36 0.021 0.1

1,2,3,7,8,9 HXCDF N.D. 0.03 1.53 0.021 0.1

1,2,3,4,6,7,8 N.D. 1.56 N.D. 0.021 (assume) 0.01

HpCDF

1,2,3,4,7,8,9 N.D. 0.41 N.D. 0.021 (assume) 0.01

HpCDF

Total TCDF N.D. 70.86 224.66

Total PNCDF N.D. 22.82 94.36

Total HXCDF N.D. 9.49 60.66

Total HpCDF N.D. 3.60 N.D.

Total OCDF N.D. 1.20 N.D. 0.0001
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Polybrominated dibenzodioxins (PBDD)

The results are presented in Table 28 as both individual species concentrations and
TBDD-Equivalents calculated using both a modified version of the EADON method and
amodified version of the new WHO method. The TBDD-equivalents are cal cul ated
based on contributions from both dibenzodioxins and furans and are based on TCDD-
factors for the chlorinated equivalent. Thisis based on the assumption that the relative
toxicity of the brominated dibenzodioxins and furansis the same as that for the
chlorinated equivalent. In lieu of full data this should be a reasonable assumption.

Table 28: Yields (ug/kg burned material) PBDD from the Swedish and USTV
experiments. The”blank” yields are normalised relative to the material burned in
the USTV asthisrepresentsaworst case.

PBDD Blank Swedish TV USTV TBDD-factor TBDD-factor
(EADON) (WHO)

2,3,7,8 TBDD N.D. N.D. N.D. 1 1

1,2,3,7,8 PnBDD N.D. N.D. N.D. 1 1

1,2,3,4,7,8/1,2,3,6,7,8 N.D. N.D. 0.013 0.033 0.1

HxBDD

1,2,3,7,8,9 HxBDD N.D. N.D. N.D. 0.033 0.1

TBDD-equiv. (EADON) 0.67 6.3

TBDD-equiv. (WHO) 0.48 4.7

There is presently no accepted international method of defining TBDD-equivalents. For
the sake of simplicity we have assumed that the same factors can be used to define the
toxicity of the various members of the polybrominated dibenzodioxin and furan group
relative to 2,3,7,8-tetrabromodibenzodioxin as those used for the chlorinated variety.
Thus, the TBDD-equivalents represent a weighted sum of both polybrominated
dibenzodioxins and furans constructed in the same manner as the TCDD-equivalents.

At present thereis very little information available concerning the relative toxicity of the
brominated dibenzodioxins and furans relative to the chlorinated equivalents. In general
isit assumed that the brominated species are dlightly less toxic than the chlorinated
equivalent species due to the larger size of the bromine atom. In considering the PBDD/F
and PCDD/F emissions in the LCA model these have been included separately where
possible.
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Polybrominated dibenzofurans (PBDF)

The results are presented in Table 29 asindividual species concentrations. The TBDD-
eguivalents are cal culated based on contributions from both dibenzodioxins and furans
and are based on TCDD-factors for the chlorinated equivalent. Thisis based on the
assumption that the relative toxicity of the brominated dibenzodioxins and furansis the
same as that for the chlorinated equivalent. In lieu of full data this should be a reasonable
assumption. The TBDD-equivalents reported in Table 28 are based on PBDF
concentrations cited below.

Table 29: Yields (ug/kg burned material) PBDF from the Swedish and USTV
experiments. The”blank” yields are normalised relative to the material burned in
the USTV asthisrepresentsaworst case.

PBDF Blank Swedish TV USTV TBDD-factor TBDD-factor
(EADON) (WHO)

2,3,7,8 TBDF 0.39 0.90 6.52 0.33 0.1

1,2,3,7,8 PnBDF N.D. 0.38 4.27 0.33 0.05

2,3,4,7,8 PnBDF N.D. 0.49 4.94 0.33 0.5

1,2,3,4,7,8 HXBDF N.D. 0.95 9.66 0.021 0.1

1,2,3,4,6,7,8 HpBDF N.D. 3.00 42.69 0.021 0.1

Total TBDF 26.72 61.26 494.26

Total PNBDF 17.06 24.02 170.74

Total HXBDF 5.14 13.21 94.36

Total HpBDF N.D. 3.00 49.43

446  LCA input

Theresults from the TV experiments and the TV Fire model as presented in chapter 3
indicate that emissions from aUS TV need not be included in the LCA input for the
primary TV fires. Thusin the case of the 5 USTV fires per million TVseach year itis
assumed that the fire emissions are minimal due to the difficulty in getting the US TV to
burn even under the influence of alarge ignition source. Therefore, only results from the
free burning of the Swedish TV will be used asinput to the LCA model. These are
summarised in the format used in the model in Table 30, below.
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Table 30: LCA input used for the Swedish TV burning fredly, i.e. FE (TV1-burn).

Species Concentration Comments

VOC 21.1 g/kg Includes benzene, phenol, styrene, toluene, naphthalene, and
ethynylbenzene explicitly + “other VOCs’

PAH 4.5 g/kg Includes acenaphthal ene, acenaphthene, fluorene, phenanthrene,
anthracene, fluoranthrene, pyrene, benzo(a)fluorene,
benzo(b)fluorene, benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene,
benzo(a)pyrene, perylene, indeno(1,2,3-c,d)pyrene,
benzo(g,h,i)perylene, dibenzo(a,h)anthracene, coronene

TBBPA  27.3 mg/kg

deca-BDE 3.4 ug/kg

PCB 0.91 pg/kg According to DIN 51527

TCDD- 1.06 pg/kg EADON (TCDD from al other modules are EADON based)
equiv.

TBDD- 0.67 ug/kg EADON, to keep the comparison on the same basis as TCDD-
equiv. equivalents above

4.5 TV-Room experiments

45.1 Aim

The large scale experiments were conducted specifically to provide input to the LCA
model. A total of three full room experiments have been conducted to cover the
following scenarios. @) the TV isthe ignition source (Swedish TV only), b) the TV is
involved in aroom/house fire but is not the ignition source (Swedish and US TV). These
experiments will be referred to as “ Experiment 1" (Swedish TV asignition source),
“Experiment 2" (Sofa as ignition source, US TV in the room), and “Experiment 3" (Sofa
asignition source, Swedish TV in the room).

4.5.2 Experimental descriptions

The material used in the three TV-room experiments was eguivalent except for the TV
and the specific books used. A summary of the material used is given in Table 31
including weights of each item of furniture and types of material present. The amount of
material in the room was modelled based on an estimate of 40 kg/m’ in alounge room,
including floor covering. This value leads to an estimated 640 kg in a 16 m’ room. This
includes floor-coverings that, in the case of parquetry, may be approximately 200 kg.
Thus approximately 450 - 550 kg was determined to be the optimal material load for a
16 m’ room. IKEA have kindly donated furniture for all 3 room experiments. The
furniture was chosen as “typical” for mainland Europe. Thus the sofa was resistant to
cigarette ignition but not ignition from a small flame.
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Table 31: Summary of material present in theroom experiments. All but the TVs
and books are the same in both experiments.

Item # Weight (kg) Material

Sofa (Ektorp) 1 72 wood, PUR, cotton, feathers
Armchair (Linds) 2 19x 2=38 wood, leather, filling
Corner bookshelf 1 52 particleboard, veneer
(Billy)

Bookshelf (Kavaljer) ca 5 8x5=40 particleboard, veneer
Coffeetable 1 26 wood

(Snogeholm)

Carpet 2mx2m ? wool, synthetic
Curtains 10m 5 cotton

Books, Exp. 1 219 paper

Books, Exp. 2 216 paper

Books, Exp 3 paper

Swedish TV 1 314

UsTv 1 33.6

Total weight, Exp. 1 483 + carpet

Total weight, Exp 2 483 + carpet

Tota weight, Exp 3

A schematic layout of the experimental room is shown in Figure 12.
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Figure 12: Schematic representation of experimental layout for both TV-room
experiments. ”A” and ”"B” denotethermocoupletrees. Ceiling height 2.4 m, door
height 2.0 m, door width 1.2 m. The door was placed centrally in the front wall of
theroom (bottom side of figure).

The thermocouple trees were used to measure the experimental temperature in the room
during the fires. Thermocouple A extended from the ceiling to the floor. A total of 11
thermocoupl es were placed at 20 cm distances between 2.2 m and 0.2 m. Thermocouple
B extended from the ceiling to the top of the coffee table. A total of 8 thermocouples
placed at 20 cm distances between 2.2 m and 0.8 m. A picture of the room prior to
ignition and pictures throughout the various experiments are found in Appendix 1.

Experiment 1 was designed to model a scenario therethe TV isthe ignition source with
the fire spreading to engulf the entire room. A Swedish TV was used in this experiment.
The ignition source was a candle placed besidethe TV.

Experiment 2 was designed to model a scenario wherethe US TV wasinvolved in afire
but not the ignition source. The ignition source was a candle placed in the sofa. An
attempt was made first to light the US TV using this ignition source without success.
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Experiment 3 was designed to model a scenario there the Swedish TV wasinvolvedin a
fire but not the ignition source. Asin the case of experiment 2, the ignition source was a
candle placed in the sofa

The room was build out of panels made of a non-combustible material called
Promatect™. The walls were lined with gypsum boards as was the floor. The firein the
first experiment was so intense that the wood frames for the construction panels began to
burn and the room was close to collapse when the fire was extinguished. The second
room was, therefore built using double layers of Promatect™ on the ceiling and the upper
half of the walls. The lower half of the walls and the floor were covered with gypsum as
in the first experiment. Despite the fact that the fire in the second experiment was as
intense as that in the first the room survived this fire without sustaining major damage.
Thus a similar set up was used in the third experiment.

45.3 Fire Performance

In al three experiments the item chosen as the first to ignite began to burn quickly upon
contact with a household candle. The time to flashover was approximately 14.5 minutes
in the first experiment, corrected so that t=0 is the ignition time, 13.5 minutesin the
second experiment, and 13 minutes in the third experiment. Table 32, Table 33 and Table
34 summarise the main events throughout the experiments and their timing. Note that the
time to flashover is determined based on ignition of the floor-covering.

Table 32: Main eventsin thefirst experiment, Swedish TV first item ignited.

Time (min) Event

0 Start measurements

7 Candle placed beside TV
8:35 Large flameson TV

19 Lindas beside TV ignites
21 Flamesin hot fire gases
21:30 Carpet ignites

38 Open windows in roof
40 Increase fan speed

51 Conclude measurements
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Table 33: Main eventsin the second experiment, sofa first item ignited, USTV in

room.

Time Event

0 Start measurements

5 Candle placed in left hand corner of sofa
5:20 Sofaignites

7:28 Whole front of back cushion alight, seat cushion alight
14 Armalight

15:30 Curtainignites

15:40 Flames up to ceiling

17:45 Lindas beside sofaignites

18:19 Flamesin hot fire gases

18:30 Carpet ignites

40 Open windows in roof

50 Conclude measurements

Table 34: Main eventsin thethird experiment, sofa first item ignited, Swedish TV

in room.

Time Event

0 Start measurements

3 Candle placed in left hand corner of sofa
3:35 Sofa burning with visible flames

5:35 Whole front of back cushion alight, arm begins to burn
11:56 Curtain ignites

13:51 Lindas beside sofaignites

14:19 Whole sofa alight

14:30 Tabletop alight

14:35 TV explodes

16:00 Carpet ignites

45 Open windows in roof

50 Conclude measurements

51:19 Extinguish

The heat release curves are shown in Figure 13, Figure 14 and Figure 15. Thetime axis
for all curves has been corrected such that t=0 s the ignition time.
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Figure 13: HRR plot for Experiment 1, Swedish TV first item ignited, t=0 on x-axis
istime of ignition.
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Figure 14: HRR plot for Experiment 2, sofafirst item ignited, USTV in room, t=0
on x-axisistime of ignition.
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TV Room experiment 3
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Figure 15: HRR plot for Experiment 3, sofa first item ignited, Swedish TV in room,
t=0 on x-axisistime of ignition.

4.5.4 Chemical Species

All results presented below are expressed as total amounts produced in the tests, i.e.,
yields have not been calculated. In all three experiments most of the material was
consumed with only part of the total amount of books in the room remaining once the
fire was extinguished.

A wide range of chemical specieswas analysed in the fire gases. These are divided into a
number of sub-groups and presented groupwise below. The sampling principles of the
fire effluents in the exhaust duct are shown in figure 1, Appendix 2. They are also
summarised in Table 35, together with the analytical principle used. Details of the
various analysis methods are also summarised in Appendix 2.
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Table 35: Summary of analysis method for deter mination of fire gasesin Room

experiments.

Compound/ Collecting media Eluent Principle of
Group of compounds detection
VOCs Tenax thermal desorption GCFID/GCMS
PAH, PCB, PBB, PBDE, Glassfibrefilter toluene (filter and GCMS

TBBPA-A TCDD/F and

+condenser+XAD-2

condenser), dichloro-

TBDD/F methane (XAD-2)

HCN Gaswashing bottles - Spectrophotometric
with 0.5 M NaOH

HBr, HCl and Sb Gaswashing bottles - IC (HBr, HCI)
with 0.025 M NaOH ICP-OES (Sh)

CO,, CO, HCl, HBr,

direct reading FTIR

HCN, NO, NO, and NH; (4 cm™ resolution, 3

scan/spectrum)

Inorganic Species
Concentrations of these species are summarised in Table 36.
Table 36 Amounts (kg) inorganic species from the room experiments. The

production of Sb and NO, was also measur ed but did not exceed the LOQ for these
species.

Compound  Experiment1 Experiment2 Experiment3
CO; 428 409 465

(6(0) 15.8 234 21.6

HBr’ 0.16 0.20 <0.034

HCl 0.65 0.32 0.23

HCN 0.74 1.08 0.65

NH;3 0.42 0.69 N.A.

SO, 2.78 3.22 N.A.

Sb N.D. N.D. N.A.

"This value is based on impinger bottle measurement as the HBr concentration did not exceed the
detection limit for the FTIR spectrometer in either of the experiments.

The concentration of HBr was below the detection limit of the FTIR in the first two tests.
Such low concentrations of HBr imply possible problems with retention in the duct and
sampling system. This may have resulted in an underestimation of the produced amounts
of HBr.

Note that FTIR measurements were not made in the third room experiment. This
decision was made based on the fact that time resolved measurements were not necessary
for the LCA input and many species were produced at levels below the LOQ for the
FTIR and were determined better using impinger bottles. Thus FTIR curves, shown in
Figure 16 and Figure 17, are only available for experiments 1 and 2.
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Figure 17: Graphs of concentration versustime of gases measured by FTIR in
Experiment 2.
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Volatile Organic Compounds (VOC)

The results are presented in Table 37 in terms of magjor contribution, i.e>1%. All VOC
which contribute <1% are summarised under the heading ” Other VOC”.

Table 37: Amounts (g) VOCsfrom the TV-room experiments.

Compounds Experiment 1 Experiment 2 Experiment 3
Total VOC exhaust during fire (as g toluene) 410 1420 1540
% chlorobenzene N.D. N.D. 9.5%
% benzene 21% 38% 32

% naphthalene 16 18 17

% pyridine 1 3 2

% toluene 4 6 45
% ethynylbenzene 2 3 2

% styrene 45 4 3

% phenol 24 13 2

% benzonitrile 55 5 3.7
% indene 2.3 24 29
% methylnaphthal enes (2 isomers) 15 13 12

% biphenyl 1.2 1.2 11
% other VOCs 35 12 19.1

Polycyclic aromatic hydrocarbons (PAH)

The results are presented in Table 38 both specified in terms of 19 specific species and as
the sum of these species.
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Table 38: Amounts(g) PAH from the TV-Room experiments.

Species m/z (amu) Experiment1 Experiment2 Experiment3
Acenaphthalene 152 43.7 160.5 89.5
Acenaphthene 154 0.37 0.56 0.9
Fluorene 166 6.73 14.2 11.6
Phenanthrene 178 51.0 111 63.2
Anthracene 178 6.17 185 53
Fluoranthrene 202 20.7 38.9 35.3
Pyrene 202 19.6 40.1 34.7
Benzo(a)fluorene 216 112 154 2.3
Benzo(b)fluorene 216 0.84 1.67 16
Benzo(a)anthracene 228 342 11.7 5.8
Chrysene 228 471 13.6 7.9
Benzo(b)fluoranthene 252 5.16 13.0 14.7
Benzo(k)fluoranthene 252 1.63 4.01 11.6
Benzo(e)pyrene 252 3.08 8.02 5.8
Benzo(a)pyrene 252 3.59 124 3.6
Perylene 252 0.67 222 0.6
Indeno(1,2,3-c,d)pyrene 276 5.50 14.8 14.2
Benzo(g,h,i)perylene 276 6.17 16.1 111
Dibenzo(a,h)anthracene 278 0.52 1.36 0.9
Coronene 300 213 6.17 6.3
TOTAL PAH 333 867 327

Brominated flame retardants (Br-FR)

The results are presented in Table 39. Efforts were made to determine concentrations of
both polybrominated biphenyls (PBB) and polybrominated diphenylethers (PBDE).
Difficultiesin quantifying all but deca-BDE have |lead to the exclusion of results from
this report.

Table 39: Amounts (mg) Br-FR from the TV-Room experiments.

Br-FR Experiment 1 Experiment2 Experiment 3
TBBPA 8.97 N.D. 0.27
deca-BDE" 0.54 0.17 6.8

“All values are the same order of magnitude as a background measurement taken at the
measurement point.



Polychlorinated dibenzodioxins (PCDD)

The results are presented in Table 40 as both individual species concentrations and

TCDD-Equivalents cal culated using both a modified version of the EADON method and
the new WHO method. The TCDD-equivaents are calculated based on contributions
from both dibenzodioxins and furans.

Table 40: Amounts (ug) PCDD from the TV-Room experiments.

PCDD Experiment 1 Experiment2 Experiment3 TCDD-factor  TCDD-factor
(EADON) (WHO)

2,3,7,8 TCDD N.D. N.D. N.D. 1 1

1,2,3,7,8 PnCDD 314 4.26 N.D. 1 1

1,2,3/4,7,8 HXCDD N.D. 1.05 N.D. 0.033 0.1

1,2,3,6,7,8 HXCDD 1.01 1.79 1.05 0.033 0.1

1,2,3,7,8 9 HXCDD N.D. 154 N.D. 0.033 0.1

1,2,3/4,6,7,8 N.D. 5.56 N.D. 0.033 (assume) 0.01

HpCDD

TCDD-equiv. 10.91 6.77 4.16

(EADON)

TCDD-equiv. 7.99 6.33 2.90

(WHO)

Total TCDD N.D. N.D. N.D.

Total PnCDD N.D. 50.62 N.D.

Total HXCDD 15.70 17.28 1.2.63

Total HpCDD N.D. 9.88 N.D.

Total OCDD 4.15 11.11 8.95 0.0001

Polychlorinated dibenzofurans (PCDF)

The results are presented in Table 41 asindividual species concentrations and sums of
tetra, penta, hexa, and hepta chlorinated PCDFs. The TCDD-equivalents, cited in Table
26, are calculated based on contributions from both dibenzodioxins and furans.
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Table 41: Amounts (ug) PCDF from the TV-Room experiments

PCDF Experiment 1 Experiment2 Experiment3 TCDD-factor TCDD-factor
(EADON) (WHO)

2,3,7,8 TCDF 14.58 3.09 7.37 0.33 0.1

1,2,3,78PnCDF  3.59 1.42 1.84 0.33 0.05

2,34,78PnCDF  4.09 1.85 311 0.33 05

1,2,3,4,7,8 HXCDF 241 0.80 1.00 0.021 0.1

1,2,3,6,7,8 HXCDF 2.47 0.86 121 0.021 0.1

2,3,4,6,7,8 HXCDF 3.76 0.93 1.58 0.021 0.1

1,2,3,7,8 9 HXCDF 1.18 N.D. N.D. 0.021 0.1

1,2,3/4,6,7,8 7.29 1.48 3.16 0.021 (assume) 0.01

HpCDF

1,2,34,7,89 1.35 N.D. N.D. 0.021 (assume) 0.01

HpCDF

Total TCDF 510.32 327.15 121.05

Total PNCDF 106.55 24.07 29.47

Total HXCDF 39.82 11.11 17.89

Total HpCDF 17.95 7.41 8.95

Total OCDF 4.60 1.79 3.79 0.0001

Polybrominated dibenzodioxins (PBDD)

The results are presented in Table 42 as both individual species concentrations and
TBDD-Equivalents cal culated using both a modified version of the EADON method and
amodified version of the new WHO method. The TBDD-equivalents are calcul ated
based on contributions from both dibenzodioxins and furans and are based on TCDD-
factors for the chlorinated equivalent. Thisis based on the assumption that the relative
toxicity of the brominated dibenzodioxins and furans is the same as that for the
chlorinated equivalent. In lieu of full datathis should be a reasonable assumption.

Table 42: Amounts (ug) PBDD from the TV-Room experiments.

PBDD Experiment1 Experiment2 Experiment3 TBDD-factor TBDD-factor
(EADON) (WHO)

2,3,7,8 TBDD N.D. N.D. N.D. 1 1

1,2,3,7,8 PnBDD N.D. N.D. N.D. 1 1

1,2,3,4,7,8/1,23, N.D. N.D. N.D. 0.033 0.1

6,7,8 HXBDD

1,2,3,7,8,9 N.D. N.D. N.D. 0.033 0.1

HxBDD

TBDD-equiv. 26.65 7.94 0.23

(EADON)

TBDD-equiv. 25.12 241 111

(WHO)
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Polybrominated dibenzofurans (PBDF)

The results are presented in Table 43 asindividual species concentrations. The TBDD-
eguivalents are cal culated based on contributions from both dibenzodioxins and furans
and are based on TCDD-factors for the chlorinated equivalent. Thisis based on the
assumption that the relative toxicity of the brominated dibenzodioxins and furansis the
same as that for the chlorinated equivalent. In lieu of full data this should be a reasonable
assumption. The TBDD-equivalents reported in Table 28 are based on PBDF
concentrations cited below.

Table 43: Amounts (ug) PBDF from the Swedish TV-Room and US TV-Room
experiments.

PBDF Experiment 1 Experiment2 Experiment3 TBDD-factor TBDD-factor
(EADON) (WHO)

2,3,7,8 TBDF 38.13 24.07 N.D. 0.33 0.1

1,2,3,7,8 PnBDF N.D. N.D. N.D. 0.33 0.05

2,3,4,7,8 PnBDF 42.62 N.D. N.D. 0.33 0.5

1,2,34,7,8 N.D. N.D. N.D. 0.021 01

HxBDF

1,2,3/4,6,7,8 N.D. N.D. 11.05 0.021 01

HpBDF

Total TBDF 2579.66 1728.32 26.84

Total PnBDF 1121.59 530.84 6.32

Total HXBDF 201.89 N.D. 9.47

Total HpBDF N.D. N.D. 142.10

455 L CA input

The results from the TV-Room experiments and the TV Fire model as presented in
chapter 3 indicate that the emissions summarised in Table 44, below, will be needed as
input to the LCA model.

In fact, experiment 1 represents a Primary TV-room or TV-house fire in the LCA model,
i.e,, aroom or house fire wherethe TV isthefirst item to ignite in the room.
Experiments 2 and 3, however, represent secondary fires, i.e., fireswherethe TV is
involved but the fire starts in some other item of furnishing in the room, or elsewherein
the dwelling.

In the case of experiment 1 the emission data is reduced to emissions per m? as input to
the LCA model and used both as room emission data and full house emission data. The
scale up is done on an area basis using an area of 16 m’ for atypical room and 121 m* as
atypical house.

In the case of experiments 2 and 3 only the fire emissions from the TVs are included
explicitly in the model. The pattern of emissions from these 2 experimentsis similar due
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mainly to the fact that the fire development is essentially equivalent. These results
indicate that emission of species from secondary TV firesisindependent of the presence
or absence of the flame retardant in the TV. Thus, the emissions from the free burning
Swedish TV fire are used in both cases. Thisis the best approximation we have available
at the moment and is probably awaorst case set of emissions as the free burn experiment
was by no means as hot as a flashed-over room.

Table 44: LCA input used for the Swedish TV-Room and US TV-Room
experiments.

Species Exp.1°  Exp.2” Exp.3” Comments

VOC 420 ¢ 15009 Includes benzene, phenol, styrene, toluene,
naphthalene, and ethynylbenzene explicitly + “other
VOCs’

PAH 190¢ 490¢ Includes acenaphthal ene, acenaphthene, fluorene,

phenanthrene, anthracene, fluoranthrene, pyrene,
benzo(a)fluorene, benzo(b)fluorene,
benzo(a)anthracene, chrysene,
benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(e)pyrene, benzo(a)pyrene, perylene,
indeno(1,2,3-c,d)pyrene, benzo(g,h,i)perylene,
dibenzo(a,h)anthracene, coronene

TBBPA 9 mg N.D.

decaBDE 054mg 0.17mg

TCDD- 10.91ug 6.77 ug EADON (TCDD from all other modules are

equiv. EADON based)

TBDD- 26.65ug 7.94ug EADON, to keep the comparison on the same basis
equiv. as TCDD-equivalents above

"These results are used as the basis for FE(TV 1-Room) and FE(TV 1-House).

"These results are not used directly as LCA input. Instead they indicate that it is relevant to use
FE(TV1-B) asLCA input in the secondary TV firesin the LCA model. See the general text for
more details.
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5 Recycling
5.1 Aim

The need for fire resistant polymeric materialsis continuously growing. Thisis partly
due to the increasing use of e.g. electronic equipment and polymeric building materials
and partly caused by more stringent flammability requirements.

Decabromodiphenylether (deca-BDE) isawidely used, high performance fire retardant
(FR) for thermoplastics. It also has alow toxicity and bioaccumulation [1]. In Europein
recent years, there has been a general desire to restrict the use of halogen containing
compounds partly based on perceived recycling difficulties.

An alternative way of reducing the emissions of halogen containing materiasin the
environment or decreasing the need for costly destruction of such materialsis, however,
recycling. In order to be accepted as a construction material, however, mechanical,
durability, aesthetical, and other properties must be retained even in recycled materials.

The purpose of this study was to examine if HIPS with FR in comparison with HIPS
without FR can be recycled without serious loss of important properties, including fire
performance. HIPS, with and without deca-BDE has, therefore, been subjected to an
accelerated thermo-oxidative ageing corresponding to a normal in-door service time of
eight years.

52 Experimental description

521 Problems and solutions

The conclusion based on initial differential scanning calorimetry (DSC) was that we
could try thermo-oxidative ageing at 95 °C, although the position of the glass transition
region was difficult to evaluate. After a short period of ageing time, it became obvious
that the ageing temperature was too high, resulting in shrinkage and distortion of
samples. A more thorough examination with DSC gave that the glass transition region
could be defined to between 87 to 95 °C. A second ageing series was started at 80 °C, in
order to age well below the glass transition region. If ageing were performed at
temperatures in the transition region or above, we would most probably introduce
irrelevant degradation processes.

Since the ageing temperature was reduced, the ageing time should be increased in order
to obtain the desired ageing effect. An accelerating factor used for thermo-oxidative
ageing is adoubling of time for each increase of 10 °C. Thiswould lead to an ageing
time of about 1700 h at 80 °C for our samples.
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522 Materials and sample preparation

Commercial HIPS, both with and without deca-BDE, provided by Nova Chemicals, was
used in this part of the study. This material was typical for the type of material used in
the construction of TV housing but was not necessarily of the same grade as that used in
the TVsused in the fire tests.

Both materials were extruded to about 0.2 mm thin strips by using a single screw
BRABENDER PLE 651 extruder. The temperature profile in the extruder was 160, 180,
200, 200, and 210 °C and the speed of rotation of the screw was 60 rpm. The temperature
profile used is recommended by the HIPS producer and verified by BASF and DOW.

Thicker test specimens were also manufactured by injection moulding according to 1SO
294 and test specimen type 1B. The following process parameters were used: melt
temperature 230 °C, injection pressure 1000 bar, and a follow-up pressure of 700 bars.
These parameters are recommended for virgin HIPS.

The reason for using two different sample thicknessesis that the thick sample
corresponds to dimensions of normal FR containing HIPS products, while in thin
samples thermo-oxidative degradation is not restricted by oxygen diffusion as for thick
samples. Consequently, the degradation will be more severe in the latter case. The
degradation of thin samples can also be regarded as corresponding to the degradation of
athin surface region of athick sample. Moreover, loss of additivesis also depending on
the relation between exposed surface area and bulk volume. The thick samples were used
for performing UL 94 testing to establish the fire behaviour of the FR and NFR-HIPS
material, both before and after ageing and recycling.

523 Ageing

Ageing of HIPS and HIPS-FR took placein 0.3 m’ SALVIS heating cabinets. The
temperature was 80 °C and the duration of ageing was 1200 hours corresponding to about
eight years of normal room temperature service. This was done as a compromise due to
lack of time for the full 1700 hours. The results are indicative of the behaviour for the
full 10 year lifecycle established in the LCA. About 50 test specimens of each type were

aged.

Thermo-oxidative ageing only was used and not a combination of thermo-oxidative and
UV ageing dueto the fact that a TV is generally placed inside aroom away from direct
sunlight.

5.2.4 Tensile and impact strength testing

An INSTRON 5566 tensile tester equipped with a non-contacting INSTRON 2663 video
extensiometer was used to acquire data of tensile stress and elongation at break
according to SO 527. Crosshead speed was 20 mm/min.

The impact strength test was performed according to 1SO 179 using a Zwick Impact
Strength Tester.
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For each test above at least ten specimens were used. Mean values and standard
deviations were cal cul ated.

525 Deter mine of total bromine content

A MICROMASS Platform Inductive Coupled Plasma - Mass Spectrometer (ICP - MS)
was used to determine the total bromine content in extruded HIPS-FR before and after
ageing. The aim of this part of the study was to investigate the retention of brominein
the HIPS and to relate this to the macroscopic fire resistant behaviour of the aged HIPS.
The method chosen was, therefore, quantitative to the order of one tenth of a percent.
This choice was partially governed by the fact that small (ppm level) loss of bromine
would not be expected to effect the fire resistant behaviour of the polymer provided the
bromine that was retained remained present as deca-BDE. A full quantitative retention
investigation would require a detection level of ppm or better.

Ground HIPS-FR was mixed with potassium hydroxide, hydrazine sulphate, and benzoic
acid. The mixture was burned in a bomb calorimeter in oxygen in order to turn all
bromine compounds into bromide, which was subsequently dissolved in water. The
solution was injected into the ICP instrument for total bromine content determination.
Both unaged and aged materials were investigated.

5.2.6 Degradation of deca-BDE

In order to investigate if deca-BDE degrades due to ageing and/or processing, pure deca-
BDE and deca-BDE removed from unaged and aged FR-HIPS were examined with
Matrix Assisted Laser Desorption and lonisation - Mass Spectrometry (MALDI-MS).

The MALDI instrument used was a BRUKER BIFLEXTMIII. The 337 nm nitrogen UV
laser has an effect of 107 Wem? and a pulse length of 5 nsat ~ 1 Hz. The mass resolution
in the time-of-flight mass spectrometer is>10 000.

FR was removed from HIPS by a procedure involving dissolution of the plastic in
tetrahydrofurane (THF) and filtering of the solution in order to remove carbon black. The
polymer and the flame retardant were separated by gel permeation chromatography
(GPC). The fraction containing the FR was collected and the solvent was evaporated. For
the MALDI analysis THF was used as solvent and picolinic acide (PA) as matrix.
Irganox 1010 and Irganox 1076 were added and used for mass calibration.

527 Fire Classification

In order to determine that the material being tested passed the required fire behaviour
both before and after ageing and recycling, injection moulded samples were subjected to
classification according to UL 94.

The NFR-HIPS samples were classified according to the “horizontal burn”
characterisation in the UL 94 standard while the FR-HIPS samples were subject to
classification according to the “vertical burn” classification described in UL94. The
results are summarised in the next section.
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53 Results

531 Mechanical testing

The elongation at break for both the aged and unaged extruded FR and NFR HIPS is
shown in Figure 18. Asis seen the values for both HIPS and HIPS-FR have decreased
after thermo-oxidative ageing. The decrease after ageing is, however, more pronounced
for the NFR-HIPS.
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Figure 18: Elongation at break for extruded FR-HIPS and NFR-HIPS before and
after ageing.

The corresponding results for injection moulded HIPS are shown in Figure 19. Asis
seen, there is only aminor change due to ageing for the FR-HIPS, while the NFR-HIPS
shows a very distinct reduction in elongation at break, i.e., greater than 50%.
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Figure 19: Elongation at break for injection moulded FR-HIPS and NFR-HIPS
before and after ageing.
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The explanation to the difference in behaviour between extruded and injection moulded
test specimens is probably the restriction in oxygen diffusion for the thicker injection
moulded samples, which reduces thermo-oxidative degradation inside the samples. Most
probably the FR-HIPS samples contain a higher % of stabiliser than the NFR-HIPS
samples. The material used in this study is commercial grade and thus exact information
concerning the composition is not available.
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Figure 20: Stressat break for extruded FR-HIPS and NFR-HIPS before and after
ageing.

Although, elongation at break is regarded to be more sensitive to ageing of polymeric
materials than tensile stress, the latter is also of interest. In many cases stress at break is
increases by ageing. Thisis generally due to an increase cross-linking of the polymer as
apart of the ageing process [2].

The value of stress at break for extruded test specimensis shown in Figure 20.
Comparing the results for FR-HIPS one finds a very small change between aged and
unaged samples. For NFR-HIPS, on the other hand, there is a significant increasein
stress at break indicating that some kind of degradation has taken place as aresult of
ageing. Again, thisis probably due to a higher portion of stabilisersin the FR-HIPS than
in the NFR-HIPS.
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Figure 21: Impact strength for injection moulded FR-HIPS and NFR-HIPS before
and after ageing.

Results for the impact strength measurements regarding injection moulded HIPS are
shown in Figure 21. The result is quite apparent. No significant change is found for FR-
HIPS, while a 50% reduction has occurred for NFR-HIPS.

Thus, al mechanical testing performed indicate that the FR-HIPS used in this study
withstands thermo-oxidative ageing much better than does NFR-HIPS. It should,
however, be emphasised that the reason for this result is not necessarily due to the
presence of deca-BDE. As explained above this effect is probably due to a co-additive.

532 Total bromine content

Thetotal bromine content was determined by ICP-M S before and after ageing for
extruded HIPS. Thin extruded films were investigated as they were subjected to amore
severe degradation compared to the thicker injection moulded samples. Moreover, the
thin extruded films have alarger exposed surface arearelative to the bulk volume
compared to the thicker injection moulded samples. Large surface arearelative to bulk
volume can cause high emission of additives. Thus, these samples are a more severe test
of the retention of the flame retardant.
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Figure 22: Bromine content in Unaged and aged FR-HIPS.

Asisseen in Figure 22, the bromine content is 11 mass% of deca-BDE in unaged and
aged FR-HIPS. Both isotopes 79BR and 81Br were used in the determination and they
gave the same results. Thus, no significant loss of deca-BDE was observed.

It must be pointed out, that this investigation was focused on the durability of FR-HIPS
material, i.e., on possible significant loses of deca-BDE, which might affect the fire
retarding properties. Although potentially important from an environmental point of
view, losses of small amounts of deca-BDE to the environment during ageing or
processing are outside the scope of thisinvestigation.

533 Degradation of deca-BDE
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Figure 23a-c: MALDI M S-spectra for pure deca-BDE, deca-BDE from unaged FR-
HIPS, and deca-BDE from aged FR-HIPS, respectively.
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lonisation in MALDI is regarded as very "soft”, i.e., only molecular ions are formed of
analyte molecules. In this case, however, there is a significant debromination in the
ionisation process. This effect is also seen in negative ion spectra, above. The
debromination occurs both for pure deca-BDE and for deca-BDE extracted from unaged
and aged FR-HIPS.

Comparing the spectra in Figure 23 one finds no significant differences, indicating that
degradation of deca-BDE, other than those caused by the ionisation process, does not
take place. Hamm et al. have investigated HIPS containing deca-BDE after repeated
processing of the material [3]. In their study no evidence of degradation of the flame
retardant was found which corroborates the findings in this study.

534 Fire classification

The results of the fire classification of both aged and unaged FR and NFR HIPS
indicated that the NFR HIPS did not retain its HB rating after ageing while the FR HIPS
retained it VO rating after aging. The results are summarised in Table 45.

Table 45: Results of UL 94 classification of FR and NFR HIPS strips.

FR-HIPS NFR-HIPS
Aged Vo0 failed HB
Unaged Vo0 HB
54 Conclusions

The mechanical tests clearly show that the HIPS used in this project, containing deca-
BDE has improved ageing properties compared to the HIPS used in this project, without
deca-BDE. In fact, the investigation indicates that unaged FR-HIPS has dlightly better
mechanical properties than unaged NFR-HIPS. Standard stabiliser packages were used
for the two grades of HIPS studied (i.e., FR and NFR), according to the supplier. The
exact composition of the stabiliser packages may differ dightly to meet the demanding
requirements of the electronics industry.

There is no indication of loss of deca-BDE due to ageing. Further, no degradation of
deca-BDE caused by ageing was found. These results corroborate recent work conducted
in Germany and presented at Dioxin *99 [X]

Importantly, the fire retardant behaviour of the FR-HIPS is retained after ageing. Thus,
the FR-HIPS is able to passits the flame retardant properties onto a new generation of
products.

One can conclude, that in this investigation the HIPS containing deca-BDE is well suited
to recycling with retention of important physical properties.



5.5

83

Refer ences

Norris, J.M., Ehrmantraut, JW., Gibbons, C.L., Kociba, R.J., Schwetz, B.A., Roseg,
J.Q., Humiston, C.G., Jewett, G.L., Crummett, W.B., Gehring, P.J., Tirsell, JB.,
and Brosier, J.S., Appl. Polym. Sym., 22, p195 (1973).

Grassie, N. and Scott, G., Polym. Degrad. and Stab., Cambridge University Press
(1985).

Hamm, S., Schulte, J., Strikkeling, M., and Maulshagen, A., Poster at Dioxin 99,
Sept 12-17, Venice (1999).






85

6 Waste I ncineration

6.1 I ntroduction

The abjective with the work presented in this chapter isto provide LCA input data
regarding waste incineration of materials containing flame retardants. Thus, thiswork
includes areview of the literature and a method to obtain data not available from the
literature.

Waste incineration results in emissions to the atmosphere, contaminated waste water and
contaminated ash. The amounts of waste water generated are generally low. The ash can
contain high concentrations of heavy metals and the pollutants present in the ash residues
can be significant when placed in landfill sites where leaching may be a source of
groundwater contamination. The fly ash also contains significant concentrations of
chlorinated dibenzodioxins and furans whereas the bottom ash has been reported to
contain negligible amounts [1].

Thus, the main focus here will be on the emissions to the atmosphere, where first
qualitative information is needed regarding types of primary and secondary emissions
formed. Secondly, the quantitative emissions need to be estimated.

The papersin the literature can be divided into the following categories:

e Laboratory investigations on pyrolysis and combustion
e Pilot scale investigations
e Emission measurementsin commercial plants

Few data appear to exist regarding the effect of flame retardants on the emissions from
commercia scale waste incineration. Most data concerns fundamental combustion or
pyrolysis chemistry that provides qualitative rather than quantitative information. The
most relevant study has been performed at the Tamara pilot incinerator in Karlsruhe [2].
In addition to literature findings, available data from the commercial waste incineration
plant in Goteborg is used asinput.

6.2 E& E wastein Sweden

About 15 citiesin Sweden participate in an informal association working with the
collection and dismantling of electronic waste. The waste streamsin Boras and its
surroundings are shown in Table 46 and Table 47 below.

Table 46: Received material 980101-981130.

Received from Received electronic waste (kg)
Boras 211810
Other cities 105 068

CompaniedIngtitutions 61 518
Total: 378 396
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Table 47: Delivered materials 980101-981130.

Delivered to Materials Treatment Weight (kg)
Stena Metallatervinning AB  Metals, circuit boards, cable  Materia recycling 180 665
Sobacken Ceramics, porcelain Landfill 4518
Renova Polymers Combustion 68 660
Wood Combustion 25 480
Small batteries Sorting 617
SAKAB Dangerous waste Destruction/storage 89 833
Miscellaneous Circuit boards Material recycling 3080
Total: 372853

The emissions that should be considered are presented in Table 48. In combustion of
flame retarded materials containing bromine, the emissions of HBr, Br, and brominated
and/or brominated and chlorinated dibenzodioxins and dibenzofurans needs special
attention. The halogens (bromine, chlorine) effect on the gas phase chemistry may also
cause higher emissions of unburned hydrocarbons such as CO and VOC (volatile organic
compounds).

Table 48: Emissions from combustion.

Major components CO,, H,0

Minor components  CO, NO,, N,O, NH,, HCN, SO,, HCI, HBr, Br,, CH,, voct
Trace components PAC, volatile heavy metals, PCDD/F, PBDD/F

Particul ates Ash and soot particles
'V OC = Volatile Organic Compounds

6.3 Air emission limit values

Upper limits are set, on the various emissions, by the authorities. In this text the
suggested new limits by the EU commission [3] are reported. It can be noted that the air
emission limits regarding dibenzodioxins and furans do not include brominated
dibenzodioxins and furans (see Table 49). Further, the emission of bromine, as HBr or
Br,, isaso excluded (see Table 49).
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Table 49: Suggested air emission limits (11% O,) in EU [3].

Daily average values Half-hourly average values
mg/m’ mg/m’
A (100%) B (97%)
Total dust 10 30 10
Gaseous and vaporous substances' 10 20 10
HCl 10 60 10
HF 1 4 2
SO, 50 200 50
co 50° 100° 150’
NO, as NO,? (expressed as NO,) 200 400 200
NO, as NO,® (expressed as NO,) 400 -
Heavy metals’ All average values over the sampling period of a minimum of 30
minutes and a maximum of 8 hours
Cadmium (Cd) and thallium (TI) total 0.05 mg/m®
Mercury (Hg) 0.05 mg/m®
Antimony (Sb),
Arsenic (As),
Lead (Pb),
Chromium (Cr), total 0.5 mg/m°
Cobalt (Co),
Copper (Cu),
Manganese (Mn),
Nickel (Ni),
Vanadium (V),
Tin (Sn)
Dioxins and furans® Average values for sampling period of minimum 6 hours and
maximum 8 hours must not exceed
0.1ng/ m®

'Expressed as total organic carbon, TOC

’New incineration plants or plants with a capacity exceeding 6 tons/h

*Existing incineration plants with a capacity of 6 tons/h or less

“The metal and its compounds expressed as the metal

*See Table 50

°Excluding the start-up and shut-down phase. Exemptions may be authorised by the competent
authority for incineration plants using fluidised bed technology, provided that the permit forsees an
emission limit value of not more than 100 mg/nm3 as a hourly average value.

'At least 95% of all measurements.

The equivalence factors for determination of the total mass concentration of
dibenzodioxins and furans are given in Table 50 [3].
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Table 50: Equivalence factorsfor determination of total concentration of
dibenzodioxinsand furans[3].

2,378 Tetrachlorodibenzodioxin (TCDD) 1
1,2,3,7,8 Pentachlorodibenzodioxin (PeCDD) 0.5
1,2,3,4,7,8 Hexachlorodibenzodioxin (HxCDD) 0.1
1,2,3,6,7,8 Hexachlorodibenzodioxin (HXCDD) 0.1
1,2,3,7,8,9 Hexachlorodibenzodioxin (HXCDD) 0.1
1,2,3,4,6,7,8 Heptachlorodibenzodioxin (HpCDD)  0.01
Octachlorodibenzodioxin (OCDD) 0.001

2,378 Tetrachlorodibenzofuran (TCDF) 0.1
234,78 Pentachl orodibenzofuran (PeCDF) 0.5
1,2,3,7,8 Pentachl orodibenzofuran (PeCDF) 0.05

1,2,3,4,7,8 Hexachlorodibenzofuran (HXCDF) 0.1
1,2,3,6,7,8 Hexachlorodibenzofuran (HXCDF) 0.1
1,2,3,7,8,9 Hexachlorodibenzofuran (HXCDF) 0.1
2,34,6,7,8 Hexachlorodibenzofuran (HXCDF) 0.1
1,2,3,4,6,7,8 Heptachlorodibenzofuran (HpCDF) 0.01
1,2,3,4,7,8,9 Heptachlorodibenzofuran (HpCDF) 0.01
Octachlorodibenzofuran (OCDF) 0.001

6.4 Qualitative and quantitative aspects of emissions

The emissions during combustion depend on both the fuel and the facility where the
combustion takes place. The combustion result is governed by the temperature,
turbulence (i.e., gas mixing) and time of reaction. The combustion process can be
divided into the following sub-processes:

Drying

Devolatilisation
Combustion of volatiles
Combustion of char

The corresponding zones can be found in a grate combustor where the fuel enters at one
end of the grate, and the ash is discharged at the other end. The gases leaving the grate
and entering the combustion chamber are therefore of different composition depending
on the position on the grate and gas mixing is of crucial importance in order to achieve
an efficient and complete combustion. Thisis achieved both by design of the combustor
and air supply and possible flue gas recirculation.

The emissions can be classified as [4]:

e Product derived emissions, such as CO, and SO,, where the emissions can be
directly related to the chemical composition of the fuel,

e Processderived emissions, such as PAH and dibenzodioxins, that are formed
under certain conditions from combustion intermediates, and
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e Product and process derived emissions, such asNO,, where the emissionsis a
result of the primary formation from the fuel nitrogen and the nitrogen in the
combustion air and secondary oxidation depending on process conditions.

Below, the various emissions that may be formed are discussed in turn.

Carbon dioxide, CO,

Forms from the carbon content in the fuel at a proportion that can be assumed equal to
the carbon content. In order to estimate the contribution to the enhanced green-house
effect it is necessary to differ between fossil CO, and CO, formed from biomass
combustion.

Water, H,O

Forms from the evaporation of moisture and the oxidation of the hydrogen content in the
fuel. Water isimportant for the combustion chemistry and it can be important for the
energy balance.

Carbon monoxide, CO

CO forms both during the combustion of volatiles and char. In order to get an efficient
burnout, the mixing of combustible gases and combustion air, residence time and
temperature are important. CO burns with the OH radical and chlorine, bromine and
iodine are known to catalyse radical recombination reactions resulting in lower radical
concentrations and thus also higher CO emissions.

Nitrogen oxides, NO, (NO and NO,)

The main component in combustion is NO whereas NO, forms when the combustion gas
is cooled in the atmosphere. NO, forms mainly from the fuel nitrogen, both from the
volatiles and the char. At higher temperatures, molecular nitrogen can also be oxidised
according to a mechanism known as prompt NO, (>1200 °C) or thermal “Zeldovich”
NO, (>1400 °C).

The emissions are aresult of a number of destruction and formation reactions. By
supplying the combustion air in several stagesin such away that sub-stoichiometric
zones (low oxygen concentrations and reducing conditions) are created, a substantial
amount of the NO, primarily formed can be reduced. In order to decrease possible
thermal NO,, it is common to recirculate part of the flue gas, which apart from cooling
the combustion zone also improves the mixing. During devolatilisation, the nitrogen can
escape the fuel bed partly asammonia (NH,) and hydrogen cyanide (HCN) with a
NH,/HCN ratio depending on the type of fuel [5-7]. NH, and HCN are subsequently
oxidised to form amixture of NO, NO,, N,O and N,. The oxides can be reduced to N,
under sub-stoichiometric conditions and in addition N,O decomposesto N, if the
temperature is high enough (>800 °C). It can be noted that emissions of NH, have been
observed in plants burning biomass even where a SNCR (see below) system is not used.
In addition to the homogeneous gas phase reduction there are also complicated
heterogeneous destruction routes involving char as well as fly ash particles.

NO, emissions can be reduced by SNCR (Selective Non-Catalytic Reduction) where
solutions containing ammonia or urea are injected into a hot zonein the boiler. A catalyst
based system SCR (sel ective catalytic reduction) can be used at lower temperatures. An
ammoniaslip of afew ppmsis obtained for optimised systems. When ureais used, there
isarisk of N,O formation.
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Nitrous oxide, N,O
Forms mainly from fuels where the fuel nitrogen is released as HCN and it can also form
in SNCR/SCR systems based on urea injection (see hitrogen oxides above).

Ammonia (NH,) and HCN)
See NO, above.

Sulphur oxides, SO,

The emission of sulphur oxides (SO, and SO,) is governed by the sulphur content in the
fuel. The emissions can for instance be reduced by dry lime stone injection or in
scrubbers. Some reports indicate that the SO, concentration can affect the radical pool
and thus also affect the emissions of products of incomplete combustion, such as CO [8-
11].

Hydrogen fluoride, HF
HF derives from combustion of fluorinated hydrocarbons such as PTFE.

Hydrogen chloride, HCl and Cl,

Chlorinein municipal solid waste combustion is present as sodium chloride and PVC.
The split between HCI and Cl, is determined by thermodynamics as well as chemical
kinetics. The chlorine will mainly be emitted as HCI, which is efficiently removed in
scrubbers. The chlorine also takes part in radical quenching reactions and in the
formation of chlorinated hydrocarbons as for instance TCDD/F. Hal ogens quench the
radical chemistry and an increase of chlorine content can result in higher emissions of
products of incomplete combustion [12-16].

Hydrogen bromide, HBr, and bromine, Br,

Formation determined by the content of bromine in the waste. The split between HBr and
Br, is determined by thermodynamics as well as chemical kinetics. In comparison with
the CI,/HCI split for chlorine the Br,/HBr split will be larger and the emissions of Br,
can be significant under certain conditions. As stated above, halogens interfere with the
radical chemistry. Since bromine is more effective as aflame retardant [17] it islikely
that bromine has alarger effect on the emissions of unburned hydrocarbons as compared
to chlorine.

Hydrocarbons (VOC)

Methane and hydrocarbons (or VOC- volatile organic compounds) evolve during the
devolatilisation of the fuel and if not properly mixed with the oxygen in the combustion
air, part of the hydrocarbons may be emitted.

Polycyclic aromatic compounds, PAC

PAC are polycyclic ring compounds that consist of two or more benzene rings. A sub-
classto PAC is polycyclic aromatic hydrocarbons (PAH) where there are no heterocyclic
atomsin thering. To ensure low emissions of polycyclic aromatic compounds efficient
combustion conditions are required.

Chlorinated dibenzodioxins and furans, PCDD/F

Asdiscussed in arecent review paper [18], the formation of polyhal ogenated
dibenzodioxins and furans (PHDD/PHDF) in combustion is dominated by heterogeneous
synthesis reactions on fly ash particles. Two pathways both occurring around 300 °C are:
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(1) the precursor synthesis where products of incomplete combustion (PICs), i.e.
unburned hydrocarbons, react with chlorine in the gas phase. The precursors can
condense on fly ash particles and undergo catalytic reactions to form aromatics.

(2) the de novo synthesis, where the carbon source is bound particul ate carbon.
Chlorination, which can be catalysed by various metals, occurs on the particle
surface. The rate of de novo synthesis has been found to be much lower than the
precursor synthesis.

Lighty and Veranth [18] conclude that both mechanisms probably occur, but which
formation pathway that dominates under practical combustion conditionsis not known.

The dioxin emissions appear to be insensitive to the chlorine input [18]. In Sweden, the
chorine content in MSW varies between 1700 and 7900 g/ton fuel with an average of
5300 g/ton fuel. About 12 000 tons PV C isincinerated annually (it is estimated that
about 27 700 tons PVC waste is put into landfills annually in Sweden) corresponding to
about half of the chlorine content in waste assuming that the average chlorine content is
0,7% [19]. At this chlorine content, other parameters such as boiler design and operating
strategies are assumed to govern the dioxin emissions [20-22]. However, at higher
chlorine content in the fuel mix there can be a coupling between the chlorine content and
dibenzodioxin emission depending on the operating conditions. For arecent review of
the literature regarding dibenzodioxin emissions for MSW incineration, the reader is
referred to the work by Wikstrom [20].

Brominated dibenzodioxins and furans (PBDD/PBDF)

From an environmental point of view, the possible formation and emission of brominated
dibenzodioxins and furansis probably the most controversial issue regarding the waste
incineration of material containing brominated flame retardants.

In systems where both chlorine and bromine are present the distribution between
brominated, chlorinated and mixed PXDD/PXDF will depend on the CI:Br ratio but also
the reactivity and stability of the compounds can be of importance. Due to the normal
abundance of chlorine PCDD/PCDF dominate in waste incineration and only minor
amounts of mixed bromochloro-dibenzodioxins or dibenzofurans are formed [23]. It
should be noted that dibenzodioxins introduced to an incinerator with the waste are
efficiently destroyed at the high temperatures prevailing during combustion.

Thus, as discussed above, other parameters than the chlorine loading normally governs
the PCDD/PCDF emissions, and the total dioxin emissions are determined by operating
conditions and the design of the incinerator and flue gas cleaning system. The effect of

the bromine content will be to replace chlorine atoms in the PCDD/PCDF molecules.

It should also be noted that the apparent measured emissions of chlorinated
dibenzodioxing/furans might decrease if bromine isincluded with the fuel. Thisis
because dibenzodioxing/furans containing bromine are not measured and as a bromine
atom replace a chlorine atom of a PCDD/F the molecule becomes “invisible” in the
analysis.

Heavy metals

Heavy metals derive from the content in the fuel. Depending on the volatility (and
chemical transformations) the heavy metals will split between the flue gas, fly ash and
bottom slag. Emissions to the stack can occur as volatilised gas or as aerosol particles.
The volatilisation can be preceded by the formation of chlorides that have a higher
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volatility [24] and an increase of the chlorine feed promotes the transfer of heavy metals
from the fuel bed. Similar effects can be expected for brominated flame retardants where
antimony oxide is added to promote the flame retardancy. Indeed, antimony oxide is not
volatile but it combines with halogens to form volatile compounds (antimony oxyhalide
(SbOX) or antimony trihalide (SbX.)), which facilitates the transport of the halogen and
bromine from the condensed phase into the gas phase [17]. The effect has been
demonstrated in pilot-scale tests [2].

Particulates

Particulates consist of soot and ash particles. At high enough residence times and
temperatures the soot particles will burn out. Volatilisation of volatile metals such as
sodium, potassium, arsenic and cadmium followed by condensation as the flue gases are
cooled, results in the formation of sub-micron aerosols. At higher combustion
temperatures and at reducing conditions also otherwise stable components such as oxides
of silicaand calcium can be reduced and gasified. Sub-micron particles are detrimental
to health due to their size but also since they act as carriers of toxic substances (such as
PAC) that have been adsorbed on the particle surface. Also heavy metals are bound to
the fine particul ate matter.

6.5 Literature data on incineration of brominated
flameretardants

6.5.1 L aboratory investigations on pyrolysisand combustion

There are numerous reports in the literature regarding combustion fundamentals of flame
retardants [25-34].

The studies can be informative with respect to the qualitative composition of the
emissions formed, though it is difficult to extrapolate the results to commercial scale
incineration. In alaboratory device simulating incineration [30] it was concluded that
complete combustion of pure brominated flame retardants was difficult to achieve.
However, the combustion was enhanced as the flame retardants are incorporated into a
plastic matrix. Dumler et al. [27,28] report that decabromodiphenylether (deca-BDE)
forms highly brominated PBDF in combustion at 700 °C in yields corresponding to 7000
ppm. In a polymeric matrix with Sb,0,, the yield increased to 16% at an optimum
temperature of 500 °C where the ratio of isomers is changed to lower brominated PBDF
with the tetrabromo compounds as the most abundant products. The characteristics for
PBDD formation were similar though the yields were much lower.

In addition to formation of dibenzodioxins and furans, nitrogen containing flame
retardants (2,4,6-Tribromoaniline TBA) has been reported to form nitrogen containing
dioxin analogues [31,32].
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6.5.2 Pilot scale investigations

The most extensive study on the incineration of plastics containing brominated flame
retardants has been reported by Vehlow and co-workers [2,35]. Co-combustion tests of
electrical and electronic waste with municipal solid waste were performed in a pilot-
scale waste incinerator facility. Theincinerator (TAMARA) islocated at the
Forschungszentrum in Karlsruhe. The capacity of the incinerator corresponds to 200-250
kg/h. In the trials the feed varied between 120 and 210 kg/h that, with the different
heating values (7-13 MJkg), corresponds to about 400 kW.

The test program comprised of 16 tests with the reference fuel (shredded and sieved
household waste enriched by 25% of pelletised RDF- refuse derived fuel) mixed with
three different E& E wastes (to 0, 3, 6, and 12%). The E& E waste consisted of
plastics/composites or polymer blends from dismantled E& E equipment with bromine
and chlorine contents ranging from 0.4-4 % and 0.4-3.9%, respectively. In the reference
fuel, the concentrations of bromine and chlorine were 30-60 ppm and 6000 ppm (0.6%),
respectively.

Extremely low concentrations of CO were measured reflecting the excellent burn-out in
the TAMARA facility [36] (Figure 24). These values can be compared with the proposed
EU directive [3] where the values will be 50 mg/Nm’ (24h mean value). Also the carbon
content in the residual ash streamsis low (<0.3%).

The temperature in the fuel bed was found to increase when plastics are mixed with the
reference fuel, the ignition starts earlier and it could be noted that the total burnout
improved with increasing heating value of the fuel.
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Figure 24: CO concentrations measured in thetest trialsat the TAMARA facility
(mg/Nm’ at the actual oxygen concentration 9.4-10.9%).
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Partitioning

Inthe TAMARA study, 70-80% of the chlorine escaped to the gas phase with the
residual chlorine to be found in the fly ash and grate ash (>10%). Also most of the
bromine |eaves the incinerator in the gas phase, although an increased amount is
incorporated with the fly ash as the fuel bromine content is increased.

The distribution of metals between grate ash, fly ash and gas phase depend on volatility
and chemical transformations as well as combustion conditions. Typical volatility data
for some heavy metals are shown in Table 51. Antimony (which usually is combined
with bromine in flame retardants) is consequently ranked as ametal of medium
volatility. In the TAMARA study, the antimony was mainly detected in the grate ash (40
to 75 wt-%) and fly ash. The volatility of antimony increased as expected with the
chlorine input.

Table 51: Typical volatility of some heavy metals (from Vehlow [2] based on
literature data [37-39]).

Component Volatility number (wt-%)

Cadmium, Cd 85-90 High volatile heavy metal
Zinc, Zn 30-50 Medium volatility metal
Antimony, Sb 30-50 Medium volatility metal
Lead, Pb 30-50 Medium volatility metal
Nickel, Ni 1-10 Low volatility metal
Copper, Cu 1-10 Low volatility metal

Halogenated dibenzodioxins and furans

The emissions of PCDD/F from the TAMARA pilot plant have been found to be rather
insensitive to the input chlorine loading. The Swedish Environmental Agency reports
that at moderate chlorine loadings, other mechanisms are governing the dioxin emissions
[19]. In Sweden, the chlorine loading from PV C corresponds to about half the chlorine
input. The chlorine content is 1 700-7 900 mg/kg. It isonly at values higher than 1 % (10
000 mg/kg) that the emissions are assumed to be affected by the chlorine loading [19].
However, there are also reportsin the literature that the dioxin emissions are correlated
to the PV C input [40] and chlorine input [41]. Whether the dioxin emissions are affected
by the chlorine input or not depends on a multiple of factorsincluding the incinerator
design, the combustion conditions, the flue gas cleaning efficiency as well as the chlorine
input concentration (at least above a certain limit).

Raw gas PCDD and PCDF concentrations in the TAMARA study [2] were reported to 8-
20 and 10 to 31 ng/m’, respectively. No significant increase due to the co-combustion of
flame retardant containing plastics (and thus increased bromine and chlorine load) could
be observed.

Some important results from the TAMARA study are:

e Theformation of furans exceeds that of dibenzodioxins
e Only low levels of brominated homologues found
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e Brominated homol ogues were dominated by those containing one bromine atoms.
Species with two bromine atoms were only detected at high bromine input
concentration. Homologues with more than two bromine atoms were not found.

e At high E&E waste loadings, the bromine containing homologues (including mixed
dibenzodioxins) added up to 50% of the total load of dibenzodioxins and furans.
Thiswas observed in the tests of 12% industrial or commercial E& E waste addition.

Similar tests with flame retarded plastic foamsin the TAMARA plant also indicated that
the PCDD/PCDF vaues did not change with increased bromine load [42], although there
was a correlation between bromine input and the raw gas concentration of Br containing
PBCDD and PBCDF.

6.5.3 Emission measurementsin commercial plants

A few studies regarding the presence of bromine containing dibenzodioxins and furansin
fly ash from MSW incinerators have been reported as reviewed by Hardy [23]. Mono-
di- tribromodibenzodioxins/furans have been detected as well as mixed dibenzodioxins
and furans.

Measurements at the SAKAB hazardous waste incinerator in Sweden in the late 80°s
show that the bromine load and the combustion conditions influence the formation of
brominated aromatics [43]. Monobromotrichloro-p-dibenzodioxins and dibenzofurans
were detected in the flue gas samples. Comparing the input Br:Cl ratio, Oberg also
reports that the yield of brominated compounds is significantly higher. Measurement of
25 mg/m® HBr (10% CO,) correspond to about 3.5 wt-% of chlorine which yields
approximately 200 ton Br /year.

In apulse response test adding 2.0 kg circuit boards (with 4.8%
pentabromodi phenylether) under stable combustion conditions to an incinerator was
reported to increase both the emission of PCDD/PCDF and PBCDD/PBCDF [44].

Thus, available data regarding emissions of brominated dibenzodioxins/furans from
municipal solid waste incinerators are very limited. The much more extensive literature
on chlorinated dibenzodioxing/furans provides a basis and it may be assumed that
measures taken to limit the emissions of PCDD/F will be as effective with regard to
PBDD/F or mixed brominated chlorinated dibenzodioxing/furans (PBCDD/F). However,
as stated in an OECD report [45], “future work both in the laboratory and at operating
siteswill be required before this assumption can be confirmed.”

In the OECD report it was concluded in agreement with the European Commission
(European Commission Document [46]):

“In conclusion, based on the very limited amount of data available, a small amount of
brominated/chlorinated dibenzodioxins and furans are formed in municipal waste fly ash
and presumably are to be found in even smaller amounts in the flue gas leaving the
incinerator. It has been estimated that these materials may represent up to 10% of the
total PCDD/F formed during the incineration of municipal solid waste.”

The total PCDD/F emissions from 14 countries in Europe have been estimated to 2 226 g
which should be compared to 22 g/annum if the new proposed [3] limit of 0.1 ng/Nm’is
met [47]. Due to the assumptions in the cal culations the numbers should be looked at
with some caution [45]. In addition, in some countries there has been a sharp decrease in
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dioxin emissions since these calcul ations were made, for instance in Sweden where the
annual emissions of dibenzodioxins from MSW incineration have decreased from 90
(1985) to 3 g/annum (1997) [48].

Thus, the studies of full-scale incineration of brominated flame retardants and products
containing them are very limited. In order to ensure safe disposal by incineration further
investigation in commercial-scale incinerators is necessary.

Amount of bromine compared to chlorine

The concentrations of chlorine in municipal solid waste are much higher than the
bromine concentrations. Important sources are the organic household waste and PV C
containing waste. Typical values of chlorine 7000 mg/kg are reported in the literature
[19,23,49]. In 1997 atotal of 1.82 Mton waste was incinerated [49] in Sweden. Thus,
approximately 12 740 ton of chlorine passed through Swedish incinerators, producing 3
g of PCDD/F. The amount of chlorine can be compared to the annual global production
of bromine, which was 438 000 ton in 1990, of which 20% is used in production of flame
retardants [50]. The bromine concentration is typically 15 mg/kg [23] i.e. two orders of
magnitude less than chlorine.

Since the bromine containing plastic waste has been upgraded (from for instance
dismantling of television sets) it will be collected and sent in larger quantities to the
incineration plant. As a consequence, the Br:Cl ratio in the waste stream will generally
be low but as a batch of bromine containing waste is discharged into the incinerator, the
Br:Cl ratio may drastically increase. However, before entering the combustor the plastic
waste will be mixed with other waste in order to obtain stable operating conditions. It is
estimated that a maximum of 15% of the waste entering the incinerator will consist of
flame retarded plastic waste at any time.

6.6 L CA Input

The materials considered in the LCA model with respect to incineration are shown in
Table 52.

Table52: Materialsconsidered in M SW incineration.

Inorganics Metals Plastics Flame retardants
Glass Zinc, Zn PvC TBBPA
Glassfibre Copper, Cu ABS deca-BDE

Aluminium, Al PC

Stedl, Fe/Crxl/.. PUR

Lead, Pb HIPS

Antimony oxide, Sb,O;  Epoxy
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6.6.1 I norganics

The composition of the glassin the television set is shown in Table 53.

Table 53: Composition of glass.

Limestone Quartz Barium- Lead oxide Sodium Sodium
CaCoO; SiO, carbonate Pb;0, Chloride Carbonate
BaCO3 NaCl N32C03
Fraction (%) 7.3 58.0 11.7 6.4 2.3 14.3

The glassfibre is assumed to be composed of oxides of aluminium, magnesium and
silicawith achemical composition of 13.2% Al, 6% Mg, 30.4% Si and 50.4% O.

6.6.2 Metals

The partition of some inorganic el ementsin MSW incineration is shown in Table 54.

Table 54: Distribution of someinorganic elementsin MSW incineration [51].

Component Grate ash/slag  Fly ash  Emission (gas and fine particles)

Chlorine, Cl 13 20 67
Fluorine, F 34 39 27
Sulphur, S 34 26 40
Mercury, Hg 4 24 72

The metals will be distributed between the grate ash, fly ash and gas phase (as aerosol
particles or gas molecules). The chemistry in combustion is quite complex and metals
entering the incinerator in an oxidised form (for instance or ZnO) may be reduced to a
lower oxide or the pure metal, which may have a significantly different boiling point and
volatility. Asthe metal evaporatesit may condense on heat exchanger tubes and cause
problems with fouling and corrasion. As the flue gases cools down the metal s will
condense to form fine particles. These particles will be removed to a greater or lesser
extent depending on the flue gas cleaning equipment. Some metals (such as mercury)
will also in part leave the incinerator in gas phase.
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Table 55: Distribution of various metals between grate ash, fly ash and gas phase
emissions.

Component Grate ash/slag  Fly ash  Emission (gas and fine particles)
Lead, Pb 58° 37 52

Zinc, Zn 51° 45° 44

Antimony, Sb 40-75" 25-60° <2P

Arsenic, As 58.5° 415° 0.0°

Aluminium, Al 89 10 1

Copper, Cu 89?2 102 12

Steel (asiron, Fe) 99° 12 0?

* From Brunner et al. [51] quoted by Williams et al. [1].
® From Vehlow et al. [2].

° From [52,53].
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Figure 25: Chemical structures of some plastics.
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6.6.3 Plastics

The basic components in plastics are carbon and hydrogen, which in combustion is
converted to (fossil) carbon dioxide and water vapour. Some plastics may aso contain
chlorine (PVC), oxygen (PC) and nitrogen (PUR). In addition, plastics treated with
brominated flame retardants contain bromine and antimony. Due to the high content of
combustible material plastics have high heating values (Table 56). The chemical
composition is calculated from the chemical structures shown in Figure 25.

Table 56: Chemical composition of plastics.

Plastic Chemical Composition (%) Heating Value
(MJ/kg)
C H O N Cl Al Mg Si

PVC' 384 48 56.8 20°
ABS 8 8 6 36°

pC? 76 6 19 32°
PUR* 62 9 25 4 23"
HIPSS 92 8 39°

EF° 7% 7 17 32°
*From [54].

*Calculated value based on the value for ABS and the carbon content.

'Poly Vinyl Chloride. It is assumed that the number of monomersis large.
’Acrylnitrile-butadiene-styrene copolymer. It is assumed that A=24%, B=34% and S=42% (cf Fig,
2).

*Polycarbonate. The number of monomers assumed to be 75.

“Polyurethan. The product composition varies and the reported numbers are obtained assuming that
the PUR consists of 71% polypropylene glycol and 26% toluene diisocyanate (the residual being
catalysts and water). It is also that the polymer contains barium sulphate, chalk or quartz, which
may add up to 60% of the weight of the product. Thisis not considered and the estimation of the
chemical composition and heating value refers to the ash free polymer.

°High Impact Polystyrene. May contain 10% polybutadiene.

°Epoxy. It is assumed that the number of monomersis 7.

6.6.4 Flameretardants

The flame retardants considered in the LCA moddl are deca-BDE, which isused in
HIPS, and TBBPA, which is used in circuit boards.

Table 57: Chemical composition of flameretardants.

Flame Chemical Molecular weight Chemical Composition
Retardant formula (g/mol) (Wt-%)

C o Br
deca-BDE" C12Bri00 959.2 15 2 83
TBBPA? Cy15BrsO,Hg 537,8 33 6 59

‘Decabromodipheny! ether or Bis(pentabromophenyl)ether
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*Tetrabromobisphenol-A
6.6.5 Strategy to estimate emissionsto air

It is assumed that the incineration will take place in a dedicated waste incinerator
equipped with an adequate flue gas cleaning system with maximum emissionsin
accordance with the proposed EU directive on waste incineration (Table 49) or in
accordance with recent Swedish statistics. The emissions are estimated for each
individual waste component assuming stable combustion conditions.

Process derived emissions are simply calculated based on the fuel content of the
component in question (for instance, all fuel carbon is assumed to be converted to CO,).
For emissions affected by the combustion process, the emissions are estimated based on
literature data, annual emission statistics regarding total Swedish MSW incineration and
the emission limits set by the proposed EU directive regarding incineration.

The basic assumptions include:
Boiler efficiency > 80%
Flue gas flow 5 Nm’/kg waste (dry gas, 11% O,)
Heating value of waste 11 MJkg or 3 kWh/kg
Average chlorine content 5 000 mg/kg waste

Carbon dioxide, CO,

For estimation of the CO, emissionsit is assumed that all carbon is oxidised to CO,.
Thus, the small fractions of carbon contained in CO and hydrocarbons are for the
purpose of calculating the CO, emissions neglected.

Carbon monoxide, CO

A small amount of the carbon will be emitted as CO. In 1997, the total emissions of CO
in Sweden from MSW incineration was 807 ton which should be compared to 2.32
million ton CO, [48] which means that approximately 350 mg CO is emitted for every kg
of CO,. At 11% O, the emission limit for waste incineration will be 50 mg/Nm’ (Table 4
in reference [3]). 11% O, or approximately 10% CO, corresponds to approximately 196 g
CO,. Consequently, the EU-directive sets the CO emission to 260 mg CO for every kg of
CQ,. In order not to underestimate the emissions, it is consequently assumed that 350 mg
CO is emitted for every kg of CO, formed or 1280 mg/kg carbon in the waste.

Nitrogen oxides, NO, (NO and NO,)

The emissions of nitrogen oxides are the result of primary formation reactions (from the
fuel nitrogen as well as from atmospheric nitrogen) and secondary reduction reactions
(see the discussion above). A rough assumption isthat all fuel nitrogen is primarily
converted to NO,. The fuel nitrogen is the most important source for coal combustion
contributing 70-80% of the total NO, emissions (from [55] quoted by [56]).

Thetotal emissionsin 1997 from MSW incineration in Sweden were 1 350 ton NO,
calculated as NO,. With atotal energy production of 5.1 TWh the NO, emissions
correspond to 265 g NO/MWh_, ... With aboiler efficiency of 80%, the NO, emission
per kg input fuel would be about 330 g NO,/MWh waste input. The heating value of the
waste mix in Sweden is about 12 MJkg (73% household waste, 11 MJKkg, and 27 %
industrial waste, 15 MJkg). Using a conservative value of about 11 MJkg or 3 kWh/kg,
it indicates an emission of 990 mg NO,/kg of waste at a boiler efficiency of 80%.
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In household waste the nitrogen content varies but a mean value of 0.5% is assumed
[49]. Converted to NO, this yields about 16 400 mg NO,/kg of waste. Assuming an
additional 10% thermal NO, yields about 18 000 mg NO, primarily formed per kg of
waste. The actual emissions are lower due to secondary destruction of NO and NG, in
sub-stoichiometric zones as well as the employment of NO, reduction systems.
Comparing the fuel nitrogen input with the actual emissionsindicates aNO, reduction
efficiency of about 95%. This high value reflects both efficient destruction, due to basic
combustion mechanisms, and successful measures to further reduce the NO, formed. The
result can be compared to the internal NO destruction in a CFBC, reported by [10], who
measured the NO concentration close to the air distributor to about 550 ppm whereas the
concentration in the stack gases were about 50 ppm (areduction of about 90%!).

In accordance with the above discussion, the NO, emissions measured as NO, is
estimated to less than 163 mg/g N in the fuel (95% reduction). Thermal NO_emissions
(10% of total NO,) are estimated from the heating value to 27 mg/kWh.

Note: 1 kg waste gives about 75 mg NO,/MJwhich is slightly more than reported from
the Swedish NO, fee system where the average is about 63 mg/MJ.

Nitrous oxide, N,O

The only source of any significance for N,O formation and emission in MSW
incineration is the SNCR and/or SCR systems based on ureainjection. Assuming that the
NO reduction agent is ammonia, the N,O emissions are assumed to be insignificant.

Ammonia (NH,)
Assuming that the plant is equipped with awet scrubbing system after the SNCR and/or
SCR system the emissions of NH, to the stack can be neglected.

Sulphur oxides, SO, (SO, and SO,)

The sulphur oxide emissions can be calculated from the sulphur content in the fuel. The
raw gas concentration would be 2 g SO, (calculated as SO,) per g sulphur introduced
with the fuel. If the fuel contains species like calcium carbonate, some SO, may be
retained as calcium sulphate in the ash. At normal SO, concentrations of 400 mg/Nm® in
the raw gas, the efficiency becomes ca 94% at emission levels of 25 mg/Nm?® (whichisa
normal target value in Sweden and correspond to half the proposed limit in the EU-
directive). Assuming that all fuel sulphur is oxidised to SO, (i.e. the retention in the ash
is neglected) and that the flue gas cleaning system removes 90% of the SO,, the
emissions can be estimated to 200 mg SO, per g sulphur introduced with the fuel.

Hydrogen chloride, HCI, and chlorine, Cl,

Part of the chlorine will leave the incinerator with the ash streams and as particulate
emissions. Also small amounts may be emitted as Cl,. However, for reasons of
simplicity it is assumed that al chlorine is converted to HCI, which isto alarge extent
removed in the scrubber system. The general emissions can be in the range of

10-30 mg/Nm’ (10% CO,) [52].

Thetotal emissionsin Sweden in 1997 were 303 ton of HCI (about 295 ton ClI).
Assuming a maximum of 0.8% of chlorine in the waste and atotal waste incineration of
1.82 Mton the total chlorine throughput is 14 560 ton. The total reduction efficiency is
consequently about 98%. At a chlorine content of 0.4% the reduction efficiency would be
96%. As an average, it is assumed that 3% of the input chlorine is emitted to the recipient
asHCI.
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At agiven reduction efficiency, the emissions will depend on the chlorine load. A
reduction of 97% corresponds to emissions of about 30 mg/Nm? at a chlorine load of
0.5% in the waste. Thus, it should be noted that adopting to the proposed EU Directive
[3] (with alimit of 10 mg/Nm’ as daily average values and 60 mg/Nm® as half-hourly
average values) will lead to lower emissions.

Halogens (Cl, Br, F) also take part in radical quenching reactions affecting the emissions
of products of incomplete combustion (CO, VOC etc). However, these data are difficult
to quantify and possible effects on the emissions are neglected.

Hydrogen bromide, HBr, and bromine, Br,

The split between HBr and Br, is determined by thermodynamics as well as chemical
kinetics. In comparison with the Cl,:HCI ratio for chlorine the Br,:HBr ratio will be
larger and the emissions of Br, can possibly be significant under some conditions. As for
chlorine, part of the bromine output will be in the form of ash and particul ates. However,
few data are available and as afirst approximation it is assumed that all bromineis
converted to HBr and that the removal efficiency of HBr is the same as for HCI.
Consequently, it is assumed that 3% of the input bromine is emitted to the recipient as
HBr.

Emission data for large-scale incinerators are missing in order to estimate the Br,
emissions. However, laboratory investigations indicate that the conversion of bromine in
a FR-containing plastic yields HBr. Benbow and Cullis [25] found that the HBr
concentration increases from zero at the polymer surface to a value corresponding to
complete conversion at and beyond the flame front. These findings indicate that the
maximum Br, emissions (HBr:Br, ratio) could be estimated from thermodynamics
provided that the chemical kinetics does not control the conversion.

Hydrogen fluoride, HF
HF derives from combustion of fluorinated hydrocarbons such as PTFE. Asfor HCI and
HBYr, it is assumed that 3% of the fluorine input is emitted to the recipient as HF.

Hydrocarbons

In the literature, there are reports from biomass combustion plants showing that as the
excessair is decreased (O, concentration decreases) the concentration of CO increases
before the hydrocarbon concentration increases [57]. As a consequence, it can possibly
be concluded that the hydrocarbon emissions can be neglected provided that the CO
concentrations are maintained at a low level. An upper limit is given by the proposed
EU-directive [3] corresponding to 10 mg organic carbon/Nm?’. Since it is known that
plastics improve the combustion efficiency due to the high calorific content, co-
combustion of plastics can result in lower emissions of hydrocarbons. With an average
value of 5 Nm‘/kg waste, an upper limit for the emissions is assumed to be 50 mg organic
carbon per kg waste.

Polycyclic aromatic compounds, PAC

The formation of soot passes over the formation of polycyclic aromatic compounds [58-
61] and the emissions of PAH can be correlated with soot. Asit isa product of
incomplete combustion it can also possibly be correlated with the emission of CO. Since
it is known that plastics improve the combustion efficiency due to the high calorific
content co-combustion of plastics can result in lower emissions of PAC. On the other
hand, plastics containing hal ogens can result in higher emissions of products of
incomplete combustion due to the interference of halogens with the radical chemistry.
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Data from combustion of waste wood indicate [62] that the emissions are in the order of
2-5 ug/Nm’ (Table 58). The investigated plant was only equipped with an electrostatic
filter and the emissions from modern MSW incinerators can be expected to be lower.
Values of 0.1 pg/Nm® have for instance been reported [1].

However, in order not to underestimate the emissions, it is assumed that the emission of
PAC (including PAH) islessthan 1 ug/Nm’, which corresponds to 5 pa/kg waste.

If the emissions of PAC prove to be important in the LCA model, the quality of the
emission data should be improved.

Table 58: Combustion of waste wood [62].

Waste wood Waste wood (imported Forest
(Sweden) from Germany) residues
PAH (ug/Nm?) 25 4.9 5.2
Sum chlorobenzenes (ug/Nm?°) 6.9 25 0.3
Sum chlorophenols (ug/Nm®) 31 1.5 -
TCDD-equiv., Eadon (ng/Nm®) - 0.30 0.02-0.05
TCDD-equiv., Nordic (ng/Nm®) - 0.24 -

Hal ogenated dibenzodioxins and furans, PXDD/F

Dibenzodioxins are a group of compounds and the characteristics of brominated
dibenzodioxing/furans as well as mixed brominated and chlorinated
dibenzodioxins/furans are not known in detail. Few data regarding PBDD/F emissions
from commercial scale incineration plants have been published in the literature. Due to
the similarities between the bromine and chlorine chemistry an assumption can be that
PBDD/F forms at a similar rate as PCDD/F proportiona to the ratio between Br and Cl
in the waste. As both bromine and chlorine are present, the formation of mixed
brominated and chlorinated dibenzodioxins and furans may be significant [26] with a
distribution between brominated, chlorinated and mixed PXDD/F depending on the
Cl:Br ratio.

In order to compare brominated dibenzodioxins/furans with the more studied chlorinated
compounds and to estimate the emissions, the strategy described bel ow was employed.

e Chlorine and bromine are assumed to have identical characteristics, i.e. no difference
is made regarding chemical characteristics, toxicity etc. PXDD/F with X being Cl, Br
or both Cl and Br (i.e. three groups of compounds are formed; PCDD/F, PBDD/F
and PBCDD/F) are then assumed to have the same toxicity as the corresponding
chlorinated compounds and can be trandated to TCDD equivalents (Table 49). To
differ between compounds containing chlorine and bromine, the brominated
dibenzodioxins (including the mixed dibenzodioxins) are called TBDD/F.

e Asdiscussed above, several reportsin the literature indicate that there is no coupling
between input chlorine content and the resulting dioxin emissions at normal chlorine
contents (below 10 000 mg/kg waste). Instead, the emissions are controlled by the
combustor design and the flue gas cleaning system. It can also be noted that in the
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proposed EU-directive, hazardous wastes containing more than 1% hal ogenated
organic substances, expressed as chlorine, requires special combustion conditions.
Thus, the maximum load of halogensin waste is assumed to be 1% and the dioxin
emissions (TCDD/F+TBDD/F) are assumed to be constant and set equal to the
proposed EU-limit.

o A small fraction, of the total halogen atoms, will be emitted in the form of TXDD/F.
All halogen atoms are assumed to be converted to TXDD/F with the same efficiency,
independent of the chemical form in which they are fed to the incinerator (for
instance chlorine from PV C is assumed to perform as chlorine from NaCl).

e A result of assuming a constant emission level is that the conversion efficiency of
Cl/Br to TXDD/F will depend on the load of halogens in the waste. For instance, the
following scenarios can be assumed.:

- alow conversion efficiency (1% Cl+Br in waste)
- amedium conversion efficiency (0.5% CI+Br in waste)
- ahigh conversion efficiency (0.1% CI+Br in waste)

The dioxin emission limit proposed in the waste directive [3] isset to 0.1 ng TCDD
eg./Nm’. Assuming that the utilities will meet this requirement the maximum emissions
can be estimated to this value at anormal chlorine content in the waste. Thus, assuming
an average halogen content of 5000 mg/kg waste (medium scenario), aflue gas flow of 5
Nm’/kg waste at 11% O,, the dioxin emission is estimated to 0.50 ng TXDD equiv./kg
waste or 0.10 ng TXDD equiv. per g halogen input." For the low and high conversion
efficiency scenarios the corresponding figures become 0.05 and 0.5 ng TXDD equiv./g
halogen input, respectively.

At normal chlorine and bromine concentrations the PBDD/F emissions would be much
less than the PCDD/F emissions. At low concentrations, it is not unreasonable to assume
that there would be a correlation between input Br and the formation of brominated
dibenzodioxins and furans. Due to the limited amount of datait is difficult to draw
definitive conclusions, but in a study in acommercial scale incinerator Lahl and co-
workers [44] found that the contents of brominated dibenzodioxins and furans increased
with increasing Br load. Interestingly, they also found a strong increase in PCDD/F
formation. Thisisin conflict with the TAMARA study [2], which indicated that the total
formation of halogenated dibenzodioxins/furans did not increase with the bromine input,
although the distribution between various dibenzodioxins/furans changed.

For cases where the E& E waste is treated as a separate waste stream, it is reasonable to
assume that incineration will take place in campaigns as batches are delivered to the
incinerator. Assuming a mixing of 10 % waste from television sets and ordinary waste,
and that the waste stream containing TV-housings has an average content of bromine of
2%, the Br to Cl ratio would be about 2:5 g/g. At these bromine levels the formation of
mixed dibenzodioxins are a'so important. As the brominated speciesincrease, the
chlorinated dibenzodioxins/furans will decrease since the emissions of TXDD/F are
assumed to be constant. If the concentration of bromine is comparable with that of

! 1t should be noted that today’ s emissions may be higher. At the medium scenario level,
the total Swedish annual dioxin emissions would correspond to 0.91g dibenzodioxins
complying with the EU directive. This should be compared with the annual emissions of
3gin 1997. Consequently, the 1997 emissions are about three times higher and would
correspond to maximum 1.65 ng TCDD equiv./kg waste.
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chlorine, it seems reasonable to assume that the TXDD/F emissions will be dominated by
the mixed dibenzodioxinsg/furans. Thus, the emission of bromine containing compounds
(TBDD/F) will be underestimated using the estimation above whereas the sum of
TBDD/F and TCDD/F will be more correct. In order to estimate the split between
brominated, chlorinated and mixed dibenzodioxing/furans more experimental dataare
required.

Metals

The metals considered are zinc, copper, aluminium, lead and antimony. Steel is also used
in television sets and is treated as iron. The behaviour of metalsin combustion depends
to alarge extent on the chemical form in which they exist. For instance zinc can occur as
metal zinc, as zinc oxide, zinc chloride and zinc sulphate with very different
characteristics as shown in Table 59. Assuming that the metal enters the bed as ZnO it
should be thermally stable and it appears safe to assume that the ZnO will leave the
incinerator in the slag. However, the conditionsin the bed are normally sub-
stoichiometric with respect to oxygen and the ZnO may be reduced to Zn, which will
devolatilise and be transported through the boiler with the combustion gases. Vaporised
metals may then condense on heat exchanger surfaces or condense in the gas phase to
form afine particulate fraction in the sub-micron size that may cause fouling by
impaction or be removed in the fly ash fraction. Consequently, the split between the
grate ash/slag and the fly ash depends on boiler design, operating conditions (for instance
local temperature and air stoichiometry) as well as the kinetic and thermodynamic
characteristics of the metal compounds considered.

A rough estimate of the metal partition in aboiler can be obtained from the volatility
numbers given in Table 9. Based on these numbersiit is assumed that 50% of the zinc,
antimony and lead, 10 % of the copper and 1% of the iron (steel) enters the freeboard
and leaves the incinerator in the fly ash stream. The residual metals leave the system in
the bottom ash/slag ash. Aluminium in its metal form will burn (31 MJkg) to form
aluminium oxide (Al,0O,), which is thermally stable (melting point 2045 °C and boiling
point 2980 °C). Aluminium melts at 660 °C whereas the boiling point is 2467 °C. It is
assumed that Al has avolatility similar to Cu, i.e. 10% is assumed to be found in the fly
ash stream.

Table 59: Physical characteristics for some zinc compounds [63].

Zn ZnO ZnCl, ZnSO,
Melting point°C 420 1975 283 600 (decomposes)
Boiling point°C 907 - 732 -

Particulates

Particulate emissions consist of soot and ash particles. At high enough residence times
and temperatures the soot particles will burn out. Volatilisation of volatile metals such as
sodium, potassium, arsenic and cadmium followed by condensation as the flue gases are
cooled, results in the formation of sub-micron aerosols. At higher combustion
temperatures and at reducing conditions also otherwise stable components such as oxides
of silicaand calcium can be reduced and gasified. Sub-micron particles are detrimental
to health due to their size but also since they act as carriers of toxic substances (such as
PAC) that have been adsorbed on the particle surface. Also heavy metals are bound to
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the fine particulate matter. For more details about particul ate formation, see Smith [64].
The fly ash content of products of incomplete combustion is generally low and fly ash
can be assumed to derive from the ash forming mineralsin the fuel.

As an upper limit, the EU-directive sets the maximum dust emissions to 10 mg/Nm’and
as for hydrocarbons (see above), the emissions are assumed to be less than 50 mg/kg
waste or 200 mg/kg fuel ash input assuming a 25% ash content.

6.7 L CA-input: Estimated emissionsto air

In this chapter, the emissions for each component in a TV-set are estimated.

6.7.1 Plastics

Table 60: Calculated emissions from some plastics per kg input.

Emissions/kg PVC ABS PC PUR HIPS Epoxy
CO, (kg) 141 311 278 227 337 278
CO (mg) 492 1090 975 795 1180 975
NO, (mg) 150 10050 240 6693 293 240
N,O (mg) - - - - - -
NH; (mg) - - - - - -
SO, (mg) - - - - - -
HF (mg) - - - - - -
HCI (g) 175 - - - - -
HBr (g) - - - - - -
TOC! (mg) 50 50 50 50 50 50
PAC (ug) 5 5 5 5 5 5
TCDD/F? (ng) 57° - - - - -
TBDD/F (ng) - - - - - -
Dust (mg) 50 50 50 50 50 50
Heating Value (MJkg) 20 36 2 23 39 32

'Total organic carbon

*The TXDD/F formation rate is assumed to be 0.1 ng TCDD equiv./g chlorine input.
*Assuming alow and high conversion efficiency gives values of 28.4 and 284 TCDD equiv.,
respectively.

6.7.2 Flameretardants

It is assumed that the flame retardants are completely destroyed in the incineration
process. The emissions are aresult of secondary reactions between combustion products
resulting from both flame retardants and other components in the waste. Thisis
consistent with reports that dibenzodioxins introduced to the incinerator with the waste
are efficiently destroyed in the combustion process[18].
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Table 61; Calculated emissions from two brominated flame retardants.

Emissions/kg deca-BDE TBBPA
CO; (kg) 0.55 121
CO (mg) 239 525
NO; (mg) - -
N20 (mg) - -
NH;3 (mg) - -
SO, (mg) - -
HF (mg) - -
HCI (g) - -
HBr (g) 25 179
TOC' (mg) - -
PAC (ug) - -
TCDD/F (ng) - -
TBDDI/F (ng) 832 59°
Dust 50 50
Heating Value (MJkg) - -

'Total organic carbon

’Assuming alow and high conversion efficiency gives values of 41.5 and 415 TBDD equiv.,
respectively.

*Assuming alow and high conversion efficiency gives values of 29.5 and 295 TBDD equiv.,
respectively.

6.7.3 Emission of metals

From the partition of heavy metals between fly ash and grate ash/slag, the emissions are
calculated assuming a particulate removal efficiency of 99.5%.

Table 62: Estimation of metal partition (g or mg/kg input).

Component Grate ash/slag (g) Fly ash (g) Emissions (mg)

Sb 500 500 2500
Pb 500 500 2500
Zn 500 500 2500
Cu 900 100 500
Fe (steel) 990 10 50

Al,O; 990 10 50
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6.8 Need for improving the L CA data?

Thereisrather limited information in the literature with respect to the effect on
emissions as waste streams containing brominated flame retardants are co-incinerated
with conventional municipal solid waste. Some points that need further investigation
include:

e Theformation and emissions of brominated, chlorinated and mixed dibenzodioxins
and furans as waste containing flame retardants are co-incinerated.

e Theformation and emissions of brominated, chlorinated and mixed hydrocarbons.

e Theeffect of halogens (bromine) on the radical chemistry and the possible resulting
increased emissions of products of incomplete combustion (CO, VOC, PAC etc.) as
the E& E plastic waste isincinerated in batches (corresponding to a maximum of
about 15% by weight) in commercia scale.

e The split between HBr and Br.,.

e Thetransformation of a PCDD/F to a mixed dioxin/furan by substituting one or more
chlorine atoms with bromine should result in lower apparent concentrations of
PCDD/F (unless also the brominated or mixed dibenzodioxins are measured). Thus,
the effect on measured PCDD/PCDF concentrations as bromine concentrations
increase in the waste stream should be studied.

e The proportion of dibenzodioxins and furansin the slag and fly ash. Cleaning of flue
cases moves the dibenzodioxins and furans from the flue gases to the fly ash and
other incineration waste. If this matter were to be directly deposited in landfill the
question of dibenzodioxins and furans would simply be moved from one part of the
life-cycle to another, it would not be solved.

Thelife cycle impact of incineration can be tested in the LCA-model by performing a
sensitivity analysis assuming aworse case scenario. Provided that the model shows that
the incineration is of minor importance, the need for improved data may be less.
However, incineration is an increasingly important activity in today’ s society and the few
available literature data surely indicates the necessity of more research in this area.
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7 L andfill

One of the major problems connected with handling waste in LCA and system analyses
is how to handle the time aspects in the landfill process. Most other processesin the life
cycle of aproduct and most other waste treatment processes are “instantaneous’, and the
emissions occur during arelatively short period. The emissions from e.g. transport are
generated during the transport - and the total transport time is often in the magnitude of a
day to aweek. Waste that is put into alandfill, however, will generate emissions for
several thousands years, see Figure 26. The time aspects cause problems both when
interpreting field data, and when comparing future emission with instantaneous
emissions from other parts of the life cycle. To make the landfill emissions compatible to
the emissions from the other stages of the LCA, we need a method to make a “ capitalised
value’ of the future emissions.

kg/vear

Input

Output

J Time

Years

Figure 26: Time aspects of input and output in a landfill

Time aspects of landfilling in LCA are difficult to treat and have been discussed on
numerous occasions. There is a consensus that the emissions should be integrated over a
special period, and the integrated emission should be considered as occurring at the
current moment. The different time approaches that have been proposed can be divided
into [1-5]:

1. Shorter time periods, either a specific fixed time period such as 15, 50, 100 or 500
years, or the so called responsibility time (which isusually 15 - 50 years), or a
processtime in the landfill (e.g. until some kind of pseudo-steady-state is obtained,
see below).

2. Longer time periods, either a specific time (e.g. 1 million years), the period until the
emissions reach a“ background” level, or the infinite time period.

One difficulty is how to define the different time periods, and how to estimate the
integrated emissions over each period. The definition of the time periods must be
relevant with respect to the integration method and with the data used for integration.

In the approach developed at 1L [1-5] both a short term period and a long-term period
are considered. The shorter time period is based on processes in the landfill. In several
types of landfills there are consecutive processes. The first period is usually
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characterised by high internal activities, and the formation of emissionsisto alarge
extent depending on parameters governed by the processes in the landfill. Later, the
landfill will reach akind of pseudo-steady-state and the formation of emissionsis
governed more by the external influence (percolation of water, diffusion of air oxygen,
etc.).

We have called the short time period the surveyable time period. It is defined as the time
period until the landfill reaches some kind of pseudo-steady-state. We have also
suggested that the surveyable time period should be of the magnitude of one century. For
aMunicipal Solid Waste (MSW) landfill we have found that the surveyable time period
corresponds to the time until the latter part of the methane phase (see below).

The longer time period is called the hypothetical, infinite time period, when all
landfilled material has been released to the environment.

For both the surveyable time period and the hypothetical, infinite time period the
emissions are assumed to occur at the current moment, i.e. t = 0.

Thetotal, integrated emissions during the surveyable time period and the hypothetical
infinite time period can be compared to the emissions from the other stages in the LCA.
The emissions during the surveyable period correspond to the emissions caused by the
landfilled waste during the closest foreseeable future (i.e., in the magnitude of one
century). The emissions during the hypothetical infinite time are also a “worst-case”
scenario where all landfilled material has been released to the environment.

In the surveyabl e time period approach, the emissions are independent of site-specific
data. The length of the surveyable time period may be different in, for example, the north
of Sweden and the south of Italy, but the emissions during the surveyable time period
will be equal for the same waste.

In our approach, information about the landfill processes is needed, but not about the
kinetics of processes. Other approaches, when emissions are integrated over specific time
periods, require knowledge of the chemical kinetics.

Our main approach for calculating the emissions from the surveyable time period and
from the hypothetical, infinite time period is as follows:

1) Thechemical, microbiological and physical processesin the landfill must be known.
Information of the landfill processes can be obtained from a combination of
mathematical models and experience from laboratory tests and from field data.

2) The composition of the waste, and relevant information about physical-chemical
and biological properties of the waste must be known. Further, the composition and
properties of the studied product must be known.

3) The emissions during both the surveyable time period and the infinite time period
can be estimated from analyses of the waste (ultimate analysis, proximate analysis
and analysis of species) with knowledge of the landfill chemistry
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7.1 Municipal Solid Waste L andfills

In this application, Municipa Solid Waste (M SW) means the waste that is disposed at
municipal waste facilities, mostly incineration plants and landfills. MSW is characterised
as amixture of severa discarded products and materials: paper, plastic, wood, food and
cooking wastes, garden wastes, glass, metals, ceramics, electronic scrap, etc.

MSW contains a large portion of organic degradable material. The degradation of this

material governs the conditions in the landfill. The main degradation pathways are
illustrated in Figure 27.

Biopolymers
carbohydrates, proteins, fats

/

Monomers
sugars, amino acids, etc.

/

Intermediates
volatile fatty acids, alcohols, etc.

\V \/

Acetate ) ’ Hydrogen

Biogas <
methane, carbon monoxide

Figure 27: Conversion pathsin biogas formation from degradable organic material.

In the landfill, several of these reactions simultaneously. When studying the whole
landfill, the emissions from the landfill will have different characteristics, depending on
which reactions dominate. Usually it is possible to identify several stagesin the landfill
behaviour. Understanding these stages isimportant for understanding the various
emissions. The stages that can normally be identified are [1-5]:

1. Initial stage: the period until the processes begin. The length of theinitial stage may
be from aweek up to one year.

2. Oxygen and nitrate oxidation stage: the oxygen and nitrate in the landfilled waste are
oxidising organic material. Since there is alimited amount of free oxygen and nitrate
this stage is very short, often afew weeks. The main degradation products are water
and carbon dioxide.

3. Acid anaerobic stage: characterised by alarge formation of volatile fatty acids and
acetic material. Some gas containing hydrogen and carbon dioxide is formed. The
high content of fatty acids will decrease the pH, which can cause dissolution of metals
that will give high levels of metalsin the leachate. The length of the period is from
one year up to 10 years.
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4. Methane stage: methane and carbon dioxide are formed, mainly from the fatty acids
formed in the previous stage. Sulphur is transformed to sulphide that will bind metals.
The pH is stable about neutral. The metal leakage is very low.

5. Humic stage: therelatively stable humic products are slowly degraded or mineralised.
Ambient air oxygen will begin to diffuseinto the landfill. Oxygen can also be
transferred dissolved in the percolating rainwater. The oxygen inlet will cause an
increase in the redox-potential, which can cause an oxidation of sulphides, and lead to
an increased |eakage of metals that have been bound as sulphides.

For the municipal solid waste landfill, it has previously been suggested [1-7] that the
surveyabl e period should correspond to the period until the later part of the methane
stage, i.e., it should include the initial stage, the oxygen and nitrate reducing stage, the
acid anaerobic stage and the larger part of the methane stage. These stages are
characterised by a high internal activity, which is decreased at the end of the methane
stage, when the external influence (e.g. oxygen diffusion) increases. At the end of the
methane stage the landfill has reached a pseudo-steady-state.

After the methane stage, atmospheric oxygen can be transported into the landfill by
rainwater or by diffusion. The oxygen can cause an oxidation of the sulphides, to which
metals may be bound, which causes a release of metals to the leachate water.

The surveyable time period approach gives the following time schedule for emission of
different components:

- themajor parts of the emissions of metals are expected to occur after the surveyable
time period, while

- themajor part of the degradable organic material is emitted during the surveyable
time period, and

- the more stable organic material (plastic, rubber, humus, etc.) will degrade very
slowly, which causes emissions behind the surveyable time period. Stable organic
compounds can be emitted in several different forms, i.e., pure leachage of original
substances, as well as leachage of degraded compounds can occur. The degradation
of the more stable materials can be both anaerobic and aerobic.

The hypothetical, infinite time period is defined as the time until the landfilled material
is completely released to the environment, i.e., when all inorganic compoundsin the
landfill are released by leachate, by gases or by erosion. The organic compounds, largely
humus, will be totally degraded to simple compounds and released by |eachate, gas or
erosion.
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7.2 Emissions from landfills

The emissions from MSW landfills are:

e Landfill gas: essentially methane gas, but different volatile constituents in the waste,
aswell as volatile degradation products may be present in the emitted gas.

e Leachate water: water polluted by both organic compounds and inorganic
compounds, e.g. metals. It should be noted that the emissions in leachate can be
both dissolved and in colloidal form.

Landfill gas

Landfill gas with a high methane concentration can be recovered from the landfill. The
basic emission model is described in detail in the literature [1,2,4,5]. The basic formation
of potential emittants can be calculated from the chemical formula of the organic
material. However, not al of the reactants formed will be emitted. The landfill gas
emissions can be reduced by recovery of the gasasafuel.

The gross formation of methaneis given in Table 63. It is assumed that a part of the
landfill gasis collected and recovered. It is assumed that approximately 50 % of the
landfill gasformed is collected (if there is any collection system) and recovered as afuel.
The rest will migrate through the soil cover, where a part of the methane will be oxidised
by micro-organisms. At atypical landfill about 10 - 20 % will be oxidised.

Table 63: Methane formation (during surveyable time period) and concentrations
in landfill gas. All figuresarerelated to dry, organic (ash free) substance[2, 3].

Compound Degradation ratio Methaneratio in Quantity of Remarks
during surveyable gas formed methane
time period CH,/(CH,+CQO,) during surveyable
time period
kg degraded C per kmol/kmol or kg CH, per kg
kg C in material Nm/Nm® material
Protein 100% 0.52 0.361
Fat 100% 0.82 0.75
Cellulose and 70% 0.50 0.227
hemicellulose
Degradable carbohyd- 100% 0.50 0.324
rates, starch, sugar
Humus, lignin, etc. 0% 0.49 0
Polyethylene, PE 3% 0.75 0.026
Polystyrene, PS 3% 0.62 0.023 Also ~0.02 kg styrene
in gas
Polyethylene 2% 0.50 0.0076

terephthalate, PET

Poly vinyl chloride,
PvVC

3%

0.69

0.024

0.0175 kg HCI, and
some vinyl chloride
monomer in gas and
leachate
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Carbon mass balance

Mass-balances from field studies indicate that approximately 1 mass-% of the degraded
carbon will outflow vialeachate, mainly as fatty acids, and 99 mass-% via the landfill
gas as CH, and CO,,.

The landfill formed gas contains mainly CH, and CO,. Different organic materials give
different ratios between CH, and CO,. Part of the gas can be recovered as fuel gas. The
collection yields have often been very low. Collection efficiencies between 10 and 50 %
have been reported. The non-recovered gas will migrate through the soil cover, and
methane-oxidising micro-organismsin the soil will oxidise a part (10 - 20 %) of the
methane to carbon dioxide.

Nitrogen and sulphur balance

It isassumed that all nitrogen in the degraded organic material is transformed into
ammonia or ammonium. The major part of the ammoniaformed will be transferred to
the leachate and emitted as NH,/NH," in the |leachate water.

Similarly, it is assumed that all sulphur in the degraded organic material istransformed
to hydrogen sulphide or metal sulphides. The hydrogen sulphide and metal sulphides
will, to alarge extend, be precipitated as solid metal sulphides and retained in the solid
phase, thus immobilising these metals.

Metal emissions

Metals in the waste will be dissolved by the percolating water and thus transferred to the
leachate water. Several mechanisms, e.g. sulphide precipitation, will decrease the metal
emission. The metal emission level can be relatively high during the acid anaerobic stage,
but very low during the methane stage. Mercury is also assumed to evaporate into the
ambient air from the landfill.

Metals in municipal solid waste can be divided into metallic materials and metal
compounds. The latter may, for example, be present as additives in different materials.
Before metals can be emitted via leachate they must be released from the solid waste
matrix into the percolating water. In the case of metallic materials, the release processis
corrosion. In case of additives the release can be governed by the decomposition of the
solid matrix or by diffusion into and out of the solid matrix. Once released to the water,
the metals may be precipitated or sorbed to the solid phase. Once released and dissolved
in the leachate, however, the fate of the metal isindependent of its origin.

Emissions of specific organic compounds

Organic compounds are used in several products that occur in the waste. Some
compounds are used as solvents. Other compounds are used as additives, e.g. in plastic,
rubber or paper. These compounds may give rise to emissionsin the leachate or in the
landfill gas. Organic compounds are al so formed during the degradation of organic
material, especially volatile fatty acids and alcohols, ketones and a dehydes. Emissions
of specific organic compounds from landfills are relatively poorly analysed.



119

The actual emissions of organic compounds from landfills depend on the fate of the
compounds inside the landfill, due to processes that are specific for each compound. A
conceptual model, that predicts the emission of organic compounds from landfills, has
been developed by Oman [7]. This model has been verified in a pilot study [8-10]. The
conceptual model is shown in Figure 28. In the model the residence times of specific
organic compounds inside landfills are primarily dependent on the sorption of the
compounds to solid material and on the water transport. The residence times are then
crucial for whether compounds will be transformed or evaporated during this time.

4 4 Wat
. ater
Sorption transport
- -
_ )
Residence
time
J
4 _ )
Transformation Evaporation
rate rate
- J
—9[ Prediction jéi

Figure 28: The conceptual fate model for specific organic compounds[7].

Landfill fires

Landfill fires occur frequently on most landfills. It has previously been pointed out that,
emissions of PAH, dibenzodioxins, and other emittants from landfill fires can be of large
importance [2,3]. Due to lack of information, however, these emissions have not been
included explicitly in this study.
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7.3 The mode landfill - system boundaries

The model of alandfill, used in this study, corresponds to a conventional municipal solid
waste landfill, where mixed waste materials (exclusive hazardous waste), are deposited
(see

Rain
Energy

] Diffuse gas emissions
Sail mainly CH4 and CO2 Energy

Flue gas, m@inly CP2

ey

Gas extraction
and combustion

‘ To leachate treatmer

and/or outlet to
A Leachate /,—LZ recipient
Top cover of soi System boundary

Bottom sealing
Figure 29). The landfill has a bottom seal, e.g. plastic, rubber, bentonite or clay, and atop
cover of soil. Apart from waste, the inputs consist of soil for covering the waste, energy
(diesd oil) for the compactor, and water from precipitation (rain and snow). The
precipitated water will evaporate, run off the cover or percolate through the waste.
Leachate is collected and may be treated. The treatment is not included in the model
described below. The landfill may be equipped with a gas extraction system.

Rain
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ey

Gas extraction
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Bottom sealing
Figure 29: The landfill model.

Leachate treatment

L eachate emissions may be reduced by treatment of the leachate water. Some Swedish
landfills have transferred the leachate to municipal sewage water treatment plants. Many
landfills have local treatment. Several |ocal treatment methods are available, e.g.
biological treatment, chemical precipitation, sand filtration, activated carbon adsorption,
membrane separation processes, etc. Especially BOD, TOC and nitrogen can be reduced.
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L eachate treatment is not discussed in detail here, but if the water emissions are of
particular importancein aLCA, leachate treatment should be considered.
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L CA Input

Polymersin MSW landfills
Emissions factors according to Table 64 have been used. Data from Table 63 have been
used for calculation of emission factors.
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Table 64: Emission factorsfor landfilling of some plastics.

Emission Emission factor kg/kg
PV C- PVC- ABS Polycarbo | Polyureth | HIPS Epoxy
plastic plastic plastic nate ane
(pure) (with
25%
DEHP)
CH, 0.012 0.116 0.0182 0.0155 0.0118 0.0214 0.0145
(toair)
CO, 0.0108 0.224 0.0357 0.0391 0.0328 0.039 0.0333
(to air)
COD 0.023 0.0045 0.00071 | 0.000675 | 0.00054 | 0.0008 0.0006
(to water)
BOD 0.000435 | 0.0012 0.00018 | 0.00017 | 0.00014 | 0.0002 0.00015
(to water)
VC- 1-10° 0.75-10°
monomer
Phtalate (to 2.5.10*
water)
NH, 0.0036
(to water)
Styrene 0.02
(toair)
Remainder 0.97 kg 0.6975 kg | 0.97 kg 0.97 kg 0.97 kg 0.95kg 0.97kg
in landfill PVClkg PVC- ABSper | PC/kg PUR/kg HIPS per | epoxy per
(efter the landfilled | polymer | kg landfilled | landfilled | kg kg
surveyable PVC- and landfilled | PC PUR- landfilled | landfilled
time period) | plastic 0.0525kg | ABS plastic HIPS epoxy
DEHP plastic
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Metalsin MSW landfills
Based on previous work [2,3] the emission factors for metals, according to Table 65,
have been proposed as the “best available data’.

Table 65: “Best available data” for emission factors[kg metal emitted per kg metal
landfilled] [2,3,5].

Element The surveyable The hypothetical, Remarks
time period infinite time period

Fe 1104 1 To leachate

Cu 71075 1 To leachate

Zn 2104 1 To leachate

cd 51074 1 Approximately 10 % by
gas, the rest by leachate.

Hg 1104 1 Approximately equal
amounts by gas and by
leachate

Pb 6-107° 1 To leachate

Ni 510-3 1 To leachate

Cr 7104 1 To leachate

As 2.10°3 1 To leachate

The calculation of these emission factorsis based on the assumption that the release rate
(corrosion, diffusion or decomposition) is not the rate-determining step. If release rates
can be estimated, these can be compared to the emission factors. If thereleaserateis
equal to or lower than the emission factors, the release process may be the rate-
determining step. Based on our previous work [2-4], it seems reasonable to assume that
the release process will not be the rate-determining step in general, with the possible
exception of Cr and Ni. For specific products, constructed in a special way, it may of
course still be possible that the release processis slow enough to be the rate-determining
step. In these cases, the emission factors will be over-estimates and can thus still be used
for conservative calculations.

This Fire-LCA study includes some metals, which are not included in the table above. By

comparing solubilities and other physical/chemical properties the following emission

factors have been estimated for some other metals:

- Antimony (Sb): the emission factor for the surveyable time period is estimated to
1-10° kg/kg.

- Lead from glass has been estimated to be lower than as ordinary lead. Lead from
glassis set to < 1-10°.
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Foecific organic compounds
A conceptual model for estimating the fate of organic compounds is presented in Figure
28. A preliminary model to roughly estimate emission factorsis given as follows [3,4,9,

10]:

Compounds with Henry’ s constant H > 300 Pm’/mole will likely be emitted as gas
in the landfill gas during the surveyable time period.

Compounds with the octanol-water distribution factor log K, < 3.4 will likely be
emitted in the leachate during the surveyable time period. Compounds with

log K,,>> 3.4 will be strongly adsorbed to the solid phase in the landfill. Solubility
of the compound can then determine the emission rate. It should also be noted that
emissions also could occur by colloidal particles.

Slowly or easily biodegradable compounds can be assumed to be microbially
degraded. Since the surveyable time periods comprise alonger period, it islikely
that several of the more or less persistent compounds will be degraded to some
degree. However, thereisarisk that toxic intermediates are formed that can be
emitted by the leachate.

Asan illustration some brominated flame retardants are presented in Table 66.

Table 66: Illustration of data that governsthe fate of some brominated flame

retardants.
Compound  Moleweight Méelting V apour Water solubility logK,,
temperature pressure
°C mm Hg
Deca-BDE 959 290 - 306 <1 0.02- 0.03mg/l * 5.23
(at 250°C) <0.1pg/l*?
TBBPA 543 189 - 184 <1 Insoluble™ 4.47
(at 250°C) 2,6 ug/l ™

Some conclusions can be drawn from this table;

Theillustrated compounds have alow vapour pressure and will probably not occur
in the landfill gas.

Deca-BDE has very low water solubility. Even a solubility of 0.02-0.03 mg/I
corresponds to a maximum theoretical leakage of 10 - 30 mg deca-BDE from 10 -
20 tons of waste (during the surveyable time period). As mentioned above,
emissions can occur by colloidal particles, and thus the real emissions can be
expected to be larger.

Thelog K, values indicates that the compounds will be strongly adsorbed to the
solid material in the landfill and will have low affinity to migrate through the
leachate.

Microbiological degradation data for brominated flame retardants are poor. The
corresponding chlorinated compounds are persistent, thus it can also be expected
that the brominated species are also persistent.

The emission factors for TBBPA and deca-BDE have been estimated to:

TBBPA: No degradation occurs. Leachage of TBBPA = 1.10" kg/kg. Remainder in
landfill after the surveyable time period is 0.9999 kg/kg.
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- DECA: No degradation occurs. Leachage of DECA = 1-10“ kg/kg. Remainder in
landfill after the surveyable time period is 0.9999 kg/kg.
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8 Results and Assessment (L CA)

8.1 Scenario descriptions

There are two general concepts that are investigated in the scenarios, the effect of
brominated flame retardants and the effect of a different waste treatment in the future. To
study these effects, four different scenarios have been designed where the parameters of
interest have been changed while other parameters have been kept constant. The four
scenarios thus form four different models. The models have then been analysed both in
terms of an internal model analysis (section 8.2.2) and a comparison between the
different model scenarios (section 8.2.3).

The waste treatment is very different in different countries and it is, therefore, difficult to
design a general waste treatment strategy especially for the future. As a base for the
waste treatment strategies, however, an average of the OECD countries has been used.
The scenarios are denoted “FR” or “NFR”, respectively, to indicate the use or non-use of
flame retardantsin the TV enclosure, and “today” or “future’ to indicate a present day
scenario for the waste treatment system or a possible future waste treatment system,
designed for the year 2010. The use of flame retardants also changes the fire behaviour
and thus different fire statistics and different fire models have been used for the different
flame retardant scenarios. The TV waste treatment scenarios are described in Table 67
while the fire scenarios used can be found in Table 68.

Table 67 Waste handling scenariosfor the TV setsin the models.

Activity Waste handling of today  Future waste handling

TV setstoincineration 1% 1%

TV setsto disassembly (for 2% 89 %

recycling)

TV firefailled TV setsto 1% 1%

incineration

TV setsto landfill Remaining part except TV~ Remaining part except
setstofire TV setstofire

Table 68 Fire statistics used in the scenariosfor NFR and FR TV sets.

Firetype Occurrencein NFR  Occurrencein FR
TV set use TV set use

TV firefailures 0.218 % 0.165 %

TV fires 0.088 % 0

TV setsin secondary fires 0.006 % 0.006 %

TV room fires 0.008 % 0

TV housefires 0.011 % 0
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8.2 I nventory results

821 I ntroduction

Thelife cycle model offers many different possibilities for the analysis of the results.
Each model in the software contains one scenario. Thus, the four scenarios in the study
represent four different models. The analyses can be divided in two different parts:
analyses of the different modules in a scenario, and comparison of different scenarios.
The results from the first type of analysis are presented in chapter 8.2.2 and the results
from the second type of analysis are presented in 8.2.3. Nearly al life cycle assessments
contain alarge quantity of data. Usually it is neither possible nor necessary to analyse al
the different parametersin the study. It is, therefore, of great importance to select and
analyse central parameters. The selection of parameters for further analysis has been
focused on two different criteria. Firstly, the parameter must be well represented in the
system with high quality data and few data gaps, secondly data of direct relevance for the
fire aspect have been placed in focus.

8.2.2 Model results and analyses

It has not been possible to show all the different results from the different scenarios. A
good representation of the entire system, with afew exceptions can, however be
achieved by analysing the "today” scenario with flame retardantsin the TV set
enclosure. Thus, this section contains an analysis of that scenario while the differences
between the various scenarios are discussed in section 8.2.3.

A good way to start the analysisis to consider the energy use of the system. Figure 30
presents the use of different energy resources. This figure shows that the dominating fuel
in the system is coal even if the energy useisrelatively well distributed between the
different energy resources.

Energy resource use for the entire system

8E+009 7 57E5509

7E+009

6E+009

5E+009

4E+009

3.15E+009

3E+009

2.18E+009
1.51E+009

2E+009
1.09E+009

1E+009

0

Coal Crude oil Energy Natural gas Nuclear Hydro
unspecified Power

Figure 30 The energy resour ce use of the entire system. Scenario: FR today.



129

The use of the energy resourceis very diverse, ranging from direct use in the production
to electric power production. The resources, nuclear and hydropower are only used in
electric power production.

The next important issue is, therefore, which processes consume the different energy
resources. As seen in Figure 31 the TV use module dominates the energy use. The TV
use module contains the electric power consumption of the TV during itslifetime. Only a
minor part of the energy isused inthe TV set production or in the production of flame
retardants. The various emissions from the electricity production for the TV use module
are generally relatively low due to optimised combustion and flue gas cleaning. The
energy production in the other parts of the LCA is often due to the use of smaller scale
plants with a correspondingly higher production of products of incomplete combustion.
Thisis shown in Figure 32 to Figure 39

Energy-fuel use

Others [ coal
(Category |2.38£-006 (MJ] L] crude oil
unspecified) [] Energy unspecified
Repl prod . Natural gas
4.21E+003 [MJ : 9
(not TV) (MJ] Nuclear
B Hydro Power

Incineration |8.07E+003 [MJ]

Recycling ]9.57E+005 [MJ]

Landfill |3.94E+005 [MJ]

FR 115 54E+008 [MJ

production
Tv(f]‘f)tt F,ér%j 2.23E+009 [MJ]
TV \ 10 [MJ
0 3E+009 6E+009 9E+009 1.2E+010 1.5E+010

Figure 31 Distribution of the energy resour ce use between different aggregated
system units. Scenario: FR today.

The production of energy isamajor source of CO, emission independent of the mode of
production. Thus, the CO, emission pattern, shown in Figure 32, is essentially the same
asthat for the energy use shown in Figure 31.
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CO2 (fossil)
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©

TV use 76E+008 [kg]

0 2E+008 4E+008 6E+008 8E+008 1E+009

Figure 32 The emission of CO,. Scenario: FR today.

The emission of NO, shows adightly different pattern, as shown in Figure 33. In this
case, the TV set production is equally important as the TV use module. As explained
abovethisis basicaly due to the fact that the energy production for the TV use moduleis
optimised relative to the production of undesirable species such as NO,. Thus, production
of NO, fromindustrial process energy production, found in the TV set production
module, is equally important as the TV use module, despite the fact that the TV use
module requires far greater amounts of energy.

NOx emission

Fire 0 [kg]

Repl prod
(not TV) 3.05 [kq

Recycling | 128 [kg]
Landfill | 286 [kg]

Incineration | 330 [kg]

FR

production 3.96E+004 [kg]

TV use 6.16E+005 [kg]

TV set prod

o ER 6.31E+005 [kg]

0 2E+005 4E+005 6E+005 8E+005

Figure 33 The emission of NO, presented for the aggregated units. Scenario: FR
today.

The largest source for the SO, emission isthe TV set production, as seen in Figure 34.
The emission of SO, in the production of electric power is relatively small dueto
installed cleaning equipment. Therefore, the TV use plays asmaller roll for SO,
emission. Thisis essentially the same effect as that seen for NO, above, but somewhat
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more exaggerated for SO, emissions. The FR production module is slightly more

important for the production of SO, that most other species as SO, is a biproduct of the
production of Sb,0, from stibnite.
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(not TV)

Incineration
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Recycling
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production
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SO2 emission
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0
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Figure 34 The emission of SO, presented for the aggregated units. Scenario: FR

today.
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Figure 35 The emission of CO presented according to the aggregated units.
Scenario: FR today.
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From an environmental point of view the emission of CO is somewhat different to SO,,
NO, and CO,. Asillustrated in Figure 35 the TV set production is the major source of
CO. Inthiscaseit is not the flue fas cleaning that is important but the furnace burning
conditions. The electrical energy produced for the TV use has optimised after burn
conditions tailored to reduce the emission of CO, which is not necessarily true for
industrial energy production.

The emission of hydrocarbons is dominated by the emissions from the TV set
production, as seen in Figure 36. The direct emission of hydrocarbons from the landfill,
however, also plays asignificant roll in the hydrocarbon release. The landfill emissions
in general are based on a surveyable time period (100 years). Thus, thereis still organic
material left in the landfill that will be released later. The HC emission from the landfill
consists mainly of methane, CH,.

TV set prod.

(not FR)
Repl. prod
(not TV)
Recycling

Fire

Incineration

TV use

FR
production

Landfill

Hydrocarbons to air

0.527 [kg]
7.94 [kg]

9.8 [kg]

13.9 [kg]
1.87E+003 [kg]

8.08E+003 [kg]

0 2E+005 4E+005 6E+005

8E+005

Figure 36 The emissions of hydr ocarbons from the system presented as aggr egated
units. Scenario: FR today.

The emissions of PAH show a completely different pattern to that of the previous
emittants, see Figure 37. The TV set production still dominates but now the emissions
from fires also play asignificant roll. It should be emphasised that in this particular
scenario (i.e.,, FR TV today) the fire emissions of PAH are relatively low. These are due
to secondary TV fires. In the case of the NFR TV, both “today” and “future”, the PAH
emissions are significantly higher from fires. Thus, the distribution of PAH emission
between the modules varies considerably between the different scenarios due to different
numbers of fires for different flame retardant use.
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PAH emission

Others
(Category |0 [kg]
unspecified)

Incineration |0.00129 [kg]
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0 5 10 15 20 25

Figure 37 The emission of polycyclic aromatic hydrocarbons (PAH) presented as
aggregated units. Scenario: FR today.

Particle emissions show a similar emission pattern to that of CO and HC emissions, with
the TV set production as the major source, see Figure 38. The emission of CO, HC, PAH
and particles are all strongly dependent on the combustion or process conditions. Thus,
considerable variations can be expected in reality.

Particle emission
Others
(Category | 4.66E-010 [kg]
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Repl. Prod.
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Landfill | 11.8 [kg]
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production 1.01E+004 [kg]

TV use 1.48E+005 [kg]

TV set prod. 6.75E+005 [kg]

(not FR)
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Figure 38 The particle emissions from different parts of the system. Scenario: FR
today.

From an environmental point of view the emissions of different dibenzodioxins and
furans, both chlorinated and brominated, are of major interest. In Figure 39 the emissions
of tetra chlorinated and brominated dibenzodioxin equivalents from the system are
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presented. There are many different dibenzodioxins and furans that are purely
chlorinated and purely brominated. In addition there are also mixed dibenzodioxins and
furans that are both chlorinated and brominated. The mixed group is hot covered in this
study dueto difficultiesin the analyses and lack of information concerning the effect of
the different mixed dibenzodioxins and their various emission sources. Both the
chlorinated and brominated dibenzodioxins are presented in aggregated form as Eadon
equivaents. This method is not validated for brominated compounds but is usually used
in absence of better methods. Thisis described in more detail in Chapter 4.

Dioxin emissions

O 1cob eqv. Eadon
TBDD eqv. Eadon
oOthers |0 [kd]
(Category
unspecified) 0 [kg]
j 8.43E-008 [kg]
TV set prod
(not FR)
0 [kg]
1.71E-007 [kg]
Incineration
2.33E-006 [kg]
4.64E-007 [kg]
Fire
e
0 5E-007 1E-006 1.5E-006 2E-006 2.5E-006

Figure 39 The emission of dibenzodioxins and furans presented as aggregated units.
The emissions of dibenzodioxins and furans have been represented astetra
chlorinated and brominated dibenzodioxin equivalents. Scenario: FR today.

The two main sources for dibenzodioxins equivalents are incineration and fires.
However, the dibenzodioxin emissions show considerable variation between the different
scenarios as is shown in the next section. For the incineration calculations, an alocation
based on chlorine and bromine has been applied. Thisis explained in greater detail in
chapters 6 and Appendix 4.

It should be emphasised that very little experimental information is available concerning
the emission of brominated compounds from incineration. The information that is
available indicates that the allocation should be treated in the same manner as that for
chlorinated compounds. Thisis, no doubt, a very conservative method of allocation and
may lead to an over-estimation of the emissions but in lieu of concrete experimental
information from large scal e incineration facilities this method has been applied.
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PCB emission
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Figure 40 The emission of PCB presented according to the aggregated units.
Scenario: FR today.

The emission of PCB isalso of interest asit is strictly related to the firesin this study,
and thus also related to the use of flame retardants. The emission is shown in Figure 40
but considerable variation between the FR and the NFR scenariosis found as shown in
the next section.

Antimony (Sb) emissions

B sb@in
Others ] sb(aq)

(Category | 0 [kg]
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Incineration 39,1 [ka]

Landfill 303 [kg]

Fire 15,6 [kq]
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production 31.2[kg]

0 100 200 300 400 500

Figure 41 The emission of antimony presented as aggr egated units. Antimony (Sb)
isused as antimony oxide (Sb,O,) in flame retar dants. Scenario: FR today.
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The emission of the flame retardants from the system is naturally important in a study
such asthis. The emission of antimony (Sb) is shown in Figure 41. Antimony is used as
Sb,0, in combination with deca-BDE. The antimony can be released essentially from
four different activities: FR production, fires, incineration and landfill. The release can
beto air and to water. As shown in the figure landfill is the main source. The antimony
emission shows considerable variation between the different scenarios as seen in the next
section.

The emissions of brominated flame retardants are shown in Figure 42. The emissions of
brominated flame retardants are mainly related to the production of FRs and to landfill
emissions. After the surveyable period, which is considered explicitly in this study, FRs
remain in the landfill to be released at alater time. The main emission source of FRsis
local particle emissions of deca-BDE from the production (bromination step) of the FRs.
Asin the case of antimony the release of deca-BDE can be to air or water.

Brominated FR emissions

[] DECA (ain
Il 8BA (ain
[ DECA (aq)
Others [ ] TBBA (ag)
(Category | 0 [kg]
unspecified)
Landfill 91,1 [kg]
Fire |0,0127 [kg]
FR
production 724 [kg]
0 200 400 600 800 1E+003

Figure 42 The emissions of deca-BDE and TBBPA presented as aggr egated units.
“DECA (aq)” and “TBBA (a)” both refer to solid emission to water and soil. Due to
the low solubility of these speciesthese should be deposited close to the production
site. Scenario: FR today.

8.2.3 Scenario comparison

In this analysis the four different scenarios are compared for avariety of parameters
considered in the study. Let us also begin this analysis with a consideration of the energy
use, as shown in Figure 43. From thisfigureit is clear that the relative variationsin
energy useis small between the different scenarios.

The small decrease in energy requirements seen in the future scenario is due to the
recycling of material from the various end of life options. In all cases recycled material
is assumed to reduce the requirements of virgin material for TV production.
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Figure 43 A comparison between the different scenarios show only small differences
in the energy use.

The emissions of NO, and SO, are presented in Figure 44. The NO, emission shows
small variations between the different scenarios while the emission of SO,, however,
exhibits a decreasing trend for the future scenarios. The emission of both NO, and SO, is
largely independent of the presence or absence of FR asfires represent only a minor
source of these species relative to other sources (such as energy production). The
reduction in the total NO, and SO, emissions in the future scenario relative the present
day scenario is dueto several factors. A large percentage of materials go to recycling
rather than landfill in the future scenario. This, in turn, requires alesser production of
these species as they are assumed to reduce the material requirements of the system. This
reduction is especially marked in the case of SO, for essentially two reasons. The
emission of SO, is effectively minimised from incineration exhaust, and SO, is a product
from the production of Sb,O,. If some Sb,0, is assumed to be recycled the amount
produced from virgin material is reduced and thus the production of SO, is reduced.
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Figure 44 Comparison of the NO, and SO, emissions for the four L CA scenarios.

The CO, emission shows the same trend as the energy use with only very small variation
between the four scenarios as seen in Figure 45. The difference between the present day
scenario and future scenario for NO, and SO, above is not seen in the case of CO, as CO,
is emitted to an equivalent degree from landfill and incineration.

1,20E+09

1,00E+09

8,00E+08

kg 6,00E+08

4,00E+08

2,00E+08

I I I I .

NFRTV Today @FRTVToday NFRTVFuure FRTV Future

0,00E+00

Figure 45 Comparison of CO, emission for the four L CA scenarios.
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Figure 46 Comparison of CO emissionsfor thefour LCA scenarios.

The CO and particle emissions also show small variations between the scenarios, as seen
in Figure 46 and Figure 47. The particles show a small decrease in the future scenario
relative to the present day scenario due to the material recycling which generally leads to
very small particul ate emissions.
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Figure 47 Comparison of particle emissionsfor thefour LCA scenarios.

The emission of hydrocarbons shows a decreasing trend for the future scenarios, as seen
in Figure 48. Once again, thisis dueto an increase in materia recycling in the future
scenario relative to the present day scenario. Further, thereisadlight decrease in the
emission of hydrocarbons due to the presence of flame retardants in the TV enclosure.
Thisis dueto the fact that the number of firesin the FR TV scenario is much lower than
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in the NFR scenario, with a correspondingly lower production of hydrocarbons from the
fire part of the LCA model.
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Figure 48 Comparison of hydrocarbon (HC) emissionsfor the four L CA scenarios.

The main PAH emissions originate largely from the different firesin the system. The use
of flame retardants decreases the number of fires and, therefore, also the PAH emission,
as seen in Figure 49. The difference between the present day and future scenariosis,
however, small as the decrease in energy production only has a minor effect on the total
PAH production.
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Figure 49 The main PAH emissions comes from the different firesin the system.
The use of flame retar dants decr eases the number of fires and thus also the PAH
emission.
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One should also note that the production of PAH is many times higher than the
production of al types of dibenzodioxins and furans. In light of the large amount of PAH
produced throughout the TV life-cycles relative to dibenzodioxins and furansit is
reasonabl e to conclude that PAH emissions represent a much greater risk to health and
the environment that TCDD-equivalent and TBDD-equivalent emissions. A model is
available for the comparison of different pollutants based on the assignment of “Unit
Risk Factors’ which have been defined according to epidemiologica studies[1]. Using
this“unit risk” model one can compare the risk that a person exposed to the same
quantity of different substances over their lifetime would develop cancer. The
application of the model requires that the PAH emissions be reduced to a single toxicity
equivalence factor in essentially the same manner as that explained for dibenzodioxins
and furans in chapter 4. In the case of PAH it is the species benzo(a)pyrene, or BaP, that
has been defined as the most toxic species and assigned a toxic equivalence factor of 1.
All other species are then assigned toxic equivalence factors relative to BaP, allowing the
calculation of BaP-equivalents.

It has not been possible to do this for the majority of PAH emissions as we do not have
information concerning the specific species emissions hidden behind the general term
“PAH". A reduction of the amounts of the various PAH emitted from our room fire
experiments, however, indicate that the BaP-equivalent of our room fire gasesis
approximately 3% of all the PAH emissions. Thus, the BaP-equivalents for the full LCA
models have been estimated as 3% of the total PAH production.

Table 69: Cancer risk of PAH relative to TCDD-equiv. for each scenario.

Species Unit Risk factor NFR today FRtoday NFR future FR future
(URF)

BaP-equiv. (kg) 7x10% ug/m® 1.46 3.05x10°  1.44 7.60x10°

TCDD-equiv. (kg) 1.4 pg/m’ 1.36x10°  1.01x10°  1.82x10° 5.71x10°®

Cancer risk factor’ 108006 30208 79154 1331

"(BaP-equiv.xURF, ) / (TCDD-equiv.xURF, )

Based on the toxicity analysis presented in Table 69 it is clear that PAH emissions from
the whole life-cycle of one million TVsrepresents afar greater risk than that of
dibenzodioxins and furans. Thisrisk is significantly higher in the case of NFR TVs
relative to FR TV, both in the present day scenario and the future scenario. This effect is
largely due to the increased number of firesin the NFR TV models relative to the FR
scenarios. This confirms results recently presented concerning PAH and dibenzodioxin
emssions from large firesin Germany [2].

Chlorine and bromine in different materials form mainly HCl and HBr in different
processes, such as combustion and fires. Only a small part of the chlorine and bromine
load into the system, contribute to the formation of various chloro and bromo organic
compounds. Thus, the dibenzodioxin and furan fraction, for example, is very small.

Figure 50 shows the emission of HCI, HBr and HCN. The emission of HBr is directly
related to the use of flame retardants and thus higher for the FR scenarios than for the
NFR scenarios. The increased HBr emission for the FR TV future scenario isthe
combined effect of bromine use together with a high degree of incineration. The
emission of HCl isrelatively constant between the different scenarios. The HCN
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emission is directly related to the number of fires. Thus, the emission isrelatively equal
between the different NFR scenarios but absent in the FR scenarios due to the small
number of firesin those scenarios.
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FR TV Future

Figure 50 Comparison of HCI, HBr and HCN emissionsfor the four L CA scenarios.

The dibenzodioxin emissions are relatively equal for the NFR scenarios, as shown in
Figure 51. The situation is, however, dightly different for the FR scenarios. The
emissionsin the FR TV today scenario are lower then the NFR scenarios due to a smaller
number of fires. However, for the future scenario an increased emission can be expected
due to an increased use of incineration.
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Figure 51 Comparison of dibenzodioxin equivalent emissionsfor the four LCA

scenarios.
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An allocation based on chlorine and bromine has been used for the incineration

calculations. As discussed previously, very little experimental input information is
available concerning the emissions of dibenzodioxins and furans from incineration.

Thus, the input used is an estimate and should be interpreted as an upper limit rather than
an absolute value.

It is also worth noting that the emission levels of both TBDD-equivalents and TCDD-

equivaents from both the FR and NFR TV life-cycles are low compared to other

sources. Thisis best understood if one considers that the TCDD- and TBDD-equivalent
emissions from one million TVs during their 10 year life-cycleis at most approximately
22 mg, or an average of 2 mg/year. In the Netherlands, the annual emission of

dibenzodioxins from all known sources in 1990 was approximately 960 g [3]. If we

consider that the Netherlands has approximately 11 million TVs this would correspond
to atotal dioxin emission from TVs of approximately 22 mg/year or 0.002 % of the total
emissions. Similarly, in the UK, the annual emission of dibenzodioxins from all known
sourcesin 1989 was 3 870 g [3]. Using the same method of calculation as above and the
fact that the UK has approximately 39 million TVs, thiswould correspond to

approximately 78 mg/year or (again) 0.002 % of the total emissions.

The PCB emission shows a decreased level when flame retardants are used due to a
smaller number of fires, as shown in Figure 52.
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Figure 52 Comparison of PCB emission for the four LCA scenarios.

The emissions of brominated flame retardants are relatively small from the entire system,
as seen in Figure 53. The emissions are naturally higher for the FR scenarios. The deca-

BDE (ag) emissions dominate and the origin of these emissions is the production of
deca-BDE (bromination step). The emission is usually in aform of alocal particle

emission to water. Deposition of this deca-BDE is expected to be close to the production

site.
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Figure 53 Comparison of emissions of flameretardants from the four LCA
scenarios. The designation “(air)” or “(aq)” relateto releaseto the atmosphere or
water. In both cases the emissions can be both solid phase, adsor bed on particles,
gasphase or in solution.

Emissions of antimony (Sb) are only present for the FR scenarios, as seen in Figure 54.
The main sources are landfill, incineration, FR production and fires. The effect on the Sb
emission is caused by a shift from a dominating landfill emission today to a dominating
incineration emission in the future. For the landfill emission only the surveyable time
(100 years) is covered so there are still Sb |eft to be emitted later in the today scenario. In
reality the emissions today and in the future can be considered as essentially equal.

1000
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400
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NFR TV Today FRTV Today NFR TV Future FRTV Future

Figure 54 Comparison of antimony (Sb) emissionsfor thefour L CA scenarios.

Thus far only the direct emissions from the system have been shown. However, the
energy production from the incineration of the TV sets can be used to replace other types
of fuelse.g. in adistrict heating system. Thiswill not only save energy resources but also
reduce emissions. An example has been included in the system where the produced
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steam from the incinerator has been used to replace a modern fuel oil boiler. The figures
are shown as emission gain in the system and refer to the corresponding emission from
the fuel oil boiler to produce the same amount of steam as from the incinerator. The
calculated emission gain is shown in Table 70. The calculated emission gains are,
however, al very small compared to the total emissions of the components from the
entire system.

Table 70 Emission and energy gain from the production of steam in theincineration
of the TV sets. All values are calculated for the entire system, i.e. 10° TVs, 10 years.

Component NFR TV Today FRTV Today NFR TV Future FR TV Future
Energy gain for 7.98x10° 7.79x10° 1.70x10° 1.50x10°
incineration (MJ)

NOy gain (kg) 1.51x10° 1.33x10° 3.2x10* 2.83x10*
S0, gain (kg) 588 519 1.25x10* 1.1x10"
CO,, fossil, gain 8.32x10° 7.33x10° 1.77x10’ 1.56x10’
(kg)

CO, gain (kg) 1.07x10° 941 2.27x10* 2x10*
Particles gain (kg) 199 176 4.24x10° 3.74x10°

8.3 Fire Safety Context

In studying available statistics concerning TV firesin the construction of the fire part of
the LCA mode in thiswork, it quickly became apparent that TV fires cost lives. Based
on their purposely conservative definition of TV set fires, Sambrook concludes that there
are approximately 2208 TV firesin Europe per year, or 12.2 TV fires per million TV
sets. They further conclude that another 6 TV fires per million TV sets are caused by
external ignition. These results were based on information extracted from sources
throughout Europe. At the same time conservative estimate of 16 people were concluded
to die, and 197 to sustain injuries, each year in Europe as a direct result of TV fires[4].

In part as aresult of the Sambrook work, it became apparent in Sweden that different
sources of TV fire statistics give vastly different information concerning the number of
the TV fires. Sweden is the first European country to make a concerted effort to
reconcile the differences between fires statistics for TV fires from different sources. In
the 1990’ s the Swedish Insurance Federation reported approximately 6000 electrical fires
per year. In 1994 (atypical year) approximately 42% of these were due to audio/visual
eguipment, the vast majority of which (>90%) were TV fires. This corresponds to
approximately 2500 TV firesthat year. At the same time the Swedish National Electrical
Safety Board (SEMKO) officially estimated the total number of electrical firesto be less
than 2500 (i.e., the number of TV fires according to the Insurance Federation) and the
number of TV firesto be approximately 150-250 per year. In order to determine which
number was most realistic an in-depth study was initiated centred on the Stockholm
suburb of Vallingby. Over a 14 month period al electrical fires were investigated, in
detail, by experts from SEMKO. The results of their findings were extrapolated to cover
the whole of Sweden.
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Two findings were particularly interesting. First, the Insurance federation grossly
overestimated the total number of electrical fires and in particular the number of TV
fires, and second, SEMK O had previously underestimated the total number of TV fires.
Using SEMKO's definition, the Vallingby study estimated that approximately 750 (or
between 600-900) audio/visual fires occur per year in Sweden. These fireswere al large
enough to have breached the TV enclosure SEMKO concluded that the additional 1750
fires reported by the Insurance Federation were either wrongly classified,-e.g., so small
that they had not breached the enclosure, or were caused by an external ignition source.
Assuming that approximately half of the Insurance Federation fires did not breach the
housing would |eave approximately 500 due to external ignition sources. These data
correspond to approximately 100 TV fires/million TVsin Sweden due to internal
ignition and 65 TV fires/million TVs due to external ignition, and an additional 160 TV
fires/million where the fire does not breach the enclosure.

Usualy, only the most severe TV set fires find their way into electrical safety board or
fire brigade statistics. We suggest that the Valingby project results, because of the
thoroughness of the methodology, are more representative of awider European reality.
Understandably, consumers would have afinancial incentive to report small TV set fires
to insurance companies, while only in the event of a major fire would the consumer call
the fire brigade. Therefore, it is not surprising that the Vallingby data are closer to
Insurance Federation numbers than those reported in the statistics of fire protection
agencies. Similarly, electrical safety boards are presumably only interested by fires of
clearly electrical origin, to the exclusion of other causes like the ignitability of enclosure
materials.

In conclusion, the Sambrook study provides a sound basis for comparison of fire
statistics from different European countries, but it istoo conservative in its estimate of
the frequency of TV fires. The Vélingby data provided a better model for European TV
set fire behaviour. It is also this data that has been used as the basis of the TV fire model
described in chapter 3. These estimates are approximately a factor 10 higher than the
Sambrook estimates. In terms of consumer fire safety this indicates that the number of
deaths as adirect result of TV fires could also be afactor 10 higher, or closer to 160
deathsin the EC each year asadirect result of TV fires. Making a similar calculation for
the number of peopleinjured as adirect result of TV fires each year in the EC this
number increases to 2000.

Other countries, such as Japan or the USA require higher fire safety ratings than Europe
where the number of TV firesthat breach the enclosure material per million TVsin the
US s estimated to be 5. This corresponds to afactor of 33 in the number of fires
essentially governed by the ignitability of the enclosure material. Further, thereisno
direct evidence of deathsin the US as adirect result of TV fires.

The technology to achieve a high level of fire safety has been commercially available for
many years. Based on the results of this study, areturn to the use of materials with high
levels of fire safety is clearly needed to provide adequate protection to European
consumers.
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8.4 Conclusions

A comparison between the LCA of a TV with VO enclosure material to that with HB
enclosure material indicates that the original postulate that ”it would be better to allow
things to burn more often rather than use flame retardants” is questionable. In the case of
anumber of key emission species there is a markedly higher total emission over the
whole life cycle from the NFR TV than from the FR TV in the present day scenario.
Although the picture is slightly more complicated in the future scenario there is still
ample evidence that the avoidance of large numbers of firesisimportant from an
environmental point of view quite apart from the safety considerations discussed above.

The results of the LCA study show clearly that the energy useis entirely dominated by
the TV use module. Thisresult isaso in line with similar results presented previously. In
terms of species emissions, however, the production of energy for the TV use moduleis
relatively clean. Thus, thisis the dominant source of CO, but not of many other
important species including CO, NO,, SO,, hydrocarbons, PAH and dibenzodioxins and
furans. In the case of CO, NO, and SO, the TV production (including the production of
the FR) are dominant. Thisis mainly due to the fact that the energy production for these
modulesisindustrial and is generally dlightly less efficient than that used to produce the
electricity needed for the TV use module. In the case of these speciesfiresisarelatively
minor source in the whole LCA.

In the case of PAH and dibenzodioxins and furans, however, fires are a significant source
of the total LCA emissions. In the present day scenario, where waste is largely through
landfill, there are significant savings in emissions of these species through the inclusion
of flame retardants in the TV enclosure. Thisis entirely due to the major reduction in the
number of TV fires. In the future scenario the result is retained for PAH but is somewhat
more complicated for above all the brominated dibenzodioxins and furans. In this case
the total emission of brominated dibenzodioxins and furans increases due to the
importance of emissions of these species from waste incineration. It should, however, be
emphasised that these results are based on an estimation and would benefit from afull
scale validation through experimental measurements. Unfortunately this has been outside
of the scope of thiswork.

The emission of PAH is, however, clearly a much greater potential threat to our health
and the environment than that of dibenzodioxins and furans asillustrated by the results
presented in Table 69. From these resultsit is clear that PAH from all sources represents
as much as 100 000 times greater risk than does the emission of dibenzodioxins and
furans. Again thisislargely due to the influence of large emissions of these species from
fires and is most obvious in those scenarios where fires are most prevalent, i.e., in the
case that the TV enclosureis NFR.

Previous studies have indicated that ignition behaviour is very important for the life
safety impact of fires[5, 6]. Slow ignition and fire development isimperative to provide
ample time for the discovery and mitigation of fires. Thisis at least asimportant as other
aspects, such as smoke gas toxicity, in determining the survivability for people exposed
to fires. Up until now, however, no method has existed to allow an objective
investigation of the environmental effect of ignition behaviour of a product. Based on the
application of the Fire-LCA model to a TV with a flame retarded enclosure and one with
anon-flame retarded enclosure it is now possible to make some comment on this
question.
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In the case of the emission of many key species (including PAH, hydrocarbons,
dibenzodioxins and furans) there is reason to believe that the reduction of the number of
fires associated with the use of material with improved ignition behaviour resultsin a
significant benefit to the environment.

Unfortunately there is no definition of an acceptable risk and in some ways the very
word “risk” impliesthat it entails something that is not acceptable. It is, however,
important to consider risks relative to one another. The aim should be to reduce the sum
of al risksrather than reduce onerisk to the detriment of another. In this context it is
necessary to recognise that in the process of reducing one risk (such as through the
removal of aflame retardant additive) one may increase another risk (such as the risk for
exposure to afire). While the absolute size of these risks is not available we can note that
according to estimates in the previous section as many as 160 people may die in Europe
each year asadirect result of TV fires while thereis no documented evidence of desths
due to the use of flame retardants.
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Appendix 1. Photos from fire experiments

USTV FireTest:

Figure A1.2: Remaining material after US TV self-extinguishes.
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Swedish TV Fire Test:

Fi gfe A1.4: Remaini ng material after Swedish TV is ex'ti ngui sh.
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Room Fire Tests:

R iw.,-u.g‘l g . R

Figure A.é: Photograph of room cohfiguration in TV-room eXperi ment 1. The same
configuration was used in experiments 2 and 3 with the exception that aUS TV was used
in experiment 2.

Figure A1.7: A ‘bird-eye view’ of the room built for the TV-room experiments. The
room measured 4 m x 4 m and was built using modules made of Promatect™ in both
cases. The hood used for the collection of fire gases for analysis can be seen above the
opening of the room.
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3 . b

Figure A1.8: Photo taken immediately after positioning of the ignition source in the first
TV-room experiment with the Swedish TV. Note that the flame is hidden under aledge
onthesideof theTV.

Figure A1.9: Photo taken approximately 45 seconds after p tioning of theignition
source in the TV-room experiment with the USTV.
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Figure A1.10: View of flames extending out of the door of the room in the experiment
using the USTV. Similar pictures were taken for all three experiments.
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Appendix 2: M ethods of sampling, preparation and
analysis

The sampling system for al chemical speciesin the large scale tests are summarised in
FiguresA2.1 and A2.2. Figure A2.1 shows the sampling system for the TV tests
conducted under the hood of the SO 9705 room. The duct from the smoke collector
hood in this case relates to the | SO 9705 sampling hood and duct system. The mgjority of
the sampling apparatus was connected close to the standard O,, CO, and CO, sampling
system.

Figure A2.2 shows the corresponding set up for the full TV room tests. As can be seen
from the two figures the sampling system was essentially the same for both sets of
experiments.

The specific sampling, extraction and analysis methods for the major organic speciesis
detailed below.

Volatile Organic Compounds (VOC)

Sampling: VOC measurements were performed by sampling on 200 mg Tenax
adsorbent tubes. Two adsorbent linesin parallel were used, using two different sampling
flows. Each had a backup sampling tube containing a mixture of Carbotrap/ Carbosieve
to collect any breakthrough of very volatile compounds. In the Room experiments
sampling were conducted intermittent (every third minute of the fire) in order to not
overload the adsorbents.

Analysis: Adsorbents were analysed by thermal desorption (275°C) and High Resolution
Gas Chromatography. The GC-system used a 60 m capillary column (CP-SIL5-CB), split
for both FID and M S detection. The total amount of VOCs was calculated by integrating
the time range of 8-38 min, which for aromatic substances corresponds to the molecular
size of 75 to 150 m/z, thus including benzene and naphthalene.

Polycyclic Aromatic Hydrocar bons (PAH)

Sampling: PAHs were collected using a sampling system consisting of a heated glass
fibre filter, condenser with a condensate bottle, and an adsorbent cartridge containing
XAD-2.

Extraction: The extraction method is shown in Figure A2.3.

Analysis. The samples (filter, condensate and adsorbent) were prepared by using
modified US EPA 3580 "Waste dilution” method. The determination of PAH was
performed using the modified US EPA 8270 " Semivolatile organic compounds by gas
chromatography /mass spectrometry (GC/MS): Capillary column technique" method.
Quantification was carried out using an internal standard method, which implies that the
results are compensated for losses due to sample preparation. Two internal standards
were used: D, -pyrene and D,,-perylene. Masses 128-228 were compensated based on the
yield of D, -pyrene, while masses 252-300 were compensated based on the yield of D,,-
perylene.
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Precision: Expressed as percent of relative standard deviation, %RSD = 4.7 %

Table 71: Compoundsincluded in method.

Species m/z Comment
Naphthalene 128 Naphthalene results excluded and presented in the VOC part
Acenaphthylene 152
Acenaphthene 154
Fluorene 166
Phenanthrene 178
Anthracene 178
Fluoranthene 202
Pyrene 202
Benzo(a)fluorene 216
Benzo(b)fluorene 216
Benzo(a)anthracene 228
Chrysene/Triphenylene 228
Benzo(b/j)fluoranthene 252
Benzo(k)fluoranthene 252
Benzo(e)pyrene 252
Benzo(a)pyrene 252
Perylene 252
Indeno(1,2,3-cd)pyrene 276
Benzo(g,h,i)perylene 276
Dibenzo(a,h/a,c)anthracene 278
Coronene 300

PolyChlorinated Biphenyl’s (PCB)

Sampling: same sampling system as for PAH

Analysis. Theisomer specific determination was performed using High Resolution Gas
Chromatography and Mass Fragmentography. Presentation is made according to DIN
51527, where six (6) specific PCB isomers are quantified. These isomers are PCB no 28,
52,101, 138, 153 and 180. Further, the eight (8) co-planar PCB isomers (no 77, 105,
118, 126, 156, 157, 167 and 169) are quantified. Quantification was carried out using an
internal standard method, implying that the results of analysis are compensated for losses
due to extraction and purification. The internal standards were “C-marked species that
were added to the sample prior to extraction.
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Decabromodiphenylether (deca-BDE)
Sampling: same sampling system asfor PAH

Analysis: Analysis was performed using High Resolution Gas Chromatography and
Mass Fragmentography with chemical ionisation and the detection of negative ions after
preparation using sulphuric acid. Quantification was carried out using an internal
standard method, implying that the results of the analysis were compensated for losses
due to extraction and purification. The internal standard was 3,3' 4,4’

tetrabromodi phenylether.

TetraBromoBisPhenol-A (TBBPA)
Sampling: Same as PAH

Analysis: Analysiswas carried out using High Resolution Gas Chromatography and
Mass Fragmentography. Quantification was carried out using an internal standard
method, implying that the results of the analysis were compensated for losses due to
extraction and purification. The internal standard was pentabromophenol.

PolyChlorinated DibenzoDioxins/DibenzoFurans (PCDD/F)
Sampling: Same as PAH

Method: The determination was performed using High Resolution Gas Chromatography
and Mass Fragmentography. Quantification was carried out using an internal standard
method, implying that the results of the analysis were compensated for losses due to
extraction and purification. The internal standards used were:

“C 2,3,7,8 TCDD for both TCDD and TCDF

“C 1,2,3,7,8 PnCDD for both PnCDD and PnCDF

¥C 1,2,3,6,7,8 HXCDD for both HxCDD and HxCDF, HpCDD and HpCDF, and OCDD
and OCDF

PolyBrominated DibenzoDioxing/DibenzoFurans (PBDD/F)
Sampling: Same as PAH

Method: The determination was performed using High Resolution Gas Chromatography
and Mass Fragmentography (HRGC/LRMYS). Quantification was carried out using an
internal standard method, implying that the results of the analysis were compensated for
losses due to extraction and purification. The internal standards used were:

®C 1,2,3,6,7,8 HXCDD for both TBDD and TBDF
“C OCDD for both PnBDD and PnBDF, HxBDD and HXxBDF, and HpBDF
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Figure A2.1: Schematic of sampling system for all chemical speciesin TV
tests under SO 9705 hood.
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Figure A2.2: Schemcatic sampling system for all chemical speciesin TV room
tests.
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Figure A2.3: Schematic of extraction system for large or ganic species.
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Table 75: Resourceusesfor a B& O L X 5500.

Resource Unit Material Production Use Waste Transport  Total
production management

Crude oil g 15100 2300 597 10 3300 80000
00

Natural gas g 59800 6200 430 6 200 10900
00 0

Hard coal g 4500 14300 215 200 16 23400
000 0

Brown coal g 1030 610 160 - - 16200
000 0

Uranium ore g 0.05 0.06 22 - - 22

Water to el. litre 3900 870 880 9 ~0 92800
00

Aluminium, Al g 710 -23 11 ~0 ~0 700

Iron, Fe g 3200 -200 4 ~0 ~0 3000

Copyper, Cu g 800 - - - - 800

Manganese, Mn g 23 -1 - - - 22

Nickel, Ni g 5 - - - - 5

Zinc, Zn g 46 - - - - 46

Barium carbonate, g 3100 - - - - 3100

BaCO,

Lead oxide, Pb,O, g 1700 - - - - 1700

Calcium carbonate, g 1950 -160 7 ~0 ~0 1800

CaCO,

Quartz, SIO, g 15400 -290 - - - 15000

Sodium carbonate, g 3800 - - - - 3800

Na,CO,

Sodium chloride, NaCl g 615 12 18 ~0 ~0 650

Wood g 530 80 102 1 ~0 10800
00

Ground water litre - 44 - 3 ~0 47

Surface water litre ~0 1 ~0 ~0 ~0 1

Unspecified water litre 180 280 33 ~0 1 500

Material and support

additive where no

analyses have been

performed

Painting g - 319 - - - 319

Material g - 2160 - - - 2160

Support additive ml - 6000 - - - 6000

- = no data

~0 = only small emissions compared to the other processes.




165

Table 76: Emissionsto air for a B& O L X 5500.

Substance

Carbon dioxide, CO,

Carbon oxide, CO

Nitrogen oxide, NO,
Sulphur dioxide, SO,
Dinitrogen oxide, N,O

Particles
Hydrocarbons, HC

Volatile

organic

compounds, VOC

Aldehydes
| sopropanol
Benzene

Butyl acetate

Butyl diglycolacetate

Ethyl acetate

Phenol
Toluene

Trichlorethylene
Unspecified xylene

Dioxins

Epichlorhydrin

Arsenic,

As

Lead, Pb
Cadmium, Cd

Copper,

Cu

Mercury, Hg
Manganese, Mn

Vanadiu

m, V

Unit

«

QO

S

Material
production
166000

200
1000
550
18.1
76
470
16

Production

62000

22
210
260
5.2
87
350
38

0.16
1.8
10

15

88
0.25
4

1.1
51
1E-06

260
39

Use

1051
000
680
4200
9300
84.8
500
5050
11

99
140
12
99
18

2770

Waste
management
13000

43
17
3

~0
~0

128E-06

~0
~0
~0
140
~0

~0

Transport
6400

750
170
18
0.2
5

9
0.4

Totd

13000
00
1700
5600
10100
108
670
5900
41

39
18
0.032
10

15

88
0.25
4

11
51
130E-
06

37
100
2460
12
240
19
670
2800

- = no data

~0 = only small emissions compared to the other processes.




Table 77: Emissionsto water and wastefor a B& O L X 5500.
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Substance Unit

Chemical oxygen g
demand, COD

Total nitrogen, Tot- ¢
N

Total phosphor, Tot- g
P

Hydrocarbons, HC g
Unspecified ail g
Phenol g
Arsenic, As mg
Lead, Pb mg
Cadmium, Cd mg
Chromium, Cr mg
Copper, Cu mg
Mercury, Hg mg
Manganese, Mn mg
Nickel, Ni mg
Zinc, Zn mg
Waste

Hazardous waste

g
Particleswithheavy g
metals
Industrial waste
Radioactive waste
Slag and ash
Volumeus waste

Q Q@

Material
production
18

1

6.7
5.9
0.04
15

55
0.003

52

0.03

0.004
330
5600

Production

~0

8

0.15

0.06

0.001

0.01
1220
33600

Use

1

2

3
41000
125000

Waste
management
~0

~0

8200
30000

Transport

~0

Total
19
11
0.15
8.2
8.6

0.08
15

58
0.036
0.2
80
83

0.03

65

50800
19400

- = no data

~0 = only small emissions compared to the other processes.
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Appendix 4. Life-Cyclelnventory (LCI) Data

A4 11 TV set production

Introduction and background data

In this study, the environmental effect of the use of flame retardants, ina TV set
enclosure, has been investigated using LCA. Thus, the production of the TV setisan
important part of the study. It has not been possible to perform a complete LCA study of
the TV setsin thisresearch program. Therefore, literature information has been used.

An extensive and relatively transparent study of the production of a TV set has been
carried out in Denmark in the UMIP project [1]. That project covers an LCA study of a
Bang& Olufsen TV set, Beovision LX 5500. The TV set in the UMIP study isa28” set
with two bass and two treble loudspeakers. The TV set hastext TV facility and remote
control. Thetotal weight of the TV set is42.7 kg. All componentsin the TV set have
been thoroughly analysed with respect to material content, weight and production
processes. Figure 55 shows the various parts of the TV set. A complete specification list
for thisfigureis presented in Appendix 3 with the main parts shown below:

Electron tube: 24.5 kg of which,
Glass 21.9 kg
Iron 1.5 kg
Copper 0.4 kg
Other material 0.7 kg

Contrast screen 2.9 kg of which,
Glass 2.75 kg
Iron 0.15 kg

L oudspeaker 0.96 kg of which,
Iron 0.43 kg
Magnetic materia (iron) 0.53 kg

Plastic materials 11 kg to main chassis, back and front covers and loudspeakers.
Decorative skirting of aluminium 0.23 kg

Electronics 3.15 kg of which,
Plastic 2 kg
Iron 0.5 kg
Copper 0.42 kg
Aluminium 0.1 kg
Lead 0.12 kg

TV setsare more or less a bulk product and the construction concept is similar for the
different TV set manufacturer. From an LCA point of view the B& O TV sets differ from
other TV sets mostly in design and not from atechnical point of view. The B&O TV set
a so shows a higher total weight than an average 28" TV set. Thisis most likely due to
design aspects of the TV set. To increase the representativity towards an average bulk
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TV set the material (plastic) contents of the TV set has been slightly reduced to give the
TV set atotal weight of 37.9 kg.

Main frame ___ Electronics

3

o
]
i

Front frame

Figure 55: Specification of the different componentsin the TV set analyses. The
component numbersare used in the result tablesin appendix 3.

To be able to analyse the different part of the life-cycle chain, the production has been
broken down to several individua production steps. In the study, the production of
material has been separated from the TV set production thus material production,
including the production of flame retardants, is presented in separate modules.
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Production of electronicsis also treated separately. The transport has also been broken
out where possible and inserted into the LCA model as separate activities. The use of the
TV set (including only the electric power consumption) is also treated in a separate
module. The influence of the mode of electric power production can therefore be varied
and is analysed. The remaining part of the LCA datafor the TV set production isthen
treated in the module TV set production and assembly. In this way the LCA model can
treat variations in material composition and including the effect of the use of different
amounts of flame retardants in the production.

TV set production and assembly

The module TV set production and assembly includes the parts of the UMIP study [1]
described above which remain when the material production, the transports and the TV
use have been removed. Thus, this module includes essentially the production of
different parts of the TV set and the assembly of the entire TV set.

Glass production

Inthe TV set production, glassis used mainly in the cathode ray tube. The glassfor a
cathode ray tubeis usually a specially designed glass. The general concept isthat alead
bearing glassis used for the funnel and neck while a barium bearing glassis used for the
panel. Original LCI datafor the production of the cathode ray glass has not been
available. Thus, base data for general glass production has been used and modified to
include the lead and barium components. The data refers to the production of primary
(not recycled) glass. Energy production from natural gas has been assumed.



170

Table 78: LCI datafor production of glassfor TV sets.

Values per 1 kg primary glass

Inputs Outputs

Energy carriers Emissions to air

Electric power 0.25 MJ |CO 1.40E-05 kg
Energy resources CO,, fossl 0.609 kg
Crude ail 7.1 MJ |HC (air) 1.60E-05 kg
Natural gas 1.7 MJ [HCI (air) 7.40E-05 kg
Resources HF (air) 1.00E-06 kg
Limestone CaCO; 0.0734 kg |N,O 7.80E-05 kg
Quartz, SO, 0.5797 kg |NOy 0.00181 kg
Water 0.242 kg |Particles 0.0177 kg
Resources/Products SO, 0.00275 kg
Barium carbonate, BaCO; 0.1167 kg |Materials/Products

Lead oxide, Pb3O, 0.064 kg |Glassvirgin (100%) 1 kg
NaCl 0.0232 kg |[Resources

Sodium carbonate, Na,COs 0.143 kg |Water 0.242 kg

Base data from the UMIP (Udvikling af miljgvenlige industriprodukter, Denmark) database. Data
modified by IVL.
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Glassfibre production

Glass fibre is mainly used in the production of the printed circuit board as areinforcing
material for the epoxy matrix. The LCI data represent production average data from glass
fibre production at 6 industries in the Netherlands.

Table79: LCI datafor production of glassfibrefor printed circuit boards.

Values per 1 kg glass fibre/SiO,

Inputs Outputs
Chemicals Emissions to air
NaOH 0.12 kg |Aldehydes(air) 1.10E-05 kg
Energy carriers AmmoniaNH; (air) 1.10E-05 kg
Electric power 0.37 MJ |Cl, (air) 7.60E-05 kg
Energy resources (6(0) 8.00E-05 kg
Crude oil 2.9 MJ |CO,, fossil 0.4232 kg
Natural gas 8 MJ |F, (air) 1.10E-05 kg
Resources HC (air) 9.00E-06 kg
Dolomite CaMg(COs)» 0.04 kg |[HCchlorinated (air) 1.10E-05 kg
Feldspar 0.04 kg |Lead, Pb(air) 3.00E-06 kg
Limestone CaCO; 0.08 kg |NO 0.0029 kg
Sand 0.5672 kg |Particles 0.000437 kg
Phenol (air) 9.00E-06 kg
SO, 0.0022 kg
Zinc, Zn (air) 7.00E-06 kg
Emissions to water
F, (ag) 1.57E-05 kg
HC (aq) 9.60E-06 kg
Lead Pb (aq) 1.60E-09 kg
Phosphates (aq) 6.40E-08 kg
Sulphateions(agq)  0.00016 kg
Zinc, Zn (aq) 3.20E-08 kg
Materials/Products
Glass fibre/SiO, 1 kg
Solid wastes
Industrial waste 0.022 kg

Data source: idemat 96
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Zinc production

The Lift-Cycle Inventory data for zinc covers the production of virgin zinc from the
mineral resource. Zinc is mainly used for the corrosion protection of iron partsin the
production of the TV set, although it is also present to a small degree in the production of
the house.

Table 80: LCI datafor the production of virgin zinc.

Values per 1 kg Zinc, Zn virgin

Inputs Outputs
Energy carriers Emissions to air
Electric power (included) 16.1 MJ |Cadmium, Cd (air) 5.00E-05 kg
Energy resources (6(0) 0.0039 kg
Coadl 68 MJ |CO,, fossil 4.65 kg
Crude oil 11.3 MJ H,S 4.50E-06 kg
Natural gas 7 MJ |HC (air) 0.0167 kg
Nuclear 0.2 MJ |NO 0.00012 kg
Resources NOyx 0.0154 kg
Zinc, Zn (ore) 1 kg |PAH 1.00E-07 kg
Particles 0.0091 kg
SO, 0.0281 kg
Emissions to water
COD 2.30E-05 kg
N, total (ag) 1.70E-05 kg
Materials/Products
Zinc, Znvirgin 1 kg

Data source: Environmental Life-Cycle Inventories of Energy Systems, Bundesamt fir
Energiwirtschaft, Sauter P. Swiss Federal Institute of Technology, Zirich, Switzerland, 1994.
Nuclear energy use has been estimated.
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Copper production

The LCI data covers the production of copper. Open mining in 2/3 of the production and
sulphide ores (0.6 % Cu) has been assumed. The mines are assumed to be located in
Chile and USA. The copper is delivered to Rotterdam. A base mix production of 80 %
virgin and 20 % recycled copper has been assumed. World average data for 1993 has
been used. Data includes transports from mine to factory gate.

Table 81: LCI data for production of copper. A small part (20 %) of recycled
copper from external sources has been mixed in the production of virgin copper.

Values per 1 kg Copper, Cu

Inputs Outputs
Energy resources Emissions to air
Coadl 10.7 MJ |CO 0.00254 kg
Crude ail 67 MJ |CO,, fossil 7175 kg
Natural gas 14  MJ |NOy 0.02 kg
Energy resources-renewable SO, 1.06 kg
Hydro Power 3.28 MJ |Emissions to water
Resources TSS 2.82 kg
Copper, Cu (ore) 0.8 kg |Materials/Products
Resources/Products Copper, Cu 1 kg
Copper, Cu (recycled) 0.2 kg |[Solid wastes

Mineral waste 134 kg

Data source: IDEMAT database, Delft University of Technology, 1994.



174

Aluminium production

The inventory data for the production of virgin aluminium, including mining of bauxite
viathe electrolysisto extruding of raw semi-product for further production, isfound in

this module. Electric power consumption is supplied in the data as general information.
Electric power production datais cal culated back to its sources and thus included in the
remaining data.

Table 82: LCI datafor the production of virgin aluminium from bauxite.

Values per 1 kg Aluminium, virgin

Inputs Outputs
Energy carriers Emissions to air
Electric power (included) 58.83 MJ |CF,and CsFg 0.0004 kg
Energy resources 6(0) 0.06 kg
Coal 55.02 MJ |CO,, fossil 492 kg
Crude ail 59.29 MJ |Fluorides (gas) 0.0005 kg
Natural gas 24.19 MJ |Fuorides (particles) 0.00046 kg
Nuclear 9.76 MJ |HC (air) 0.000692 kg
Energy resources-renewable HF (air) 5.80E-06 kg
Hydro Power 285 MJ |N,O 0.00014 kg
Resources NOy 0.0065 kg
Bauxite AIO(OH) 3.675 kg |PAH 5.00E-05 kg
Limestone CaCO; 0.17 kg |Particles 0.0167 kg
Resources/Products SO, 0.041 kg
NaCl 0.054 kg |Emissions to water
COD 1.90E-05 kg
H,S0, (aq) 0.0008 kg
PAH (aq) 2.00E-05 kg
TSS 0.0007 kg
Materials/Products
Aluminium, Al virgin 1 kg
Solid wastes
Industrial waste 1.19 kg

Data source: Life-Cycle Assessment of gas cleaning equipment. IVL Report B 1300, 1998.

Steel production

In spite of the extensive use of stedl as a construction material only afew LCI data sets
exist for the production of virgin steel. However, life-cycle projects arein progress in the
steel industry, so data availability and accuracy should improve in the future. The data
set used covers the production of virgin low alloyed steel from mining.
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Table 83: Inventory data for production of low alloyed steel.

Values per 1 kg Iron, Fe virgin

Inputs Outputs

Energy carriers Emissions

Electric power (included) 0.94 MJ |TCDD equiv. Eadon 3.30E-14 kg

Energy resources Emissions to air

Coa 41.3 MJ |AmmoniaNH; (air) 1.04E-05 kg

Crude ail 6.48 MJ |Cadmium, Cd (air) 1.29E-07 kg

Natural gas 285 MJ |CO 0.00133 kg

Nuclear 01 MJ |CO,, foss 2.67 kg

Resources H,S 2.26E-05 kg

Iron, Fe (ore) 0.96 kg [HC (ar) 0.0125 kg
Lead, Pb (air) 6.40E-06 kg
Mercury, Hg (air) 5.20E-08 kg
N.O 3.86E-05 kg
NOx 0.00589 kg
PAH 4.34E-08 kg
Particles 0.0458 kg
SO, 0.0093 kg
Emissions to water
COD 1.15E-05 kg
Materials/Products
Iron, Fevirgin 1 kg

Data source: Environmental Life-Cycle Inventories of Energy Systems, Bundesamt flr
Energiwirtschaft, Sauter P., Swiss Federa Ingtitute of Technology, Zirich, Switzerland, 1994.
Nuclear energy use is estimated.

PV C plastic production

In this study PV C plastics are used in the production of the TV set mainly as insulators
for electric cables. The production datafor PV C are based on the LCI investigation
performed by APME in 1994. The datain that study are based on data supplied by the
operators of seven separate plants which in total produce almost 630 000 ton. The data
include raw material to factory gate and reflect an average over all polymerisation
processes. Maodifications of the data have been made to cover emissions of mercury and
dibenzodioxins.
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Table 84: LCI data for the production of virgin PVC from raw material to factory
gate. Electric power production isincluded in thefigures.

Values per 1 kg PVC, virgin

Inputs Outputs
Energy resources Emissions
Coa 6.96 MJ |TCDD equiv. Eadon 1.80E-15 kg
Crude ail 22.89 MJ |Emissions to air
Energy unspecified 0.13 MJ |Cls (air) 2.00E-06 kg
Natural gas 28.12 MJ |CO 0.0027 kg
Nuclear 7.87 MJ |CO,, fossil 1.944 kg
Energy resources-renewable HC (air) 0.02 kg
Hydro Power 0.84 MJ |HC chlorinated (air) 0.00072 kg
Resources HCI (air) 0.00023 kg
Bauxite AIO(OH) 0.00022 kg |Mercury, Hg (air) 2.70E-07 kg
Iron, Fe (ore) 0.0004 kg |NOyx 0.016 kg
Limestone CaCO; 0.0016 kg |Particles 0.0039 kg
Sand 0.0012 kg (SO, 0.013 kg
Water 19 kg |Emissions to water
Resources/Products AcidsasH ion 0.00011 kg
NaCl 0.69 kg |BOD 8.00E-05 kg
Chlorideions 0.04 kg
COD 0.0011 kg

HC chlorinated (ag) 1.00E-05 kg

Mercury Hg (aq) 5.60E-08 kg

Qil, unspec. (aq) 5.00E-05 kg

Sodiumions (aq) 0.0023 kg

Sulphateions(agq) 0.0043 kg

TSS 0.0024 kg
Materials/Products
PVC virgin 1 kg

Solid wastes

Hazardous waste 0.0012 kg

Industrial waste 0.016 kg

Mineral waste 0.066 kg

Slag and Ash 0.047 kg

Data source: Eco-Profiles of the European polymer industry, Report 6, Polyvinyl chloride, I.
Boustead, Association of Plastics Manufacturersin Europe (APME), 1994.

Recommendations for a best available techniques reference support document, Chlorine production
by the electrolysis of brine. A document prepared by Euro Chlor to assist the |PPC process.
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ABS plastic production

ABS plastics (Acrylonitrile-Butadiene-Styrene) are used as a construction material in the
TV set and can in several cases be an aternative material to HIPS (High Impact
Polystyrene). The materials are used mainly for enclosures. LCI datafor the production
of ABS plastics are available in a PWMI study from the late 1990s. Data include raw
material to the factory gate. The production of the electric power needed in the
production chain isincluded in the figures and calculated back to its raw materials.

Table 85: LCI data for the production of virgin ABS plastics from raw material to
factory gate. Electric power production isincluded in thefigures.

Values per 1 kg ABS plastics, virgin

Inputs Outputs

Chemicals Emissions to air

Gypsum CaS0, 9.80E-05 kg |Aldehydes (air) 1.00E-07 kg
KCl 0.0045 kg |AmmoniaNH;(air) 2.00E-06 kg
N, chem. 0.31 kg |CFC (soft) 1.00E-07 kg
O, chem. 4.10E-05 kg |Cl, (air) 1.00E-07 kg
Energy resources CO 0.0038 kg
Coal 6.02 MJ |CO,, fossil 31 kg
Crude ail 34.7 MJ |F, (air) 1.00E-07 kg
Energy unspecified 0.26 MJ |H,S 1.00E-06 kg
Natural gas 57 MJ |H,SO, (air) 1.00E-07 kg
Nuclear 1.76 MJ |HC (air) 0.0162 kg
Energy resources-renewable HC aromatics (air)  0.00045 kg
Hydro Power 0.2 MJ |HC chlorinated (air) 1.00E-07 kg
Resources HCI (air) 5.80E-05 kg
Baryte BaSO, 2.00E-06 kg [HF (air) 3.00E-06 kg
Bauxite AIO(OH) 0.0006 kg |Lead, Pb (air) 1.00E-07 kg
Bentonite 0.0002 kg [Mercaptans (air) 1.00E-07 kg
Dolomite CaMg(COs)» 1.00E-05 kg |Mercury, Hg (air) 1.00E-07 kg
Fluorspar CaF, 4.00E-06 kg |Metals(air) 4.00E-06 kg
Gravel 0.0085 kg [N.O 1.00E-07 kg
Iron, Fe (ore) 0.0009 kg |NOx 0.011 kg
Limestone CaCO; 0.018 kg |Particles 0.003 kg
Magnesium, Mg (ore) 0.0012 kg (SO, 0.01 kg
Olivine 8.00E-06 kg |Emissions to water

Sand 0.0006 kg |AcidsasH ion 450E-05 kg
Shale 0.00028 kg |AluminiumAl (ag) 0.00012 kg
Talc Mgs(OH),(Si»0s), 0.021 kg |AmmoniaNH;(agq) 0.00034 kg
Water 170 kg |BOD 3.30E-05 kg
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Table 85(cont.)

Values per 1 kg ABS plastics, virgin

Inputs Outputs

Resources/Products Calcium Ca (ag) 0.00026 kg

Clay mineral 1.60E-05 kg |Carbonateions(ag) 0.00018 kg

NaCl 0.0062 kg |Chlorideions 0.0045 kg
Chlorine Cl, (aq) 1.00E-07 kg
COD 0.0022 kg
Copper Cu (ag) 1.00E-07 kg
HC (aq) 6.80E-05 kg
HC chlorinated (ag) 1.00E-07 kg
Iron Fe (ag) 1.00E-07 kg

Magnesium Mg (ag) 0.00097 kg

Mercury Hg (aq) 1.00E-07 kg

Metallic ions (aq) 0.00041 kg

N, total (aq) 0.0001 kg
Nickel, Ni (aq) 1.00E-07 kg
Nitrate (aq) 7.10E-05 kg
Qil, unspec. (aq) 9.30E-05 kg
P,Os (aq) 1.00E-07 kg
Phenol (aq) 7.00E-06 kg

Potassium K (aq) 0.00014 kg

Sodiumions (aq) 0.0011 kg

Sulphateions(agq)  0.0085 kg

TSS 0.0024 kg
Zinc, Zn (aq) 1.00E-07 kg
Materials/Products
ABSplasticsvirgin 1 kg
Solid wastes

Hazardous waste 0.01 kg
Industrial waste 0.019 kg
Mineral waste 0.077 kg
Slag and Ash 0.012 kg

Data source: Eco-Profiles of the plastic industry, Report 11, ABS&SAN, table 46-52, lan
Boustead, The European Centre for Plastics in the Environment (PWMI), 1995-1999.
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PC plastic production

Life-cycle inventory datafor the production of polycarbonate (PC) plastics. Data include
raw material to factory gate and the production of electric power isincluded in the
figures.

Table 86: LCI data for the production of virgin PC plastics from raw material to
factory gate. Electric power production isincluded in the figures.

Values per 1 kg Polycarbonate

(PC), virgin

Inputs Outputs
Chemicals Emissions to air
Gypsum CaS0, 1.40E-05 kg |Aldehydes (air) 6.40E-05 kg
KCl 6.00E-06 kg |CFC (soft) 2.00E-06 kg
N, chem. 0.26 kg |Cl5 (air) 1.00E-07 kg
O, chem. 0.026 kg |CO 0.0036 kg
Energy resources CO,, fossil 5 kg
Cod 15.84 MJ |F; (air) 1.00E-07 kg
Crude oil 21.14 MJ |H,S 2.00E-06 kg
Energy unspecified 0.03 MJ |H,SO, (air) 1.00E-07 kg
Natural gas 75.31 MJ |HC (air) 0.027 kg
Nuclear 4.4 MJ |HC aromatics (air) 8.90E-05 kg
Energy resources-renewable HC chlorinated (air) 0.00033 kg
Hydro Power 0.39 MJ |HCI (air) 0.00011 kg
Resources HF (air) 4.00E-06 kg
Bauxite AIO(OH) 0.0003 kg |Lead, Pb (air) 1.00E-07 kg
Bentonite 0.0014 kg |Mercaptans (air) 1.00E-07 kg
Dolomite CaMg(COs)» 1.00E-05 kg |Mercury, Hg (air) 1.00E-07 kg
Gravel 3.00E-06 kg |Metas (air) 3.00E-06 kg
Iron, Fe (ore) 0.00094 kg |[N.O 1.00E-07 kg
Limestone CaCO; 0.0065 kg |NOx 0.021 kg
Olivine 8.00E-06 kg |Particles 0.007 kg
Sand 0.00041 kg |SO, 0.013 kg
Shale 3.90E-05 kg |Emissions to water
Water 126 kg |AcidsasHion 3.90E-05 kg
Resources/Products Aluminium Al (ag) 1.00E-07 kg
Clay mineral 1.10E-05 kg |AmmoniaNH; (aq) 3.00E-06 kg
NaCl 0.79 kg |BOD 9.40E-05 kg
Calcium Ca (aq) 0.00047 kg
Carbonate ions (aq) 0.026 kg
Chlorideions 04 kg
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Table 86 (cont.)

Values per 1 kg Polycarbonate
(PC), virgin

Inputs Outputs

Chlorine Cl, (aq) 1.00E-07 kg
COD 0.001 kg
Copper Cu (ag) 1.00E-07 kg
HC (ag) 5.00E-05 kg
HC chlorinated (aq) 2.00E-06 kg
Iron Fe (aq) 8.40E-05 kg
Magnesium Mg (aq) 3.00E-06 kg
Mercury Hg (aq) 1.00E-07 kg
Metallic ions (aq) 0.00047 kg
N, total (aq) 9.00E-06 kg
Nickel, Ni (aq) 1.00E-07 kg
Nitrate (aq) 1.00E-07 kg
Qil, unspec. (aq) 5.00E-05 kg
P,Os (ag) 0.00024 kg
Phenol (aq) 5.10E-05 kg
Potassum K (aq) 1.00E-07 kg
Sodiumions (aq) 0.29 kg
Sulphate ions (aq) 0.008 kg
TSS 0.0012 kg
Zinc, Zn (aq) 1.00E-07 kg
Materials/Products

Polycarbonate (PC) virgin 1 kg
Solid wastes

Hazardous waste 0.01 kg
Industrial waste 0.01 kg
Mineral waste 0.15 kg
Slag and Ash 0.037 kg

Data source: Eco-Profiles of the plastic industry, Report 13, PC, table 6-13, 1an Boustead, The

European Centre for Plastics in the Environment (PWMI), 1990-1994.

PUR production

Inventory datafor polyurethane (PUR) are available in the UMIP project. Polyurethane

ismainly used as foam.
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Table 87: LCI datafor the production of PUR.

Values per 1 kg Polyurethane

(PUR), virgin

Inputs Outputs
Energy resources Emissions to air
Coal 1 MJ |1,1,1 trichloropropane 2.98E-05 kg
Crude ail 155 MJ |Aldehydes (air) 0.000818 kg
Natural gas 21.1 MJ |Ammonia NH; (air) 0.00039 kg
Resources Benzene (air) 0.000382 kg
Aluminium, Al (ore) 491E-05 kg |CO 0.000323 kg
Iron, Fe (ore) 7.03E-05 kg |CO,, fossil 0.444 kg
Limestone CaCO; 0.005415 kg |Dichloropropane (air) 0.002377 kg
Quartz, SIO, 5.96E-05 kg |Epichlorhydrin 0.000439 kg
Water 4.18 kg |HC (air) 0.005622 kg
Resources/Products HCI (air) 2.86E-05 kg
Clay mineral 9.70E-06 kg |Naphthalene (air) 2.30E-05 kg
NaCl 0.286 kg |Nitrobenzene 0.000149 kg
NOx 0.004377 kg
Particles 0.000764 kg
Propylenoxide 0.000486 kg
SO, 0.00264 kg
Toluene (air) 0.00065 kg
Emissions to water
AcidsasH ion 3.55E-05 kg
Ammonia NHj; (aq) 3.11E-06 kg
BOD 1.19E-05 kg
Chlorideions 0.010466 kg
COD 9.93E-05 kg
Metals (aq) 0.000143 kg
Nitrate (aq) 2.14E-06 kg
Qil, unspec. (aq) 2.88E-05 kg
Sodiumions (aq) 0.00077 kg
Sulphate ions (aq) 0.001614 kg
TSS 0.000531 kg
Materials/Products
Polyurethane (PUR) virgin 1 kg
Solid wastes
Hazardous waste 1.50E-05 kg
Industrial waste 0.02 kg

Data source: Data from UMIP project database.
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HIPS enclosure production

HIPS (High Impact Polystyrene) is used in the TV set production mainly for enclosure
material (back and front plates). HIPS is the dominating plastic material inthe TV set
and also the material that is exposed to the surroundings of the TV set. The HIPS plastic
IS, therefore, the material inthe TV set that is of importance to protect from fires with
flame retardants (FR). In TV applications, HIPS is usually flame retarded using a
combination of decabromodiphenylether (deca-BDE) and antimony oxide (Sb,O,). A
common composition for the flame-retarded plastic is approximately:

HIPS: 84 %
deca-BDE: 12%
Sb,0;: 4%

Inventory datafor the production of HIPS are available in a PWMI study from 1993. The
study covers only the production of HIPS and thus not the production of FR. A main
asgpect of this LCA Fire study isto compare the effects of the use of flame retarded
materials and not flame-retarded materials. To be able to do that the production of the
flame retardants are treated separately and the FRs are then mixed into the data for the
matrix plastic material. The datain Table 88 only describes the production of HIPS and
not the FRs. Data include raw material to factory gate and the production of electric
power isincluded in the figures.
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Table 88 LCI data for the production of HIPS. The LCI data refers to the pure
polystyrene plastics as calculated in the PWMI study. The flame retardants (FR)
are added separately and the LCI data for the production of the FRs are also
calculated separately.

Values per 1 kg Polystyrene (HIPS)

virgin
Inputs Outputs
Energy resources Emissions to air
Coadl 1.48 MJ |CO 0.0015 kg
Crude ail 44.73 MJ |CO,, fossil 1.8 kg
Energy unspecified 0.2 MJ |H,S 2.00E-06 kg
Natural gas 57.58 MJ |HC (air) 0.028 kg
Nuclear 1.02 MJ [HCI (air) 5.00E-05 kg
Energy resources-renewable HF (air) 2.00E-06 kg
Hydro Power 0.29 MJ |Metals (air) 1.00E-05 kg
Resources NOyx 0.025 kg
Bauxite AIO(OH) 0.002 kg |Particles 0.0033 kg
Ferromanganese 1.00E-06 kg |SO, 0.037 kg
Iron, Fe (ore) 0.0004 kg |Emissions to water
Limestone CaCO; 0.0002 kg |AcidsasH ion 0.00022 kg
Water 15 kg |AmmoniaNH; (ag) 0.00011 kg
Resources/Products BOD 0.00011 kg
Clay mineral 2.00E-05 kg |Chlorideions 0.0007 kg
NaCl 0.015 kg |COD 0.0014 kg
Metals (aq) 0.0011 kg
Qil, unspec. (aq) 0.00024 kg
TSS 0.0007 kg
Materials/Products
Polystyrene (HIPS) virgin 1 kg
Solid wastes
Hazardous waste 1.00E-06 kg
Industrial waste 0.043 kg
Mineral waste 0.017 kg
Slag and Ash 0.005 kg

Data source: Eco-Profiles of the plastic industry, Report 4, Polystyrene, lan Boustead, The
European Centre for Plastics in the Environment (PWMI), 1993.
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Epoxy resin production

The epoxy resin is mainly used in the production of the printed circuit boards and for
encapsulation of microelectronic circuits. The electronic componentsina TV set are
aways flame retarded. Epoxy products are mainly flame retarded using
tetrabromobisphenol-A (TBBPA). The epoxy matrix is usually reinforced with glass
fiber. The datain Table 89 shows inventory result from a PWMI study.

Table 89: LCI data for the production of epoxy. Data includes raw materials to
factory gate and electric power production.

Values per 1 kg Epoxy resin

Inputs Outputs

Chemicals Emissions to air

Gypsum CaS0, 1.30E-05 kg |Aldehydes (air) 4.70E-05 kg
KCl 0.029 kg |AmmoniaNH; (air) 4.00E-06 kg
N, chem. 0.12 kg |CFC (soft) 8.00E-06 kg
O, chem. 0.04 kg |Cl, (air) 6.00E-06 kg
Energy resources CO 0.0023 kg
Coadl 14.57 MJ |CO,, fossil 59 kg
Crude ail 30.68 MJ |F, (air) 1.00E-07 kg
Energy unspecified 35 MJ |H,S 3.00E-06 kg
Natural gas 83.88 MJ |H,SO, (air) 1.00E-07 kg
Nuclear 7.81 MJ |HC (air) 0.043 kg
Energy resources-renewable HC aromatics (air)  2.80E-05 kg
Hydro Power 1.36 MJ |HC chlorinated (air) 1.10E-05 kg
Resources HCI (air) 0.00039 kg
Baryte BaSO, 0.00041 kg |HF (air) 8.00E-06 kg
Bauxite AIO(OH) 0.0024 kg |Lead, Pb (air) 1.00E-07 kg
Bentonite 0.00013 kg |Mercaptans (air) 1.00E-07 kg
Dolomite CaMg(COs), 0.00029 kg |Mercury, Hg (air) 1.00E-07 kg
Ferromanganese 2.00E-06 kg |Metals (air) 6.00E-06 kg
Fluorspar CaF, 3.90E-05 kg [N,O 1.00E-07 kg
Gravel 8.00E-06 kg |NO 0.035 kg
Iron, Fe (ore) 0.0024 kg |Particles 0.016 kg
Lead, Pb (ore) 4.00E-06 kg (SO, 0.02 kg
Limestone CaCO; 0.71 kg |Emissions to water

Olivine 2.20E-05 kg |AcidsasH ion 6.20E-05 kg
Sand 0.0012 kg |AluminiumAl (ag) 1.00E-07 kg
Shale 3.70E-05 kg |AmmoniaNH;(ag) 5.00E-06 kg
Water 405 kg |BOD 0.0012 kg
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Table 89 (cont.)

Values per 1 kg Epoxy resin

Inputs Outputs

Resources/Products Calcium Ca (ag) 0.054 kg

Clay mineral 1.40E-05 kg |Carbonateions(ag) 0.015 kg

NaCl 18 kg |Chlorideions 0.98 kg
Chlorine Cl, (aq) 2.40E-05 kg
COD 0.051 kg
Copper Cu (ag) 1.00E-07 kg
HC (aq) 8.60E-05 kg
HC chlorinated (ag) 7.20E-05 kg
Iron Fe (aq) 1.00E-06 kg

Magnesium Mg (ag) 1.80E-05 kg

Mercury Hg (aq) 1.00E-07 kg

Metallic ions (aq) 0.00042 kg

N, total (aq) 1.00E-05 kg
Nickel, Ni (aq) 1.00E-07 kg
Nitrate (aq) 1.00E-06 kg
Qil, unspec. (aq) 6.90E-05 kg
P,Os (aq) 0.00022 kg
Phenol (aq) 1.20E-05 kg

Potassium K (aq) 0.00082 kg

Sorsulphides(ag) 1.00E-07 kg

Sodiumions (aq) 0.38 kg

Sulphateions(agq)  0.0081 kg

TSS 0.083 kg
Zinc, Zn (aq) 1.00E-07 kg
Materials/Products

Epoxy resin 1 kg

Solid wastes

Hazardous waste 0.019 kg

Industrial waste 04 kg

Slag and Ash 0.035 kg

Data source: Eco-Profiles of the plastic industry, Report 1,2, Epoxy, table 8-14, lan Boustead, The
European Centre for Plastics in the Environment (PWMI), 1995-1999.

Production of electronics

To be ableto recycle the electronics the electronic unitsin the TV set are treated
separately in the model. The electronics modul e treats the material flow for the
electronics only while other aspects are covered in the general module for the TV set
production.
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A4 1.2 Flameretardant production

Production of Antimony oxide

Antimony occursin the earths crust mainly as the mineral stibnite. Stibnite is the
sulphide mineral of antimony with the chemical formula of Sb,S.. Stibnite can be found
in many different locations all over the world. Large resources have been found in e.g.
Bolivia, Russiaand China. In many cases the stibnite mineral is mixed with other
sulphides. In such cases a separation process is required to separate the different metals
from each other. Pure stibnite mineral can however be found in e.g. China. In the
example used in this study aresource location in Chinais assumed. All production steps
except the final purification steps are carried out near the resource location thus no
energy or emission data have been available for the study. All figures for the production
have been calculated based on known processes. Several figures have been supplied
through personal communication with the process equipment supplier. The data reflect
only general production figures with energy use in focus. It has not been possible to
cover specific emissions from the production locations.

A schematic picture of the production steps in the production of antimony oxide from a
stibnite mineral is shown in Figure 56.

‘ Stibnite mining ‘

‘ Stibnite crushing ‘

| stibnite grinding |

|_Stibnite floatation |

| sb2S3drying |

| Oxidation of Sb2S3 to Sb203 | | Reduction of Sb2S3 to Sb |

| Sb203 re-volatilising | | Oxidation of Sb to Sb203

[Insert Sb203 pracess
distribution]

Sb203 virgin
RS L

Figure 56: Schematic figure showing the main production steps for antimony oxide
from a stibnite mine.

Stibnite mining

The production starts with the stibnite mining operation. The resource is assumed to
contain stibnite mixed with useless slag minerals. The data are based on the assumption
of open mines or other mines with vehicle transport. Datainclude loading of material and
hauler transport to crusher (1 km). Explosives or other excavation techniques are
excluded. Equipment production is also excluded.
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Table 90: Inventory data for mining of stibnite. Mainly data for vehicle/loaders
transport including precombustion data for the production of the diesel oil.

Values per 1 kg Stibnite, crude

Inputs Outputs

Energy resources Emissions to air

Crude oil 0.00241 MJ |CO 1.87E-07 kg

Resources CO,, fossil 0.000173 kg

Stibnite, crude 1 kg |HC (air) 1.10E-07 kg
N.O 3.50E-09 kg
NOyx 1.57E-06 kg
Particles 6.25E-08 kg
SO, 8.33E-08 kg
Emissions to water
COD 2.63E-09 kg
N, total (aq) 4.17E-10 kg
Qil, unspec. (aq)  8.78E-10 kg
Phenol (aq) 1.25E-09 kg
Resources
Stibnite, crude 1 kg

Data source: Data calculated by IVL.

Stibnite crushing

The crushing process is probably performed in 2 steps. A primary and a secondary
crusher with an assumed total particle size reduction from 125 mm to 12.5 mm. The
corresponding electric power consumption is assumed to be in the range of

1-5 kWh/ton processed material. 3 kWh/ton has been assumed for the model. The
module is supplied with electric power production mix for China

Stibnite grinding

To be able to separate the mineral by floatation the stibnite mineral isground. A particle
reduction from 12.5 mm to ca 0.1 mm has been assumed as appropriate for the floatation
process. The electric power consumption for the operation has been estimated to 15
kWh/ton processed material. It isworth noting that the particle size for floatation is
exponentially correlated to the electric power consumption.

Sibnite floatation

This module simul ates the floatation process of the crude stibnite ore to extract Sb,S,.
This modul e includes the floatation process, process pumping and floatation chemicals.
Data cover the electric power consumption.

Floatation: 3 kWh/ton processed material (including stirring and compressed air)
Pumping: 1.5 kWh/ton processed material.

Reagent: Potassium amy| xanthate

Activator: Pb(NO,),
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Standard foam agent
pH adjusting: H,SO, (dependent on the mineral)

S,S, drying

After the floatation process the purified mineral has to be dried prior to further
processing. A drying/dewatering process with a pressfilter is a frequently used method.
Thus, this method has been assumed in this module. The moister content after dryingis
5-8 %. Electric power consumption for the pressfilter is estimated to be 0.5 kWh/ton
processed material.

There are two main methods for producing antimony oxide from the antimony sulphide:

1. oxidation of Sh,S, to Sb,0O, followed by a purification step trough re-volatilising of the
Sb,0..

2. reduction of Sb,S, to metallic antimony (Sb) followed by oxidation of the metallic
antimony to Sb,0,.

(1a.) Oxidation of $,S, to S0,

The crude antimony sulphide is oxidised to crude antimony oxide using furnaces
operating at approximately 850-1000 °C. The reaction occurs according to the following
chemical formula:

2Sh,S,+90,> 25,0, +6 S0,

The reaction is strongly exothermic AH=-2828 kJ. An energy excess of 4.16 MJkg
Sh,S, can be expected. No actual emission data from the furnaces are available. The data
used are presented in Table 91. A significant emission of SO, from the process can be
expected. No gas cleaning equipment for SO, reduction has been assumed. It has been
assumed that the excess heat has not to been used due to the remote location of the mine.

Table 91: Inventory data for the oxidation of crude Sb,S, to crude Sb,0O,.

Values per 1 kg Sb,S;

Inputs Outputs
Chemicals Chemicals
Sb,S; 1 kg |Sh,0OsHIPS 0.858 kg
Energy carriers Emissions to air
Electric power 0.01 MJ |SO, 0.565 kg
Energy carriers
Energy steam/heat 4.16 MJ

Data source: Data calculated by IVL.

(1b.) 0,0, re-volatilising

There-volatilising process is a purification process where Sb,O, is vaporised and
condensed. Process data are considered as confidential material of the producer so no
process data has been available in the project. Thus, theoretically calculated data have
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been used. The calculations are based on the entire heat of vaporisation for Sb,O,. The
material is heated from 10 °C and vaporised at 1425 °C.

Cp(Sh,0,, s) = 346.5 JK*kg

Heat of melting (Sb,0,) = 211.7 kJ/kg
Heat of vaporisation (Sb,0,) = 128.1 kJkg
Melting temperature = 655 °C

V aporisation temperature = 1425 °C

The energy use for the process has, based on the calculations, been estimated to 0.9 MJ
heat energy/kg Sb,0O, produced and 0.2 MJ electric power/kg Sb,0, produced. A waste
content of 10 % of incoming material has also been assumed. From a global perspective
it is assumed that 50 % of the Sb,0, produced is produced by re-volatilising of Sb,O..

(2a.) Reduction of Sb,S,to S
The module describe the production of antimony metal from antimony sulphide (Sb,S,)
by areduction process with Fe according to the following reaction formula:

Sh,S, +3Fe> 2 Sb +3FeS

The reaction occursin amelt of Sb,S,, Fe and coal. The reactionisin general exothermic
but a supply of external heat is probably needed to produce enough heat for the melt. A
coal supply of 0.5 MJkg Sb,S, has been assumed. A small amount of electrical power for
the process has a so been assumed (5 MJ1000 kg Sb,S,). This process is used for rich
sources of Sb,S, (stibnite). The processis usually carried out at or near the mine. Actual
process data has not been available for the project.

(2b.) Oxidation of Sb to S, 0,

Production of Sb,O, from oxidation of the pure Sb metal usually takes place in Europe or
in the US. The oxidation processis exothermic. The enthalpy of formation for Sb,0O,
from its element is-705 kJmol at 298 K and 101325 Pa. Thus, no external energy is
required for the process. A small amount of electric power for the process has however
been assumed (1 kWh/1000 kg Sb,O, produced). No external use of excess energy from
the process has been assumed. No actual process data has been available in the study.
From aglobal perspectiveit isassumed that 50 % of the produced Sb,0, is produced by
direct oxidation of the pure metal.

General considerations

Of the world production of antimony metal the reduction process route dominates
(estimated to 70-80 %). The reduction process route has been estimated to 50 % for the
production of antimony oxide. Generally the production of crude antimony oxide and the
production of antimony metals take place near the resource location. Thus only the re-
volatilising of Sb,0, and the oxidation of the pure metal take place in Europe and in the
US. A local electric power production mix is assumed for the power supply of the mining
related processes. For the re-volatilising of Sb,O, and the oxidation of the pure metal an
OECD power production mix has been assumed.
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Production of Bromine

Production of Bromine by the Steaming-Out Process originally described by
Kubierschky has been assumed for the process route [2]. In this process chlorine is used
as an oxidant. The bromine source is assumed to be brine with a bromine concentration
of 5 g Br/l water. This concentration corresponds to production at the Dead Sea or at
brine resources in Arkansas or Michigan in the USA. A lower concentration can result in
higher energy consumption. To produce 1 kg of bromine the following consumptions are
assumed:

Steam/hest: 114 MJkg bromine
Electric power: 1 MJkg bromine
Chlorine: 0.55 kg/kg bromine

The steam for the actual steaming-out process has been assumed to be generated by a
fuel ail boiler. The energy efficiency of the boiler is set to 85 % and the sulphur content
is set to 0.5 %. Combustion with optimised combustion conditions and low NO, burner
has been assumed. The electric energy is used to cover general process operations. The
electric power is produced with an average power mix of USA and Israel to reflect the
main production sites of bromine.

For the chlorine production, the mercury process has been assumed. Table 92 shows the
production data used for the chlorine production.

Table 92: Production data for chlorine. Data are weight allocated between chlorine
and sodium hydroxide.

Values per 1 kg Chlorine

Inputs Outputs
Energy carriers Emissions to air
Electric power 6.3 MJ |CO,, fossil 0.002 kg
Resources/Products Mercury, Hg (air) 7.80E-07 kg
NaCl 0.875 kg |NOy 6.00E-05 kg
SO, 1.00E-05 kg
Emissions to water
Mercury Hg (aq) 1.60E-07 kg
Resources/Products
Chlorinevirgin 1 kg

Data source: KCL database, Finland. Modified by IVL.

Production of Deca-BDE
The production of deca-BDE can be described in three production steps:
1. Production of phenol.

2. Production of diphenylether from phenaol.
3. Bromination of diphenylether.
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Production of phenol

Severa different processes exist for the production of phenol. A common process uses
benzene from the petrochemical industries as a starting material. The benzene is further
process to phenol. LCI datafor atypical production of phenol is presented in Table 93.

Table 93: LCI datafor production of phenol.

Values per 1 kg Phenol

Inputs Outputs

Energy resources Emissions to air

Natural gas 749 MJ |Benzene (air) 0.00048 kg
CcoO 3.00E-06 kg
CO,, fossil 0.7 kg
Cobalt, Co (air) 3.10E-08 kg
Copper, Cu (air) 3.22E-07 kg
HC (air) 0.000686 kg
NOx 0.0019 kg
Particles 1.80E-05 kg
Phenol (air) 2.20E-05 kg
Toluene (air) 2.30E-05 kg
Emissions to water
HC (aq) 2.27E-06 kg
Materials/Products
Phenol virgin 1 kg

Data source: IDEMAT database, SPIN Phenol (1993).

Production of diphenylether from phenol

Several different processes exist for the production of diphenylether from phenol. A
simple condensation reaction of alcohols to form an ether only proceeds easily for
primary alcohols. For phenol a significant process modification is necessary. A good
description of the process development of diphenylether production can be found in the
US patent 5,288,922 [3] or in reference [4]. A modern production processis based on
thorium oxide (ThQO,, thoria) as a catalyst. This process is described, for example, in a
recent US patent 5,925,798 [5]. A thoria catalyst process has been assumed in this model.

Production datais strictly confidential for the manufacturer so no factory data has been
available for the study. All data are based on theoretical calculations. The process for
production of diphenylether is based on a condensation reaction of phenol to
diphenylether using thoria as a catalyst. This proceeds according to the following
reaction:

2 C,H,OH - CH.OCH, +H,0
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The process is assumed to involve:

1. Heating of phenal to atemperature of 450 °C

2. Reaction of the phenol over the catalyst to form diphenylether.
3. Distillation of unreacted phenol for recycling.

4. Heat exchange to save energy.

The calculations assume that the heat needed for the reaction is lower than the heat
needed to heat up phenal to the reaction temperature. No extra energy has been assumed
for the distillation. The consumption of thorium for the catalyst is only arough
estimation. For the production of 1 kg of diphenylether, the following consumption is
assumed:

Energy steam/heat: 1 MJkg diphenylether

Electric power: 0.1 MJkg diphenylether
Thorium: 1E-8 kg/kg diphenylether
Phenol: 1.106 kg/kg diphenylether

The life-cycle aspect of thorium has not been covered in this study. Thorium itself is
used in several applications as ametal and in different compounds. Thorium oxide has
aso been used as a catalyst in the conversion of ammoniato nitric acid, in petroleum
cracking and in the production of sulphuric acid. In addition the metal can be a source of
nuclear power. There is probably more energy available for use from thorium in the
minerals of the earth's crust than from both uranium and fossil fuels. Any sizeable
demand for thorium as a nuclear fuel, however, is still several yearsin the future. The
production and waste handling of thorium has not been considered. Thoriumisa
radioactive element and no stable isotope exists. Thus, specia careisrequired in process
operations. Thorium iswidely distributed naturally in the environment and there are
large deposits of the resource mineral monazite, a complex phosphate containing
uranium, cerium and other lanthanides. The extraction of thorium from monaziteis a
complicated process. The only oxide, ThO,, is obtained by ignition of oxo acid salts or of
the hydroxide. No life-cycle inventory data of the thorium process chain has been found.

Bromination of diphenylether [6]

This modul e describes the production of decabromodiphenylether (deca-BDE) by
bromination of diphenylether. As the bromination reaction proceeds, the aromatic ring
becomes deactivated towards further substitution and the reaction can only proceed
towards further substitution with a Lewis acid as a catalyst and excess of bromine.
Common catalysts are aluminium chloride (AICl,) or iron bromide (FeBr,). The
production of the catalyst has not been considered in the study. For a high bromine
substitution a halogenated organic solvent is usually used. Hydrogen bromineis also
formed as a by-production in the reaction. No direct production data from the
manufacturer has been available for the project. Data are thus based on literature data,
calculations and estimations. Electric power consumption and heat use has been
estimated. Electric power is used for general process operations such as stirring,
pumping etc. and heat is e.g. needed for drying etc. The production of 1 kg of deca-BDE
Is estimated to be associated with the following consumption:
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Diphenylether:  0.1775 kg/kg deca-BDE

Bromine: 1.5 kg/kg deca-BDE
FeBr,: 0.01 kg/kg deca-BDE
Steam/heat: 1 MJkg deca-BDE

Electric power: 0.1 MJkg deca-BDE

In the bromination process deca-BDE is formed with a conversion > 97 %. Octa-BDE
and nona-BDE are also formed in small quantitiesin the process. In the production of
deca-BDE bromine can be used as both reactant and reaction medium. Diphenylether is
added to the bromine in the presence of a catalyst. The reaction is slightly exothermic but
no cooling of the reaction massis required as the refluxing bromine via an external
condenser removes the heat. If a pressure build-up should occur, the feed of
diphenylether would be stopped automatically. The hydrogen bromide evolved is
absorbed in two scrubbing towers arranged in series, which use water to produce a
hydrobromic acid liquor of typically 47-48 % for subsequent use in the manufacture of
other brominated compounds. Gases are released from the scrubbing system to the
atmosphere. A solvent is added to the product to promote handling and excess unreacted
bromine isdistilled from the reactor. The product is washed with water and the wash
water is transferred to the hydrobromic acid. The solvent is removed by centrifuging and
drying under vacuum. The final product is ground and packed for distribution. Liquid
effluents from the production are treated in a site effluent treatment plant, which
comprises sedimentation and filtration. The cleaned effluent is discharged to the
seawater.

Data are avail able that cover the emission situation in the production of the flame
retardants (i.e., the bromination process). The reference report to this chapter covers an
overview of the emission situation for the common production of all flame retardants and
thusis not specifically for a certain compound. The data are based on theoretical
assumptions/calculations and only in afew cases actual measurement data.

Generally the brominated compounds have very low volatility. The volatility decreases
with increased bromine substitution. The amount of brominated compounds released to a
vapour phase can thus be assumed to be low. However, a batch process that proceeds
through lower brominated compounds is used and could possibly contribute to a higher
vapour phase concentration. The vapour phase emission can originate from the by-
product (HBr), from purge nitrogen stream from the reactor, drying of FR and from
pressure release. The deca-BDE vapour emission has, in total, been estimated to

3x10° mg/ton deca-BDE produced. Emissions of other brominated components than the
product have not been considered.

Emissions of brominated flame retardants, as particul ates are considerably higher than
those of the material as vapour. The particle emissions emanate mostly from the drying
and packaging processes. The particle emission of deca-BDE has been estimated to a
maximum of 70 g/ton of deca-BDE produced. The vapour and particle emissions of
deca-BDE have been grouped together and are classified in the model as an emission of
deca-BDE (air).

In general, the use of water in the production processes of brominated flame retardantsis
low. The water solubility of the FRsis also low. The solubility of deca-BDE in water is,
however, much lower than for TBBPA. The emissions of FRs to water can thus be
expected to be low. The main use of water in the processesisrelated to the scrubbing of
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hydrobromide and the washing of the final product. Other sources include reactor wash
water, and spillage wash water. Water with a high HBr content is however used in other
production steps. Wastewater is also treated in an effluent wastewater treatment plant
before release to the environment. The total discharge to water is estimated to 0.7 kg
deca-BDE/ton deca-BDE produced.

The amount of waste generated in the production has been roughly estimated to 10
kg/ton deca-BDE. However, large variations exist. The waste originates from filters,
residues, cleaning operations etc. and can thus contain considerable amounts of flame
retardants. The waste has, in the model, been classified as hazardous waste.

Production of Tetrabromobisphenol-A
The process can be described in two process steps:

1. Production of bisphenol A
2. Bromination of bisphenol A

Production of bisphenol A

The modul e describe the production of Bisphenol A (2,2-bis (4-hydroxyphenyl)propane),
BPA. Production approximated. Bisphenol A is manufactured by condensation of 2
moles phenol with 1 mole acetone in the presence of an acid catalyst according to:

2 C,H,OH + CH,COCH, > C.OH, +H,0

1572 "16

Bisphenol A isused for the manufacture of e.g. epoxy resin, polycarbonates and
brominated flame retardants.
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Table 94: LCI datafor production of phenol.

Values per 1 kg Bisphenol A

Inputs Outputs

Energy resources Emissions to air

Crude ail 29  MJ |Aldehydes (air) 6.60E-07 kg

Natural gas 23.9 MJ |Ammonia NH; (air) 1.46E-06 kg
CcoO 0.00025 kg
CO,, fossil 1.63 kg
Dichloromethane (air) 0.001 kg
HC (air) 0.00429 kg
NOy 0.0268 kg
Particles 0.000252 kg
SO, 0.00438 kg
Emissions to water
BOD 0.0001 kg
COD 6.00E-05 kg
HC (ag) 2.22E-05 kg
HC aromatic (aq) 3.00E-05 kg
Nitrate (aq) 1.00E-05 kg
Phenol (aq) 6.00E-05 kg
Materials/Products
Bisphenol A virgin 1 kg
Solid wastes
Industrial waste 0.032 kg

Data source: IDEMAT database, SPIN Polycarbonates (1993), Chalmers (1991).

Bromination of bisphenol A [7]

This modul e describes the production of tetrabromobisphenol-A (TBBPA) by
bromination of bisphenol A. The process can be expected to be relatively similar to the
bromination of diphenylether. A typical reaction yield of TBBPA is99.5 %, i.e., only
small amounts of congeners are formed. According to the literature no catalyst seemsto
be necessary for the production of TBBPA and hydrogen bromide formed in the reactor
is eliminated by, for example, oxidation with hydrogen peroxide. No production data
from manufacturer has been available for the project. Data are based on calculations.
Electric power consumption and heat use has been estimated. Electric power is used for
general process operation such as stirring, pumping etc. and the heat is, for example,
used for drying. The production of 1 kg of TBBPA is estimated to be associated with the
following consumption:

Bisphenol A: 0.4198 kg/kg TBBPA
Bromine: 1 kg/kg TBBPA
Steam/heat: 1 MJkg TBBPA
Electric power: 0.1 MJkg TBBPA
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The emissions are briefly covered in the reference to this chapter and the general
assumptions are described in the presentation of the production of deca-BDE. The
TBBPA vapour emission has, in total, been estimated to 3x10° mg/ton TBBPA
produced. However, in the Broomchemie process where the hydrogen bromideis
immediately converted to bromine in the reactor the emission can be much smaller.
Emissions of brominated flame retardants as particul ates are considerably higher than
those of the material as vapour. The particle emission has been estimated to a maximum
of 70 g TBBPA/ton of TBBPA produced. The vapour and particle emissions of TBBPA
have been grouped together and are classified in the model as an emission of TBBPA
(air). Thetotal discharge to water is estimated to 0.7 kg TBBPA/ton TBBPA produced.
The amount of waste generated in the production has been roughly estimated to 10
kg/ton TBBPA produced. However, large variations exist. The waste originates from
filters, residues, cleaning operations etc. and can thus contain considerable amounts of
flame retardants. The waste has, in the model, been classified as hazardous waste.

A413 TV use

The inventory data for the use of the TV set during its lifetime consist of the electric
power consumption. The TV specifications describing the electric power consumption
are found in the table below:

Effect at stand by: 3W

Effect in operation: 81w

Time at stand by: 18.7 h/day

Timein operation: 5.3 h/day

Timein use 365 days/year

Lifetime of the TV set: 10 years (designed lifetime)

Data source: Wenzel H. Miljévurdering i produktudviklingen - 5 eksempler,
UMIP project Denmark.

Thisresultsin an electric power consumption of 1771.7 kWh/10 years (6378 MJ/10
years). The electric power is delivered with an OECD power production mix.

A414 Fire

I ntroduction

The data source for the fire modules is the different fire experiments performed in the
project. The fire experiments have aready been presented in chapter 4. Thus, the
inventory description of the fire modules describes the life cycle representation of the
fire experiments. In the different fire modules in the model the fire experiments have
been tranglated into a mathematical form to be used in the model calculations. In the
following sections the calculations for the different modul es together with a short
modul e description can be found.
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TV FireFailure (NFR and FR TV)

In thismodule alimited internal firein the TV electronics cause afailure so that the TV
set has to be repaired or replaced. The assumption in the study isthat only 30 % of the
TV setswill bereplaced. Theremaining TV setswill be repaired. Of the 30 % replaced
TV setsonly 50 % will be replaced in the model due to the lifetime aspects of the failed
TV set. No emissions or resource use occurs in this process.

TV Fire(NFR TV)

The data describes afire in asingle non-flame retarded TV set (the printed circuit board
is flame retarded). The emission of HCN, NH,, SO, and NO, did not exceed the limit of
quantification. Corresponding datafor aflame retarded TV set does not exist because no
fire occurred when asingle FR TV set wasignited. Thus, no single FR TV fires have
been included in the life cycle models.

Table 95 Parameter specification for the TV Fire (NFR) module.

Inputs Outputs
Chemicals Emissions
deca-BDE HIPS [ka] TBDD equiv. Eadon [kg]
Sh,O; HIPS [ka] TCDD equiv. Eadon [kq]
TBBPA €lectronics [kg] Emissions to air
Materials/Products 6(0) [kq]
ABSplastics [kg] CO,, fossil [kq]
Aluminium, Al [kd] deca-BDE (air) [kq]
Aluminium, Al electronics [kg] HBr (air) [kg]
Burnable material [kq] HC (air) [kq]
Burned material [kg] HCI (air) [kg]
Copper, Cu [kd] PAH [ka]
Copper, Cu €electronics [kq] PCB [kg]
Epoxy electronics [ka] Sb (air) [kq]
Glass [kd] TBBPA (air) [ka]
Glass fibre/SiO, electronics [kq] XCO,, fossil, burnable [kd]
Iron, Fe [ka] Emissions to water
Iron, Fe electronics [kq] Aluminium Al (aq) [kq]
Polycarbonate (PC) [kg] Copper Cu (aq) [kg]
Polystyrene (HIPS) [kd] Iron Fe (aq) [kq]
Polyurethane (PUR) [kg] Zinc, Zn (aq) [ka]
PVC [kq] Solid wastes
Zinc, Zn [kd] Fire waste (unburned [kg]
hydrocarbons and ash)
Products
Replaced TV set [TV]
TV set [TV]
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Table 96 Equations defining the simulation results of the TV Fire (NFR) module.

Additional Equations "

Emissions

TBDD equiv. Eadon=6.7E-010* Burned material

TCDD equiv. Eadon=1E-009* Burned material

Emissions to air

C0O=0.068*Burned material

CO,, fossi|=0.9* X CO,, fossil, burnable

deca-BDE (air)=3.4E-009* Burned material

HBr (air)=0.844* deca-BDE HIPS+0.595* TBBPA €lectronics

HC (air)=0.0211* Burned material

HCI (air)=0.35*PVC

PAH=0.0045* Burned material

PCB=9.1E-010* Burned material

Sb (air)=0.835* Sb,0; HIPS

TBBPA (air)=2.73E-005* Burned material

XCO,, fossil, burnable=0.55* deca-BDE HIPS+1.21* TBBPA electronics+3.11*ABS
plastics+2.78* Epoxy electronics+2.78* Polycarbonate (PC)+3.37* Polystyrene
(HIPS)+2.27* Polyurethane (PUR)+1.41*PVC

Emissions to water

Aluminium Al (ag)=Aluminium, Al+Aluminium, Al electronics

Copper Cu (ag)=Copper, Cu+Copper, Cu electronics

Iron Fe (ag)=Iron, Fe+lron, Fe electronics

Zinc, Zn (ag)=Zinc, Zn

Materials/Products

Burnable material=deca-BDE HIPS+TBBPA electronics+ABS plastics+Epoxy
€l ectronics+Polycarbonate (PC)+Polystyrene (HIPS)+Polyurethane (PUR)+PVC

Burned material=0.9* Burnable materia

Products

Replaced TV set=0.5*TV set

Solid wastes

Fire waste (unburned hydrocarbons and ash)=Burnable material-Burned material +Aluminium,
Al+Aluminium, Al electronics+Copper, Cu+Copper, Cu electronics+Glass+Glass fibre/SiO,
electronics+lron, Fe+lron, Fe electronics+Zinc, Zn

1) Data from the fire experimentsin the project.

TV/Room Fire (NFR TV)

This module covers datafrom a TV fire that also include an entire room fire. The TV set
is the ignition source. The emission data from the combustion of the room materialsis
aso included as the room fireis caused by the TV set. The variable list and the
calculation model are shown in Table 97 and Table 98. The emission of NO, did not
exceed the limit of quantification.
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Inputs Outputs

Chemicals Emissions

deca-BDE HIPS [kd] TBDD equiv. Eadon [kd]
Gypsum CaS0, ] TCDD equiv. Eadon ]
Sh,O; HIPS [ka] Emissions to air

TBBPA €lectronics [k Ammonia NH; (air) [kd]
Materials/Products CO [kd]
ABSplastics [kd] CO,, fossil [kd]
Aluminium, Al [kq] deca-BDE (air) [kqg]
Aluminium, Al electronics  [kg] HBr (air) ]
Brass [kqg] HC (air) [kd]
Burnable material k] HCl (air) ]
Burned material [kd] HCN [kd]
Copper, Cu [kq] PAH [kd]
Copper, Cu electronics [kd] Sbh (air) [kq]
Cotton DS [kd] SO, [kd]
EPDM [ka] TBBPA (air) [kg]
Epoxy electronics [kq] XCO,, fossil, burnable [kg]
Glass [kqg] Emissions to water

Glassfibre/SiO, electronics  [kg] Aluminium Al (aq) [kd]
Iron, Fe [kd] Copper Cu (aq) [kq]
Iron, Fe electronics [kd] Iron Fe (aq) [kq]
Leather DS [kd] Zinc, Zn (aq) [kd]
Paper DS [kd] Solid wastes

Polycarbonate (PC) [kq] Fire waste (unburned hydrocarbons and ash) [kg]
Polyethylene (PE) [kq]

Polypropylene (PP) [kg]

Polystyrene (HIPS) [k

Polyurethane (PUR) ]

PVC [kal

Wood DS [kd]

Wool DS k]

Zinc, Zn [kd]

Products

Replaced TV set [TV]

TV set [TV]

Resources

Marble [kd]

Resources/Products

Concrete [kq]

Macadam [kd]

Rockwool [kd]

Specifications

House fire area [m?]

House replacement area [m?]

Interior fire area

[m]
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Table 98 Equations defining the ssmulation results of the TV/Room Fire (NFR)
module.

Additional Equations 1)

Emissions

TBDD eguiv. Eadon=2.7E-008* TV set

TCDD equiv. Eadon=1.1E-008*TV set

Emissions to air

Ammonia NH; (air)=0.000894* Burned material

C0=0.034*Burned material

CO,, fossi|=0.9* X CO,, fossil, burnable

deca-BDE (air)=5.4E-007* TV set

HBr (air)=0.844* deca-BDE HIPS+0.595* TBBPA €lectronics

HC (air)=0.000894* Burned material

HCI (air)=0.35*PVC

HCN=0.00157*Burned material

PAH=0.000404* Burned material

Sb (al r):0.835* szOg HIPS

S0,=0.0059* Burned material+0.047* Gypsum CaSO,

TBBPA (air)=9E-006* TV set

XCO,, fossil, burnable=0.55* deca-BDE HIPS+1.21* TBBPA €electronics+3.11*ABS
plastics+2.78* Epoxy electronics+2.78* Polycarbonate (PC)+3.37* Polystyrene
(HIPS)+2.27* Polyurethane (PUR)+1.41* PV C+1.8* Cotton DS+3.14* EPDM +1.94* L eather
DS+1.47*Paper DS+3.14* Polyethylene (PE)+3.14* Polypropylene (PP)+1.91*Wood
DS+1.83*Wool DS

Emissions to water

Aluminium Al (ag)=Aluminium, Al+Aluminium, Al electronics

Copper Cu (ag)=Copper, Cu+Copper, Cu electronics

Iron Fe (ag)=Iron, Fet+lron, Fe electronics

Zinc, Zn (ag)=Zinc, Zn

Materials/Products

Burnable material=deca-BDE HIPS+TBBPA electronics+ABS plastics+Cotton DS+EPDM+Epoxy
electronics+Leather DS+Paper DS+Polycarbonate (PC)+Polyethylene (PE)+Polypropylene
(PP)+Polystyrene (HIPS)+Polyurethane (PUR)+PV C+Wood DS+Wool DS

Burned material=0.9* Burnable material

Products

Replaced TV set=0.5*TV set

Solid wastes

Fire waste (unburned hydrocarbons and ash)=Burnable material-Burned material+Gypsum
CaSO,+Aluminium, Al+Aluminium, Al electronics+Brass+Copper, Cu+Copper, Cu
electronicst+Glasst+Glass fibre/SiO, electronics+Iron, Fetlron, Fe electronics+Zinc,
Zn+Marble+Rockwool

Specifications

House fire area=16*TV set

House replacement area=8*TV set

Interior fire area=16*TV set

1) Data from the fire experimentsin the project.
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TV/House Fire(NFR TV)

This module covers datafrom aprimary fireinaNFR TV set fire that spreads to include
an entire house fire. The TV set isthe ignition source and thus the emission data from the
house is included in the model. The house fire model is based on the TV room
experiment. The model of the room fire is scaled to include an entire house. The model

of the room fire thus also include a part of the house and not only furniture etc.. The
same variables as in Table 97 have been used. The emission of NO, did not exceed the
limit of quantification. The calculation model is shown in Table 99.

Table 99 Equations defining the simulation results of the TV/House Fire (NFR)
module.

Additional Equations”

Emissions

TBDD equiv. Eadon=2.7E-008*TV set

TCDD eguiv. Eadon=1.1E-008* TV set

Emissionsto air

Ammonia NH, (air)=0.000894* Burned materia

C0=0.034* Burned material

CO,, fossi|=0.9* XCO,, fossil, burnable

deca-BDE (air)=5.4E-007* TV set

HBr (air)=0.844* deca-BDE HIPS+0.595* TBBPA €electronics

HC (air)=0.000894* Burned material

HCl (air)=0.35*PVC

HCN=0.00157* Burned material

PAH=0.000404* Burned materia

Sb (air)=0.835* Sb,0, HIPS

S0,=0.0059* Burned material+0.047* Gypsum CaSO,

TBBPA (air)=9E-006* TV set

XCO,, fossil, burnable=0.55* deca-BDE HIPS+1.21* TBBPA electronics+3.11*ABS
plastics+2.78* Epoxy electronics+2.78* Polycarbonate (PC)+3.37* Polystyrene
(HIPS)+2.27* Polyurethane (PUR)+1.41* PV C+1.8* Cotton DS+3.14* EPDM +1.94* L eather
DS+1.47* Paper DS+3.14* Polyethylene (PE)+3.14* Polypropylene (PP)+1.91*Wood
DS+1.83*Wool DS

Emissionsto water

Aluminium Al (ag)=Aluminium, Al+Aluminium, Al electronics

Copper Cu (ag)=Copper, Cu+Copper, Cu electronics

Iron Fe (ag)=Iron, Fe+lron, Fe electronics

Zinc, Zn (ag)=Zinc, Zn

Materials/Products

Burnable material=deca-BDE HIPS+TBBPA electronics+ABS plastics+Cotton
DS+EPDM+Epoxy electronics+L eather DS+Paper DS+Polycarbonate (PC)+Polyethylene
(PE)+Polypropylene (PP)+Polystyrene (HIPS)+Polyurethane (PUR)+PV C+Wood DS+Wool DS

Burned material=0.9* Burnable materia

Products

Replaced TV set=0.5*TV set

Solid wastes

Fire waste (unburned hydrocarbons and ash)=Burnable material-Burned material+Gypsum
CaSO,+Aluminium, Al+Aluminium, Al electronics+Brass+Copper, Cu+Copper, Cu
electronicst+Glasst+Glass fibre/SiO, electronics+lron, Fetlron, Fe electronicst+Zinc,
Zn+Marble+Rockwool
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Table 99 (cont.)

Specifications

House fire area=121*TV set

House replacement area=60.5*TV set

Interior fire area=121*TV set

Y Data from the fire experiments in the project.

Secondary TV fires

In the secondary TV fires, the TV set is not the ignition source. The fire has thus been
caused by an external source that in this case is outside the system boundary of the study.
The TV set is however inside the system boundary. The secondary fire thus represents
the TV sets contribution to the fire that include external ignition materials, in this case a
room or a house. No direct data can be found from the fire experiments because it is not
possible to distinguish the emissions from room materials from the TV set. Instead the
datafromthe single TV set fire experiment has been used as a base. General emission
levels from that experiment in combination with calculated data form the calculation
model for the module.

A4 15 Replacement of burned material

I ntroduction

A fire can be considered as a process where the lifetime of aproduct is shortened. Thus,
the product has to be replaced earlier then for the normal ageing process. This resultsin
an increased product production with a corresponding increase in energy use and
emission release. As an average figure a 50 % reduction of the lifetime has been
assumed. However, the risk for afire based on a product (TV) failure is probably largest
in the beginning and at the end of the life-time according to the bath tub shaped product
failure curve.

TV replacement

The TV set replacement figures are equal to the production figures used for the
production of the new TV sets. However, the figures will be reduced with 50 % to reflect
the lifetime shortening (only 50 % of the TV setswill be replaced). The effect in the
model of the TV replacement will thus be an overall increased TV set production.

House replacement

The module covers the production of awooden domestic dwelling from raw material to
the factory gate. The house is a prefabricated standard Swedish dwelling produced by
Myresj6 (Villavéaxa D548). The house areais 121 m?. Data covers only the production of
the house and thus not decoration, furnishing, equipment (stove, refrigerator, freezer,
washing machine etc.).
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Table 100: L CI data for production of a house excluding interior decoration such as
furniture etc. The house is a wooden dwelling with 121 m? ar ea.

Values per 1 House

Inputs Outputs
Chemicals Emissions to air
Gypsum CaS0, 5107 kg |Aldehydes (air) 11 kg
Energy carriers AmmoniaNH; (air) 6.6 kg
Electric power 36850 MJ [CO 89 kg
Energy resources CO,, fossl 14400 kg
Coa 59840 MJ [HC (air) 85 kg
Crude ail 29890 MJ |HC chlorinated (air) 0.18 kg
Natural gas 5190 MJ [HCI (air) 011 kg
Material §/Products Metals (air) 0.004 kg
Iron, Fe 1109 kg |[N,O 019 kg
Resources NOx 96 kg
Copper, Cu (ore) 56 kg |Particles 20 kg
Marble 118 kg |SO, 48 kg
Timber 14000 kg |Emissions to water
Zinc, Zn (ore) 5 kg |AcidsasHion 0.12 kg
Resources/Products BOD 0.16 kg
Concrete 52712 kg |Chlorideions 15 kg
Macadam 71940 kg |COD 12 kg
Rockwool 3666 kg |Metals(aq) 0.17 kg
Specifications N, total (aq) 0.04 kg
House area 121 m? |Oil, unspec. (aq) 0.08 kg
Sodiumions (aq) 1.8 kg
Sulphateions(agq) 052 kg
TSS 0.76 kg
Materials/Products
House 1 house
Solid wastes
Hazardous waste 4 kg
Industrial waste 1203 kg
Mineral waste 2050 kg
Slag and Ash 0.38 kg
Specifications
House area 121 m?

Data source: Environmental declaration, Myresjéhus AB. Declaration performed by TRATEK,
Martin Erlandsson.
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Replacement of interior materials

The module covers the production of the interior material in the house. That material has
to be replaced after afire. 50 % of the production burden has been allocated for the
replacement due to the average lifetime of the furniture that is burned in the fire. A house
can of course contain alot of different material. However, these calculations are based
on the interior specifications for the fire experiments. The LCA production data for the
materials are estimations. This module specifies the incoming and outgoing materials for
the production of the specified 16 m? room. Thisinternal load will also reflect a certain
fire energy load. LCI modules for the production of the most significant materials (paper,
wood and polyurethane) are also added to the interior material production module. By
calculating the interior load per areathe fire area can be scaled when an equal interior
material load is assumed. The interior load can however deviate significantly in specific
part of a house such as washing rooms and kitchens. The electric power used for the
production of the different materials has been estimated to 30 kWh for the entire room
(16 m?). The material and energy specification is shown in Table 101.

Table 101: Specificationsfor theinterior material production.

Values per 16 m* House area

Inputs Outputs
Energy carriers Materials/Products
Electric power 108 MJ |Armchair 38 kg
Materials/Products Books 218 kg
Cotton DS 15 kg |[Bookshelf 40 kg
Leather DS 10 kg |Carpet 8 kg
Paper DS 218 kg |Coffeetable 26 kg
Polyurethane (PUR) 30 kg |Corner bookshelf 52 kg
Wood DS 178 kg |Curtains 5 kg
Wool DS 8 kg |Sofa 72 kg
Specifications
House area 16 m?

Data source: Data calculated by VL and SP.
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A4 1.6 Wastehandling

L andfill

The model unit describe the landfill of TV sets and materials. To understand the
processes in alandfill and thus to calculate the specific emissionsis avery difficult tasks
and can only be done in general terms. In this study the emission data are based on a
surveyable time period of 100 years. Thus, the emissions represent the emissions
released during the first 100 years of the landfill. Only a minor part of the emissions will
be released to the recipient during this period. The major part of the materialsis still in
the landfill after 100 years and will be released/broken down during the following time
period. An equation model has been used to calculate the parameters in the landfill
module. In Table 102 the module parameters are defined and in Table 103 the equations
are shown.

Table 102: Parameter specification for the landfill module.

Inputs Outputs

Chemicals Emissions to air

deca-BDE HIPS [kd] CH, [kq]
Sh,0; electronics [kq] CO,, fossil [ka]
Sb,0; HIPS [ka] HC (air) [kg]
TBBPA electronics [kd] Styrene (air) [ka]
Materials/Products Emissions to water

ABSplastics [kqg] Aluminium Al (aq) [kg]
Aluminium, Al [kd] Ammonia NH; (aq) [kg]
Aluminium, Al electronics  [kg] Antimony Sb (aq) [kg]
Copper, Cu [kd] BOD [kg]
Copper, Cu electronics [kd] COD [kg]
Epoxy electronics ] Copper Cu (aq) [kg]
Glass [kq] Deca-BDE (solid) [ka]
Glassfibre/SiO, electronics  [kg] Iron Fe (aq) [kg]
Iron, Fe [kq] Lead Pb (aq) [ka]
Iron, Fe electronics [kq] Phthalate [ka]
Polycarbonate (PC) [kq] Tetrabromobisphenol-A (agq)  [kdg]
Polystyrene (HIPS) [kqg] Vinyl chloride monomer [kg]
Polyurethane (PUR) [kqg] Zinc, Zn (aq) [ka]
PvC [kq] Solid wastes

Zinc, Zn [kq] Industrial waste [ka]
Products

TV set [TV]
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Table 103: Equations defining the simulation results of the landfill module.

Equations

Emissions to air

CH4=0.116*PV C+0.0182* ABS plastics+0.0155* Polycarbonate (PC)+0.0118* Polyurethane
(PUR)+0.0214* Polystyrene (HIPS)+0.0145* Epoxy €electronics

CO,, fossil=0.224* PV C+0.0357* ABS pl astics+0.0391* Polycarbonate (PC)+0.0328* Polyurethane
(PUR)+0.039* Palystyrene (HIPS)+0.0333* Epoxy electronics

HC (air)=CH4+Styrene (air)

Styrene (air)=0.02* Polystyrene (HIPS)

Emissions to water

Aluminium Al (ag)=0.0001* Aluminium, Al+0.0001* Aluminium, Al electronics

Ammonia NHj3 (ag)=0.0036* Polyurethane (PUR)

Antimony Sb (ag)=0.001* Sb,0; electronics+0.001* Sh,O3; HIPS

BOD=0.0012*PV C+0.00018* ABS plastics+0.00017* Polycarbonate (PC)+0.00014* Polyurethane
(PUR)+0.0002* Polystyrene (HIPS)+0.00015* Epoxy electronics

COD=0.0045*PV C+0.00071* ABS plastics+0.000675* Polycarbonate (PC)+0.00054* Polyurethane
(PUR)+0.0008* Polystyrene (HIPS)+0.0006* Epoxy €electronics

Copper Cu (aq)=7E-005* Copper, Cu+7E-005* Copper, Cu electronics

Deca-BDE (solid)=0.0001*deca-BDE HIPS

Iron Fe (ag)=0.0001*Iron, Fe+0.0001* Iron, Fe electronics

Lead Pb (ag)=1E-007*Glass

Phthalate=0.00025* PV C

TBBPA (ag)=0.0001* TBBPA electronics

Vinyl chloride monomer=7.5E-007*PVC

Zinc, Zn (ag)=0.0002*Zinc, Zn

Solid wastes

Industrial waste=deca-BDE HIPS+Sh,O; el ectronics+Sh,0O; HIPS+TBBPA €electronicstABS
plasticstAluminium, Al+Aluminium, Al electronics+Copper, Cu+Copper, Cu el ectronics+Epoxy
electronics+Glass+Glass fibre/SiO, electronics+Iron, Fe+lron, Fe electronics+Polycarbonate
(PC)+Polystyrene (HIPS)+Polyurethane (PUR)+PV C+Zinc, Zn

Data source: Module eguations specified by 1VL.
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I nciner ation

The incineration processin general including emission calculations and datainput to LCI
is described in chapter 6. In this chapter only some specific details concerning the
inventory and the model calculations will be presented. The inventory datafor the
incineration process coversthe incineration of TV sets and disassembled materials from
TV sets. The parameters used in the calculations can be found in Table 104 and the
calculation model is presented in Table 105. It is assumed that the TV sets and materials
from the disassembly process are incinerated in standard waste incinerators with a
relatively high degree of flue gas cleaning. The TV sets are thus only a part of the total
waste flow to the incinerator. The total amount of different wastes also result in atotal
amount of emissions from the incinerator. Thus, to be able to calculate the emissions
from the TV setsthe total emission must be allocated to the different types of waste
input. This method chosen is atypical multi-input allocation. The methodology used in
the study for the allocation is described in [Stripple H., A Theoretical Aspect of Product
Allocation for Incineration of Waste in Life Cycle Assessment].

Wherever possible the different emissions have been calculated directly from the
material content e.g. CO,, HCI, HBr and metal emissions. Emissions that are related to
the combustion conditions in the incinerator have been calculated based on an assumed
emission level from atypical incinerator, which has been allocated to the TV sets or to
the TV set materials. The emission of CO has been allocated to the carbon content of the
different materialsin the TV set. The emissions of hydrocarbons (HC) and PAH have
been allocated to the total amount of organic materialsi.e. total amount of plastic
materials. The emission of particles has been allocated to the total amount of waste (all
the different TV set materials can contribute to the particle formation in the incinerator
however, the particle content will be different). The emissions of dibenzodioxins (TBDD
and TCDD) are perhaps the most difficult parametersto allocate. In this study an
allocation based on the content of chloride and bromidein the TV set materials has been
used. The emission levels of dibenzodioxins from atypical waste incinerator have been
used to calculate atypical dioxin emission per input amount of chloride and bromide.
The chloride and bromide input has then been used to calculate the emissions. The
assumption isonly valid for a particular chloride and bromide load of the incinerator.
The allocation used does not provide an entirely accurate picture of the dioxin emission
situation but will act as an indication of the emission levels. The allocation background
of the dioxin datais an important factor to bear in mind when the results are interpreted.

The energy production from the incineration has also been calculated. In the incineration
process the energy content of the different combustible materialsin the TV set can be
transformed into useful energy, for example, for use in district heating. The energy
produced can therefore replace other types of fuels and thereby reduce emissions and
save energy resources.
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Table 104 Parameter specification for the incineration module.

Inputs Outputs
Chemicals Chemicals
deca-BDE HIPS [kg] [HBr [kg]
Sh,0; HIPS [kg] |Emissions
TBBPA electronics [kg] |TBDD equiv. Eadon [kg]
Materials/Products TCDD equiv. Eadon [kg]
ABS plastics [kg] |Emissions to air
Aluminium, Al [kg] |CO [kg]
Aluminium, Al electronics  [kg] |CO,, fossil [kq]
Copper, Cu [kg] [HBr (air) [kg]
Copper, Cu €electronics [kg] |HC (air) [kq]
Epoxy electronics [kg] [HCI (air) [kg]
Glass [ka] |NOx [kal
Glassfibre/SIO, electronics [kg] |PAH [kg]
Iron, Fe [kg] |Particles [kg]
Iron, Fe electronics [kg] |Emissions to water
Polycarbonate (PC) [kg] |AluminiumAl (agq) [kd]
Polystyrene (HIPS) [kg] |Antimony Sb (aq) [kg]
Polyurethane (PUR) [kg] |Copper Cu (aq) [kq]
PvC [kg] |lron Fe(aq) [kg]
Total plagtics [kg] |Zinc, Zn (aq) [ka]
Total waste mass [kg] |Energy
Zinc, Zn [kg] |Heat of combustion [MJ]
Products Energy carriers
TV set [TV] |Energy team/heat  [MJ]

Solid wastes

Slag and Ash [kg]
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Table 105 Equations defining the simulation results of the incineration module.

Additional Equations b

Chemicals

HBr=0.577*TBBPA electronics+0.815*deca-BDE HIPS

Emissions

TBDD equiv. Eadon=8.3E-011*deca-BDE HIPS+5.9E-011* TBBPA electronics

TCDD equiv. Eadon=5.7E-011*PVC

Emissions to air

C0=0.000239* deca-BDE HIPS+0.000525* TBBPA electronics+0.00109* ABS
plastics+0.000975* Epoxy el ectronics+0.000975* Polycarbonate (PC)+0.00118* Polystyrene
(H1PS)+0.000795* Polyurethane (PUR)+0.000492* PV C

CO,, fossi|=0.55*deca-BDE HIPS+1.21* TBBPA electronics+3.11* ABS plastics+2.78* Epoxy
electronics+2.78* Polycarbonate (PC)+3.37* Polystyrene (HIPS)+2.27* Polyurethane (PUR)+1.41*PVC

HBr (air)=0.0179* TBBPA electronics+0.025* deca-BDE HIPS

HC (air)=5E-005*Total plastics

HCI (air)=0.0175*PVC

NOx=0.0101* ABS plastics+0.00024* Epoxy €l ectronics+0.00024* Polycarbonate
(PC)+0.000293* Polystyrene (HIPS)+0.00669* Polyurethane (PUR)+0.00015* PV C

PAH=5E-009* Total plastics

Particles=5E-005* Total waste mass

Emissions to water

Aluminium Al (ag)=0.005* Aluminium, Al+0.005* Aluminium, Al electronics

Antimony Sb (ag)=0.00417* Sb,O; HIPS

Copper Cu (ag)=0.005* Copper, Cu+0.005* Copper, Cu electronics

Iron Fe (ag)=0.005*Iron, Fe+0.005* Iron, Fe electronics

Zinc, Zn (ag)=0.005*Zinc, Zn

Energy

Heat of combustion=36* ABS plastics+32* Epoxy electronics+32* Polycarbonate (PC)+39* Polystyrene
(HIPS)+23* Polyurethane (PUR)+20* PV C

Energy carriers

Energy steam/heat=0.8*Heat of combustion

Materials/Products

Total plastics=deca-BDE HIPS+TBBPA electronics+ABS plastics+Epoxy electronics+Polycarbonate
(PC)+Polystyrene (HIPS)+Polyurethane (PUR)+PVC

Total waste mass=deca-BDE HIPS+Sh,0; HIPS+TBBPA electronicstABS plastics+Aluminium,
Al+Aluminium, Al electronics+Copper, Cu+Copper, Cu electronics+Epoxy electronics+Glass+Glass
fibre/SiO, electronics+lron, Fetlron, Fe electronics+Polycarbonate (PC)+Polystyrene
(HIPS)+Polyurethane (PUR)+PV C+Zinc, Zn

Solid wastes

Slag and Ash=Aluminium, Al+Aluminium, Al electronics+Copper, Cu+Copper, Cu
electronicst+Glasst+Glass fibre/SiO, electronics+Iron, Fe+lron, Fe electronics+Zinc, Zn

1) Datacalculated by SP and IVL.
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A4 1.7 Material recycling

I ntroduction

Material recycling is an important aspect in aimost all product analyses concerning the
environmental issues. It is, however, important to stress that the term recycling includes
not only material recycling but also energy recycling or methane production in alandfill.

The materia recycling processesin this study are mainly TV set recycling processes.
They do not include feed stock recycling. The TV sets are transported to a disassembly
station where the TV sets are broken down to single materials or components prior to
further processing. The screened materials are then sent to the actual material recycling
processes. The model covers recycling processes for steel, aluminium, copper,
thermoplastics and el ectronics (precious metal recovery). A common process unit is used
for the recycling of thermoplastics but the different plastics are recycled separately. No
recycling of the glass from the cathode ray tube in the TV set has been assumed. The
glass has avery special composition and the production require a high quality of glass.
Studies have shown that it is very difficult to recycle this type of glass.

Disassemble process

Disassembly plantsfor TV setsexist in avariety of countries around the world. Many
existing plants, however, are still mostly for development purposes. Thus, data for the
disassembly process has been largely based on calculations and assumptions. The
disassembly processis, in many cases, a manually or machine assisted process. Thus,
most of the process requirements are linked to electric power consumption. Therefore,
only the energy usein form of electric power has been considered for disassemble of TV
sets for material recycling. The electric power consumption has been estimated to 1.8
MJITV set.

Steel/iron recycling

The recycling process is used for ageneral iron based material (steel). Datainclude
emissions from the melting process, electric power consumption, steam boiler, oil and
power for rolling, emission to process water. The process analysed had an average
production of 600000 ton/year. Data from 1994.
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Table 106: Inventory data for the steel recycling process.

Values per 1 kg Iron, Fe

Inputs Outputs

Energy carriers Emissions to air

Electric power 1.925 MJ [CO 0.000164 kg
Energy resources CO,, fossil 0.136 kg
Crude oil 1.744 MJ |NOy 0.000696 kg
Materials/Products Particles 7.22E-05 kg
Iron, Fe 1 kg |SO, 0.000402 kg

Emissions to water

Qil, unspec. (aq) 3.90E-07 kg

TSS 9.10E-07 kg
Materials/Products
Iron, Fe 1 kg

Data source: Stripple H., Wennsten J, Energy, resource and emission analysiswith LCA
methodology of a car recycling system - A study of the ECRIS project. VL B-report B 1251
(1997).

Aluminium recycling

This module covers the recycling process of aluminium including scrap treatment,
melting and alloying and the extrusion to semi-fabricate to be used in further production.

Table 107: LCI datafor therecycling process of aluminium.

Values per 1 kg Aluminium

Inputs Outputs

Energy carriers Emissions to air

Electric power (included) 344 MJ |AmmoniaNH; (air) 2.00E-05 kg
Energy resources CO 0.000125 kg
Coadl 4.6 MJ |CO,, fossil 0.885 kg
Crude oil 6.09 MJ |NOx 0.00162 kg
Natural gas 14.42 MJ |Particles 0.000122 kg
Nuclear 121 MJ |SO, 0.00284 kg
Energy resources-renewable Materials/Products

Hydro Power 0.724 MJ |Aluminium, Al 1 kg
Materials/Products

Aluminium, Al 1 kg

Data source: Stripple H. et al., Life-cycle assessment of gas cleaning equipment - A
methodological study, VL B-report, B 1300 (1998).
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Copper recycling

Data available from copper remelting is very limited in an LCI perspective. The data
used are estimations. The module contains the recycling process for copper (remelting).
Data are based on a simple model of energy use. The energy useis specified below:

Electric power: 155 MJkg Cu

Fuel/crude oil: 4.9 MJkg Cu
Diesel/crude oil:  0.85 MJkg Cu (heavy machines)

Table 108: Data for therecycling of copper.

Values per 1 kg Copper

Inputs Outputs
Energy carriers Emissions to air
Electric power 155 MJ |CO 0.000137 kg
Energy resources CO,, fossil 0.457 kg
Crude oil 5.75 MJ |HC (air) 4.40E-05 kg
Materials/Products N,O 1.36E-06 kg
Copper, Cu 1 kg |NOyx 0.0014 kg
Particles 7.36E-05 kg
SO, 0.000279 kg
Emissions to water
COD 1.02E-06 kg
Qil, unspec. (aq) 3.40E-07 kg
Phenol (aq) 4.85E-07 kg
Materials/Products
Copper, Cu 1 kg

Data source: Stripple H. et al., Life-cycle assessment of gas cleaning equipment - A
methodological study, VL B-report, B 1300 (1998).

Thermoplastic recycling

The recycling processes of thermoplastics are under development and only small
volumes of the total flow of thermoplastics are presently recycled. Thus, the inventory
datareflects arelatively small-scale production with modern energy reuse. This module
describes arecycling process of a general thermoplastic material. It has not been possible
to make a distinction between different thermoplastics. The different plastics can,
however, be treated separately. The materialsincluded are shown in Table 109. This
module includes cleaning/pre-treatment, grinding, reforming/extruding and energy reuse
from cooling water. In accordance with the various the fire classification standards,
different plastics will contain flame retardants (FR). In this case the high impact
polystyrene (HIPS) will generally contain deca-BDE and antimony oxide. When the
plastic material (HIPS) isrecycled back a stream of flame retardants are also recycled
back and through the recycling process. The recycling flow of the FRs can be found in
this module calculation result.



213

Table 109: Inventory data for the mechanical recycling process of ther moplastics.

Values per 1 kg Total plastics

Inputs Outputs

Chemicals Chemicals

deca-BDE HIPS kg |deca-BDE HIPS kg
Sh,0; HIPS kg |Sh,OsHIPS kg
Energy carriers Emissions to air

Electric power 1.33 MJ |CO 7.87E-06 kg
Energy resources CO,, fossl 0.03 kg
Crude oil 0.135 MJ |NOy 5.60E-05 kg
Natural gas 0.0697 MJ |Particles 3.37E-06 kg
Materials/Products SO, 1.69E-05 kg
ABSplastics kg |Materials/Products

Polycarbonate (PC) kg |ABSplagtics kg
Polystyrene (HIPS) kg |Polycarbonate (PC) kg
Polyurethane (PUR) kg |Polystyrene (HIPS) kg
PVC kg |Polyurethane (PUR) kg
Total plastics 1 kg |PVC kg

Data source: Stripple H. et al., Life-cycle assessment of gas cleaning equipment - A
methodological study, IVL B-report, B 1300 (1998).

Recycling of electronics

This module covers arecycling process of electronic scrap. Approximately 95 % of the
metals can be regained. Only the main metals (Cu, Al, Fe) have been considered. Minor
quantities of Ni, Pb, Sn, Ag, Au, Be, Cd, Cr, Pd and ceramics also exist. Specific
quantities are unknown. In this process the electronic scrap is burned and the metals are
regained from the slag and fly ash. In this process electric power, oxygen, fue oil,
limestone and electronic scrap are used. Some steam may also be produced as a by-
product. The variables and equations describing the module are shown in the tables
below. The following general specifications have been used:

Electric power for the process: 0.86 MJkg electronic scrap
Electric power for oxygen production: 0.31 MJkg electronic scrap
Crude oil for the process: 0.8 MJ/kg electronic scrap
Limestone for the process: 80 g/kg electronic scrap
Steam production: 1 MJkg €electronic scrap

Plastic materialsin the electronics are generally flame retarded in TV setsevenif the TV
housing is unprotected. A flow of flame retardants is thus entering the electronic
recycling process. The plastics are, in general, thermosets, in this case often an epoxy
material flame retarded with tetrabromobisphenol-A (TBBPA). The thermosets cannot
be reused by remelting and are thus burned off in the process to generate heat and to
release the metals in the electronics. Only the flow of flame retardants to the process has
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been considered in the model. The behaviour of the flame retardants in the recycling
process is not known in detail.

Table 110: Variable specification for therecycling process of electronics.

Inputs Outputs
Chemicals Chemicals
Sh,0; electronics [kg] |HBr [kq]
TBBPA electronics [kg] |Sb,Os €electronics [ka]
Energy carriers TBBPA electronics [ka]
Electric power [MJ] |Emissions to air
Energy resources (6(0) [kq]
Crude ail [MJ] |CO,, fossil [ka]
Materials/Products HBr (air) [ka]
Aluminium, Al electronics  [kg] |NOy [kq]
Copper, Cu electronics [kg] [|Particles [kq]
Epoxy electronics [kg]l |SO, [kq]
Glassfibre/SiO, electronics [kg] |Emissions to water
Iron, Fe electronics [kg] |Aluminium Al (aq) [kq]
Total electronics [kg] |Copper Cu (aq) [kq]
Resources Iron Fe (ag) [kq]
Limestone CaCO; [kg] |Energy carriers
Energy steam/heat [MJ]
Materials/Products

Aluminium, Al electronics  [kg]

Copper, Cu €electronics [kq]

Epoxy electronics [ka]
Glassfibre/SIO, electronics [kg]
Iron, Fe electronics [ka]

Solid wastes

Slag and Ash [kq]
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Table 111: Equation model describing the recycling process for electronics.

Additional Equations

Chemicals

HBr=0.595*TBBPA electronicqi]

Sh,O; electronicyi]=Sh,0; electronicy 0]

TBBPA €lectronicgi]=TBBPA electronicq 0]

Emissions to air

CO=1E-005*Total electronics

CO,, fossi|=0.063* Total electronics

HBr (air)=0.05*HBr

NOx=0.000128*Total electronics

Particles=0.0003* Total electronics

SO,=4E-005*Total electronics

Emissions to water

Aluminium Al (ag)=0.05* Aluminium, Al electronicq[i]

Copper Cu (aq)=0.05* Copper, Cu electronicqi]

Iron Fe (ag)=0.05*ron, Fe electronicyi]

Energy carriers

Electric power=1.17*Tota electronics

Energy steam/heat=Total electronics

Energy resources

Crude 0il=0.8*Total electronics

Materials/Products

Aluminium, Al electronicg0]=0.95* Aluminium, Al electronicg[i]

Copper, Cu electronics[0]=0.95* Copper, Cu electronicqi]

Epoxy electronicg[i]=Epoxy electronicq 0]

Glass fibre/SiO, electronicgi]=Glass fibre/SiO, electronicg 0]

Iron, Fe electronicg 0]=0.95*Iron, Fe electronicy[i]

Total electronics=Aluminium, Al electronicgi]+Copper, Cu electronicgi]+Epoxy
electronicgi]+lron, Fe electronicgi]+Glass fibre/SiO, electronicqi]

Resources

Limestone CaCO,=0.08*Total electronics

Solid wastes

Slag and Ash=Glass fibre/SiO, electronicg[i]+0.05* Aluminium, Al electronicgi]+0.05* Copper, Cu
electronicg[i]+0.05* Iron, Fe electronicqi]

Data source: Stripple H., Wennsten J, Energy, resource and emission analysis with LCA
methodology of a car recycling system - A study of the ECRIS project. VL B-report B 1251
(1997).
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A4 1.8 Steam production —general

The steam production unit is based on an ordinary medium size oil boiler with a
technology standard from mid-1990s. The energy efficiency is assumed to be 85 %. The
sulphur content in the fuel oil is set to 0.5 %. The emissions are reduced by optimised
combustion condition for NO, reduction and athe use of low NO, burner. Table 112
shows the energy resource use and the emissions from the production of steam including
the production of the fuel oil from crude oil, the so-called pre-combustion factors. The
production of the boiler is not included in the LCA.

Table 112: General LCI datafor the production of steam in afuel oil boiler
including the production of the fuel oil from crude oil.

Values per 1 MJ produced steam

Inputs Outputs

Energy resources Emissions to air

Crude oil 1.314 MJ |CO 0.00013 kg
CO,, fossi 0.098 kg
HC (air) 4.7E-05 kg
N.O 2 E-06 kg
NOy 0.0002 kg
Particles 6E-05 kg
SO, 0.00031 kg
Energy carriers
Energy steam/heat 1 MJ

A4 1.9 Electric power production

Hydro power

In the simplified models for electric power production no emissions from hydro power
generation isassumed. Thisis, of course, not completely true but the traditional
emissions such as NO,, SO, etc. arerelatively low and related to the side activities of the
production or to the construction of the production facilities. These side activities or
construction effects are not included in this study for any process. Effects of the biogenic
CQ, balance can occur due to reduced forest/vegetation areain the river system.

Nuclear based power production

Emissions or energy effects from nuclear power production are difficult to handlein an
LCA system. The society effects are of a different nature compared to ordinary
combustion power generation and risk assessments are normally excluded in LCA
studies. This effect has to be borne in mind when the results are analysed. Only avery
simple model for nuclear power generation has been used.
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Table 113: Data for production of nuclear based electric power. Finnish average
from 1995. Data cover emissions, materials and energy needed in the production of
uranium fuel using typical Canadian uranium ore.

Values per 1 MJ electric power

Inputs Outputs

Cao 2.67E-005 kg CO,, fossil 0.00083 kg

H,SO, 4E-005 kg SO, 1.1E-005 kg

NHa;, chem. 3.89E-006 kg Electric 1 MJ
power

Electric 0.0042 MJ Nuclear waste  9.2E-007 kg

power

Nuclear 1 MJ waste, 0.00056 kg
industrial

Data source: Data from K CL-database. Data modified by VL.

Electric power generation with natural gas

This module covers the production of electric power based on natural gas. A
condensation power station has been selected, i.e., no use of heat has been assumed. The
combustion process has been optimised for NO, reduction and low NO, burner has been
assumed. A significant desul phurisation of the natural gas has also been assumed. The
overall efficiency for power production has been set to 35 %. The pre-combustion effects
from the natural gas production have not been included. Similarly, the production of the
boiler is outside the scope of this work.

Table 114: Production data for natural gasbased electric power production. No
heat production has been assumed. The production of the natural gasand the boiler
isnot included.

Values per 1 MJ Natural gas

Inputs Outputs

Energy resources Emissions to air

Natural gas 1 MJ|CO 5.00E-07 kg
CO,, fossi 0.051 kg
NOx 7.00E-05 kg
Particles 1.00E-08 kg
SO, 1.00E-06 kg
Energy carriers
Electric power  0.35 MJ

Data source: Estimated and calculated data for the project by IVL.
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Electric power generation with fuel oil

An ordinary condensing fuel oil boiler equipped with electrofilter, SO, cleaning (90 %
reduction) and SNCR (Selective Non-Catal ytic Reduction) with optimised combustion
control for NO, reduction (60 % reduction) has been assumed. The overall efficiency for
power production has been set to 35 %. The pre-combustion effects from the fuel oil
production have not been covered. Similarly, the production of the boiler has been
excluded.

Table 115: Production data for fuel oil based electric power production. No heat
production has been assumed. The production of the fuel oil and the boiler isnot
included.

Values per 1 MJ Crude oil

Inputs Outputs

Energy resources Emissions to air

Crude ail 1 MJ|CO 1.00E-06 kg
CO,, fossil 0.078 kg
NOx 6.00E-05 kg
Particles 4.00E-06 kg
SO, 5.00E-05 kg
Energy carriers
Electric power  0.35 MJ
Solid wastes
Slag and Ash 1.00E-05 kg

Data source: Estimated and calculated data for the project by IVL.

Electric power generation with hard coal

For power production from hard coa the use of SNCR (Selective Non-Catalytic
Reduction) for NO, reduction and SO, cleaning equipment has been assumed. The
overall efficiency of the boiler is assumed to be 35 %.
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Table 116: Production data for coal based electric power production. Condensing
power has been assumed. The production of the coal and the boiler isnot included.

Values per 1 MJ Coal

Inputs Outputs

Energy resources Emissions to air

Coa 1 MJ|CO 1.00E-05 kg
CO,, fossi 0.105 kg
NOx 5.00E-05 kg
Particles 2.00E-05 kg
SO, 5.00E-05 kg
Energy carriers
Electric power  0.35 MJ
Solid wastes
Slag and Ash 0.005 kg

Data source: Estimated and calculated data for the project by IVL.

Electric power production mix

The variation in emissions and resource use from electric power production can be
divided in two different and important parts, i.e.:

1. those dueto technical differences for a certain production type, and
2. those dueto different production mix in a geographic area.

The variations for a certain production type, e.g. coal based electric power production,
can originate from different levels of technology different plants, different cleaning
eguipment, different fuel qualities etc. In order to describe this situation for any given
country an updated set of measurement data are required for all production plantsin that
region. It isusually not possible to receive this type of information. Thus, in this project
standardised electric power production units have been used. In a geographic areathe
specifications for the power production also vary due to differencesin the production
mix of different production typesi.e. hydro power, nuclear power, coal power etc. This
power mix has a strong influence on the overall specifications of the power production.
The power mix is easier to estimate for a certain region. Thus, the power mix has been
used to estimate the power production specifications for the different regionsin the
model. The power production mixes for the different regions are shown in Table 117.
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Table 117: Electric power production mixesused in the models.

Power production type  OECD" (%)  USA/Israel” (%)  China® (%)

Hydro power 17 5.6 18
Nuclear power 234 101 15
Coal power 39 56.1 75.9
Natural gas power 133 4.5 0
Fuel oil power 7.3 23.7 4.6

1) Average electric power production mix for the OECD countries (year 1997). Solar, wind,
geothermal and renewable, in total < 2 % have not been considered.

2) A mixture of electric power production mix for Isragl and USA.

3) Power mix for China (year 1994).

For genera electric power production the OECD power production mix has been used.
However, the power production mix has been changed for some specific products
produced in specified regions to achieve more representative data. Most of the
brominated flame retardants are produced in Israel and in the United States. Thus, a
mixture of electric power production mix for Israel and USA has been used. A large
producer of antimony is China and China has also been selected to represent the
antimony production in the models. Thus, the China power production mix has been used
for the antimony production units except for the production steps performed in Europe
and in the USA where an OECD power mix has been used.

A4 1.10Transport

Truck

The data covers a heavy diesdl truck transport with ~40 tons of load. A truck model of
mid-1990s has been assumed. The truck uses city diesel with low sulphur content. The
dataincludes pre-combustion of the city diesel.

Table 118: LCI datafor a general heavy truck transport. Pre-combustion of the city
diesel isincluded.

Values per 1 km*ton

Inputs Outputs

Energy resources Emissions to air

Crude ail 04 MJ |CO,, fossil 0.0294 kg
HC (air) 5.00E-05 kg
N,O 5.28E-07 kg
NOyx 0.00029 kg
Particles 1.20E-05 kg
SO, 7.42E-06 kg

Data source: Estimated data by VL.
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Ship

Data covers a medium sized ship transport. Emissions refer to emissions from the main
machine. Emission levels from a 2-stroke engine where 80 % of the power is used during
normal operation. Data cal culated per km and ton of transported goods.

Table 119: L CI datafor a general ship transport.

Values per 1 km*ton

Inputs Outputs

Energy resources Emissions to air

Crude ail 0.22 MJ |CO,, fossil 0.0138 kg
HC (air) 5.00E-06 kg
NOx 0.0004 kg
Particles 2.00E-05 kg
SO, 0.0003 kg

Data source: Estimated data by I'VL/KCL database.
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