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Abstract

A novel Life-Cycle Assessment (LCA) model has been defined for the investigation of
the environmental impact of the choice of material in cable production. In one case
polyolefin based material is used while in the other case PV C material is used. In both
cases equivalent fire behaviour is assumed and afire mode is established based on
existing fire statistics. This study represents the second full application of the Fire-LCA
model.

Large-scal e cable experiments have been conducted to provide fire emission data as input
to the LCA model. Species measured include acute toxicants such as. CO, CO,, HCI,
VOC (volatile organic compounds), and chronic toxicants such as PAH (polycyclic aro-
matic compounds), and chlorinated dibenzodioxins and furans.

Four different End-of-Life scenarios have been selected for detailed study. The effect of
the choice of cable life time and the level of secondary fires (i.e. cable fires where the
cables are not the first item ignited) are also investigated. A comparison is made between
models with a cable life time of 30 years and one with a cable life time of 50 years.
Similarly, the level of secondary firesis varied between the worst case, based on an
assumption that all large dwelling fires result in destruction of all the cable material in
the house in the fire, and 10 % of this scenario.

Detailed results are presented for the energy use for the model and the emission of a
number of key speciesto the air are presented for all scenarios. The results are presented
to best allow comparison between the various scenarios for the same product but do also
allow comparison between the products within each scenario.

An uncertainty analysis has also been performed to ensure that the conclusions are not
prone to large uncertainty. The results of this analysis show that the model is stable and
the species presented in detail are not affected to any great degree by changes in key
parameters. Thisimplies that the model is robust and the conclusions sound.

KEY WORDS: Flame retardant, fire, LCA, material recycling, landfill, energy recovery
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Sammanfattning

Kablars miljopaverkan beroende paval av isoleringsmaterial har undersokts med hjalp av
en modifierad LCA analys, den sa kallade Fire LCA-modellen. Fire LCA modellen
inkluderar &ven emissioner fran brander till skillnad fran konventionella LCA modeller.
Branderna kan vara priméara dvs. branden startar i kabeln eller sekundara, da startar
branden ndgon annanstans. Tillganglig brandskade statistik utnyttjas som indata till
modellen.

| studien jamfors en PV C kabel med en kabel med ett polyolefin baserat
isoleringsmaterial. Kablarna har likvérdiga prestanda och darfor valdes en kilometer
kabel som funktionell enhet. De bada kablarna antas dessutom ha likvardigt
brandbeteende.

Emissioner i form av CO CO,, HCI, VOC (l&ttflyktiga organiska amnen), PAH
(polycykliska aromatiska kol véaten), klorerade dibenzodioxiner och furaner méttes vid tva
olika fullskalef rsok for varje kabel, ett valventilerat och ett underventilerat forsok.

Analysen gjordes for fyra olika"End-of-Life" scenario;
e 100 % koppar och plast till deponi,
» 100 % plast till deponi, 100 % material &ervinning koppar
« 100 % energiatervinning plast, 100 % material atervinning koppar

Hur valet av livslangd pa kabeln paverkar resultatet undersoktes. Livslangden har valts
till dels 30 ar dels 50 &r. Vidare undersoktes inverkan av hur mycket kablar man antar
maste erséttas till foljd av de sekundéra branderna, det antogs att 100 respektive 10 % av
kablarnai en bostad maste erséttas efter en brand. Detta visade att framforal It
emissionernaav TCDD-ekvivalent (dioxiner och furaner), oférbranda kolvéten och SO,
paverkades av hur mycket kablar som maste erséttas efter en sekundar brand.

Eftersom kablarna hade likvéardigt brandbeteende i denna studien till skillnad fran
tidigare studier dar man har jamfort flamskyddade och icke flamsskyddade komponenter
studerades dven inverkan pa resultatet av inkluderandet av brander. Detta gav att
emissionerna av framforallt TCDD-ekvivalent, HCl, CO och of 6rbranda kol véten
paverkades av inkluderandet av brander i LCA analysen.

| rapporten presenteras resultatet av analysen i form av energianvandning och emissioner
presenteras for de olika scenariernai en form for att underlétta jamforelse mellan de
olika kablarna och mellan olika scenarier.

Slutligen gjordes en osdkerhetsanalys av resultaten som visade att modellen &r robust.



Executive Summary

A novel Life-Cycle Assessment (LCA) model has been defined for the investigation of
the environmental impact of the choice of material in cable production. In one case
polyolefin based material is used while in the other case PV C material is used. In both
cases equivalent fire behaviour is assumed and afire model is established based on
existing fire statistics. This study represents the second full application of the Fire-LCA
model.

L arge-scal e cable experiments have been conducted to provide fire emission data as input
to the LCA model. Species measured include acute toxicants such as: CO, CO,, HCI,
VOC (volatile organic compounds), and chronic toxicants such as PAH (polycyclic aro-
matic compounds), and chlorinated dibenzodioxins and furans. These results are the most
detailed measurements of their kind for fully developed cable fires and provide aredistic
input to the LCA model. Further, the effect of vitiation on the production of fire gases
has been investigated.

Four different End-of-Life scenarios have been selected for detailed study. These are:

e 100% landfill plastics and copper

* 100% landfill plastics, 100% material recycling copper

» 100% energy recovery plastics, 100% material recycling copper

» 100% material recycling plastics, 100% material recycling copper

These scenarios have been selected to focus on extreme situations. In real life one would
expect a percentage of material to go to recycling in some form that would be less that
100 % but more than 0 %.

Detailed results are presented for the energy use for the model and the emission of a
number of key speciesto the air are presented for all scenarios. The results are presented
to best allow comparison between the various scenarios for the same product but do also
allow comparison between the products within each scenario.

The effect of the choice of cable life time and the level of secondary fires (i.e. cablefires
where the cables are not the first item ignited) are also investigated. A comparison is
made between models with a cable life time of 30 years and one with a cable life time of
50 years. The results of this analysis show that while the impact per year islessif one
assumes alonger life time for the cable the total impact is higher.

Similarly, the level of secondary firesis varied between the worst case, based on an
assumption that all large dwelling fires result in destruction of al the cable material in
the house in the fire, and 10 % of this scenario. This assumption resultsin an assumption
that between 0.4 % and 4 % of the 1 million km of cables used as the functional unit
should be replaced due to secondary fires. The results of this analysis show that the level
of the secondary fires only has a major effect on the emission of TCDD-equivalents,
unburned hydrocarbon, and SO..

An uncertainty analysis has also been performed to ensure that the conclusions are not
prone to large uncertainty. The results of this analysis show that the model is stable and
the species presented in detail are not affected to any great degree by changesin key
parameters. Thisimplies that the model is robust and the conclusions sound.

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

Fires have always been a part of our society both in term of controlled fires, or combus-
tion, for heating purposes and uncontrolled accidental fires. Accidental fires cause a
substantial amount of damage both economically and in terms of human lives. Society
spends large amounts of money each year on fire prevention and the financial results of
fires are well documented. The environmental impact of fires, however, has only recently
come under scrutiny™?.

A conventional environmental study is usually focused on one aspect of the environ-
mental impact of some human behaviour. However, human activities are usually complex
and involve and influence many different parts of our society. It is, therefore, important
to find a method to analyse an entire product or process to achieve a more general analy-
sis of our activities. The Life-Cycle Assessment (LCA) concept is presently the most
common method to analyse an entire process system in terms of energy, resources and
environmental aspects. The method offers awell-defined procedure and has been chosen
as aplatform for this study.

Recently? anovel LCA model, the so called Fire-LCA model, was presented and applied
to a consumer electronic appliance (TV) where the environmental effect of fireswasin-
corporated into the overall treatment of the environmental impact of the product. This
application provided insight into the environmental impact material and design choices
made in the manufacture of the TV aimed at increasing the fire safety of the product.
Two versions of a27 inch TV were compared. In the first case the TV complied with the
European requirements as outlined in IEC 60065 while in the second case the TV com-
plied with the US requirements as outlined in UL1410. Minor differencesin the require-
ments in these standards have prompted industry to adopt the use of outer housing mate-
rial with differing fire performance in Europe and the US. Any picture of the environ-
mental impact of material choicesis naturaly complex. Significantly for the Fire-LCA
model, however, one found that the different scenarios that were studied gave riseto
large differences in overall emissions. Thus, thisfirst application illustrated well the use-
fulness of this approach.

This model has now been extended for application to cables. In this report the new
“Cables Fire-LCA” model is presented and an application is discussed. Aspects such as
end-of-life scenarios, fire statistics, and fire scenarios and large scale fire performance of
cablesis discussed together with the straw LCA model defined for cables.

The choice of cables as the second application of this new model has been based on a
number of important activities that have been ongoing concerning cable fire performance
in recent years. Research into the testing and classification of cable fire performance has
been investigated in two major international research programs **. Results from these
projects have indicated that the fire performance of cablesisimportant for the fire
development in agiven building fire scenario and that large volumes of cables are pre-
sent in buildings worldwide. Based on the fact that the mgjority of cables worldwide
(again with the exception of the US) have fire performance defined by IEC 60332-1 large
volumes of these cables are present in modern buildings. This performance implies that
the cables are able to be ignited and will burn under certain conditions.

Thefirst application of the Fire-LCA model compared two products with different fire
performance. In contrast, this second application compares two cables with similar fire
performance constructed from different materials. This scenario or comparison was

deemed more relevant due to the fact that the mgjority of installation cables exhibit the
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fire performance chosen in this study while the question of material choiceis continually
debated.

The choice of cables for the specific application used to illustrate the model in this study
was governed by the current dominant material choice and a so called “ Green Line’
alternative. The current dominant material choice is PV C while the alternativeisa
polyolefin based polymer that has been combustion modified to exhibit similar fire per-
formance to the PV C cable. Throughout the report, these cables will be referred to as the
“PVC cable’ and the“CASICO cable”.

A description of the Fire-L CA model as applied to cables is presented in the next chapter
while the fire model used to define the flow of material and productsinto the Fire part of
the LCA model isdiscussed in Chapter 3. Thisfire model is based on discussions with
industry and available international fire statistics. The model isin itself uncertain due to
uncertainties in the input to the various fire statistics data bases. An effort has been made
to mitigate this source of error by taking averages of statistical data from several sources.
Details of the model, the method used and assumptions made in its construction are
summarised in Chapter 3 to facilitate assessment of the validity of the choices made. The
results of the LCA calculations are also presented both with and without the fire aspects
of the model included to provide a measurement of the importance of this part of the
model in the overall emissions.

A large number of fire experiments have been conducted to provide input to the LCA
model concerning emissions from fires. The results of these experiments are summarised
in Chapter 4 and Appendices 1 and 2. A full discussion of the importance of the small
scale investigation in defining the conditions for the large scale experimentsis included
in thismaterial.

Theresults for alarge number of applications of the LCA model to both the PV C and
Green Line cables are presented in Chapter 6 and conclusionsin Chapter 7. The results
are presented for 4 different scenarios to establish the importance of end-of-life alterna-
tives. Further, the impact of the choice of cable lifetime and fire model are investigated
and presented.

The results indicate that while the picture of emissionsis complex the impact of inclu-
sion of fire emissions into an overall determination of the environmental impact of mate-
rial choice in cables manufacture isvalid. The lifetime of the cable is not a determining
factor in the relative environmental impact of the four different scenarios. In other words,
extending the lifetime of the cable from 30 to 50 years does not alter the relative size of
the various emissions.
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2 LCA Model

Life-Cycle Assessment (LCA) is a versatile 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
acomplex network of activities that involves many different parts of the society. There-
fore, the need for a system perspective rather than a single object perspective has become
vital in modern research. It isno longer enough to consider just asingle step in the
production. The entire system has to be considered. The Life-Cycle Assessment method-
ology has been developed in order to handle this system approach. A Life-Cycle Assess-
ment covers the entire life-cycle from the “ cradle to grave” including crude material
extraction, manufacturing, transport and distribution, product use, service and main-
tenance, product recycling, material recycling and final waste handling such as incinera-
tion 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 assess-
ments look 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

External

Environmental information
Environmental labelling
Environmental audit of companies
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An LCA usually evaluates the environmental situation based on ecological effects and
resource use. In afew cases, the work environment has also been included. An ordinary
LCA does not cover the economic or social effects. In an LCA, amodel of the real
system is designed. This model is of course arepresentation of the real system with
various approximations and assumptions.

The life-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 originaly
defined in the SETAC (Society of Environmental Toxicology and Chemistry) document
“Guidelines for Life-Cycle Assessment: A Code of Practice” from 1993 *. 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 °.

The International Organization has prepared international standards for LCA
methodology for Standardization (1SO). The following standards are available today.

«  Principles and framework (1SO 14040) 2

+  Goal and scope definition and inventory analysis (SO 14041) ®
« Lifecycleimpact assessment (1SO 14042) *

« Lifecycleimpact interpretation (1SO 14043) °

Generally the method can be divided into three basic steps with the methodology for the
first two steps relatively well established while the third step (Impact assessment) is more
difficult and controversial. The first two steps are usually referred to asthelife cycle
inventory (LCI) and can be applied separately without the following impact assessment.
In addition to the different steps in the procedure there can aso be an interpretation
phase. The three basic steps are shown in Figure 1 below.

Life cycle assessment framework

Goal and scope | —»
definition <

2

Inventory
analysis “—

Interpretation

\ ! =notincluded in this study

Figure I  Basic steps in an LCA.
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The Goal Definition and Scoping consists of defining the study purpose, its scope, pro-
ject 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., manu-
facturing process, transport process, or fuel extraction process) that perform some de-
fined 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 func-
tional unit describes the main function(s) of the system(s) and is thus arelevant and well-
defined measure of the system. The functional unit hasto be clearly defined, measurable,
and relevant to input and output data. Examples of functional units are "unit surface area
covered by paint for adefined 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:

«  Whether the LCA is complete or if some component is excluded from the study.
«  Which type of environmental impact is considered in the study?
« A description 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 ex-
traction, transports, production, and waste handling. The different processes in the sys-
tem 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 has its own
functional unit and several in- and outflows. The final result of the model is the 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.

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

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

e Open-loop recycling. In recycling processes where the material is used outside the
system boundaries.

Several allocation principles exist such as:

s Physical or chemical alocation based on natural causality.

e Economical or social alocation.

« 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 5.
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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 devel-
oped. The methods that have gained most widespread acceptance are based on either
expert/verbal systems or more quantitatively methods based on valuation factors cal cu-
lated 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 etc.) are either not dealt with in detail or not
available at all, these methods are not suitable for an objective interpretation of environ-
mental 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 diein fires and that flame retarded products
cause areduction 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 analysis to provide
acontext 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:

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

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

Environmental impacts caused by personnel. Waste from lunch rooms, travels from
residence to workplace, personal transportation media, health care etc.
Human resources. Work provided by humansis not included.

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

2.1 The risk assessment approach

In a conventional Life-Cycle Assessment, the risk factors for accidental spills are
excluded. For example, in the LCA data for the production of achemical, 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 occurrencesisrela
tively high (i.e. high enough for statistical treatment) and statistics can be found in most
developed countries. Thisis expanded in Chapter 3. Thisimpliesthat it is possible to
calculate the different environmental effects of afireif emission factors are available.
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Previously, the Fire-LCA model has been used to evaluate the effect of choosing differ-
ent levels of fire safety in a given product’. The higher level of fire safety in the previous
work was attained using flame retardants. The introduction of flame retardants into the
products changed 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 could be calculated. The benefits of the flame retardant were thereby weighed
against the “price” society has to pay for their production and handling.

This present application will be a modification of the original Fire-LCA model in that we
will concentrate on two products with essentially equivalent fire behaviour and investi-
gate what effect the choice of material in the products has on the environmental impact if
we take into account the risk for involvement in afire.

2.2 Project methodology

The Life-Cycle Assessment methodology that will be used in this project is based on
normal LCA methodology in combination with different fire experiments. This method-
ology is described in the ISO standard 14040-series and other documents from different
countries in Europe and the USA. The standards used in this study are 1SO 14040 and
SO 14041.

2.3 Computer modelling methods

Different computer software solutions for LCA calculations exist. Generally, the soft-
ware can be divided into two different groups:

« Specific Life-Cycle Assessment programs, (KCL-ECO, LCA Inventory Tool,
SimaPro etc.).
«  Generd 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 dataand meta-data exist.

For this project a specific LCA tool, KCL-ECO has been selected. KCL-ECO isaversa-
tiletool 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 material flows between modules. KCL-ECO is basi-
cally aprogram for solving linear equations. It is therefore easy to handle material recy-
cling 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 con-
stants. It is aso possible to include sensitivity analysis, classification and different
valuation methods based on valuation factors such as Ecoscarcity, the Effect Category
Method and the EPS-system.

2.4 The Fire-LCA system description

Schematically the LCA model used for the analyses of fire behaviour can beillustrated as
in Figure 2. The model is essentialy equivalent to atraditional LCA approach with the
inclusion of emissions from fires being the only real modification. In this model, a func-
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tional unit is characterised from the cradle to the grave with an effort made to incorporate
the emissions associated with all phasesin the unitslife-cycle.

Crude material
preparation
L 0or X % FR in materia
Materi al Fire raardant
production production
Fire extinguishing
Decontamination
processes
Recycling Production of
processes primary product Replacement of Replacement of
primary products | secondary products
YY T .
; Y Y !
. Y B %: | Fireof primary Fire of secondary I}
A % - products o products i
t Use of primary ; '
product \ . !
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Figure 2 Schematic representation of the Fire-LCA model.

It isdifficult to allocate emissions associated with accidents due to the lack of statistical
data. Fires are dlightly different to industrial accidents (e.g., accidental emissions during
production of agiven chemical) as awealth of statistics is available from avariety of
sources (such as, Fire Brigades and Insurance Companies). Differences between coun-
tries 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 statisticsis 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
us first define the Goal and Scope of the Fire-LCA and itS' System Boundaries and dis-
cuss the possible choices of Emissions to include in the Fire-LCA output.

Goal and Scope: The aim of this model is to obtain a measure of the environmental
impact of the choice of agiven material while taking into account the fire behaviour of
the product based in part on the material choice. 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 two chosen versions of the product will be con-
sidered 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
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throughout. In those cases where alternatives exist these will be considered as ‘best’ and
‘worst’ casesor as ‘present’, ‘possible future’ and ‘ state-of-the-art’ technologies. These
aternatives 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 earlier in this chapter 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, it isredistic
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 thismodel this has, however, not been included.

Emissions from fires: A wide variety of species are produced when organic material is
combusted. The range of species and their distribution is affected by the degree of con-
trol 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,
HC(air)), 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. As intimated above, in most applications of
an LCA it iscommon to propose avariety 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.

2.5 Cable Case Study

In the present research study two, different types of electrical cables have been evaluated
in terms of resource, energy and environmental behaviour. The two cables represent two
different materials that can be used in the production of electrically comparable cables.
Generaly, cables differ in conducting and isolation materials. The classic conductor
materials for cables have been copper but aluminium is also used frequently today. Since
the polymeric materials have been available, they have been used frequently for isolation
and cover of cables. Of the polymers, PV C has been the most common plastic for cables.
However, due to the environmental issues connected with PV C, alternative materials for
cables have been devel oped and are today used frequently. The new cables are halogen
free and usually based on polyethylene.

In this study, two different cables have been evaluated. One traditional PV C cable and
one cables based on polyethylene (a CASICO cable). Both cables have copper conduc-
tors. The cables represent ordinary power cables used in households. The cables have
been selected to be relatively equal in function and in fire behaviour. A more detailed
cable specification can be found in Appendix 4.
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The question is how the environmental behaviour is for the two different cables and
especialy in relation to the fire behaviour. To be able to cover a broad aspect of the
environmental behaviour a system perspective has been used in the analysis. The Fire-
LCA concept has been applied and LCA models for the two different cable aternatives
have been designed. The structure of the modelsis shown in Figure 3 and Figure 4.

Each module in the model is described in the inventory presentation of this report. An
overview of the system is given in this chapter.

Generally, the model can be divided in three parts.

« Cable production (including material production).
«  Waste handling (including landfill, incineration and recycling).
« Firesrelated activities (including fires and material replacement).

Thelife-cycle of a cable starts with the production of the different raw materials used in
the cable production. In this case production of copper and production of different plastic
materials are used. Plastic materials are a mixture of different materials designed for a
specific quality. In cable production, plastic materials can be bought with a specific
quality or plastics can be mixed at the cable production site. The materials used in the
model are described in each module from “cradle to factory gate”.

The function of the cables used in this study isto transport electric power. It is however
difficult to use electric power as the functional unit for model. Usually, the power
capacity of the cable is much higher then the actual average power load during the life-
time. The actual power load is unknown and can vary significantly. It can thus be mis-
leading to relate the data to a certain power level. The two cables used in the study have
been selected to have an equal power capacity. In this case, it is possible to use a specific
guantity of cable as the functional unit for the model. Thus, as the functional unit of the
model 1 million km of cables produced have been chosen. This unit represents avery
large quantity of cables. The unit isaimed to be used on a country based scale.

From the cable production, the cables are delivered to the users of the cable. No electri-
cal power loss has been assumed for the cable during its lifetime. Thus, no environmental
burden has been put on the use of the cable. The cables are then used during their entire
lifetime. The average lifetime of a household cable has been estimated to 30 years. After
the regular lifetime, the cables are handled in the waste handling modules. Three
different waste handling possibilities are used in the model.

1. Waste (cables) to landfill.
2. Waste (cables) to incineration.
3. Waste (cables) to material recycling.

In the waste handling procedure the proportion of the different waste handling alterna-
tives are specified. The waste handling procedure can vary significantly over time and
between different countries. Energy can be gained from the waste handling in two ways.
The incinerated plastics generate energy and methane formed from landfilled plastics can
be used to produce energy. The so formed energy has been calculated in the model and
the formed energy has been assumed to replace fuel oil heating. In the models“ External
Steam/heat user”, “ Oil boiler steam gain” and “Precombustion Oil, Oil boiler gain” the
gained energy and emissions are calcul ated.

In the case of mechanical material recycling, the cables are first disassembled. The

different materials are then transported to a specific material recycling process for each
material. In this case, a copper recycling process and a process for recycling of thermo-
plastics. From the disassembly process the material that are not recycling, can be trans-
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ported to incineration or landfill. Copper from incineration ash can also be used for
copper recycling. The processes do not include feed stock recycling.

A minor part of the cablesisinvolved in different fires during their lifetime. The end of
life for these cables are thus different from ordinary cables both in respect to time and
end of life process. The Fire-LCA concept has been used to handle the fire part of the
model. With the use of fire statistics, a number of different cable fires have been identi-
fied. Thefires can involve not only the cables but also an entire room or house. From the
fire statistics, the number of fires per year and per million km of cablesin use has been
identified and this information has been used in the model to calcul ate the amount of
cablesthat are involved in the different types of fires and the extent of thefires. 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. Modules for the production of the
replaced materials or products are aso included in the model.

Transports are included in the model and are shown as a“dash” on the flow arrows
between the different modules. Truck transport has been assumed for al the transport
activities. Electric power is supplied to the different modules from the electric power
production modules. An OECD electric power production mix has been assumed in the
model. The model has three different power units that are used to distinguish between
power production for different parts of the model.

The types of parameters that are important in the various models are summarised in
Table 1. Other parameters may be included as required.



Table 1 Examples of the types of input and output parameters that are important in

the various modules.
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Input parameter

Output parameter

Energy Energy

(Electric power) Recovered heat
Coad Materialg/products
Crude oil Produced products
Natural gas Emission to air
Hydro power CO,-fossil

Nuclear power CO,-hiogenic
Natural resources CcO

Crude ail NOy

Metas (Fe, Al, Zn, Au, Pt etc.) SOy

Other minerals HC, VOC etc.
Natural products (wood, cotton etc.) HCI

Etc. H,S

Chlorinated organic compounds

Particles

Metals (Hg, Cd, Pb, etc.)

Emissions to water

COD

BOD

HCI

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.)

Chlorinated organic compounds

Organic compounds
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3 Fire Model

A large body of fire statisticsis available world-wide concerning firesin cables. The
available statistics vary depending on the source, and information from different sources
has been combined to create the full model. To incorporate the environmental impact of
firesin the LCA models, statistics describing the occurrence of fires caused by electrical
cables, so called primary fires, have been used. Also, firesthat are not caused by e ectri-
cal cables, but where the cable material burns as a part of the fire, so called secondary
fires, are included. The statistics regarding the amount of cable material destroyed in
both primary and secondary fires also has to be included in the LCA models. Details of
the primary and secondary fire models are summarised below.

3.1 Primary fire model

Primary fires are defined as those where the cable is the first item ignited. The size of
this type of fire may vary, from afire where the cable isthe only itemignited, to a
serious fire destroying large amounts of property. In the LCA model described in Chapter
2 the primary fire categories are defined by the modules labelled: “ Cables Fire”,
“Cable/Room Fire”, and “ Cable/House Fire”. Secondary fires are defined as all fires
where cables are involved but where cables are not the first item ignited, i.e. the cableis
not the object causing the fire. Using available European statistics (with afocus on UK
and Swedish statistics due to their availability and detail) an approximate fire model has
been defined for use in the Cables Fire-LCA model.

Using fire statistics collected from countries in Europe'®, it has been estimated that a
total amount of 35 fires occur per million dwellings due to cables. Based on data from
Denmark®, each dwelling is estimated to contain (on average) 250 m of cable, and it is
assumed that approximately 50 m of cables are present on average in asingle room This
corresponds to 140 fires per million km of cables that can be assumed to be caused by
electrical wiring and cables, i.e. so called primary fires.

Using statistics mainly from the UK Home Office and from SRV Sweden®’ concerning
distribution of the size of the fire (the fire spread), the number of fires that are confined
to the cable only (“ Cables Fire"), spread beyond the cable but contained in the room of
origin (“Cable/Room” fires) and those that cause significant damage to the dwelling
(“Cable/House” fires) can be estimated. The results of this division are summarised in
Table 2.

Using the result of these calculations together with information regarding the total
amount of cablesin atypical dwelling it is possible to estimate the length of cables
burned in primary fires each year, and thus the amounts of cables burned in 30 years,
which is the estimated lifetime of the cables used in the LCA model*®*!. The final result
of these calculations are values (in percent), which describes the amount of cables, which
are destroyed in primary fires, of the total amount of cables used in the LCA model.
These values are used as input in the model, see Figure 5.



Table 2 Calculation procedure of fire statistics.
Firespread |Fires | Cablelength Cable length burned | % of 10° km
(%) (nr.) | burned/year (m) |in 30 years (km) cables
Cablesfire 60 84 2100 63 0,0063
Cable/Room 31 43 2150 64,5 0,00645
fire
Cable/House |9 13 3250 97,5 0,00975
fire
ymlu?\
Casico Cable Fire [wentilated]) |
d Casico Cable Fire [wvitiated) |
Type of fire %o B
Cable ventilated fire (P ? i _
Cable vili ated fire 0,0063% /_ Secondary Fires [Casico wtlated]l
Secondary fires (ritated) | 4,191% |
Cable rootm ﬁl’E D 00645% House materials-Cable/Room
Cable house fire 0,00975% \

%

Cable/Room Fire

’—{ Interior material-Cable/Room |

4| House materials-Cable/House |

Interior raterial-Cable/House |

L

CablefHouse Fire

Figure 5

The incorporation of fire statistics in the LCA model.

Further, it is assumed that 50 % of all the cables in the room in the “Cables only” cate-
gory are involved in the fire.

Itis estimated that all “Cable fires” are vitiated, i.e. emissions data for this module are
based on the results from the vitiated cable experiments. When a cable fire starts, the
atmospherein the vicinity of the fire may be well ventilated, but as the fire devel ops and
progresses, the atmosphere becomes vitiated. Due to this behaviour, al fires used in the
LCA model are estimated to be vitiated fires, but as a complement a module describing
well ventilated “Cablefires” isincluded in the model. An investigation of the impact of
using the results of the "well ventilated” experimental datainto this module instead of
the vitiated data indicates that the impact is small using the experimental emissionswe
had available. The next chapter contains a discussion of the experimental results, which
explains thisin more detail.

Asseenin Table 2, the amounts of cables destroyed in primary fires, as a part of the total
amount of cables used in the model, are very small. Thisis areflection of the fact that
very little statistical evidenceis available that fires begin in cables and electrical wiring.
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During the search of statistics, no information could be found about how important the
choice of cable material (e.g. PV C or PE) is regarding the frequency of electrical fires.
No information could be found where the amounts of fires caused by cables were, or
could be, distributed based on the specific material used in the cables causing the electric
fires. Thus, it has been assumed that there is no difference between the fire model s that
are used in the two cable LCA models.

3.2 Secondary fire model

Based again on UK Home Office statistics and statistics from SRV Sweden it has been
estimated that approximately 1400 serious fires occur annually per million dwellings™.
Seriousfires are fires where the dwelling is severely damaged, or totally destroyed, by
thefire. It is assumed that there is approximately 250 m cable per dwelling. By using this
number and the estimated amount of serious fires occurring annually per million
dwellings, the corresponding amount of serious fires per million km of cablesis 5600.

Thetotal length of cablesthat is destroyed each year in serious firesis 1400 km, if it is
assumed that 100% of the cables present in the dwellings are destroyed. This amount of
cablesis used in the model as a“worst case scenario”, where all cablesin the dwellings
are assumed to be destroyed. If the estimated life time of the cablesis 30 years, 42000
km of cablesis destroyed in serious fires during the life cycle of the cable, or 4,2% of the
total amount of cablesthat is used in the LCA model!

As part of this study we have aso investigated the sensitivity of the results to the number
of secondary fires by including a scenario where we assume that only 10% (instead of
100%) of the amount of cables used in the dwellings that are exposed to serious fires are
actually destroyed in the fire. If 10% of all the cablesin each dwelling are destroyed, this
corresponds to 140 km of cables that are destroyed in fires each year. This has been used
asa‘“redistic estimate” of the contribution of secondary fires and is compared to the
worst case scenario in the results chapter.
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4 Fire Experiments

4.1 Introduction

When devel oping the methodol ogy for the large-scale experiments, very useful informa-
tion can be obtained by performing small-scale fire experiments. It was deemed that an
investigation of the fire gases produced by the cables under a variety of degrees of ven-
tilation and temperature was appropriate to determine the possibl e species that may be
produced in the large scale experiments. To facilitate this a number of small scale DIN
53436 tube furnace were performed with varying degrees of ventilation.

The types of cables studied in this project are often installed in ventilation shafts and
ducts, where the air availability in afire scenario mostly islow. In this vitiated atmos-
phere, the oxidation of the cable material being combusted in afire scenario is not fully
devel oped, thus producing less carbon dioxide and higher concentrations of various hy-
drocarbons and carbon monoxide, compared to the production in an atmosphere with
normal oxygen concentration. Producing a vitiated atmosphere in the large scal e experi-
ments is, however, difficult given the basic set-up. Thus, the small-scale experiments per-
formed in avitiated atmosphere are of special interest although they do not provide direct
input to the LCA.

In this chapter, the small scale experiments are described first with some interpretation of
the implications of the small scale results on the large-scale tests. The aim of the small-
scale experiments was to study the performance of the cables under various conditions
that can appear in the beginning of, or during, afire scenario. The design of the experi-
ments and the experimental equipment are discussed in the subsequent sections of this
chapter.

4.2 Choice of cables

Installation cables were chosen for this Cables Fire-LCA Case Study. Thisis choice was
governed by a number of different factors including volume (in terms of sales),
availability, applicability to data available in fire statistics.

In this modification of the Fire-LCA model as described in Chapter 2 two products with
equivalent fire behaviour are studied. The cables both pass the IEC 332-1 test and cannot
be described as high fire performance (or plenum) cables. They represent, rather, tradi-
tional indoor installation applications. A cable with PV C mantle over PV C insulation and
one with a polyolefin mantle over polyolefin insulation have been selected in this study.
A photo of each is shown in Appendix 1.

Specific details concerning the cable dimensions and input to the Cable Production
module of the Fire-LCA model are summarised in Appendix 4.
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4.3 Small-scale experiments

4.3.1 Test apparatus

The test apparatus used was a DIN 53436 tube furnace. This furnace was connected to an
FTIR instrument: BOMEM MB 100 equipped with a DTGS detector. The gas cell in the
FTIR was an Infrared Analysis M-38H-NK AU. The program used for the analysis was
GRAMS/386 v 3.01b (Galactic Industries Corporation). A J.U.M Engineering Heated
Total Hydrocarbon analyser model VES5 flame ionisation detector (FID), was connected
in serieswith the FTIR instrument. No external pump was connected to the system, as the
FID was equipped with a pump.

“ h‘ﬂ{ 1 |

Filter Crren DI furnace Mazs flow

meter

FTIE

Figure 6 Schematic representation of experimental apparatus.

A mass digital flow meter was connected to the system before the air entered the DIN 53
436 furnace'. A filter was attached, between the DIN furnace and the FTIR, to remove
particles from the gas flow from the furnace. Thisfilter was heated to eliminate conden-
sation of water from the fire gases before they were transported to the FTIR for analysis.
A schematic representation of the experimental apparatusis shown in Figure 6.

This furnace consists of a quartz tube, about 1 meter long, onto which afurnace,
approximately 20 cm long, is attached. The furnace can be heated to a desired tempera-
ture and starts to move along the quartz tube with a constant vel ocity of

10 mm/min. The material, placed on a sample boat inside the tube, is continuously
ignited, producing combustion gases at arelatively constant rate.

The oxidant flows through the quartz tube from one end, at an optional flow, in the oppo-
site direction to the movement of the furnace, thus avoiding preheating of the material by
the hot decomposition products produced during the experiment. The gas stream carrying
the combustion productsis transported directly to analysis.
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4.3.2 Test method

To study the cable materials of interest, two temperatures (350 °C and 650 °C) and two
oxygen concentrations (5% and 21%) were chosen. 350 °C was chosen since pyrolysis
processes usually have started at this temperature, producing fuel for the combustion
process. A temperature of 650 °C is usually sufficient to ignite the pyrolysis gases being
produced, starting afire that can be maintained and that may develop. Thus, by choosing
these temperatures, two of the most important stages of the fire scenario could be
studied.

Based on 1SO 9122:1 and experience of using the DIN oven in other experiments
(TOXFIRE and HCN)??it was determined that well ventilated combustion could be
accomplished if an air flow rate relative to sample loading of 100 mg sample/l air was
used. The vitiated conditions were accomplished by using aloading of 400 mg
sample/l air.

The sample was chosen to consist of approximately 1/3 of a cable length, including one
of the isolated wires. The length of the sample was 30 cm. The weight of the combustible
meaterial in each sample was 8,4 g. During the experiments where the 100 mg sample/l air
ratio was used, synthetic air was used. When performing the experiments with the 400
mg sample/l air, agas flow with 5% of oxygen (synthetic air diluted with nitrogen gas)
was used, instead of increasing the weight of the sample.

The airflow during the experiments was 2.8 I/min, of which 1.7 |/min were transported to
the analysis equipment. The product gases were transported from the DIN furnace to the
FTIR, and from the FTIR to the FID, in a heated sampling tube maintained at 150 °C.
The temperature in the gas cell in the FTIR was also maintained at 150 °C in accordance
with re(iommendati onsfor use of FTIR in fire experiments obtained from the SAFIR
project ”.

The sheath and insulation of the cable was placed on top of the wire before placing the
samplein the furnace. By doing like this, the risk of flame propagation aong the wire
that could be faster than the flame propagation along the sheath and insul ation material
was reduced.

The FID was calibrated using propane gas. Thereafter, a nitrogen gas flow of 2 I/min was
passed through the FTIR cell and the FID for some minutes, to ensure that the equipment
did not contain any contaminants from previous experiments. The gas flow used in the
system was controlled with the mass flow meter, and the filter was heated with a hot air
gun to approximately 150 °C. The oven was started, and when the temperature specified
for the experiment was reached, the pump in the FID was started, and the flow in the
system was controlled before the analysis equipment was connected to the quartz tube.
The sample was placed in the sample boat 5.0 cm from the end of the boat closest to the
oven, and then inserted in the quartz tube. The boat was placed with its front edge in line
with the edge of the furnace. The air flow was connected to the furnace, and the FTIR
analysis program and the FID were started. The oven was started after the air flow had
been on for 5 minutes. The experiment continued until the oven had fully passed the
samplein the boat, and the fire had fully ceased.
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4.3.3 Results and Conclusions

The DIN furnace experiments were designed to assist the planning of the large scale
experiments and the results are not used directly asinput to the Fire-LCA model. Thus,
the results are not discussed in detail in this chapter but can be found in their entirety in
Appendix 2. Instead the conclusions based on an analysis of the experimental results and
their repercussions for the large scale tests are summarised in the next section.

When comparing the results from the well ventilated and the vitiated experiments, the
largest difference could be seen when studying the results obtained from the experiments
performed with the CASICO material. The ventilation dependence was largest for this
material. The production of non-combusted hydrocarbons increased about ten times when
the oxygen concentration was decreased at 650 °C. The production of non-combusted
hydrocarbons from PV C increased only about 40% when the oxygen concentration was
decreased at 650 °C.

The production of non-combusted hydrocarbons at 350 °C decreased when the oxygen
concentration was decreased. The difference between the productions at the two ventila-
tion ratios was again largest in the experiments with the CASICO material. The produc-
tion from the CASICO material decreased with about 40%, and the production from PVC
decreased with about 6%.

The temperature dependence was also largest for the CASICO material. When increasing
the temperature from 350 °C to 650 °C at 100 mg samplé/l air, the production of non-
combusted hydrocarbons increased by about 120%, and when increasing the temperature
at 400 mg sample/l air, the production increased by 4100%. In the case of the PV C mate-
rial, the change in the production of unburned hydrocarbons was smaller. At 100 mg
sampl e/l air, the increase was 24%, and 90% at 400 mg sample/l air.

The large difference between the temperature dependence of the two materials can be
explained by comparing the fire performance of the two materials during the experiments
at 350 °C. The weight decrease of the PV C material during the experiments at 650 °C re-
sulted in aweight loss of approximately 5 g, and at 350 °C the weight loss was about 4 g.
The CASICO material, however, had alarge difference in the weight loss between the
experiments at the two temperatures. The weight decrease during the experiments at

650 °C resulted in aweight loss of approximately 5 g, but the weight loss at 350 °C was
only about 0.2 g (0.3 g at 100 mg sample/l air, and 0.1 g at 400 mg sample/l air). Thus,
the large difference in the production of hydrocarbons from the CASICO material be-
tween the two temperatures can be explained by the fact that the weight loss from the
CASICO material was very small at 350 °C, which resulted in alow production of
hydrocarbons.

The production of low molecular weight compounds from the CASICO material was also
highly temperature and ventilation dependent. The production of low molecular weight
compounds from the PV C materia differed between the two ventilation ratios and the
two temperatures, but not as much asin the case of the CASICO material. The difference
was most noticeable when comparing the experiments with the CASICO material per-
formed at 650 °C. The concentration of CO, decreased 10 times when the oxygen con-
centration was decreased, while the concentration of CO increased approximately 8
times. When comparing the results obtained from the same tests on the PV C material,
this difference is not as obvious. The decrease of the CO, concentration was only about
45%, and the production of CO did, in fact, also decrease. The cause of the decreasein
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the production of CO is unknown, but may be explained by the increased production of
non-combusted hydrocarbons.

It is apparent from the results described above that the degree of ventilation and tem-
perature of the test has the greatest effect on the product distribution for the CASICO
cables. Thisis probably due to the fact that under well-ventilated, high temperature con-
ditions combustion of the CASICO material is very efficient. In contrast, the presence of
large amounts of chlorinein the PV C material inhibits the combustion of the PV C cable
even under well-ventilated, high temperature conditions. Thisimplies that the combus-
tion of PV C does not use even close to the stoichiometric amount of oxygen required for
complete (or near complete) combustion of the organic material under well-ventilated
conditions. When the amount of oxygen available is then seriously reduced in the vitiated
experiments the oxygen required for combustion of the PV C materia has not been
greatly reduced. In other words we should expect that in the large scale experiments the
combustion products from the PV C experiments would be similar independent of venti-
lation while those for CASICO will produce significantly larger amounts of unburned
hydrocarbonsin the vitiated experiments rel ative to the well-ventilated experiments.

Based on this knowledge of the expected behaviour of the combustion productsit was
determined that the well-ventilated CASICO experiment would be run first using a stan-
dard sampling method and if necessary the collection system would be increased to allow
for the increased production of unburned hydrocarbons in the second vitiated experiment.
The PV C experiments would be run last (well-ventilated and then vitiated) to minimise
contamination of 