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Abstract

Purpose Flame retardants are added to plastics and textiles to
save lives. However, certain brominated flame retardants
(BFRs) form an environmental hazard and should be replaced
by less harmful alternatives. In the recently completed Euro-
pean research project ENFIRO, we examined which alterna-
tives are most suitable from a technical and environmental
perspective. This study describes the LCA comparison of
BFRs and halogen-free flame retardants (HFFRs) in an elec-
tronics product, in order to compare their environmental im-
pacts over the whole life cycle and identify where in the life
cycle the main impacts occur.

Methods This cradle to grave LCA used the complete life cycle
of a laptop computer as the functional unit. Specific attention
was paid to often neglected aspects, including emissions of
flame retardants in all life cycle phases, emissions during acci-
dental fire and improper waste treatment. New characterization
factors for toxicity of flame retardants were calculated using
USES-LCA2 and included in the impact assessment.

Results and discussion The largest differences in impact were
found to occur in the waste phase due to an increased dioxin
emission formed out of BFRs during improper waste treat-
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ment. Minor human toxicity and ecotoxicity impacts of FRs
are present due to volatilization in the use phase. FR emissions
during accidental fire vary with the FR’s mode of action (ac-
tive in the gaseous or solid phase). The BFR scenario has a
higher impact than the HFFR scenario due to a higher rate of
smoke formation and a higher terrestrial ecotoxicity score. In
most phases of the life cycle of FRs, fossil energy use related
impact categories dominate the LCA score, i.e. climate
change, fossil depletion, and particulate matter formation.
Over the full life cycle, the BFR scenario has a slightly higher
environmental impact than the HFFR scenario, mainly
through the contribution of human toxicity in the waste phase.
Conclusions The study shows that for improvements of the life
cycle environmental performance of FRs, the waste treatment
phase is critical. Export and improper treatment of WEEE have
the highest impact of all waste treatment options for both the
BFR and HFFR scenarios, and efforts should be intensified to
reduce the amount of WEEE ending up in this scenario. The
study further shows that processes which are often ignored in
LCA can give relevant insights into the environmental perfor-
mance of a product. It is therefore recommended to broaden the
scope and system boundaries of future LCA studies to include
unofficial scenario options (specifically in the end-of-life
phase) to provide a more complete description of the full envi-
ronmental impact of a product’s life cycle and thereby contrib-
ute to relevant discussions in society and policy.

Keywords Electronics - Flame retardants - Laptop - Plastics
additives - Life cycle assessment (LCA) - WEEE
1 Introduction

Flame retardants are applied in a large range of consumer prod-
ucts to improve fire safety. Global production volumes of flame
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retardants are estimated at 2.6 Mton in 2016 (Freedonia 2013).
Many flame retardants function by preventing or absorbing rad-
icals formed during a combustion process. Consequently, these
substances are often designed to be stable up to high tempera-
tures and are therefore not easily degradable. These properties
also mean that these substances are persistent in the environ-
ment. In addition, some flame retardants exhibit high ecotoxicity
and therefore pose a hazard to the environment. In particular,
certain brominated flame retardants (BFRs, specifically
polybrominated diphenyl ethers) are a cause of concern and
should therefore be substituted by less harmful ones (Chen and
Hale 2010; D’Silva et al. 2004; De Wit 2002).

In recent years, a number of alternative flame retardants
(halogen-free flame retardants, HFFRs) have been developed
as possible substitution products for BFRs. Substitution of
flame retardants (and plastics additives in general) is a com-
plex task. A number of requirements must be met on both fire
safety, compatibility with the plastic, mechanical, physical
and electrical properties, health and environmental properties
and commercial viability (Lavoie et al. 2010).

The knowledge on the functional, environmental and tox-
icological properties of HFFRs is limited compared to the
BFRs (Shaw et al. 2010; Waaijers et al. 2013). The recently
completed EU-funded research project ‘Life Cycle Assess-
ment of Environment-Compatible Flame Retardants: Proto-
typical Case Study’ (ENFIRO) aimed to establish which alter-
natives are most suitable, from both a technical and environ-
mental point of view (www.enfiro.cu). In this project,
environmental scientists, chemists, toxicologists, material
scientists and fire safety researchers joined forces to evaluate
all relevant aspects of alternative flame retardants, in order to
determine which alternatives are most viable.

One of the studies within this project was an environmental
life cycle assessment (LCA), which compared the environ-
mental impacts over the full life cycle for selected BFRs and
HFFRs. This study made use of both literature data and new
experimental data from the ENFIRO project on properties and
environmental behaviour of FRs. The product system consid-
ered was a combination of several flame-retarded polymers
incorporated in an electronics product. A laptop computer
was selected as case study.

Most LCA literature in which polymers are studied and
does not consider polymer additives such as flame retardants
(or stabilizers or plasticizers). Some studies exist which do
take into account the presence of flame retardants in, e.g.
TVs, notably some efforts in which the occurrence of fires is
incorporated into the environmental impact calculations
(Andersson et al. 2003, 2004; De Poortere et al. 2000; Hamzia
et al. 2008; Simonson et al. 2002). Some additional studies
have been found on aspects of the life cycle of printed wiring
boards (PWBs), which are an important application of flame
retardants (Alaee et al. 2003; Andrae et al. 2005; Iji and
Yokoyama 1997; Scharnhorst et al. 2005).

Some literature on LCA studies of electronics is available
(Andrae et al. 2000, 2004; Andrae and Vaija 2014; Ciroth and
Franze 2011; Dodbiba et al. 2008; Duan et al. 2009; Elduque
et al. 2014; Gunnar Bergendahl et al. 2005; Hischier 2015;
Hischier and Baudin 2010; Yung et al. 2009). Results vary
considerably, depending on system boundaries, data sources
and assumptions. A common view in the LCA community is
that ‘any product with a plug’ will have its main environmen-
tal impact in the use phase. Although this is probably true for
ovens and washing machines, it does not hold (anymore) for
all electronics (Andrae and Andersen 2010). In some studies,
environmental impact scores for the manufacturing phase and
use phase are comparable and sometimes the manufacturing
phase scores higher. The reported scores for the waste phase
depend very much on the scenario: dumping on a landfill can
have a score similar to the manufacturing and use phase, while
the score for proper WEEE treatment scores lower or even
negative (environmental benefit due to recycling). LCA stud-
ies on the improper treatment of WEEE in developing coun-
tries are extremely rare (Andrae et al. 2008).

The environmental impact of FRs is normally not discussed
in LCA studies on electronics. Sometimes, the plastics used in
electronics are considered to be simple polymers, ignoring any
additives that may be used (Ciroth and Franze 2011; Dodbiba
et al. 2008). In those studies, the environmental impact of the
metals used in electronics by far outweighs the impact of the
plastics used.

The current comparative attributional LCA study intends to
compile the knowledge on the environmental effects of spe-
cific brominated and halogen-free flame retardants over their
whole life cycle and to demonstrate which of the alternatives
have the lowest overall environmental impact. In addition, the
study shows in which stages of the life cycle the highest en-
vironmental gain may be achieved by future improvements.
Processes such as accidental fire, volatilization of FRs in the
use phase, and improper waste disposal are included in the
study. These aspects are often ignored in LCA, but much
discussed in society, and we believe that including them, this
study can be a useful contribution to the debate on FR
substitution.

2 Methods
2.1 Functional unit and system boundaries

The product system considered is a flame retardant system
incorporated in a commercial product, i.e. a laptop computer.
A comparison was made between a brominated flame retar-
dant system and a non-brominated one. The functional unit is
defined as: ‘the complete life cycle of a laptop containing
flame retarded polymers, with a lifetime of 4 years’. Abbrevi-
ations of the FRs and polymers studied are given in Table 1.
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Table 1  Abbreviations used in this study | extraction of raw materials ‘

ABS Acrylonitrile butadiene styrene terpolymer raw materials | polymer | | ahlives |

Alpi Aluminium diethylphosphonate

ATH Aluminium trihydroxide ‘ compounding/ resin formulation |

ATO Antimony trioxide \i,

BDP Bisphenol-A bis(diphenylphosphate) production | production of components ‘

BFR Brominated flame retardant -

BPS Brominated polystyrene | assembly oflfmal product |

DecaBDE Decabromo diphenylether use accidental || ::wipment ’

DOPO 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide fire use

EPR Epoxy resin

EPS (expanded) Polystyrene foam end-of-life treatment | _ \Wf 't?;l;;(rf:r:t

EVA Ethylene vinyl acetate restment WEEEC(I;:?;::%\EZ mmgm;n Iandflll

FR Flame retardant

HFFR Halogen free flame retardant Fig. 1 The life cycle of flame retarded polymers in an electronics

HIPS High-impact polystyrene application

MPP Melamine polyphosphate

MSWI Municipal solid waste incineration environmen.tal fate of the. FRs..These data were gsed in

PAGG Polyamide (Nylon 6,6) ‘Fhe calculatlons. of §00t0x1cologlcal and human.t0x1.c010g—

PAHs Polycyclic aromatic hydrocarbons ical charact.erlzatlon factor.s of FRs. Studies in the

PC Polycarbonate ENFIRO project on the funcfclorl'al and fire safety proper-

PPE Polyphenylene ether tl'es o'f the FR'-polymer coml?lnatlons seryed to select com-

PWB Printed wiring board bmapons Whlch comply w1th the re':qulrergen'ts for elec-

RDP Resorcinol bis(diphenylphosphate) tronic equlp@ent aqd determine which emissions can be

TBEPA Tetrabromobisphenol A expected durlgg acc1d§nta1 fire. Data from sc1ent1.ﬁc liter-

TEQ Toxic equivalent ature or publicly available patents were used in cases

VOCs Volatile organic compounds where actual data from stakeholders could not k.)e obtain-
i ) ) ed. For background data, the LCA-database Ecoinvent 2.0

WEEE Waste electrical and electronic equipment was used.

;;IS ;mc ht};dm)zsmnnate Starting point for the derivation of emission factors

INncC stannal

Figure 1 shows the life cycle for an FR that is incorpo-
rated as additive into a polymer, which is then used in an
electronics product. All relevant processes in the life cycle
are included (cradle-to-grave). This includes all ‘standard’
production, use and disposal processes, but also emissions
during use, accidental fire, proper electronics disposal ac-
cording to the European WEEE Directive and substandard
waste disposal of electronic products. Emission of FRs to
the environment may occur in several life cycle phases and
are specifically included as well.

The system boundaries of this study were set at end-of-life
recycling, which means that the potential environmental loads
and benefits of recycling are not included.

2.2 Inventory data

Foreground data has been obtained from stakeholders
from industry, NGOs and academia via stakeholder meet-
ings in the ENFIRO project. Other foreground data was
produced by the project partners, in particular data on the
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of flame retardants in different phases of the life cycle
are the EU Technical Guidance Document on the risk
assessment of chemicals (European Commission 2003)
and the OECD document on emission scenarios for
plastics additives (OECD 2004). In some cases, data
reported by industry could be used for the calculation
of emission factors, i.e. flame retardants which have
been subjected to an EU risk assessment, and flame
retardants which are part of the VECAP initiative
(VECAP 2011; European Commission 2002, 2007,
2008a). The FR emission factors used in this study are
listed in Table 2.

2.2.1 Production of flame retardants

Table 3 lists the HFFRs and BFRs modelled in this study.
Details on the production of FRs were in some cases provided
by main European FR producers. When no specific industry
data was received, an inventory was made using LCA litera-
ture, patent descriptions and Ullman’s Encyclopedia of Indus-
trial Chemistry. Details on flame retardant production can be
found in the Electronic Supplementary Material.
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Table2 Emission factors for flame retardants in different phases of the
life cycle, as used in this study

Life cycle phase, Compartment ~ Emission
compound factor
Production of FR
decaBDE? Air 1.1E-5
Water 1.8E-5
Land 3.1E-5
TBBPA* Air 1.0E-6
Water 2.0E-7
Land 0
ATOP Air 7.6E-5
Surface water ~ 2.8E-7
Wastewater 4.7E-8
Other FRs® Wastewater 0.003
Industrial processes
decaBDE* Air 1.0E4
Water 5.0E-4
TBBPA® Air 1.00E-5
Water 1.01E-5
ATOP Air 1.63E-6
Wastewater 3.5E-4
Solid waste 1.6E-2
Inorganic FRs" Water 2.0E-4
Air 0
Low volatility organic FRs® Water 1.2E-4
Air 2.0E-5
Medium volatility organic FRs" ~ Water 2.0E-4
Air 1.0E4
Use phase
decaBDE* Air 0.0019
ATOP Wastewater 1.0E-4
Inorganic FRs" Water 1.0E4
Air 0
Low volatility organic FRs® Water 5.0E-4
Air 5.0E-4
Reactive FRs 0
Accidental fire
Organic FRs® Air 3.0E-7
ATO® Air 0.84
Other inorganic FRs" Air 0.084
Waste phase, treatment
according to WEEE Directive
All FRs Air 0.001
Waste phase, landfill
All FRs' Surface water ~ Between
3.8E-8 and 1
Waste phase, incineration
ATOP Air 0.001
Surface water ~ 0.003
Inorganic FRs Air 0.001

Table 2 (continued)

Life cycle phase, Compartment ~ Emission
compound factor
Surface water ~ 0.003
Organic FRs Air 3.0E-8
Waste phase, substandard treatment
Organic FRs® Air 3.0E-7
ATO Air 0.005
ZHS Air 0.037
ATH Air 0.037

*VECAP (2011)

b European Commission (2008a)

¢ European Commission (2003)

d European Commission (2002)

¢ European Commission (2007)

FOECD (2004)

€ Simonson et al. (2000)

" Cusack (2008)

! Laboratory data ENFIRO project (see Electronic Supplementary Material)
J Gullett et al. (2007)

2.2.2 Production of a laptop

With sales of around 400 million worldwide in 2015, laptops
are produced in a wide range of designs and materials (Andrae
and Edler 2015). The extent to which FRs are used in laptops
can vary as well. It was assumed that all main polymer mate-
rials are flame retarded, including PWBs, connectors and
switches, cables and casing. Starting point for the exact laptop
composition was the Ecoinvent process ‘Laptop computer, at
plant’. Several studies are available reporting detailed laptop
compositions and the presence of FRs in laptops (Brigden
et al. 2007; ChemSec 2010; Deng et al. 2011; Destaillats
et al. 2008; EFRA 2010; IVF 2007). The averages of the
weight percentages of different polymers were used for our
LCA scenarios, as shown in Table 3. The FR loadings are
based on fire safety tests performed within the ENFIRO pro-
ject and apply to polymer materials passing a VO test.

In the Ecoinvent laptop process sheet (as well as in under-
lying process sheets on laptop components), the amounts of
polymers were set to 0. The polymers from Table 3 were
added to the LCA scenario as separate processes. In this
way, the environmental impact of the FR-polymers can be
specifically shown, and double-counting of the polymers is
avoided.

2.2.3 The use phase
Energy consumption of the laptop Electricity consumption

of different laptop modes has been taken from the Ecoinvent
database. The total electricity consumption over the lifetime of
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Table 3  Average amounts of polymer used in the laptop, and loading rates (weight-%) of the HFFRs and BFRs in the polymers

Polymer Amount in laptop (kg)  BFR scenario HFFR scenario Part in which polymer is used
Compound % weight ~ Compound % weight

PA6,6 0.11 BPS + ATO 18+7 Alpi + MPP 16.7+8.3  Connectors, switches

EVA 0.16 decaBDE + ATO 13+4 ZHS-coated ATH 70 Cables

PPE/HIPS 0.52 decaBDE + ATO  14+6 RDP 15 Casing

PC/ABS 0.65 decaBDE + ATO,  10+5 BDP 20 Casing

Epoxy resin 0.29 TBBPA 20 DOPO 25 PWB

Total laptop weight ~ 3.15

the laptop amounts to 215 kWh. Further data can be found in
the Electronic Supplementary Material.

Emission factors of flame retardants from plastics During
the use phase of electronic products, FRs can volatilize out of
the polymers and thus be released to the environment. Accord-
ing to OECD emission scenarios on plastics additives, the
estimated emission factor due to volatilization is 0.05 % over
the lifetime of the product (OECD 2004). This emission factor
was used for organic additive FRs, and results in total FR
emissions in the mg range for the laptop.

Additionally, the OECD scenario estimates an emission
factor to water of 0.05 % (for indoor service), which was also
included in the current study. For inorganic FRs (for indoor
service), emission factors were estimated to be lower: 0.01 %
to water and 0 to air (OECD 2004; European Commission
2008a). For decaBDE, more specific emission factor data are
used from the EU risk assessment (European Commission
2002). For reactive FRs (DOPO and TBBPA), emission fac-
tors were assumed to be 0 in the use phase, as their covalent
link to the polymer makes emission unlikely.

Occurrence of fire When considering the life cycle of a lap-
top, only a minor fraction of the laptops will actually catch
fire. When an accidental fire occurs, the different flame retar-
dants in the products may result in different emissions. It was
therefore decided to include the occurrence of fire in the study,
although in standard LCA practice incidents or unintended
processes are usually ignored.

We assumed the presence of one laptop per household
and took the average European fire occurrence per house-
hold as a value in the current study for the fraction of
laptops that will be burnt. This fraction is 0.0094 (9.4 per
1000 households) (Nibra 2009). The fire statistics used can
be found in the Electronic Supplementary Material. We
assumed the occurrence of fire is independent of the FR
(and therefore equal in both the BFR and HFFR scenarios),
as all FRs studied comply with VO fire safety tests.
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Emissions from fire Literature data on the emissions (e.g.
PAHs, VOCs, dioxins) during the combustion of electronic
products was used in both the BFR and HFFR scenarios
(Simonson et al. 2000; Andersson et al. 2003, 2004, 2005).

A fraction of the FRs in the polymers may be emitted
during combustion. The organic FRs will burn almost
completely, while a larger fraction of the inorganic FRs may
be emitted intact. For all organic FRs, a small emission factor
to air during a fire of 3E-7 was used, based on data from
(Simonson et al. 2000). Emission factors of FRs partly depend
on the FR’s mode of action. ATO acts primarily in the vapour
phase (Cusack 2008). In contrast, the inorganic FRs ZHS and
ZS are mainly active in the condensed phase, where they con-
tribute to char formation (Cusack 2008). Therefore, emission
factors to air will be lower for ZHS and ZS than for ATO. An
emission factor of antimony to air of 0.835 for ATO was
reported by Simonson et al. (2000). The emission factors to
air of ZHS and ZS are assumed to be 10 times lower than for
ATO.

As the different FRs have different flame retarding mech-
anisms, the emissions of other combustion products may also
differ between the scenarios.

Tests within the ENFIRO project on the burning behaviour
of different FR-polymer combinations yielded data on the
emission of CO, CO, and smoke. Ratios of emissions for
the polymers with HFFR and BFR are shown in Table 4.
These data were combined with literature data on emissions
from BFR-containing electronics to determine CO,, CO and

Table 4 Results from ENFIRO fire experiments for 3 polymers,
comparison of CO, CO, and smoke emissions for polymer with BFR
and polymer with HFFR

Polymer Ratio of emission with HFFR/ with BFR

CO CO, Smoke
PC/ABS 0.76 1.15 0.84
PPE/HIPS 0.73 2.18 0.90
PA6,6 0.37 0.89 0.37
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Table 5 Emissions from burning electronics, for the scenario with
BFRs and with HFFRs. Adjustments are based on the ratios in Table 4,
and the amounts of each polymer in the laptop

Particulate
matter, <10 um

Chemical emission CO CO,
(g per kg combustible material)

BFR scenario 86 2400 50
HFFR scenario 68 3300 44

particulate matter emissions for both scenarios, as shown in
Table 5 (Simonson et al. 2000; Blomqvist 2005).

2.2.4 End of Life scenarios
The end-of-life scenarios considered for the laptop were:

— Collection and treatment according to the WEEE
Directive

— Disposal with municipal waste, followed by incineration
in municipal solid waste incinerator (MSWTI)

— Disposal with municipal waste, followed by dump on
landfill

—  Export, followed by substandard waste treatment

The percentages of WEEE ending up in the different
treatment systems are a subject of heated international de-
bate. Estimations by different stakeholders differ strongly
(Cobbing 2008; European Commission 2008b; Perkins
et al. 2014; Robinson 2009; WEEE forum 2010). A de-
tailed investigation on WEEE flows is available for
The Netherlands (Huisman et al. 2012). This study includ-
ed both the official WEEE collection systems and the ‘un-
official’ complementary WEEE collection streams, as well
as export streams of WEEE plus (still functioning) used
equipment (EEE). The WEEE amounts quantified for the
category ‘IT equipment’ were slightly adjusted for the Eu-
ropean situation (e.g. 38 % landfill of municipal waste in
Europe and 0 % in The Netherlands) (European Commis-
sion 2010). In addition, it was assumed that half of the
exported WEEE flow will end up in improper waste treat-
ment under substandard conditions (and the other half end-
ing up in municipal waste). This results in a total fraction
of WEEE treated improperly of 0.19. Fractions of WEEE
ending up in the different scenarios are shown in Table 6.

Treatment according to WEEE Directive Foreground data
on WEEE treatment according to the WEEE-Directive were
obtained from Stena Metall, a Swedish recycling company
(Sjolin 2012). After a pretreatment, the WEEE is either

Table 6 Amounts of WEEE ending up in different waste treatment methods for the subcategory IT (based on Huisman et al. 2012)

kg/inhabitant/year Fraction of WEEE+ used EEE Further specification, based on own assumptions Fraction

EEE put on market (POM) 3.03
WEEE+used EEE generated 3.00
Export of used EEE 0.60 0.20
WEEE generated 2.40 0.80
Collection and treatment according

to WEEE Directive:

Via official WEEE route 0.61

Via complementary routes 0.70
Total proper WEEE treatment 1.31 0.44
WEEE ending up in municipal waste 0.54 0.18
Not (yet) documented 0.55 0.18

Total fractions of waste streams
Incineration
Landfill
Substandard treatment

Treated according to WEEE Directive

Municipal waste Incineration 0.033*
Landfill 0.066*
Substandard treatment 0.10*
Incineration 0.06"
Landfill 0.12*
Municipal waste Incineration 0.03*
Landfill 0.06"
Substandard treatment 0.09*
0.44%
0.12%
0.25%
0.19%

# These values are not mentioned in Huisman et al. 2012, but based on own assumptions, see main text
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manually dismantled and then shredded or processed in an
automatic shredder without dismantling. Fragmented scrap is
then sorted by flotation methods. The non-brominated plastic
fraction will go to material recycling, and the brominated
plastic fraction is incinerated as hazardous waste.

Municipal solid waste incineration The model of this sce-
nario was based on the Ecoinvent process sheets ‘Disposal,
residues, mechanical treatment, laptop computer, in MSWI’
and ‘Disposal, plastic, consumer electronics, to municipal in-
cineration’. The emission factors from MSWTI incineration for
inorganic FRs were all assumed to be equal to the values
reported in the EU risk assessment on ATO (European Com-
mission 2008a). For organic FRs, the emission factor to air
was assumed to be 10 times lower than the estimated emission
factor during accidental fire.

Landfill This waste scenario was based on the Ecoinvent pro-
cess sheets ‘Disposal, plastics, mixture, to sanitary landfill” and
‘Disposal, inert material, to sanitary landfill’. Leaching of FRs
from landfill was incorporated based on laboratory experiments
performed within the ENFIRO project. These experiments re-
sulted in 20-day leaching values, which were extrapolated to an
assumed residence time on the landfill of 25 years. Further
details can be found in the Electronic Supplementary Material.

Export and substandard treatment In this scenario, after
shipping the WEEE to Asia and Africa, rudimentary recycling
techniques are applied to recover part of the metals. These
practices often take place with little regard for worker safety
or environmental consequences (Kuper and Hojsik 2008;
Nnorom and Osibanjo 2008; Nordbrand 2009; Sepulveda
et al. 2010). Emissions are expected during open burning of
cables and circuit boards to retrieve metals, desoldering or
acid leaching of printed wiring boards, and manual disman-
tling of flat panel displays with mercury-containing lamps
(Sepulveda et al. 2010; Wang 2012). Emissions include lead,
tin, cadmium, mercury, acid fumes, cyanide and chlorinated
and brominated dioxins.

For emissions from combustion of the organic components
of the laptop, the same inventory data was used as for the
combustion during accidental fire (see paragraph Emissions
from fire). Emission factors of particulate matter and metals
were derived from simulated WEEE recycling experiments
reported by Gullett et al. (2007).

The formation of dioxins is one of the most discussed hazard
issues concerning substandard WEEE treatment. Brominated di-
oxins can be formed out of BFRs, but (chlorinated) dioxins can
also be formed out of other WEEE components, such as PVC.

Literature on laboratory studies of formation of dioxins out
of WEEE and BFRs was used in combination with the com-
position of the laptop to derive dioxin emission factors for
improper WEEE treatment (Gullett et al. 2007; Weber and
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Kuch 2003). This resulted in an emission of 0.51 mg TEQ
per kg WEEE. Strongly differing results from literature indi-
cate a large uncertainty of this value. More details can be
found in the Electronic Supplementary Material.

2.3 Impact assessment

The impact assessment method ReCiPe 1.03 (Endpoint) was
applied in this study. The full range of environmental impact
categories from this method was considered. Toxicity charac-
terization factors for FRs which are not included in the ReCiPe
method were calculated in a procedure identical to the one
used for the other toxicity characterization factors in ReCiPe
by application of the multimedia fate, exposure and effects
model USES-LCA2 (Van Zelm et al. 2009). Physicochemical
properties of FRs needed in the model were partly found in
literature (Waaijers et al. 2013) and partly derived from results
of fugacity-based multimedia modeling within the ENFIRO
project. The toxicity characterization factors thus determined
are listed in Table 7.

3 Results

As the focus of this study is on toxic flame retardants and their
substitutes, the toxicity impact categories of the ReCiPe meth-
od are considered as most relevant when discussing the re-
sults. In addition, climate change scores are discussed, and
single score results are considered as well.

Values corresponding to the figures can be found in the
Electronic Supplementary Material.

3.1 Production of flame retardants and flame retarded
polymers

Figures 2 and 3 show a comparison of the production of 1 kg
of'each of the FRs investigated (‘cradle-to-gate’). The separate
toxicity categories in Fig. 2 show that ATO scores are highest
for human toxicity. This is caused by heavy metal emissions
during the mining phase. During mining of zinc and tin ore,
heavy metal emissions also lead to a relatively high human
toxicity score for ZHS and ZS.

Relatively high human toxicity, terrestrial and freshwater
ecotoxicity scores are also observed for RDP, BDP and
DOPO: This is caused by the emission of white phosphorus
to air during production of intermediary products in the pro-
duction route (POCI; and PCls). According to the database
background information, these values are based on estima-
tions, and therefore, the uncertainty in this result is relatively
high. For marine ecotoxicity, ZHS and ZS have the highest
scores, which is caused by emissions of ZS and ZHS.

In Fig. 3, total LCA scores for the production of 1 kg FR
are shown. Large differences are found between FRs, with a
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Table 7  Toxicity characterization factors for flame retardants, calculated with USES-LCA2, in line with the ReCiPe Endpoint method. ND: not

determined for lack of reliable toxicity data

Flame retardant Human toxicity
(DALY /kg)

Freshwater ecotoxicity
(species x year/kg)

Marine water ecotoxicity
(species x year/kg)

Terrestrial ecotoxicity
(species x year/kg)

Emission to: Emission to:

Emission to: Emission to:

Freshwater ~ Air Freshwater Air Freshwater Air Freshwater Air
AlPi 1.6E-09 5.9E-08  6.9E-09 2.8E-09 6.0E-09 4.5E-09 9.8E-13 9.7E-07
APP 7.2E-09 2.7E-07  7.9E-10 3.3E-10 6.9E-10 5.0E-10 9.0E-13 1.2E-07
ATH 7.6E-10 3.0E-08  7.3E-10 8.1E-11 5.3E-10 6.3E-10 3.3E-29 7.7E-08
ATO 7.8E-11 8.5E-10  6.0E-08 6.7E-09 5.2E-08 2.3E-08 1.9E-27 1.7E-06
BDP ND ND 1.9E-09 6.8E-13 1.4E-09 9.4E-11 7.6E-18 7.1E-11
decaBDE 2.0E-03 7.1E-04 ND ND ND ND ND ND
DOPO 1.2E-09 44E-09  1.4E-08 3.3E-09 1.2E-08 8.0E-09 3.7E-13 8.2E-07
RDP ND ND 2.2E-09 2.0E-11 1.4E-09 3.9E-09 1.0E-17 1.1E-09
TBBPA 3.9E-08 5.1E-07  2.6E-08 2.1E-10 2.1E-10 1.5E-09 2.0E-12 3.4E-09
ZHS ND ND 2.1E-08 2.3E-09 1.8E-08 7.9E-09 6.5E-28 5.9E-07
ZS ND ND 2.1E-08 2.3E-09 1.8E-08 7.9E-09 7.0E-28 5.9E-07

factor of 32 between the highest and lowest scores (ZS and
ATH, respectively).

For most FRs, the largest contributions to the score are
energy use related, with relatively high scores for climate
change and fossil depletion. The inorganic FRs ATO, ZS
and ZHS have in addition high scores for particulate matter
formation and metal depletion, which are both related to the
mining phase.

Of more practical significance than a direct comparison of
FRs (which vary in loading rates and compatibility with dif-
ferent polymer types) is the comparison of compounded FR-

Fig. 2 LCA scores for the 1
production of 1 kg flame
retardant, cradle-to-gate, for the

four toxicity impact categories o8
and climate change of the ReCiPe N
method. Each category is =
expressed as fraction of the FR Soe
with the maximum score g
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polymer combinations, which fulfil the VO fire safety
requirements.

A comparison of flame-retarded polymers is shown in
Fig. 4 (cradle-to-gate). For each of the polymers, a BFR-
containing version, an HFFR-containing version and a
non-flame retarded version are shown (polymer without
additive). Variations between the BFR and HFFR polymer
versions are relatively small (compared to differences
found for production of FRs): A maximum difference of
16 % is observed within polymer types. This is partly be-
cause the production of polymer has a high contribution to

£ decaBDE
O BPS
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E RDP
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Fig. 3 Environmental impact for 2,5
the production of 1 kg flame

retardant, cradle-to-gate (ReCiPe 2,25
Single Score results)
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the score and partly because the FRs with high impact per
kg are used at lower loading rates, while FRs with low
impact per kg are used at higher loading rates.

3.2 Use phase
3.2.1 Emissions during use
Due to volatilization of FRs from the polymers, emissions can

occur during the use phase. A comparison of this process for
the BFR and HFFR scenarios is shown in Fig. 5. Human

Fig. 4 Environmental impact for 0.9
the production of 1 kg flame

retarded polymer, cradle-to-gate 0.8
(ReCiPe Single Score results). 07

Different loading rates required
for different FRs (see Table 3) are
included in these calculations
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toxicity and freshwater ecotoxicity score highest in the BFR
scenario, while the terrestrial and marine ecotoxicity scores
are highest for the HFFR scenario.

The single score result is highest for the BFR scenario,
which is mainly due to the human toxicity score of the
emission of decaBDE (4.2 mPt). The terrestrial
ecotoxicity score in the HFFR scenario (0.023 mPt) is
mainly due to emissions of Alpi and MPP, while the
scores for freshwater and marine ecotoxicity are caused
mainly by RDP, BDP, Alpi and ZHS (HFFR scenario)
and ATO (BFR scenario).
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Fig. 5 Environmental impact for FR emissions during the use phase of a
laptop with BFRs and a laptop with HFFRs, for the four toxicity impact
categories and climate change of the ReCiPe method. Each category is
expressed as fraction of the FR with the maximum score

When considering the overall use phase including electricity
use of the laptop, we find that scores for human toxicity and
terrestrial ecotoxicity are at least two orders of magnitude higher
for electricity use than for volatilization of FRs. Scores for ma-
rine ecotoxicity are comparable for electricity use and FR vola-
tilization. For freshwater toxicity in the BFR scenario, they are
comparable as well, while in the HFFR scenario electricity use
scores two orders of magnitude higher than FR volatilization.

3.2.2 Accidental fire

A small fraction of the laptops will end up in accidental fire.
Some of the emissions during combustion of a laptop will vary

Fig. 6 Environmental impact for 14
accidental combustion of a laptop

with BFRs and a laptop with

HFFRs (ReCiPe single score 12
results). The fraction of laptops

actually ending up in an

accidental fire is not incorporated 1

in this figure ) m

0,6

W]

LCA-points (ReCiPe)

0,4

0,2

accidental fire, BFR scenario

with the presence of different FRs. Figure 6 shows total LCA
scores for the combustion of a complete laptop for the BFR
and HFFR scenario. A relatively high score for terrestrial
ecotoxicity in the BFR scenario is observed. This is caused
mainly by the emission of ATO (active as FR in the vapour
phase), which has a higher emission factor to air than other
FRs. The higher rate of smoke formation in the BFR scenario
leads to a higher score for particulate matter formation. CO,
emissions are higher in the HFFR scenario than in the BFR
scenario, resulting in higher scores for climate change. The
single score result for accidental fire is 26 % higher for the
BFR scenario than for the HFFR scenario. As mentioned in
paragraph Occurrence of fire, the occurrence of fire in both life
cycle scenarios is assumed to be equally low.

3.3 End of life

In Figs. 7 and 8, LCA scores of the waste treatment options for
a complete laptop are shown. Each scenario represents one
complete laptop. For all toxicity impact categories, the BFR
scenario scores higher than the HFFR scenario. For human
toxicity and terrestrial ecotoxicity, the improper treatment
has the highest score of all waste treatment options for both
the BFR and HFFR scenario. Human toxicity for improper
treatment in the BFR scenario is mainly caused by the forma-
tion of (brominated) dioxins during incomplete incineration of
BFRs. In the HFFR scenario, the human toxicity score for
improper treatment is mainly caused by emissions of lead,
arsenic, hydrogen fluoride, PAHs and other chemicals (which
all occur in the BFR scenario as well).

A number of emissions contribute to the scores for terres-
trial ecotoxicity, mainly bromine, copper, cyanide, PAHs and
the FRs ATO, ZHS and ATH. Scores for freshwater and

MW Other impact categories
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The scores in these processes are all independent of the choice
of FRs (all polymer materials in those components were
modelled as separate processes).

Of the processes that are influenced by the FRs, the highest
score is for the production phase of the five flame-retarded
polymers. The second highest impact occurs during improper
waste treatment. The contribution to the overall environmental
impact by volatilization of FRs in the use phase and emissions
from accidental fire is low.

Of the four end-of-life options, the highest impact occurs
for export followed by improper treatment. For BFRs, the
end-of-life option with the second highest impact is WEEE-
Directive compliant treatment. This is mainly due to the high

percentage of WEEE ending up in this waste scenario. In
contrast, for the HFFR scenario, the end-of-life option with
the second highest impact is incineration in an MSWI. Land-
fill is the end-of-life option with the lowest impact for both the
BFR and HFFR scenario.

For all phases of the life cycle except improper waste treat-
ment, the impact scores are dominated by the impact catego-
ries climate change, fossil depletion and particulate matter
formation, which are mainly related to fossil energy consump-
tion. In the improper waste treatment phase, human toxicity
has the largest contribution to the score.

The overall environmental impact of the life cycle of the
BFR containing laptop is only marginally higher than the
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HFFR containing laptop (32.5 and 32.0 Pt, respectively). The
largest differences are found for human toxicity in the improp-
er treatment phase. A relatively large difference in the WEEE-
Directive compliant waste treatment phase is found as well
(because in the BFR scenario, a higher fraction of polymers
is incinerated instead of recycled).

In the production phase of the flame-retarded polymers,
smaller differences are found, with the total impact of the
production of the five flame-retarded polymers being slightly
higher for the BFR scenario.

Relatively, small differences are found between the BFR
and HFFR scenario for FR volatilization during the use phase,
emissions during accidental fire, during incineration in a MSWI
and for the WEEE fraction ending up on a landfill. The BFR
scenario impacts are slightly higher in these life cycle phases.

Figure 10 shows the scores of BFR and HFFR full life
cycle scenarios for each impact category, expressed as fraction
of the highest score (100 %). For many impact categories, the
scores of both scenarios are almost equal, and FR-related con-
tributions to the score are minor. The main differences be-
tween the scenarios are observed for the impact categories
human toxicity, terrestrial, marine and freshwater ecotoxicity
and metal depletion. For these five impact categories, the im-
pact is lower in the HFFR scenario.

4 Discussion

4.1 Impact categories most relevant to flame retardants

In most phases of the life cycle of FRs, fossil energy use-
related impact categories dominate the LCA score: climate

Fig. 10 Comparison of 100%
scenarios: normalized
characterization results for the
complete life cycle of the scenario 80% -
with BFRs (dark bars) and with
HFFRs (light bars). Striped
segments indicate the contribution Y 60% -
of FR-related processes to the g
score. Solid segments indicate the ]
contribution of all other processes =
o 40%
20%
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change, fossil depletion and particulate matter formation.
The life cycle phases in which human toxicity and ecotoxicity
of FRs play a relevant role are: export of WEEE followed by
substandard waste treatment and to a lesser extent the other
waste treatment options. Only a minor fraction of the FRs
present in the product is emitted during volatilization in the
use phase, and only a minor fraction of the laptops is exposed
to accidental fire. Therefore, these two processes do not con-
tribute much to the scores for toxicity.

The main differences between the two full life cycle sce-
narios are found for the impact categories human toxicity,
ecotoxicity and metal depletion, as shown in Fig. 10. For these
impact categories, the impact is lower in the HFFR scenario.
For the other impact categories, the scores of both full life
cycle scenarios are almost equal.

4.2 Processes most relevant to flame retardants

The environmental impact in the production phase of FRs
(cradle-to-gate, per kg) varies considerably. The highest total
impacts are found for ZS, ZHS and ATO. Lower total impacts
are found for decaBDE, RDP, BDP, DOPO and Alpi, followed
by TBBPA, MPP and BPS. The lowest impact is found for the
production of ATH. For the production of flame-retarded
polymers, differences in environmental impact between BFR
and HFFR containing polymers are smaller.

The emissions of FRs through volatilization in the use
phase have only a small contribution to the overall impact
over the complete life cycle, but this phase is still likely to
be the most important exposure route for humans.

In the case of accidental fire, the BFR scenario has a higher
overall impact than the HFFR scenario due to a higher rate of
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smoke formation and a higher terrestrial ecotoxicity score. In
the HFFR scenario, the score for climate change is higher than
in the BFR scenario due to higher CO, emissions (more com-
plete combustion).

Of the four end-of-life scenarios for WEEE, the option
‘export followed by improper treatment’ has the highest envi-
ronmental impact for both the BFR and HFFR scenarios. In
the BFR scenario, this high impact is mainly caused by the
formation of (brominated) dioxins during improper WEEE
incineration. The high LCA score for improper WEEE treat-
ment in the HFFR as well as the BFR scenario shows that even
when BFRs are substituted by HFFRs, these practices will
remain quite hazardous, as there is a range of toxic emissions
during improper treatment. Efforts should continue (or be in-
tensified) to reduce the amount of European WEEE ending up
in this scenario.

4.3 Data quality

In this LCA study, a diverse set of processes concerning the life
cycle of FRs is addressed. A consequence of this diversity is that
the data used in the study has a wide range of sources and quality.
The “chaotic’ nature of accidental fire and improper WEEE treat-
ment makes it hard to obtain reliable data on chemical emissions
for these processes. Literature or experimental data was used in
these cases, reflecting the current state of knowledge on these
issues. Sensitivity analyses for several key parameters can be
found in the Electronic Supplementary Material.

4.4 Processes normally not included in LCA
The following issues are not often included in LCA studies:

—  Polymer additives (flame retardants), including emissions
in all life cycle phases

—  Substandard waste treatment

—  Occurrence of accidental fire

These issues have been incorporated in the current study.
The LCA results show the potential impact of these processes
within the complete life cycle of the electronics product and
the specific influence of different FRs on these impacts. Fur-
ther evaluations of these topics are necessary. More focused
risk assessment studies would yield more detailed knowledge
of'the potential risks involved in these processes. The valuable
complementary roles of LCA and risk assessment have been
discussed in several papers (Askham 2012; Askham et al.
2013; Matthews et al. 2002; Socolof and Geibig 20006).

The relatively high impact of improper WEEE treatment as
modelled in this study shows the potential relevance of “unof-
ficial’ end-of-life options. Future LCA studies should increas-
ingly include these issues to allow LCA results to keep

contributing to discussions in society and policy on the current
sustainability issues of electronics.

5 Conclusions and recommendations

In this LCA study, a comparison is made between the overall
environmental impact of two sets of flame retardants in a
laptop.

The life cycle phases of the laptop showing the largest
differences between the BFR and HFFR scenarios are improp-
er WEEE treatment and WEEE-Directive compliant treat-
ment. In both life cycle phases, the BFR scenario has a higher
impact. Smaller differences are found in the production phase
of the flame-retarded polymers. For the impacts of volatiliza-
tion in the use phase, emissions during accidental fire, WEEE
treatment in a MSWI and WEEE on a landfill, relatively small
differences between scenarios are found, with the BFR sce-
nario having a slightly higher impact in these life cycle phases.

While comparison of specific life cycle phases shows that
the substitution of BFRs by HFFRs in this case study results in
clear environmental benefits, the contribution of FRs to the
total environmental impact of the life cycle of a complete
laptop is minor.

This study shows that processes which are often ignored in
LCA studies can give relevant insights into the environmental
performance of a product. It is therefore recommended to
broaden the scope and system boundaries of future LCA stud-
ies to include unofficial or illegal scenario options (specifical-
ly in the end-of-life phase) to provide a more complete de-
scription of the full environmental impact of a product’s life
cycle. Only by including these processes, the influence of the
selection of FRs in a product can be quantified in an LCA,
providing a relevant contribution to the discussion on the sus-
tainability of electronics.
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