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1.1. Introduction

1.1.1. General background
Life Cycle Assessment (LCA) is a methodology for assessing the environmental impacts of a product or a
service throughout its whole life cycle. In general LCA consists of four piga€e2006h)as shown in
Figure 11. In the first phase an explicit goal is defined, including the definition of a functional unit for
which the LCA is performed. The boundaries of the investigated system are set, the deiquact
categories chosen and assumptions and limitations identified. During the inventory analysis the materials
and inputs required, as well as emissions and outputs created during the complete life cycle are collected.
The third step is the Life Cyclepact Assessment (LCIA) that aims at quantifying the potential
environmental impacts and their significance, based on the life cycle inventory (LCI) results. Within the
impact assessment characterization models, such as the ones presented here fCHEPACT
methodology, are applied. The characterization factors developed in these models indicate the
environmental impact per unit of stressor (e.g. per kgesourceusedor emission releasédIn order to
make impacts comparable, results are calculabedcequivalence units, such as for example DALYs
disability adjusted life years for human health impacts or PDpstentially disappeared fractions of
species for ecosystem quality.

1.Define goal and scope

| |

2. Inventory Analysis

4, Interpretation

3. Impact assessment

Figure 11: The four phases of performing an LCA according to (IS0 2006a; ISO 2006b)

Optionally, normalization can be performed. Normalization factors are relating the characterised results
of each impact categony a certain reference situation (e.g. global water consumption in the year 2010),
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thus introducing an adequate context. Typically, reference situations are chosen at the global level since
the analysed product system often stretches the entire world.dimg this, normalisation provides the
relative contribution of a certain product to the chosen reference situation, thus facilitating interpretation
(Wegener Sleswijk et al. 2008)

1.1.2. Aim
The development and refinement of LCIA methodologies has made large progress during the last couple
of years, incorporating new impact pathways (e.g. water use) ianlliding spatial differentiationif
relevant TheLGIMPACTmethodology is at the forefranof these developments and aints provide a
Gt A @fd ofcleémpact assessment methodolpgihich aims to be regularly updated to include the most
important developments in LCIA. In particulasIMPACT aims to have global coverfayahe three main
areas of protection (humans, ecosystems, resources), including spatially differentiated informaéoa
appropriate

Innovations include:

- Spatial resolution of CF according to the nature of impact (where possible) as well as spatially
aggregated CF arountry and global level, to facilitate coupling with LCI

- A new approach for assessing impacts to ecosystems, assessing global extinctions. This approach
is more relevant and consistent than previous approaches, which mixed scales of extinctions.

- Explicitdocumentation of value judgments

- Explicit documentation of type of approach (marginal and/or average/linear)

- Quantitative uncertainty assessments for selected impact categories and qualitative discussion of
uncertainties for all impact categories.

Normalization factors aralso madeavailable along with characterization factors.

The influence of value choices were quantified. Value choices are related to the level of robustness
temporal system boundamyr level of inclusiomf impacts. This includes the separation of results between
shortterm and longterm impactst & ¢Sttt & Ay Of dzZRAy 3 2y ({Thisegfickli I Ay A
distinction between up to four sets of factaaiows the practitioner tanake an inforned and transparent
choice(further explanation below).

Currently,only results on an endpoint level will be made available for the impact categories. Harmonized
and common midpoint indicators, as well as additional impact categareplanned tde addedn the
future.

The main work of this harmonized methodology results from the outcomes of théurE&d projectLG
IMPACTttp://www.Ic -impact.ey. After this framework chapter, individual chapters for all the igtpa
categories follow. Each of them provides information on how the impact pathway affects the
environment and the three areas of protection, and explains the value choices and modelling steps.
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1.2. Areas of protection and overview of impact categories
Human fealth, ecosystem quality and abiotic resources are commonly used in life cycle impact
assessment (LCIA) methodologi@Soedkoop 2000; Goedkoop et al. 2008 the three areas of
protection. It was decided to keep the sarbmad,three areas of protection for the implementation of
the LCIMPACTnethodology.

The overview of the link between thienpact categoriesand the three areas of protection is shown in
Figurel2d ¢ KS Ol 6 S32NE aSO2aeaidSyY ljdz2rtAatee O2@M8NB (GKS
recommend to keep the three ecosystem typeparate for communication, as there is no generally

agreed upon weighting mechanism to sum impacts across different ecosystem types.

Impact categories Areas of protection

Climate change

Human Health

Ozone depletion

lonising radiation

Photochemical ozone formation

Particulate matter formation Ecosystem Quality

‘ Terrestrial Ecosystems ‘

)

Acidification

l Freshwater Ecosystems ‘

Eutrophication
‘ Marine Ecosystems |

Toxicity

Land stress

Water stress “ // Natural Resources

Mineral resources scarcity

|

Figure 12: Overview of the environmental mechanisms that are covered in th@elMPACTmethodology and their relation to

GKS INBSla 2F LINRGSOGA2Yy® b2iS GKIG aSO2aeadSyYy ljdzatftAadaee O2@SN
environmental compartnents may be impacted (e.qg. terrestrial and freshwater ecotoxicity)

The endpoints are related to the three areas pfotection (seeTable 11). Two basic equations for

calculating endpoint characterization factors (CFs) are shown b&gquationl.1 shows the basic CF for

human health, with irdke fraction iF, exposure factor XF, effect factor EF and damage factor DF. The
intake fraction is a measure for the fate and exposure of people to a certain substance, the effect factor
guantifies the effect of a certain substance on human health, whiéedamage factor is a measure for

the severity of an impact on human health.



60 Q0 "0 "G00
Equation 11

Equation 1.2eflects thebasicCF equation for ecosystems. Relative global species loss per emitssion

or extraction was calculatebly the product of a vulnerability score VS, an exposure factor, as well as a
fate factor FF and an effect factor EF. The exposure factor is omitted in some impact categories, as itis 1
(e.g. in land stress).

60 "O"Qd "0 A Y
Equation 12

What is special in EMPACT compared to other LCIA methods is that the CF quantifies the relative global
species loss by putting the regional species loss in perspective of the global species pool. This is done for
one or more taxa (fish, mammals, birdsnphibians, reptiles, and/or plants), depending on the data
availability per impact category. For water and land use we follow the proposed appro¥enoines et

al. (2017and modified the approach, depending on data availabititytfie other impact categories (see
individual chapters for details). The V&ies between 0 and.JAVSof 1 means that the species is highly
threatened or probably endemic, while lower scores denote less vulnerable species (see also Verones et
al. (2015). We tested the differences between factorgiuding a vulnerability score and those that do

not include a vulnerability score, in order to avoid any bias. land use, the ratio between the median
aggregated regional and global CF is by definition 1 (see Chapter 11 on Land FElnessjve do not
introduce a bias with the vulnerability scores.

Although it has been argued that mineral resources are available in almost infinite amounts in the earth
crust, the actual availability of a mineral primarily depends on ore gr@@est 2008) Whena mineralis
extracted, the overall ore grade of thatineral declinegPrior et al. 2012)The lowe the ore grade, the

larger the amount of ore that is produced for extracting the same amount of mingcabrding to Prior

et al. (2012) ore grade decline can be used as an indicator for a range of societal impacts. For instance,
larger amounts of ore produced for the same unit of mineral output, implies more waste (waste rock,
tailings) to be handledThisisthe 8 OKI yAaY GKIFG Aa OF LJWidzZNBR Ay (GKS
mineral resources as a means of extra future effort for resource extraciiba.unit of the resource
scarcity indicator is the extra amount of ore produced per unit of mineral extraetegtaged over the
mining of the full mineral reserve that is currently available (see Figure 1.3 for illustration). Reserves are
defined as economically proven reserves for the.Gkerecisand ultimately extractable reserves for the

C EII effects



area under the curve as extra amount of ore produced

" total future amount of mineral resource extracted (= reserves)

Extra amount of ore produced (kg)

Currentcumulative Maximumcumulative
metal extracted metal extracted
(CmMB (MME)

Mineral resource extracted (kg
Figure 13: lllustrative example for the calculation of characterization factors for mineral resource scarcity.

Table 11: Overview of the areas of protection and respective endpoint units. DAtands for disability adjusted life years and
PDF stands for potentially disappeared fraction of specikgy. Stands for the extra average amount of ore to be produced

Area of protection abbreviation endpoint unit
damage to human health HH DALY
damage to ecosystem quality EQ PDF
damage to abiotic resources R KQore

DALYs (disability adjusted life years) represent the years that are lost or that a person is disabled for due
to a disease or accident. DALYs are typically based on health statistics from the World Health Organization
on the global burden of diseagr example, WH2014).

The unitfor ecosystem quality is a global fraction of potentially disappeared species @bBugh this

unit sounds similar to previous LCIA approaches underlying concept of how to arrive at these fractions
differs from previous methodologies. Instead lufcal losses based on locally present species, losses of
species are considered in relation to the globally present species, leading to a globally normalized PDF of
species.

The unit for resource is the surplus ore potential, i.e. kilogram of orguk@minera) Whichrepresensthe
extra average amount of ore produced as a result of mineral resource extraction.

PDF and DALY are no standard units, a DALY basically being a year and a PDF being a fraction. The reason
why the results are still presented inding the DALY (instead of just year) or PDF (instead of nothing)
notation is to clarify the targeted endpoint.



1.3. Linear/average vs. marginal approach
There are different possible approaches for calculating effect factors, namely marginal, and average/linear
(see alsoFigure 14). According to themarginal approach the influence of raising the background
concentration/pressure byraincrementalamount is investigated. This means that the reference state is

G2RIFeQa aAddza GdAz2zy 2N GKS Od2NNByid ol O AaNBdmhge 02y 0S8

is quantified By contrast,n the caseof averagamodeling, rather than taking the derivative of the curve
atthe pointof current level of impactthe average effeathangeper unit ofchanges used. The reference
state is the current situatio, relating the change either to a zero effeet preferred state (e.g.
environmental targetspr a prospective future stateThe main difference between linear and average is
that for an average approach the background level is known (highlighted wigtstenisk inTable 12),
while it is assumed to be 0.5 for the linear approdtte to the absence of information on background
pollution levels

1.0

Marginal EF = 0.02 L/Lng;_;:_;_————"
0.8 -
0.6

e e
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«
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e
o
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Figure 14: Derivation of effect factors (EF) following a linear approach, marginal approach and an average approach, for the
impact of total phosphorus concemétions on freshwater macranvertebrate diversity with a logistic response curve PDF =
MK O M b rridla)maiid wvarking point of 10 mgHuijbregts et al. 2011)

Different environmental mechanisms work with different approaches for calculating the required factors.
If possible, more than one approach is used, in order to provide different factors. An overview of the
approaches covered by environmental mechanisigiven inTable 12. Table 1.3 shows that for various
impact categories different approaches were chosen. This is not different from previous meboods,
contrast to other LCIA method, here we make the approach explicit so that the practitioner can
consciously decide on which one to uBepending on the scope of the study the practitioner may choose
either marginal or linear/average values (if baihe available). It is recommended to use, if possible,
consistent sedof factors (e.g. either all marginal or all linear/average).
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Table 12: Overview of approaches covered by each environmental mechanism. An asterisk inditziethe background
level is known (average approach).

Environmental mechanism marginal  averagel/linear
climate change \% V*
stratospheric ozone depletion
ionising radiation
photochemical ozone formation
particular matter formation
terrestrial acidification \%
freshwater eutrophication
marine eutrophication
freshwater ecotoxicity

human toxicity (carcinogenic)
humantoxicity (norcarcinogenic)
marine ecotoxicity

terrestrial ecotoxicity

land stress

water stress (ecosystems)

water stress (human health)
mineral resources extraction

<S<<<<<<< <<<<

<<<
<

<

The different approaches have differestrengths for applications. Approaches with marginahmges
guantify the impact obmall changes in emissions or resource uses (as stated in Huijbregté2€ial)

awhat do we add in terms of environmental impact with the consumption of one liter of coffeaR
However, if there are already high environmental impacts, the marginal impagtdecrease ad in
extreme cases become zero, implying that if environmental impacts are already substantial, additional
impacts are of no consequence. Average approaches, on the other hand, assess the impacts of larger
changes than just marginal ones. Therefahés type of approach potentially also opens a further field of
application of life cycle impact assessment methods sudbGISIPACT by connecting it to the macro

scale assessments of inpotitput models. Inpubutput models quantify accurately what the ragsoe

use or footprint of a consumer is, but hardly ever attempt to quantify the environmental consequences
related to this resource usd.CIMPACT as a spatially differentiated impact assessment method can
potentially contribute to such an assessment.

1.4. Value choices
Important binary choices are the differentiation between low and high levels of robustness. Binary choices
between the level of robustness can be related either (1) to the fact that it can be highly uncertain whether
a specific effect is causdyy the interventions that belong to an impact category (e.g. cataract for ozone
depletion) and (2) to the timing of the impact (lotgym or shortterm effects), represented by the time
horizon. In general, the further away in time the impact is, the moreertain, i.e. the lower the level of
robustness.

In contrast to the cultural perspectives (individualist, hierarchist and egalitarian) that are commonly used
in LCA (e.g. Goedkoop et@009), we follow another approach here. Instead, the characterization factor

is built in a modular way that allows the user to add or neglect impacts that are farther away (in a time
perspective) and less certainly caused by a spenmfiact categoryWe therefore provide the user with

four sets of CFs:
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1) all impacts, 100 yearshort (100 yearsjime horizon and high level of certainty for impact of a specific
intervention,

2)all impacts, longerm: long time horizon and high level of certainty for impata specific intervention,

3) certain impacts, 100 yearshort (100 years}ime horizon and low level of certainty for impaat a
specific intervention,

4) certain impacts, longerm: long time horizon and low level of certainty for impact of a specifi
intervention.

We recommend users to always calculate results wittsets of characterization factors, in order to
understand the full extent and nature tfe potential impacs.

Table 1.3 gives an overview of the value choices with low and high level of robustness for each
environmental mechanism. Please note that these binary choices, in orderdoémclude certain parts
of a characterization factor do not reflect statistical uncertainty or confidence intervals.

Table 13: Overview of choices per impact categomfote that the time horizon for terrestrial acidification and mineral
resources can beelevant(van Zelm et al. 2007; Vieira et al. 201)t cannot be considered due to insufficient daf@/erones

et al. submitted)

Impact category

all impacts, long-term

all impacts, 100

certain impacts, long-

certain impacts,

climate change (human

health)

years term 100 yrs
Time horizon: 1000  Time horizon: 100  Time horizon: 1000  Time horizon: 100
yrs yrs yrs yrs

Included effects:
diarrhoea, malaria,
coastal flooding,
malnutrition,
cardiovascular
diseases, inland

Included effects:
diarrhoea, malaria,
coastal flooding,
malnutrition,
cardiovascular
diseases, inland

Included effects:
diarrhoea, malaria,
coastal flooding

Included effects:
diarrhoea, malaria,
coastal flooding

flooding flooding
Time horizon: 1000  Time horizon: 100  Time horizon: 1000 Time horizon: 100
climate change yrs yrs yrs yrs

(terrestrialecosystems)

Included effects: all
species included

Included effects: all
species included

Included effects: all
species included

Included effects:
all species includet

climate change

(freshwater ecosystems

Time horizon: 1000
yrs

Included effects:
impacts on fish below
42° |atitude

Time horizon: 100
yrs

Included effects:
impacts on fish
below 42° latitude

Time horizon: -

Included effects:not
considered due to
uncertainty

Time horizon: -

Included effects:
not considered due
to uncertainty

stratospheric ozone
depletion

Time horizon: infinite

Included effects:
cataract, skin cancer

Time horizon: 100
yrs
Included effects:

cataract, skin cancer

Time horizon: infinite

Included effects:skin
cancer

Time horizon: 100
yrs

Included effects:
skin cancer

ionising radiation

Time horizon:
100,000 yrs
Included effects:

Time horizon: 100
yrs
Included effects:

Cancers: Thyroid, bon Cancers: Thyroid,

marrow, lung, breast,
bladder, colon, ovary,

bone marrow, lung,
breast, bladder,

skin, liver, oesophagus colon, ovary, skin,
stomach, bone surface liver, oesophagus,

and remaining cancer.

Hereditary disease

stomach, bone
surface and

Time horizon:
100,000 yrs

Included effects:

Cancers: Thyroid, bon

marrow, lung and
breastHereditary
disease

Time horizon: 100
yrs

Included effects:
Cancers: Thyroid,
bone marrow, lung
and breast.
Hereditary disease
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remaining cancer.
Hereditary disease

Time horizon: not Time horizon: not ~ Time horizon: not Time horizon: not
photochemical ozone relevant relevant relevant relevant
Loer;rﬁt)lon (human Included effects: Included effects: Included effects: :Zglﬂ?:tgreﬁeds

respiratory mortality  respiratory mortality respiratory mortality moFtaIity y

Time horizon: not Time horizon: not  Time horizon: not Time horizon: not

relevant relevant relevant relevant
photochemical ozone Included effects: Included effects:

Included effects:loss
of productivity for
forest and grassland
plant species

Included effects:loss
of productivity for
forest and grassland
plant species

formation (terrestrial
ecosystems)

loss of productivity
for forest and
grassland plant

loss of productivity
for forest and
grassland plant

species species
Time horizon: not Time horizon: not  Time horizon: not Time horizon: not
relevant relevant relevant relevant
Included effects: Included effects:
cardiopulmonary and cardiopulmonary anc Included effects:

particulate matter Included effects:

lung cancer mortality lung cancer mortality cardiopulmonary

formation due toprimary PM2.5 due toprimary PM2.£ Icardlopulmonary af.‘d and lung cancer
ung cancer mortality -

and secondary aeroso and secondary due to orimary PM2.5 mortality due to
from SO2, NH3 and  aerosols from SO2, P y ™~ primary PM2.5
NOXx NH3 and NOx
Time horizon: not Time horizon: not  Time horizon: not Time horizon: not
relevant relevant relevant relevant
Included effects: Included effects: Included effects: Included effects:

terrestrial acidification  reduction of plant reduction of plant  reduction of plant reduction of plant

species richness due t species richness due species richness due t species richness
N and S emissions to to N and S emission: N and S emissionsto dueto N and S

air to air air emissions to air
Time horizon: not Time horizon: not Time horizon: not Time horizon: not
relevant relevant relevant relevant
. Included effects: . Included effects:
freshwater eutrophicatio Includgd effeg:ts. reduction of fish Includ(_ed eﬁeqS' reduction of fish
reduction of fish - . reduction of fish . .
S species richness due S species richness
species richness due t S species richness due t o
o> to P emissions to o due to P emissions
P emissions to water P emissions to water
water to water
Time horizon: not Time horizon: not Time horizon: not Time horizon: not
relevant relevant relevant relevant
Included effects: Includgd e_ffects: Included effects: Includ_ed eﬁects:
A hypoxiadriven S hypoxiadriven
hypoxiadriven reduction of marine hypoxiadriven reduction of
marine eutrophication  reduction of marine - . reduction of marine . .
animal species marine animal

animal species richnes
due to dissolved
inorganic nitrogen
(DIN) emissions

. animal species richnes A
richness due to ; species richness
due to dissolved

dissolved inorganic due to dissolved

: inorganic nitrogen . o
nitrogen (DIN) (DIN) emissions inorganic nitrogen

emissions (DIN) emissions
Time horizon: 100 Time horizon: 100
Time horizon: infinite  yrs (relevant for Time horizon: infinite  yrs (relevant for
metals) metals)
N Included effects:via _Include_d effects:via ilrr:rcllf;gteigne;fﬁgts.wa Ir_lcl_uded e_ffects:
human toxicity ’ inhalation and via inhalation and

inhalation and
ingestion exposure, all
potentially
carcinogenic
substances from IARC

ingestion exposure,
only substances with
strong evidence for
carcinogenicity
(IARC-category 1, 2A
and 2B)

(carcinogenic) ingestion exposure,
all potentially
carcinogenic
substances from

IARC

ingestion exposure
only substances
with strong
evidence for
carcinogenicity
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(IARC-category 1,
2A and 2B)

human toxicity (non
carcinogenic)

Time horizon: infinite

Included effects:via
inhalation and
ingestion exposure

Time horizon: 100
yrs (relevant for
metals)

Included effects:via
inhalation and
ingestion exposure

Time horizon: infinite

Included effects:via
inhalation and
ingestion exposure

Time horizon: 100
yrs (relevant for
metals)

Included effects:
via inhalation and
ingestion exposure

freshwater ecotoxicity

Time horizon: infinite

Included effects:
affected fractions via
exposure to toxic
chemicals in
freshwater

Time horizon: 100
yrs (relevant for
metals)

Included effects:
affected fractions via
exposure to toxic
chemicals in
freshwater

Time horizon: infinite

Included effects:
affected fractions via
exposure to toxic
chemicals in
freshwater

Time horizon: 100
yrs (relevant for
metals)

Included effects:
affected fractions
via exposure to
toxic chemicals in
freshwater

marineecotoxicity

Time horizon: infinite

Included effects:
affected fractions via
exposure to toxic
chemicals in seawater

Time horizon: 100
yrs (relevant for
metals)

Included effects:
affected fractions via
exposure to toxic
chemicals in
seawater

Time horizon: infinite

Included effects:
affected fractions via
exposure to toxic
chemicals in seawater

Time horizon: 100
yrs (relevant for
metals)

Included effects:
affected fractions
via exposure to
toxic chemicals in
seawater

terrestrial ecotoxicity

Time horizon: infinite

Included effects:
affected fractions via
exposure to toxic
chemicals in soil

Time horizon: 100
yrs (relevant for
metals)

Included effects:
affected fractions via
exposure to toxic
chemicals in soil

Time horizon: infinite

Included effects:
affected fractions via
exposure to toxic
chemicals in soil

Time horizon: 100
yrs (relevant for
metals)

Included effects:
affected fractions
via exposure to
toxic chemicals in
soil

land stress (occupation)

Time horizon: not
relevant

Included effects:
occupation of 6 land
use types

Time horizon: not
relevant

Included effects:
occupation of 6 land
use types

Time horizon: not
relevant

Included effects:
occupation of 6 land
use types

Time horizon: not
relevant

Included effects:
occupation of 6
land use types

land stress
(transformation)

Time horizon: total
recovery times (up to
1200 yrs, depending o
ecosystem)

Included effects:
transformation of 6
land use types

Time horizon: 100
yrs

Included effects:
transformation of 6
land use types

Time horizon: total
recovery times (up to
1200 yrs, depending o
ecosystem)

Included effects:
transformation of 6
land use types

Time horizon: 100
yrs

Included effects:
transformation of 6
land use types

water stress (ecosystem

Time horizon: not
relevant

Included effects:
surface water and
groundwater
consumption impacts
on wetlands

Time horizon: not
relevant

Included effects:
surface water and
groundwater
consumption impactt
onwetlands

Time horizon: not
relevant

Included effects:only
surface water
consumption impacts
on wetlands

Time horizon: not
relevant

Included effects:
only surface water
consumption
impacts on
wetlands

water stress (human
health)

Time horizon: not
relevant

Included effects:
Malnutrition

Time horizon: not
relevant

Included effects:
Malnutrition

Time horizon: not
relevant

Included effects:
Malnutrition

Time horizon: not
relevant

Included effects:
Malnutrition

mineral resources
extraction

Time horizon: not
used

Time horizon: not
used
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Included effects:uses
oul ti
reserveséo

mat el

Included effects:
uses (economic)
Oreserves . reserves?o

Included effects:uses
6ul ti

mat el

1.5.

Soatial variability

1.5.1. Level of spatial resolution

The level of spatial detail is varying greatly between the diffempiact categoriesas is shown iftable

1.4. Somecategories for example climate change do not need spatial detail in the application of the
characterization factors, since the damages are spreading on a global level. Others, fpteewarnter
stress, have very local and specific impacts and incorporating spatial details in the methodological
development is thus a large benefit. The approach for including spatial variahilitiierever possible,
reflecting the nature and spatial exteof impact. Howeverfor some impact categorigswasdata driven

(Table 14). We include spatiavariability, as soon as information is available and adapt the spatial
resolution on which the final characterization factors are provided to the resolution of the available data.

Table 14: Spatial resolution for the different prts of the environmental mechanisms.

environmental mechanism

Spatial resolution
fate factor

Spatial resolution
effect factor

Spatial resolution
characterization factor

climate change (ecosystems) none none none
climate change (human health) | none none none
stratospheric ozone depletion none none none
global values for
air, freshwater, global values for air,
ionising radiation marine none freshwater, marine
56 world regions
photochemical ozone depletion | (averages of base
(ecosystems) run of 1°x1°) none country level
56 world regions
photochemical ozone depletion | (averages of base
(human health) run of 1°x1°) none country level
56 world regions
(averages of base
particular matter formation run of 1°x1°) none country level
615'888 three
dimensional
terrestrial acidification compartments 2°x 2.5° 2°x2.5°
biogeographical
freshwater eutrophication 0.5°x 0.5° habitats 0.5° x 0.5°

marine eutrophication

Country to large
marine
ecosystems (233
spatial units)

66 largemarine
ecosystems (5
climate zones)

Country to large marine
ecosystems (233 spatial units)

freshwater ecotoxicity

sub-continental

human toxicity

sub-continental

marine ecoobxicity

sub-continental

terrestrial ecotoxicity

sub-continental

land stress ecoregions ecoregions ecoregions
more than 20'000 | more than 20'000
water stress (ecosystems) individual points | individual points 0.05° x 0.05°
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watersheds
water stress (human health) (11'000 units) country level watersheds (11'000 units)

mineral resources extraction none none

1.5.2. Ecosystem impacts: Procedures for maps of taxonomic classes
Maps with numbepf species present and, if possible, vulnerabditgres (Vsare calculated for different
taxonomic groups. An overview of the taxonomic groups covered in each impact category is Gadele in

15.

Table 15: Overview of the taxonomic groups used for calculating maps of species counts and vulnerability scores (only possible
for taxa with available IUCN data All groups consist of animals except tracheophyta (vascular plarfEOW stands for
freshwater ecorejions of the world.

Envnronr_nental taxonomic group taxonomic classification Spatlal_ VSmap available?  Data origin
mechanism resolution
e R . ho, species numbers Kier et al.
Acidification Tracheophyta Phylum 0.53°x0.53 used as proxy (2009)
no, fishrichness
Freshwater density and total fish Abell et al.
eutrophication Fish dasses FEOW number used as (2008)
proxy
Lobsters, bony . .
. o fish, cartilaginous Classgs (note. only SPEcies Large Marine
Marine eutrophication _~ °’ occurring in marine neritic yes IUCN(2018)
fish and sea : . Ecosystems
habitats are included)
cucumbers
S‘;g:‘??;mgggn Tracheophyta Phylum 0.53°x0.53° no gggg; al.
Mammalia
Water Aves Classes 0.05x0.05°  yes IUCN(2018)
Amphibia
Reptilia
Mammalia
Aves
Land Amphibia Classes 0.05°x0.05° yes IUCN(2018)
Reptilia
Tracheophyta
Climate change Global average - - no
No, proxies used.
Terrestrial:species
Tracheophyta numbers
Freshwater Fish tracheophyta; Abell et al.
. Lobsters, bon freshwater: fish 2008j) Kier
Ecotoxicity fish, cartilagin{)us Classes/Phylum ) numbers; marine: fet aI.()2009)
fish and sea species numbers IUCN(2018)
cucumbers Lobsters, bony fish,

cartilaginous fish
and sea cucumbers

Species maps were calculated with as much and detailed data as pasibrding to the following data
priority setting:

1) Maps calculated with IUCN data
For a wide variety of species IUCN provides geographic range sizes, including explicit spatial information,
compatible for use in geographical information systems.ts®nomic classification level we chose
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the number of species on a global grid, the geographical ranges of all relevant species were overlaid and
summed in MatlafMathWorks 2016) Species that are already extinct nowadays were excluded from the
analysis, because the aim of the maps is to give present species counts. The procedure is also described

in Verones et ak2013) The resolution of these maps is 0.05°x0.05°.

2) Species maps from other authors
If no speciespecific informatbn on geographic range sizes were available, a search for existing species
maps was performed. The map for tracheophyta (vascular plants) is a map that was made available by
Kreft et al(2007) Tracheophyta is a phylum and not a class, but there is qpawailable for all 12 classes
of vascular plants that are grouped into the phylum tracheophyta. The resolution is fixed and we do not
have species lists available for different classes at each location.

3) Using relationships with abiotic parameters to esiie species occurrences
If the search for existing maps yielded no results, relationships with abiotic parameters were applied for
estimating the number of species in a spatially differentiated way. This is the case for freshwater fish
species. We used aaciesdischarge relationshifOberdorff et al. 1995nd the modelled yearly average
discharge from WaterGa@gVATCH 2011p come up with a map of estimated fish species numbe

For the fish map (for freshwater eutrophication) the fate and effect factor are made compatible to the
resolution of the species map because we have explicit relationships for modelling the fish counts at
spatial level. However, the map of tracheophyta terrestrial acidification cannot be resampled. Thus,

we upsize the resolutions of the fate and effect factor for terrestrial acidification, in order to match the
resolution of the tracheophyta map. This species map is an existing map we are usisigeritds richness
information. However, we do not know which species exactly are present in which cell. Thus we cannot
resample the map, since the same species number (e.g. 3) in two pixels does not mean that the species
composition is exactly the same @especies AB and C in pixel 1 and A, B and D in pixel 2).

1.5.3. Spatial aggregation
All spatiallydifferentiated characterization factors are also available on a country and a continental level
to facilitate application. A single global default value wibabe provided.
Spatial aggregation is done by calculating weighted averagegaging at higher spatial scales will be
based on actual emissions, except for land and water stress, which will be based on water withdrawal and
land use, respectively. Pojtion density can be used as a fallback proxy weighting schdine.
aggregation based on emission and resource consumption patterns reflects the best knowledge we
currently have about activity levels. Note that with this approach we assume that a nevtya@mission,
consumption) is more likely to happen in regions where activities are already taking place, i.e. this is an
attributional assessmentMutel et al. 2009) Table 1.6 shows the dasources and method used for
aggregating.
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Table 1.6: Overview of data sources and aggregation type for impact categories that include spatial differentiation.

impact category aggregation based on Reference year Data source for aggregation
freshwater eutrophication emlssmr;srloggs)areas (for 2000 Scherer et al(2015)
terrestrial acidification population density 2000 CIESINR005)
. WATCH2011) Pfister et al.
water stress water consumption 2010 (2011) UN(2011)
land stress ecoregion size - Olson et a(2001)
particulate matter emissions 2000 Lamarque et a2010)
photochemical ozone formation emissions 2000 Lamarque et al2010)
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2.1. Areas of protection and environmental mechanisms covered
Change in
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\ distribution human health
and flooding
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distribution species
Change in Disappeared
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discharge fish

Figure 2.1: Cause and effect pathway of climate change (from Huijbregts et al., 2014)

The causand effect pathway (Figure 2.1) of climate change starts with the emission of a greenhouse gas
(GHG) to the atmosphere. The increased concentration of the GHGs causes the radiative forcing capacity
of the atmosphere to increase, resulting in a larger pafrtthe solar energy being retained in the
atmosphere. This causes the global temperature to increase, thus affecting human health as well as the
natural ecosystems. In this section we describe only those damages that are covered by our methodology.
The aras of protection that are relevant for this environmental mechanism are human health and
ecosystem quality (terrestrial and aquatic).

Human health can be affected through a shift in disease distributions. With increased temperatures
certain parasites wilhe able to survive in areas where they previously were not able to live. Furthermore,
the increased amount of energy in the atmosphere will give rise to more extreme weather in the form of
coastal or inland floodings or droughts, all of which have an adveffect on human health.
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Terrestrial ecosystems will experience a shift in distribution as a result of increased temperatures. Not all
species will be able to migrate quickly enough to follow the associated change in vegetation, causing them
to go extint. Freshwater ecosystems can be affected through a decrease in river discharge as a result of
the changed climate. Rivers with larger discharges can sustain more different species of fish than river
with lower discharges. Therefore a decrease in dischigrlijeely to cause a number of species to go extinct

in that river system.

The climate models, which are used to predict the impact on human health, assume an increase in global
temperature of 0.5 to 0.68 degrees in the year 2030 relative to the averadalgiemperature in the
reference year 2000. The 0.18 degree difference between the two scenarios is used to derive the final CF,
this is a relatively small change in temperature and hence a marginal approach. A temperature change of
1-3.5 degrees is modeld for terrestrial ecosystems, while a change of 1.9 to 4.4 degrees is used for the
aguatic ecosystems, making these approaches more similar to a mix between a marginal and an average
approach. Ideally, one would use the same model with the same temperatarease for both human

health and ecosystem damage effect factors. However, because both models have been developed
independently of each other, such synchronization was not possible. Because climate change is modelled
as a global increase in radiatif@rcing there is no need to provide locati@pecific emission factors.
Regardless of the emissions location the impact will be the same.

2.2. Calculation of the characterization factors at endpoint level

The endpoint characterization factors for cliteachange that are used for damage on human health
represent DisabilinAdjusted loss of Life Years (DALY). This is a metric for the potential loss of life years
(plus the years in which people have to live with disease, weighted with the severity aé&ase) among

the total world population (in the unit yr/kg GHG). The factors for ecosystem damage represent the
globally potentially disappeared fraction of species over a period of time due to the emission of 1 kg of
GHG (unit yr/kg GHG). In order to mdhte these factors several steps are needed, starting with the
prospected increase in temperature due to the release of 1 kg GHG. The following equation (equation 2.1)
shows the calculation of the endpoint characterization factog.{fier greenhouse gas x. GWP is the
greenhouse warming potential of greenhouse ga3ktjs the time horizoni TEMP is the temperature
increase due to the release of 1 kg of.@@d EFis the effect factor for a given Area Of ProtectiéiOP,

i.e. human hedh, freshwater or terrestrial ecosystems).

00 i 1 O T OYQ ; 00
Equation 2.1.

2.2.1. From emission to temperature increase
The International Panel on Climate Change (IPCC) pramhdeacterization factors called Absolute Global
Warming Potentials (AGWPs) which can be used to compare different GHGs (IPCC, 2013). The AGWP of a
GHG represents the amount of solar radiation that is retained within the atmosphere over a period of
time. When the AGWP is expressed relative to the AGWP of the reference gassGflled the Global
Warming Potential (GWP). A time horizon of 100 years is taken as the default, robust scenario and a time
horizon of 100 1000 years represents the less robustisario. GWPs provided by the IPCC are expressed
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in equivalents of 1 kg G@or a 100year time horizon. By using the radiative forcing capacity and the
atmospheric life time, the AGWP and GWP for other time horizons can be calculated for all GHGs except
CQ. The approach followed here (equations 2.2 and 2.3) is equal to theoinidgalculation in the most

recent ReCiPe update (Huijbregts et al., 2014).
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Equation 2.2
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Equation 2.3

GwC A& (GKS NI RXppbh)AcdiS théSstiEtandpelific Mass td éoncahtration conversion
factor (ppb/kg), LT is the lifetime (year) of the substance x and TH is the time horizon (year) of the
assessment (in this case 1000 years). RF and LT were directly available froth #ssddsment report

(IPCC, 2013). Since the values for cv are not reported separately in the fifth assessment report these were
OF £ Odzf  GSR FTNRY GKS !'D2ta GKFEG 6SNBE NBLR2NISR o8
(Equations and corresponding descriptions from Huijbregts g2@l4)

For shortlived GHGs the AGWP for a 100 year time horizon will be almost equal to the AGWP for a 1000
year horizon, because no additional effects after 100 years are to be expected. FédivéohGHGs
(including Coitself) however, the AGWRois much larger than the AGW#Pbecause a large fraction of

the captured radiation will occur during the uncertain period between 100 and a 1000 years.

2.2.2. From AGWP to temperature increase
All midpointto-endpoint models start with the modelling of the effeabf an increase in temperature. In
this study the projected increase in temperature due to 1 kg ofu@3 taken from Joos et al. (2013). The
amount of temperature increase caused by captured cumulative radiative forcing is assumed to be equal
to that of CQ for all GHGs (Equation 2.4). This may lead to some uncertainty because the time dimension
(which is important in the climate response models) is lost after the amount of radiative forcing is
integrated over time.

TYQG  Oad T
Equation 2.4

Where dTemp is the temperature chang€(kg) andsWP is the Global Warming Potential of GH®
kg CQeq), over a time horizon TH (years) and dTessis the temperature change caused by 1 kg of.CO

2.2.3. From temperature increase to endpoint damage
The effect of a temperature increase on terrestrial ecosystems and human health was derived from De
Schryver et al. (2009, 2011 respectively), while the eféectfreshwater ecosystems was taken from
Hanafiah et al. (2011). Equations 2.5 through 2.7 show how these effect factors were calculated.
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Equation 2.5

Where ER4 (DALY/°C) is the effect factor for human health, incidence is the additional incidence of
disease/flooding event (incidences/°C) and severity is the damage caused by these incidences
(DALY/incidence) in regioiAfrica, Eastern Mediterranean, Latin Arnigan and the Caribbean, South East
Asia, Western Pacific and developed countries). Please note that this factor includes both the effect
(incidences) and the damage (DALY).

The effect factor for terrestrial ecosystems is shown in equation 2.6.
00 %AV B il
h B

Equation 2.6

Where ER(PDF/°C) is effect factor for terrestrial ecosystems. Species is the number of species and Loss
is the percentual loss of species (%/°C) within species droupmmals, birds, frogs, reptiles, butterflies

and plants), in region(Australia, Mexico, SontAfrica, Brazil and Europe). Equation 2.7 shows the effect
factor for aquatic ecosystems.
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Equation 2.7

Where ER(PDF/°C) is the effect factor for freshwater ecosystems,gfds the change in river discharge
(m3yr/°C) Quut is the total river discharge (ftyr) and V is the volume (#hof the river in river basin

The damage factors for terrestrial ecosystenrb@n 201% represent the potentially disappeared
fraction ofspecies (PDF) per degree temperature increase. A value3f BDF/°C is reported (based on
ameta analysis of different climate scenario studies). The studies that are included in thamadais

focus on global extinction risk for speciaadthe damage factoiis thus in line with the rest of the impact
categories. For freshwater ecosystems, Hanafiah et al. (2011) reported an effect factor of 2.84EOQ
m?3/°C; this factor was derived by taking the sum of the potentially disappeared fractiongci&sper

river basin multiplied by the total water volume of each river basin, based on all river basins below 42°.
We modified this approach by removing duplicates from the used database. Also, we estimated the
number and change of fish species in eadtesshed based on Xenopoulos et @005)for different
climate scenariogsince changes may be nomarginal in some scenarios and for some watersheds). To
get to a global PDF we then divide with the total number of fish species. River basins north of a latitude
of 42° are not included because recent (in evolutionary termsjajlan during ice ages has caused the
number of species there to be lower than what would be expected from the discharge. Therefore the
relationship between river discharge and number of fish species does not hold for these river basins. To
get an averageweighted effect factor of 1.15 *10PDF/°C we average across all climate scenarios.
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2.3. Uncertainties

The CFs for this impact category are based on reported data from existing literature. Assessing the
sensitivity of the CFs to uncertainties in timelividual parameters is therefore only possible to a limited
extent and is dependent on the reported data in the original reports. For the first part of the -eaase

effect chain uncertainties in the AGWP of @&@e provided by Joos et al. (2013). Thé&®6onfidence
interval spans from 67.9 to 1174®yr Wnt? kgCQ"! (for a 100 year time horizon) and this range
becomes larger for longer time horizons. Uncertainty estimates for the GWPs of the other greenhouse
gases are provided by the IPCC as 90%\iakerNote that these uncertainties are a combination of the
uncertainty in the AGWP of G@nd the uncertainty in the AGWP of the GHG under consideration. For
CH an uncertainty estimate of +40% is given (for a 100 year time horizon), for GHGs withree Iféa
century or more a value +30% is estimated to cover the 90% interval (for a 100 year time horizon). While
for shorterlived GHGs this interval is estimated to be £35% (for a 100 year time horizon).

Such a detailed quantitative assessment of ttieeo steps in the causand-effect chain is not available.

Time integrated temperature factors are likely to be similar to the AGWP but with additional uncertainty,
especially for longer time horizons were the climate feedbacks are highly relevant. Déatmys for

human health are uncertain because of subjective choices (covered in section 2.4.2) as well as inherently
uncertain due to limited knowledge. Assumptions related to the human health effects are listed in table
2.1 (from De Schryver et al. 2008jost of the parameters used in these models are uncertain, so it is
likely that the modelled relative risks also include a substantial amount of uncertainty. The same is true
for the damage factors for terrestrial and aquatic ecosystems. For terresp@lies this is caused by
uncertainty in the model that projects species extinction, which include many uncertain parameters
among which the magnitude of possible dispersal per species and which species groups are included. For
aquatic species there is umdainty in the amount of discharge change caused by a rise in global
temperature and the response of fish species to this change in discharge. Additionally it is not likely that
the response of fish is representative of all aquatic species, thereforevleéof robustness is considered

low (see also section 2.4.2).

Table 2.1. Health effects considered, related assumptions and burden of disease(fsgra De Schryver et al. 2009)

Causes of heall Assumptions Burden of disease
effects
Malnutrition Models of grain cereals and soybean to estimate the effeq Nutritional deficiencies
change in temperature, rainfall and CO2 on future crop yields
used.
Diarrhoea Effects of increasing temperature on the incidence adfcause| Diarrhoeal diseases

diarrhoea were addressed, while effects of rainfall were excluded

Heat stress Temperature attributable deaths were calculated. The burder| All cardiovascular disease
disease of all cardiovascular diseases were used.

Natural disasters The increased incidence of coastal and inland flooding were assq Drowning
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2.4. Value choices

2.4.1. Time horizon

A prominent value choice in the modelling of the climate change is the time horizon. GHGs have widely
different atmospheric lifetimes, making it important to properly state the time horizon over which impacts
are considered. We calculated CFs for 100 yaadsfor 1000 years, thus the user can choose between
using the more robust 100 year time horizon or the less robust and more uncertain, but more complete
1000 year time horizon.

2.4.2. Level of robustness
Other relevant value choices that are consideaed:

- whether or not there is a strong potential for adaptation,

- whether future socieeconomic developments are favourable
The human health and ecosystem effects were classified according to their level of robustness (Table 2.2).
For the area oprotection human health the expected increase in some diseases is dependent on the
future sociececonomic development. For some diseases, a positive sotinomic development thus
prevents an increase in case occurrences. For others diseases like diandhe@aalaria, as well as for
coastal flooding, an increase will occur even if the future sectmnomic developments are positive. All
these effects on human health are therefore considered to be health effects with a high level of
robustness. In contrasgther effects may or may not occur and are therefore considered to have a low
level of robustness. All effects on freshwater ecosystems were considered to have a low level of
robustness because the CF was based on fish species only. It is uncertain winetbeish species are
representative of the total freshwater ecosystem.

Table 2.2: Included effects ifour setsof the CFs per area of protectioNote that for human health there are four different
sets, while for terrestrial and freshwateecosystems there are two sets each (no difference between certain and all effects or
no difference with time horizon).

Area of protection | Certain effects,| Certain All effects, 100 yrs | All effects, 1000| Source
100 yrs effects, yrs
1000 yrs
Human Health Diarhea Diarrhea | Cardiovascular Cardiovascular De Schryver etal.
disease disease (2011)
Malaria Malaria
Malnutrition Malnutrition
Coastal flooding| Coastal
flooding Inland flooding Inland flooding
Diarrhea Diarrhea
Malaria Malaria
Coastal flooding Coastal flooding
Terrestrial All species| All species| All species included | All species includeq Urban (2015)
Ecosystems included included
Freshwater None None Fish as| Fish as| Hanafiah et al. (2011)
Ecosystems representative  of| representative of
the entire | the entire
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freshwater freshwater
ecosystem, ecosystem,

Based on global rive| Based on globa
basins below 42° river basins below
42°

2.4.3. Characterization factors

Table 2.3: Characterization factors for human health (HBubstances with characterization factors of zero are very sHiwed
substances and are only relevant if the effects are studied over time periods shorter than a few years. Thus, over 100 years
their impacts disappear.

Human health [DALY/kg]

Certain effects,| All effects, 100 | Certain effects, | All effects,
Substance 100 yrs yrs infinite infinite
Carbon dioxide 4.28E07 1.41E06 3.81E06 1.25E05
Methane 1.20E05 3.94E05 1.82E05 5.96E05
Fossil methane 1.28E05 4.22E05 1.87E05 6.13E05
Nitrous oxide 1.13E04 3.72E04 3.00E04 9.86E04
Chlorofluorocarbons
CFell 1.99E03 6.55E03 3.34E03 1.10E02
CFel2 4.36E03 1.43E02 1.03E02 3.39E02
CF€l13 5.95E03 1.95E02 4.83E02 1.59E01
CF€l13 2.49E03 8.18E03 5.37E03 1.76E02
CFel14 3.68E03 1.21E02 1.33E02 4.37E02
CFCl15 3.28E03 1.08E02 3.27E02 1.07E01
Hydrochlorofluorocarbons
HCFe1 6.33E05 2.08E04 9.39E05 3.08E04
HCF&2 7.53E04 2.47E03 1.13E03 3.70E03
HCF&122 2.52E05 8.29E05 3.78E05 1.24E04
HCF€l22a 1.10E04 3.63E04 1.65E04 5.41E04
HCF€123 3.38E05 1.11E04 5.06E05 1.66E04
HCF€l23a 1.58E04 5.20E04 2.36E04 7.75E04
HCF€124 2.25E04 7.41E04 3.36E04 1.10E03
HCF€132c 1.45E04 4.75E04 2.16E04 7.08E04
HCFE&41b 3.35E04 1.10E03 4.99E04 1.64E03
HCF&42b 8.47E04 2.78E03 1.27E03 4.16E03
HCF25ca 5.43E05 1.78E04 8.14E05 2.67E04
HCF&25ch 2.25E04 7.38E04 3.35E04 1.10E03
(E}1-Chlore3,3,3trifluoroprop-1-ene 4.28E07 1.41E06 9.53E07 3.13E06
Hydrofluorocarbons
HFE23 5.31E03 1.74E02 2.16E02 7.09E02
HFE32 2.90E04 9.51E04 4.32E04 1.42E03
HFGA1 4.96E05 1.63E04 7.44E05 2.44E04
HFG125 1.36E03 4.46E03 2.08E03 6.84E03
HFG134 4.79E04 1.57E03 7.10E04 2.33E03
HFCG134a 5.56E04 1.83E03 8.29E04 2.72E03
HFG143 1.40E04 4.61E04 2.09E04 6.88E04
HFG143a 2.05E03 6.75E03 3.48E03 1.14E02
HFE152 6.85E06 2.25E05 1.05E05 3.45E05
HFG152a 5.90E05 1.94E04 8.76E05 2.88E04
HFG161 1.71E06 5.62E06 2.32E06 7.61E06
HFG227ca 1.13E03 3.71E03 1.74E03 5.70E03
HFG227ea 1.43E03 4.71E03 2.31E03 7.60E03
HFE236cb 5.18E04 1.70E03 7.71E04 2.53E03
HFC236ea 5.69E04 1.87E03 8.52E04 2.80E03
HFE236fa 3.45E03 1.13E02 1.49E02 4.90E02
HFG245ca 3.06E04 1.01E03 4.56E04 1.50E03
HFG245ch 1.98E03 6.49E03 3.35E03 1.10E02
HFG245ea 1.01E04 3.30E04 1.50E04 4.93E04
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HFGE245eb 1.24E04 4.08E04 1.85E04 6.08E04
HFG245fa 3.67E04 1.21E03 5.48E04 1.80E03
HFE263fb 3.25E05 1.07E04 4.82E05 1.58E04
HFG272ca 6.16E05 2.02E04 9.18E05 3.02E04
HFE329p 1.01E03 3.32E03 1.55E03 5.09E03
HFE365mfc 3.44E04 1.13E03 5.13E04 1.69E03
HFGA3-10mee 7.06E04 2.32E03 1.05E03 3.46E03
HFG1132a 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
HFG1141 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
(ZYHFG1225ye 0.00E+0(Q 0.00E+0( 0.00E+00  0.00E+0(Q
(EyHFG1225ye 0.00E+0(Q 0.00E+0( 0.00E+00  0.00E+0(Q
(ZyHFC1234ze 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
HFC1234yf 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
(EyHFG1234ze 4.28E07 1.41E06 6.08E07 2.00E06
(ZYHFG1336 8.56E07 2.81E06 1.07E06 3.52E06
HFC1243zf 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
HFE1345zfc 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
3,3,4,4,5,5,6,6,8Monafluorohexl-ene 0.00E+0(Q 0.00E+0( 0.00E+0Q 0.00E+0(
3,3,4,4,5,5,6,6,7,7,8,8;8ridecafluorooctl-ene 0.00E+0(Q 0.00E+0( 0.00E+0( 0.00E+0(
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10;Heptadecafluoroded-ene 0.00E+0(Q 0.00E+0( 0.00E+00  0.00E+0(Q
Chlorocarbons and hydrochlorocarbons

Methyl chloroform 6.85E05 2.25E04 1.02E04 3.35E04
Carbon tetrachloride 7.40E04 2.43E03 1.13E03 3.70E03
Methyl chloride 5.13E06 1.69E05 7.79E06 2.56E05
Methylene chloride 3.85E06 1.26E05 5.69E06 1.87E05
Chloroform 6.85E06 2.25E05 1.04E05 3.43E05
1,2-Dichloroethane 4.28E07 1.41E06 5.73E07 1.88E06
Bromocarbons, hyrdobromocarbons and Halons

Methyl bromide 8.56E07 2.81E06 1.50E06 4.93E06
Methylene bromide 4.28E07 1.41E06 6.47E07 2.13E06
Halon1201 1.61E04 5.28E04 2.40E04 7.87E04
Halon1202 9.88E05 3.25E04 1.48E04 4.84E04
Halon1211 7.49E04 2.46E03 1.12E03 3.67E03
Halon1301 2.69E03 8.84E03 5.11E03 1.68E02
Halon2301 7.40E05 2.43E04 1.11E04 3.64E04
Halon2311/Halothane 1.75E05 5.76E05 2.62E05 8.61E05
Halon2401 7.87E05 2.59E04 1.17E04 3.84E04
Halon2402 6.29E04 2.07E03 9.45E04 3.10E03
Fully Fluorinated Species

Nitrogen trifluoride 6.89E03 2.26E02 4.88E02 1.60E01
Sulphur hexafluoride 1.01E02 3.30E02 1.31E01 4.30E01
(Trifluoromethyl)sulfur pentafluoride 7.45E03 2.45E02 6.75E02 2.22E01
Sulfuryl fluoride 1.75E03 5.75E03 2.79E03 9.16E03
PFGl14 2.84E03 9.32E03 4.20E02 1.38E01
PFC116 4.75E03 1.56E02 6.79E02 2.23E01
PFGEc216 3.94E03 1.29E02 5.07E02 1.67E01
PFE218 3.81E03 1.25E02 4.81E02 1.58E01
PFE318 4.08E03 1.34E02 5.30E02 1.74E01
PFE31-10 3.94E03 1.29E02 4.96E02 1.63E01
Perfluorocyclopentene 8.56E07 2.81E06 1.19E06 3.91E06
PF41-12 3.66E03 1.20E02 4.89E02 1.61E01
PFG51-14 3.38E03 1.11E02 4.38E02 1.44E01
PF@51-16 3.35E03 1.10E02 4.31E02 1.41E01
PFC71-18 3.26E03 1.07E02 4.21E02 1.38E01
PFE91-18 3.08E03 1.01E02 3.69E02 1.21E01
Perfluorodecalin(cis) 3.10E03 1.02E02 3.72E02 1.22E01
Perfluorodecalin(trans) 2.69E03 8.84E03 3.24E02 1.06E01
PFC1114 0.00E+0( 0.00E+0d 0.00E+0(Q 0.00E+00
PFC1216 0.00E+0( 0.00E+0d 0.00E+0(Q 0.00E+00
Perfluorobutal,3-diene 0.00E+0(Q 0.00E+0( 0.00E+00  0.00E+0(Q
Perfluorobutl-ene 0.00E+0(Q 0.00E+0( 0.00E+00  0.00E+0(Q
Perfluorobut2-ene 8.56E07 2.81E06 1.13E06 3.70E06

Halogenated alcohols and ethers
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HFE125 5.31E03 1.74E02 1.39E02 4.58E02
HFE134 (HE00) 2.38E03 7.81E03 3.61E03 1.18E02
HFE143a 2.24E04 7.35E04 3.34E04 1.10E03
HFE227ea 2.76E03 9.06E03 4.81E03 1.58E02
HCFE235ca2(enflurane) 2.49E04 8.19E04 3.72E04 1.22E03
HCFE235da2(isoflurane) 2.10E04 6.90E04 3.13E04 1.03E03
HFE236ca 1.81E03 5.96E03 2.73E03 8.95E03
HFE236ea2(desflurane) 7.66E04 2.52E03 1.14E03 3.76E03
HFE236fa 4.19E04 1.38E03 6.24E04 2.05E03
HFE245ch2 2.80E04 9.19E04 4.17E04 1.37E03
HFE245fal 3.54E04 1.16E03 5.28E04 1.73E03
HFE245fa2 3.47E04 1.14E03 5.18E04 1.70E03
2,2,3,3,3Pentafluoropropanl-ol 8.13E06 2.67E05 1.20E05 3.93E05
HFE254cbl 1.29E04 4.23E04 1.92E04 6.31E04
HFE263fb2 4.28E07 1.41E06 8.48E07 2.79E06
HFE263m1 1.24E05 4.08E05 1.88E05 6.17E05
3,3,3Trifluoropropanl-ol 0.00E+0( 0.00E+00 0.00E+0(Q 0.00E+0(Q
HFE329mcc2 1.31E03 4.31E03 1.98E03 6.51E03
HFE338mmz1 1.12E03 3.68E03 1.68E03 5.53E03
HFE338mcf2 3.97E04 1.31E03 5.93E04 1.95E03
Sevoflurane (HFB47mmz1) 9.24E05 3.04E04 1.38E04 4.52E04
HFE347mcc3 (HFE000) 2.27E04 7.45E04 3.38E04 1.11E03
HFE347mcf2 3.65E04 1.20E03 5.44E04 1.79E03
HFE347pcf2 3.80E04 1.25E03 5.67E04 1.86E03
HFE347mmy1 1.55E04 5.10E04 2.32E04 7.61E04
HFE356mec3 1.66E04 5.44E04 2.47E04 8.11E04
HFE356mff2 7.27E06 2.39E05 1.07E05 3.52E05
HFE356pcf2 3.08E04 1.01E03 4.59E04 1.51E03
HFE356pcf3 1.91E04 6.27E04 2.85E04 9.35E04
HFE356pcc3 1.77E04 5.80E04 2.64E04 8.66E04
HFE356mmz1 5.99E06 1.97E05 8.69E06 2.86E05
HFE365mcf3 4.28E07 1.41E06 5.92E07 1.94E06
HFE365mcf2 2.48E05 8.15E05 3.72E05 1.22E04
HFE374pc2 2.68E04 8.81E04 4.00E04 1.31E03
4,4,4Trifluorobutar1-ol 0.00E+00 0.00E+0( 0.00E+0J  0.00E+0Q
2,2,3,3,4,4,5,8ctafluorocyclopentanol 5.56E06 1.83E05 8.21E06 2.70E05
HFE43-10pccc124(H5alden 1040x,HG1) 1.21E03 3.96E03 1.80E03 5.90E03
HFE449s1 (HREZ100) 1.80E04 5.92E04 2.68E04 8.81E04
n-HFE7100 2.08E04 6.83E04 3.10E04 1.02E03
i-HFE7100 1.74E04 5.72E04 2.59E04 8.52E04
HFE569sf2 (HFZ200) 2.44E05 8.01E05 3.62E05 1.19E04
n-HFE7200 2.78E05 9.14E05 4.12E05 1.35E04
i-HFE7200 1.88E05 6.18E05 2.82E05 9.27E05
HFE236cal2 (HAO) 2.29E03 7.52E03 3.48E03 1.14E02
HFE338pccl3 (H®1) 1.25E03 4.09E03 1.86E03 6.09E03
1,1,1,3,3,3Hexafluoropropar-ol 7.79E05 2.56E04 1.16E04 3.81E04
HGO02 1.17E03 3.84E03 1.74E03 5.71E03
HGO03 1.22E03 4.01E03 1.82E03 5.98E03
HG20 2.27E03 7.45E03 3.45E03 1.13E02
HG21 1.66E03 5.47E03 2.48E03 8.16E03
HG30 3.14E03 1.03E02 4.76E03 1.56E02
1-Ethoxy1,1,2,2,3,3,sheptafluoropropane 2.61E05 8.57E05 3.87E05 1.27E04
Fluoroxene 0.00E+0Q 0.00E+0( 0.00E+0Q 0.00E+0Q
1,1,2,2Tetrafluoro 1-(fluoromethoxy)ethane 3.73E04 1.22E03 5.56E04 1.83E03
2-Ethoxy3,3,4,4,5pentafluorotetrahydre2,5-bis[1,2,2,2

tetrafluoro-1-(trifluoromethyl)ethyl}uran 2.40E05 7.87E05 3.54E05 1.16E04
Fluoro(methoxy)methane 5.56E06 1.83E05 8.00E06 2.63E05
Difluoro(methoxy)methane 6.16E05 2.02E04 9.18E05 3.02E04
Fluoro(fluoromethoxy)methane 5.56E05 1.83E04 8.34E05 2.74E04
Difluoro(fluoromethoxy)methane 2.64E04 8.67E04 3.94E04 1.29E03
Trifluoro(fluoromethoxy)methane 3.21E04 1.06E03 4.79E04 1.57E03
HG:01 9.50E05 3.12E04 1.41E04 4.64E04
HG:02 1.01E04 3.32E04 1.50E04 4.93E04
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HG:03 9.46E05 3.11E04 1.41E04 4.64E04
HFE329me3 1.95E03 6.39E03 3.16E03 1.04E02
3,3,4,4,5,5,6,6,7,7;0ndecafluoroheptari-ol 0.00E+0( 0.00E+0d 0.00E+0(Q 0.00E+00
3,3,4,4,5,5,6,6,7,7,8,8,9,9Pentadecafluorononai-ol 0.00E+0( 0.00E+00 0.00E+00Q 0.00E+00
3,3,4,4,55,6,6,7,7,8,8,9,9,10,10,11,1%,11

Nonadecafluoroundecai-ol 0.00E+00 0.00E+0( 0.00E+0J  0.00E+0Q
2-Chloral,1,2trifluoro-1-methoxyethane 5.22E05 1.71E04 7.79E05 2.56E04
PFPMIE (perfluoropolymethylisopropyl ether) 4.15E03 1.36E02 3.76E02 1.23E01
HFE216 0.00E+0( 0.00E+0d 0.00E+0(Q 0.00E+00
Trifluoromethylformate 2.52E04 8.26E04 3.75E04 1.23E03
Perfluoroethylformate 2.48E04 8.15E04 3.70E04 1.21E03
Perfluoropropylformate 1.61E04 5.28E04 2.40E04 7.88E04
Perfluorobutylformate 1.68E04 5.51E04 2.50E04 8.21E04
2,2,2Trifluoroethylformate 1.41E05 4.64E05 2.13E05 7.01E05
3,3,3Trifluoropropylformate 7.27E06 2.39E05 1.11E05 3.65E05
1,2,2,2Tetrafluoroethylformate 2.01E04 6.61E04 3.00E04 9.84E04
1,1,1,3,3,3Hexafluoropropar?-ylformate 1.42E04 4.68E04 2.12E04 6.97E04
Perfluorobutylacetate 8.56E07 2.81E06 1.06E06 3.47E06
Perfluoropropylacetate 8.56E07 2.81E06 1.11E06 3.63E06
Perfluoroethylacetate 8.56E07 2.81E06 1.31E06 4.32E06
Trifluoromethylacetate 8.56E07 2.81E06 1.32E06 4.34E06
Methylcarbonofluoridate 4.06E05 1.34E04 6.08E05 2.00E04
1,1-Difluoroethylcarbonofluoridate 1.16E05 3.79E05 1.71E05 5.62E05
1,1-Difluoroethyl2,2, 2trifluoroacetate 1.33E05 4.36E05 1.97E05 6.46E05
Ethyl2,2, 2trifluoroacetate 4.28E07 1.41E06 8.76E07 2.88E06
2,2,2Trifluoroethyl2,2, 2trifluoroacetate 3.00E06 9.84E06 4.36E06 1.43E05
Methyl 2,2, 2trifluoroacetate 2.22E05 7.31E05 3.34E05 1.10E04
Methyl 2,2difluoroacetate 1.28E06 4.22E06 2.09E06 6.85E06
Difluoromethyl 2,2, Zrifluoroacetate 1.16E05 3.79E05 1.72E05 5.66E05
2,2,3,3,4,4,Heptafluorobutanl-ol 1.45E05 4.78E05 2.16E05 7.08E05
1,1,2Trifluoro-2-(trifluoromethoxy}ethane 5.31E04 1.74E03 7.92E04 2.60E03
1-Ethoxy1,1,2,3,3,3hexafluoropropane 9.84E06 3.23E05 1.49E05 4.89E05
1,1,1,2,2,3,Heptafluora3-(1,2,2, 2tetrafluoroethoxy}propane 2.78E03 9.12E03 5.34E03 1.75E02
2,2,3,3Tetrafluore1-propanol 5.56E06 1.83E05 8.28E06 2.72E05
2,2,3,4,4,4Hexafluorel-butanol 7.27E06 2.39E05 1.08E05 3.56E05
2,2,3,3,4,4,4Heptafluore1-butanol 6.85E06 2.25E05 1.04E05 3.40E05
1,1,2,2Tetrafluore3-methoxy-propane 4.28E07 1.41E06 4.28E07 1.41E06
perfluoro-2-methyt3-pentanone 0.00E+0(Q 0.00E+0( 0.00E+00  0.00E+0(Q
3,3,3Trifluoropropanal 0.00E+0( 0.00E+0Q 0.00E+0(Q 0.00E+0(Q
2-Fluoroethanol 4.28E07 1.41E06 5.61E07 1.84E06
2,2-Difluoroethanol 1.28E06 4.22E06 1.93E06 6.35E06
2,2,2Trifluoroethanol 8.56E06 2.81E05 1.27E05 4.18E05
1,1-Oxybis[2(difluoromethoxy)1,1,2, 2tetrafluoroethane 2.11E03 6.91E03 3.20E03 1.05E02
1,1,3,3,4,4,6,6,7,7,9,9,10,10,12;h2xadecafluore?,5,8,1%1

Tetraoxadodecane 1.92E03 6.31E03 2.93E03 9.62E03
1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12,13,13, 15eicwsafluore

2,5,8,11,14Pentaoxapentadecane 1.55E03 5.10E03 2.37E03 7.78E03
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Table 24: Characterization factors for terrestrial ecosystems (TE) and freshwater ecosystems @elBjtances with
characterization factors of zero are very shdived substances and are only relevant if the effects are studied over time periods
shorter than a few years. Thus, over 100 years, their impacts disappear.

Terrestrial ecosystems [PDF*y/kg Aquatic ecosystems [PDF*y/kg]

Certain All Certain | All Certain | All Certain

effects, effects, | effects, |effects, | effects,|effects, | effects, All effects,
Substance 100 yrs 100 yrs | infinite infinite | 100 yrs| 100 yrs | infinite infinite
Carbon dioxide 1.76E15| 1.76E15| 1.57E14| 1.57E14 0| 5.47E16 0 4.87E15
Methane 4.93E14 | 4.93E14| 7.47E14| 7.47E14 0| 1.53E14 0 2.32E14
Fossil methane 5.28E14 | 5.28E14| 7.67E14| 7.67E14 0] 1.64E14 0 2.39E14
Nitrous oxide 4.66E13| 4.66E13| 1.24E12| 1.24E12 0] 1.45E13 0 3.84E13
Chlorofluorocarbons
CFCl1 8.20E12 | 8.20E12| 1.37E11| 1.37E11 0| 2.55E12 0 4.26E12
CFel2 1.80E11| 1.80E11| 4.25E11| 4.25E11 0| 5.58E12 0 1.32E11
CFel3 2.45E11| 2.45E11| 1.99E10| 1.99E10 0] 7.60E12 0 6.18E11
CFEl113 1.02E11| 1.02E11| 2.21E11| 2.21E11 0| 3.18E12 0 6.87E12
CFCl14 1.51F11| 1.51F11| 5.47E11| 5.47E11 0| 4.70E12 0 1.70E11
CFCl15 1.35E11| 1.35E11| 1.34E10| 1.34E10 0| 4.20E12 0 4.18E11
Hydrochlorofluorocarbons
HCFe1 2.60E13| 2.60E13| 3.86E13| 3.86E13 0] 8.10E14 0 1.20E13
HCF22 3.10E12 | 3.10E12 | 4.64E12| 4.64E12 0| 9.63E13 0 1.44E12
HCF€122 1.04E13| 1.04E13| 1.55E13| 1.55E13 0| 3.23E14 0 4.83E14
HCFE&22a 4.54E13 | 4.54E13| 6.77E13| 6.77E13 0| 1.41E13 0 2.11E13
HCF€123 1.39E13| 1.39E13| 2.08E13| 2.08E13 0] 4.32E14 0 6.47E14
HCF€l23a 6.51E13| 6.51E13| 9.70E13| 9.70E13 0| 2.02E13 0 3.01E13
HCFc124 9.27E13| 9.27E13| 1.38E12| 1.38E12 0| 2.88E13 0 4.30E13
HCF€&132c 5.95E13| 5.95E13| 8.87E13| 8.87E13 0| 1.85E13 0 2.76E13
HCFel41b 1.38E12| 1.38E12| 2.05E12| 2.05E12 0] 4.28E13 0 6.38E13
HCF&42b 3.48E12| 3.48E12| 5.21E12| 5.21E12 0| 1.08E12 0 1.62E12
HCF&25ca 2.23E13| 2.23E13| 3.35E13| 3.35E13 0| 6.95E14 0 1.04E13
HCF&25ch 9.24E13| 9.24E13| 1.38E12| 1.38E12 0| 2.87E13 0 4.28E13
(E}1-Chlore3,3,3trifluoroprop-1-ene 1.76E15| 1.76E15| 3.92E15| 3.92E15 0| 5.47E16 0 1.22E15
Hydrofluorocarbons
HFG23 2.18E11| 2.18E11| 8.88E11| 8.88E11l 0| 6.78E12 0 2.76E11
HFG32 1.19E12| 1.19E12| 1.78E12| 1.78E12 0| 3.70E13 0 5.52E13
HFCA1 2.04E13| 2.04E13| 3.06E13| 3.06E13 0| 6.34E14 0 9.52E14
HFC125 5.58E12| 5.58E12| 8.56E12 | 8.56E12 0| 1.73E12 0 2.66E12
HFC134 1.97E12| 1.97E12| 2.92E12| 2.92E12 0] 6.13E13 0 9.08E13
HFG134a 2.29E12| 2.29E12| 3.41E12| 3.41E12 0| 7.11F13 0 1.06E12
HFG143 5.77E13| 5.77E13| 8.61E13| 8.61E13 0| 1.79E13 0 2.68E13
HFC143a 8.45E12| 8.45E12| 1.43E11| 1.43E11 0| 2.63E12 0 4.45E12
HFC152 2.82E14| 2.82E14| 4.32E14| 4.32E14 0| 8.75E15 0 1.34E14
HFG152a 2.43E13| 2.43E13| 3.60E13| 3.60E13 0| 7.55E14 0 1.12E13
HFG161 7.04E15| 7.04E15| 9.52E15| 9.52E15 0| 2.19E15 0 2.96E15
HFG227ca 4.65E12 | 4.65E12 | 7.14E12| 7.14E12 0| 1.44E12 0 2.22E12
HFG227ea 5.90E12| 5.90E12| 9.52E12| 9.52E12 0] 1.83E12 0 2.96E12
HFE236¢ch 2.13E12| 2.13E12| 3.17E12| 3.17E12 0| 6.62E13 0 9.86E13
HFC236ea 2.34E12 | 2.34E12| 3.50E12| 3.50E12 0| 7.27E13 0 1.09E12
HFC236fa 1.42E11| 1.42E11| 6.14E11| 6.14E11 0| 441E12 0 1.91FE11
HFGE245ca 1.26E12| 1.26E12| 1.88E12| 1.88E12 0| 3.92E13 0 5.83E13
HFE245ch 8.13E12| 8.13E12| 1.38E11| 1.38E1l1 0| 2.53E12 0 4.29E12
HFG245ea 4.14E13| 4.14E13| 6.17E13| 6.17E13 0| 1.29E13 0 1.92E13
HFE245eb 5.10E13| 5.10E13| 7.61E13| 7.61E13 0| 1.59E13 0 2.37E13
HFG245fa 1.51E12| 1.51E12| 2.25E12| 2.25E12 0| 4.69E13 0 7.00E13
HFE263fb 1.34E13| 1.34E13| 1.98E13| 1.98E13 0| 4.16E14 0 6.16E14
HFG272ca 2.53E13| 2.53E13| 3.78E13| 3.78E13 0| 7.88E14 0 1.17E13
HFGE329p 4.15E12 | 4.15E12| 6.38E12| 6.38E12 0| 1.29E12 0 1.98E12
HFE365mfc 1.41E12| 1.41E12| 2.11E12| 2.11E12 0| 4.40E13 0 6.56E13
HFG43-10mee 2.90E12| 2.90E12| 4.34E12| 4.34E12 0] 9.03E13 0 1.35E12

0.00E+Q 0.00E+Q 0.00E+Q

HFC1132a 0.00E+0( 0| 0.00E+0d 0 0 0 0| 0.00E+0Q
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0.00E+Q 0.00E+Q 0.00E+Q
HFG1141 0.00E+0( 0| 0.00E+0Q 0 0 0 0| 0.00E+0(Q
0.00E+Q 0.00E+Q 0.00E+Q
(ZYHFG1225ye 0.00E+0( 0| 0.00E+0Q 0 0 0 0| 0.00E+0(Q
0.00E+Q 0.00E+Q 0.00E+Q
(EYHFG1225ye 0.00E+0( 0| 0.00E+0( 0 0 0 0| 0.00E+0(Q
0.00E+Q 0.00E+Q 0.00E+Q
(ZYHFG1234ze 0.00E+0( 0| 0.00E+0Q 0 0 0 0| 0.00E+0(Q
0.00E+Q 0.00E+0 0.00E+Q
HFC1234yf 0.00E+0( 0| 0.00E+0( 0 0 0 0 0.00E+0d
(EYHFCG1234ze 1.76E15| 1.76E15| 2.50E15| 2.50E15 0| 5.47E16 0 7.77E16
(ZYHFG1336 3.52E15| 3.52E15| 4.40E15| 4.40E15 0| 1.09E15 0 1.37E15
0.00E+Q 0.00E+0 0.00E+Q
HFC1243zf 0.00E+0( 0| 0.00E+0( 0 0 0 0 0.00E+0d
0.00E+Q 0.00E+Q 0.00E+Q
HFGE1345zfc 0.00E+0( 0| 0.00E+0Q 0 0 0 0| 0.00E+0(Q
0.00E+Q 0.00E+Q 0.00E+Q
3,3,4,4,5,5,6,6,8Nonafluorohexl-ene 0.00E+0( 0| 0.00E+0Q 0 0 0 0| 0.00E+0Q
3,3,4,4,5,5,6,6,7,7,8,8,8ridecafluorooctl- 0.00E+Q 0.00E+Q 0.00E+Q
ene 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+0Q
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10;10 0.00E+Q 0.00E+0 0.00E+Q
Heptadecafluoroded-ene 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+0Q
Chlorocarbons and hydrochlorocarbons
Methyl chloroform 2.82E13| 2.82E13| 4.20E13| 4.20E13 0| 8.75E14 0 1.31E13
Carbon tetrachloride 3.04E12| 3.04E12| 4.64E12| 4.64E12 0| 9.46E13 0 1.44E12
Methyl chloride 2.11E14| 2.11E14| 3.20E14| 3.20E14 0| 6.56E15 0 9.96E15
Methylene chloride 1.58E14 | 1.58E14| 2.34E14| 2.34E14 0| 4.92E15 0 7.27E15
Chloroform 2.82E14| 2.82E14| 4.29E14 | 4.29E14 0| 8.75E15 0 1.33E14
1,2-Dichloroethane 1.76E15| 1.76E15| 2.36E15| 2.36E15 0| 5.47E16 0 7.33E16
Bromocarbons, hyrdobromocarbons and
Halons
Methyl bromide 3.52E15| 3.52E15| 6.18E15| 6.18E15 0| 1.09E15 0 1.92E15
Methylene bromide 1.76E15| 1.76E15| 2.66E15| 2.66E15 0| 5.47E16 0 8.28E16
Halon1201 6.62E13| 6.62E13| 9.86E13| 9.86E13 0| 2.06E13 0 3.06E13
Halon1202 4.07E13| 4.07E13| 6.07E13| 6.07E13 0| 1.26E13 0 1.89E13
Halon1211 3.08E12| 3.08E12| 4.60E12 | 4.60E12 0| 9.57E13 0 1.43E12
Halon1301 1.11E11| 1.11E11| 2.10E11| 2.10E11 0| 3.44E12 0 6.54E12
Halon2301 3.04E13| 3.04E13| 4.55E13| 4.55E13 0| 9.46E14 0 1.42E13
Halon2311/Halothane 7.22E14| 7.22E14| 1.08E13| 1.08E13 0| 2.24E14 0 3.35E14
Halon2401 3.24E13| 3.24E13| 4.81E13| 4.81E13 0| 1.01E13 0 1.49E13
Halon2402 2.59E12| 2.50E12| 3.89E12| 3.89E12 0| 8.04E13 0 1.21E12
Fully Fluorinated Species
Nitrogen trifluoride 2.83E11| 2.83E11| 2.01E10| 2.01E10 0| 8.81F12 0 6.24E11
Sulphur hexafluoride 4.14E11| 4.14E11| 5.39E10| 5.39E10 0| 1.29E11 0 1.67E10
(Trifluoromethyl)sulfur pentafluoride 3.06E11| 3.06E11| 2.78E10| 2.78E10 0| 9.52E12 0 8.63E11
Sulfuryl fluoride 7.20E12| 7.20E12| 1.15E11| 1.15E11 0| 2.24E12 0 3.57E12
PFGl14 1.17E11| 1.17E11| 1.73E10| 1.73E10 0| 3.63E12 0 5.36E11
PFC116 1.95E11| 1.95E11| 2.79E10| 2.79E10 0| 6.07E12 0 8.68E11
PFEc216 1.62E11| 1.62E11| 2.09E10| 2.09E10 0| 5.03E12 0 6.49E11
PFC218 1.57E11| 1.57E11| 1.98E10| 1.98E10 0| 4.87E12 0 6.14E11
PFCE318 1.68E11| 1.68E11| 2.18E10| 2.18E10 0| 5.22E12 0 6.78E11
PFE31-10 1.62E11| 1.62E11| 2.04E10| 2.04E10 0| 5.03E12 0 6.34E11
Perfluorocyclopentene 3.52E15| 3.52E15| 4.89E15| 4.89E15 0| 1.09E15 0 1.52E15
PFCA1-12 1.50E11| 1.50E11| 2.01E10| 2.01E10 0| 4.68E12 0 6.25E11
PFGE51-14 1.39E11| 1.39E11| 1.80E10| 1.80E10 0| 4.33E12 0 5.60E11
PF@51-16 1.38E11| 1.38E11| 1.77E10| 1.77E10 0| 4.28E12 0 551E11
PFC71-18 1.34E11| 1.34E11| 1.73E10| 1.73E10 0| 4.17E12 0 5.38E11
PFE91-18 1.27E11| 1.27E11| 1.52E10| 1.52E10 0| 3.93E12 0 4.72E11
Perfluorodecalin(cis) 1.27E11| 1.27E11| 1.53E10| 1.53E10 0| 3.96E12 0 4.75E11
Perfluorodecalin(trans) 1.11E11| 1.11F11| 1.33E10| 1.33E10 0| 3.44E12 0 4.14E11
0.00E+Q 0.00E+Q 0.00E+Q
PFC1114 0.00E+0( 0| 0.00E+0(Q 0 0 0 0 0.00E+00Q
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0.00E+Q 0.00E+Q 0.00E+Q
PFC1216 0.00E+0( 0| 0.00E+0Q 0 0 0 0| 0.00E+0(Q
0.00E+Q 0.00E+Q 0.00E+Q
Perfluorobutal,3-diene 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+0d
0.00E+Q 0.00E+Q 0.00E+Q
Perfluorobutl-ene 0.00E+0( 0| 0.00E+0Q 0 0 0 0 0.00E+00
Perfluorobut2-ene 3.52E15| 3.52E15| 4.63E15| 4.63E15 0| 1.09E15 0 1.44E15
Halogenated alcohols and ethers
HFE125 2.18E11| 2.18E11| 5.73E11| 5.73E11 0] 6.78E12 0 1.78E11
HFE134 (HE00) 9.78E12| 9.78E12| 1.48E11| 1.48E11 0] 3.04E12 0 4.61E12
HFE143a 9.20E13| 9.20E13| 1.37E12| 1.37E12 0| 2.86E13 0 4.26E13
HFE227ea 1.14E11| 1.14E11| 1.98E11| 1.98E11l 0| 3.53E12 0 6.14E12
HCFE235ca2(enflurane) 1.03E12| 1.03E12| 1.53E12| 1.53E12 0] 3.19E13 0 4.76E13
HCFE235da2(isoflurane) 8.64E13| 8.64E13| 1.29E12| 1.29E12 0] 2.69E13 0 4.00E13
HFE236ca 7.46E12 | 7.46E12| 1.12E11| 1.12E11 0| 2.32E12 0 3.48E12
HFE236ea2(desflurane) 3.15E12 | 3.15E12| 4.70E12| 4.70E12 0| 9.79E13 0 1.46E12
HFE236fa 1.72E12| 1.72E12| 2.57E12| 2.57E12 0] 5.35E13 0 7.98E13
HFE245cb2 1.15E12| 1.15E12| 1.72E12| 1.72E12 0| 3.58E13 0 5.33E13
HFE245fal 1.46E12| 1.46E12| 2.17E12| 2.17E12 0| 4.53E13 0 6.75E13
HFE245fa2 1.43E12| 1.43E12| 2.13E12| 2.13E12 0| 4.44E13 0 6.62E13
2,2,3,3,3Pentafluoroproparl-ol 3.34E14 | 3.34E14| 4.92E14| 4.92E14 0| 1.04E14 0 1.53E14
HFE254cbl 5.30E13| 5.30E13| 7.90E13| 7.90E13 0| 1.65E13 0 2.45E13
HFE263fb2 1.76E15| 1.76E15| 3.49E15| 3.49E15 0| 5.47E16 0 1.08E15
HFE263m1 5.10E14 | 5.10E14 | 7.72E14| 7.72E14 0| 1.59E14 0 2.40E14
0.00E+Q 0.00E+Q 0.00E+Q
3,3,3Trifluoropropanl-ol 0.00E+0( 0| 0.00E+0Q 0 0 0 0 0.00E+0(
HFE329mcc2 5.40E12| 5.40E12| 8.15E12| 8.15E12 0| 1.68E12 0 2.53E12
HFE338mmz1 4.61E12 | 4.61E12| 6.93E12| 6.93E12 0| 1.43E12 0 2.15E12
HFE338mcf2 1.63E12| 1.63E12| 2.44E12| 2.44E12 0| 5.08E13 0 7.57E13
Sevoflurane (HFB47mmz1) 3.80E13| 3.80E13| 5.66E13| 5.66E13 0| 1.18E13 0 1.76E13
HFE347mcc3 (HFEZ000) 9.33E13| 9.33E13| 1.39E12| 1.39E12 0] 2.90E13 0 4.32E13
HFE347mcf2 1.50E12| 1.50E12| 2.24E12| 2.24E12 0| 4.67E13 0 6.96E13
HFE347pcf2 1.56E12| 1.56E12| 2.33E12| 2.33E12 0| 4.86E13 0 7.25E13
HFE347mmy1 6.39E13| 6.39E13| 9.53E13| 9.53E13 0| 1.99E13 0 2.96E13
HFE356mec3 6.81E13| 6.81E13| 1.02E12| 1.02E12 0] 2.12E13 0 3.16E13
HFE356mff2 2.99E14| 2.99E14| 4.40El14 | 4.40E14 0| 9.30E15 0 1.37E14
HFE356pcf2 1.27E12| 1.27E12| 1.89E12| 1.89E12 0| 3.93E13 0 5.86E13
HFE356pcf3 7.85E13| 7.85E13| 1.17E12| 1.17E12 0| 2.44E13 0 3.64E13
HFE356pcc3 7.27E13| 7.27E13| 1.08E12| 1.08E12 0| 2.26E13 0 3.37E13
HFE356mmz1 2.46E14| 2.46E14| 3.58E14 | 3.58E14 0| 7.66E15 0 1.11E14
HFE365mcf3 1.76E15| 1.76E15| 2.43E15| 2.43E15 0| 5.47E16 0 7.57E16
HFE365mcf2 1.02E13| 1.02E13| 1.53E13| 1.53E13 0| 3.17E14 0 4.76E14
HFE374pc2 1.10E12| 1.10E12| 1.65E12| 1.65E12 0| 3.43E13 0 5.11E13
0.00E+Q 0.00E+Q 0.00E+Q
4,4,4Trifluorobutan1-ol 0.00E+0( 0| 0.00E+0d 0 0 0 0| 0.00E+0Q
2,2,3,3,4,4,5,8ctafluorocyclopentanol 2.29E14 | 2.29E14| 3.37E14| 3.37E14 0| 7.11E15 0 1.05E14
HFEA3-10pcccl24(H5alden 1040x,HG1) 4.96E12 | 4.96E12| 7.39E12| 7.39E12 0| 1.54E12 0 2.30E12
HFE449s1 (HFEZ100) 7.41E13| 7.41E13| 1.10E12| 1.10E12 0| 2.30E13 0 3.43E13
n-HFE7100 8.55E13| 8.55E13| 1.27E12| 1.27E12 0| 2.66E13 0 3.96E13
i-HFE7100 7.16E13| 7.16E13| 1.07E12| 1.07E12 0| 2.23E13 0 3.32E13
HFE569sf2 (HRE200) 1.00E13| 1.00E13| 1.49E13]| 1.49E13 0| 3.12E14 0 4.63E14
n-HFE7200 1.14E13| 1.14E13| 1.69E13| 1.69E13 0| 3.56E14 0 5.26E14
i-HFE7200 7.74E14| 7.74E14| 1.16E13| 1.16E13 0| 2.41E14 0 3.61E14
HFE236cal2 (HAO) 9.42E12 | 9.42E12| 1.43E11| 1.43E11 0| 2.93E12 0 4.44E12
HFE338pccl3 (HB1) 5.12E12 | 5.12E12| 7.63E12| 7.63E12 0| 1.59E12 0 2.37E12
1,1,1,3,3,3Hexafluoropropar2-ol 3.20E13| 3.20E13| 4.78E13| 4.78E13 0| 9.95E14 0 1.48E13
HG02 4.80E12 | 4.80E12| 7.15E12| 7.15E12 0| 1.49E12 0 2.22E12
HGO03 5.02E12| 5.02E12| 7.49E12| 7.49E12 0] 1.56E12 0 2.33E12
HG20 9.33E12| 9.33E12| 1.42E11| 1.42E11 0| 2.90E12 0 4.40E12
HG21 6.85E12 | 6.85E12| 1.02E11| 1.02E11 0| 2.13E12 0 3.18E12
HG30 1.29E11| 1.29E11| 1.96E11| 1.96E11 0| 4.01E12 0 6.09E12
1-Ethoxyl,1,2,2,3,3,sheptafluoropropane 1.07E13| 1.07E13| 1.59E13| 1.59E13 0| 3.34E14 0 4.94E14
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0.00E+Q 0.00E+Q 0.00E+Q
Fluoroxene 0.00E+0( 0| 0.00E+0d 0 0 0 0| 0.00E+0Q
1,1,2,2Tetrafluoro1-(fluoromethoxy)ethane | 1.53E12| 1.53E12| 2.29E12| 2.29E12 0| 4.76E13 0 7.11E13
2-Ethoxy3,3,4,4,5pentafluorotetrahydre2,5
bis[1,2,2,2tetrafluoro-1-
(trifluoromethyl)ethyl}Huran 9.86E14 | 9.86E14| 1.46E13| 1.46E13 0| 3.06E14 0 4.52E14
Fluoro(methoxy)methane 2.29E14 | 2.29E14| 3.29E14| 3.29E14 0| 7.11E15 0 1.02E14
Difluoro(methoxy)methane 2.53E13| 2.53E13| 3.78E13| 3.78E13 0| 7.88E14 0 1.17E13
Fluoro(fluoromethoxy)methane 2.29E13| 2.29E13| 3.43E13| 3.43E13 0| 7.11E14 0 1.07E13
Difluoro(fluoromethoxy)methane 1.09E12| 1.09E12| 1.62E12| 1.62E12 0| 3.37E13 0 5.03E13
Trifluoro(fluoromethoxy)methane 1.32E12| 1.32E12| 1.97E12| 1.97E12 0| 4.11E13 0 6.13E13
HG-01 3.91E13| 3.91E13| 5.81E13| 5.81E13 0| 1.21E13 0 1.80E13
HG:02 4.15E13| 4.15E13| 6.18E13]| 6.18E13 0] 1.29E13 0 1.92E13
HG:03 3.89E13| 3.89E13| 5.81E13| 5.81E13 0] 1.21E13 0 1.80E13
HFE329me3 8.01E12| 8.01F12| 1.30E11| 1.30E11l 0| 2.49E12 0 4.04E12
0.00E+Q 0.00E+Q 0.00E+Q
3,3,4,4,5,5,6,6,7,7;Undecafluoroheptarl-ol | 0.00E+0( 0| 0.00E+0d 0 0 0 0| 0.00E+0(Q
3,3,4,4,5,5,6,6,7,7,8,8,9,9,9 0.00E+Q 0.00E+Q 0.00E+Q
Pentadecafluorononai-ol 0.00E+0( 0| 0.00E+0d 0 0 0 0| 0.00E+0Q
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,1%,11 0.00E+Q 0.00E+Q 0.00E+Q
Nonadecafluoroundecai-ol 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+0d
2-Chloral,1,2trifluoro-1-methoxyethane 2.15E13| 2.15E13| 3.20E13| 3.20E13 0| 6.67E14 0 9.96E14
PFPMIE(perfluoropolymethylisopropyl etherl 1.71E11| 1.71E11| 1.55E10| 1.55E10 0| 5.31E12 0 4.80E11
0.00E+Q 0.00E+Q 0.00E+Q
HFE216 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+00
Trifluoromethylformate 1.03E12| 1.03E12| 1.54E12| 1.54E12 0| 3.22E13 0 4.79E13
Perfluoroethylformate 1.02E12| 1.02E12| 1.52E12| 1.52E12 0| 3.17E13 0 4.73E13
Perfluoropropylformate 6.62E13 | 6.62E13| 9.87E13| 9.87E13 0| 2.06E13 0 3.07E13
Perfluorobutylformate 6.90E13| 6.90E13| 1.03E12| 1.03E12 0| 2.14E13 0 3.19E13
2,2,2Trifluoroethylformate 5.81E14| 5.81E14| 8.78E14| 8.78E14 0| 1.81E14 0 2.73E14
3,3,3Trifluoropropylformate 2.99E14| 2.99E14| 4.58E14 | 4.58E14 0| 9.30E15 0 1.42E14
1,2,2,2Tetrafluoroethylformate 8.27E13| 8.27E13| 1.23E12| 1.23E12 0| 2.57E13 0 3.83E13
1,1,1,3,3,3Hexafluoropropar-ylformate 5.86E13| 5.86E13| 8.73E13]| 8.73E13 0| 1.82E13 0 2.71E13
Perfluorobutylacetate 3.52E15| 3.52E15| 4.35E15| 4.35E15 0| 1.09E15 0 1.35E15
Perfluoropropylacetate 3.52E15| 3.52E15| 4.55E15| 4.55E15 0| 1.09E15 0 1.41E15
Perfluoroethylacetate 3.52E15| 3.52E15| 5.41E15| 5.41E15 0| 1.09E15 0 1.68E15
Trifluoromethylacetate 3.52E15| 3.52E15| 5.43E15| 5.43E15 0| 1.09E15 0 1.69E15
Methylcarbonofluoridate 1.67E13| 1.67E13| 2.50E13| 2.50E13 0| 5.20E14 0 7.77E14
1,1-Difluoroethylcarbonofluoridate 4.75E14 | 4.75E14| 7.04E14| 7.04E14 0| 1.48E14 0 2.19E14
1,1-Difluoroethyl2,2, 2trifluoroacetate 5.46E14 | 5.46E14| 8.09E14 | 8.09E14 0| 1.70E14 0 2.52E14
Ethyl 2,2, 2rifluoroacetate 1.76E15| 1.76E15| 3.60E15| 3.60E15 0| 5.47E16 0 1.12E15
2,2,2Trifluoroethyl2,2, Ztrifluoroacetate 1.23E14| 1.23E14| 1.79E14| 1.79E14 0| 3.83E15 0 5.57E15
Methyl 2,2, 2trifluoroacetate 9.15E14| 9.15E14| 1.37E13| 1.37E13 0| 2.84E14 0 4.27E14
Methyl 2,2difluoroacetate 5.28E15| 5.28E15| 8.58E15| 8.58E15 0| 1.64E15 0 2.67E15
Difluoromethyl 2,2, Zrifluoroacetate 4.75E14 | 4.75E14| 7.09E14| 7.09E14 0| 1.48E14 0 2.20E14
2,2,3,3,4,4,4Heptafluorobutanl-ol 5.98E14| 5.98E14| 8.87E14| 8.87El14 0| 1.86E14 0 2.76E14
1,1,2Trifluoro-2-(trifluoromethoxy}ethane 2.18E12| 2.18E12| 3.26E12| 3.26E12 0| 6.78E13 0 1.01E12
1-Ethoxy1,1,2,3,3,3hexafluoropropane 4.05E14 | 4.05E14| 6.12E14| 6.12E14 0| 1.26E14 0 1.90E14
1,1,1,2,2,3,Heptafluore3-(1,2,2,2
tetrafluoroethoxy}propane 1.14E11| 1.14E11| 2.19E11| 2.19E11 0| 3.55E12 0 6.82E12
2,2,3,3Tetrafluore1-propanol 2.29E14| 2.29E14| 3.40E14 | 3.40E14 0| 7.11E15 0 1.06E14
2,2,3,4,4,4Hexafluorel-butanol 2.99E14| 2.99E14| 4.46El4 | 4.46E14 0| 9.30E15 0 1.39E14
2,2,3,3,4,4,4Heptafluore1-butanol 2.82E14 | 2.82E14| 4.26E14| 4.26E14 0| 8.75E15 0 1.32E14
1,1,2,2Tetrafluora3-methoxy-propane 1.76E15| 1.76E15| 1.76E15| 1.76E15 0| 5.47E16 0 5.47E16
0.00E+Q 0.00E+Q 0.00E+Q
perfluoro-2-methyt-3-pentanone 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+0(Q
0.00E+Q 0.00E+Q 0.00E+Q
3,3,3Trifluoropropanal 0.00E+0( 0| 0.00E+0d 0 0 0 0 0.00E+0(Q
2-Fluoroethanol 1.76E15| 1.76E15| 2.31E15| 2.31E15 0| 5.47E16 0 7.17E16
2,2-Difluoroethanol 5.28E15| 5.28E15| 7.95E15| 7.95E15 0| 1.64E15 0 2.47E15
2,2,2Trifluoroethanol 3.52E14 | 3.52E14| 5.23E14| 5.23E14 0| 1.09r14 0 1.63E14
1,1-Oxybis[2(difluoromethoxy)1,1,2,2
tetrafluoroethane 8.66E12| 8.66E12| 1.32E11| 1.32E11 0| 2.69E12 0 4.09E12
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1,1,3,3,4,4,6,6,7,7,9,9,10,10,12;12
hexadecafluore2,5,8,11Tetraoxadodecane 7.90E12| 7.90E12| 1.20E11| 1.20E11 0| 2.46E12 0 3.74E12
1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12,13,13,14
5-eicosafluore2,5,8,11,14

Pentaoxapentadecane 6.39E12| 6.39E12| 9.74E12| 9.74E12 0| 1.99E12 0 3.03E12
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3.1. Areas of protection and environmental mechanisms covered
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Figure 3.1: Causand-effect chain for emissions of ozone depleting substances (ODS) resulting in human health damage (from:
Huijbregts et al. 2014)

The ozone layer in the stratosphere absorbs a large part didn@ful UVfradiation coming from the sun.

In the natural situation ozone is continuously being formed and destroyed. However, a number-of man
made chemicals that contain fluorine, bromine and chlorine groups, called Ozone Depleting Substances
(ODS), can gatly increase the rate of destruction, leading to a reduction in the thickness of the ozone
layer. With the thickness of the layer reduced, more of the. UV N> RAF 1A 2y gAff NBI OK
Increased exposure to U¥ radiation can lead to adverbeman health effects (Figure 3.1), such as skin
cancer and cataract, and effects on ecosystems. The latter are, however, not considered here, meaning
that the only area of protection that is covered is human health.

3.2. Calculation of the characterization factors at endpoint level

The procedure we follow here is equal to the procedure from the latest ReCiPe report (Huijbregts et al.,
2014). The World Meteorological Organization (WMO) reports the Ozone Depletion Potential (ODP) for
21 different substances (WMO, 2011) these ODPs were used for the calculation of the CFs. The ODP, as
reported by the WMO, represents the amount of ozone destroyed by a substance during its entire lifetime
relative to the amount of ozone destroyed by €HCduring ts entire lifetime. Equation 3.1 shows the
characterization factor Gk at endpoint level. It consists of the ozone depletion potential (ODP) for
substance x with time horizon TH and the effect fadiér for the reference substance €HECfor time
horizonTH

00 §p 0@y D00 R
Equation 3.1

The WMO (2011) uses a seempirical approach to calculate the ODPs. Observational data from different
air layers is used to predict the release of the bromine and chlorine groupsamo@®DS. Each bromine
group has approximately 60 times (65 in arctic regions) more potency to destroy ozone than a chlorine
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group. By taking into account the release of the chlorine and bromine groups and their potencies the
change in Equivalent Effectivee&ospheric Chlorine (EESC) resulting from the release of 1 kg of ODS was
calculated. By dividing this value by the EESC effect cflCl68e can calculate the ODP as follows
(equation 3.2):

. YO'08Y
YO'0O8Y

Equation 3.2

Where the ODR xis the ODP for an infinite time horizon for OBS k 9-9Y{R k91 aré the hlanges
in EESC caused by the emission of 1 kg of X0 1 kg of CFCL respectively (Equation 3.2 and
description from Huijbregts et al024).

The ODPs from WMO are all based on an infinite time horizon, for-gel@ime horizon a correction is
needed to calculate the fraction of the bromine and chlorine that is released during the first 100 years of
the lifetime. Equal to the approadhllowed in ReCiPe we used the equation from De Schryver(@04all)
(equation 3.3).

Equation 3.3

Where Fis the fraction of the total damage caused by an ODS during the fiesirs,k is the removal

rate of the ODS (¥ which is the inverse of the atmospheric life time and the 3 is the average time (in
years) that is needed for transport from the tropdee to the stratosphere. This fraction iB then
multiplied with ODR:xto get to the OPDruwith a finite time horizon TH.

The amount of damage caused by exposure teBfddiation has been quantified by Hayashi et al. (2006),
a summarizing, qualitate formula of the effect factor is shown in Equation 3.4. For more details, see
Hayashi et al. (2006).

‘00 "QU 0 AY o B FAGH
Equation 3.4

This equation shows that the effect factor is a function of the ozone layer thick®:Jg the resulting
UVB radiationyVB that reaches the surface as a response to this ozone layer thagkiie seasons],
latitudinal zone i, population number of skin typg) @nd skin cancer typ&)((note: damage by cataract
was calculated in a similar matt, but is independent of the skin type).

The effect of EESC on ozone layer thickness was determined by historical observational data, using year
1980 as a reference year because prior to this year anthropogenic effects on ozone layer thickness were

consdered negligible. The effect of EESC depends on both the season as well as the latitude. Therefore
Hayashi et al. (2006) used a model with latitudinal zones of degrees and four different seasons to calculate

the amount of UMB radiation that reaches theugace. The optical thickness of the ozone layer rather
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than the actual thickness determines the amount of direct or scattereeBUW&diation that reaches the
surface. To correct for this difference, a linear regression between actual and optical thislagegsed.

Three different types of skin cancer (malignant melanoma (MM), basal cell carcinoma (BCC) and squamous
cell carcinoma (SCC)) were linked toRJkadiation. The DALY concept was used to determine the severity

of each of these cancers. The incidenrate of these cancers is inversely related to the amount of
pigments in the skin. In order to take this into account, the percentage of people with different skin
colours (white, yellow or black) was determined per longitudinal zone. The resulting ddaragFcL1

in human health was 5.9384 DALYkg ODS(certain effectsjnfinite time horizon). For a 100 year time
horizon this value is 10% lower (2804 DALYkg ODS. If the effect of cataract is also taken into account

(all effects,infinite time horizon) this factor increases to 1.398 DALYkg ODS and 2.3364 DALY /kg

ODS (all effects, 100 year time horizon), repsectivEhe resulting endpoints CFs are listed in tabk 3.

for 22 ozone depleting substances.

3.3.  Uncertainties

The CFs fothis impact category are based on reported data from existing literature. Assessing the
sensitivity ofthe CI5to uncertainties in the individual parameters is therefore only possible to a limited
extent and is dependent on theported data in the originaeports. Uncertainties in the lifetimes as well

as the estimated and projected emissions of the different ODSs are described by the WMO (2011). The
resulting uncertainty in the projected total EESC is moderate, a clear downward trend in total EESC is
observed and this trend is expected to continue in the future. The year at which the levels return to the
national background concentration is dependent on both the future emissions as well as the projected
Ot AYIF(S OKIy3aSo I O 02 NR hikgfyZhatitte EESK &veks with coritiri& i Hroph 2 Q &
significantly within the coming 30 to 50 years, perhaps even to a level where there is hardly any expected
negative impact form ODS emissions. It is not certain whether we will reach this level betahse
expected increase inJd® and uncertain developments in the future climate. Therefore impacts of long
lived substances integrated over time horizons longer than 100 years should be considered highly
uncertain and it is likely that their impact is oestimated. Unfortunately no direct quantitative
assessment of the uncertainty on the level of the ODPs is provided by the WMO. ODPs are uncertain both
because of uncertainties in the fractional release of chlorine and bromine and the lifetime of the ODS
compared to that of the reference substance €HBC In general the lifetimes and therefore the ODPs of

the shorter lived substances are more uncertain than those of the longer lived ones, which would result
in more uncertain ODPs.

Additional uncertainty ipresent in the damage factors. As Hayashi et al. (2006) state, a more detailed
assessment of these uncertainties is required; unfortunately no quantitative estimates are provided in
their publication. However, it is likely that there is model uncertaimiythie models that project the
increase in U\B radiation reaching the surface, as well as in the fraction of people with different skin
colours in each region and the additional cancer incidences resulting from that increased exposure to UV
B radiation. Fofuture impacts, the projected population developments (and the distribution of people
with different skin colours within those populations) are uncertain. The (implicit) assumption that this
population remains stable is likely to cause an underestimatidhe impact, especially in regions with a

large projected population growth such as Africa.
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3.4. Value choices

The different ODSs have widely varying atmospheric lifetimes, ranging from 0.8 yearsBoitcC20

years for CFQ15. Therefore the CiB time-horizon dependent. The effects over the first 100 years are
considered to be certain and robust. Effects in a longer time horizon are more uncertain, because of
unknown future emissionas well as uncertain climasind population developments.

Thete is strong evidence of the link between UV radiation and skin cancer incidence. The evidence for a
link with cataract is much weaker and these effects should therefore be considered to havera low
robustness (Table 3.1). The mechanism by which bromigechforine containing substances destroy
ozone is well known and understood. Nitrous oxideQNalso has an ozone depleting capacity (but no
bromine or chlorine groups) whether or not to include this substance should be included can be seen as
a value chice. In this analysis we chose to includ®Nas also recommended in literature (Ravishankara

et al. 2010; WMO, 2011).

Table 3.1: Value choices in the modelling of @discore and extended value choices (i.e. what is added to get from core to
extended vaues)

Choice category Certain effects All effects

Included effects Skin cancer Skin cancerCataract

Table 3.2: The characterization factors for ozone depleting substances, representing human health damage expressed as DALYs
(DALY/kgODS).

Substance Human health impacts [DALY/kg ODS]

Annex Al certain effects, 100 yrs| All effects, 100 yrg certain effeds, infinite | All effects, infinite
CFell 5.31E04 2.33E04 5.91E04 1.34E03
CFel12 3.12E04 1.37E04 4.85E04 1.10E03
CF€l13 3.53E04 1.55E04 5.02E04 1.14E03
CFcl14 1.43E04 6.30E05 3.43E04 7.80E04
CF€l15 3.24E05 1.42E05 3.37E04 7.67E04

Annex All

Halon1301 7.47E03 3.28E03 9.40E03 2.14E02

Halon1211 4.66E03 2.05E03 4.67E03 1.06E02

Halon2402 7.64E03 3.36E03 7.68E03 1.75E02

Annex Bl

CCl4 4.75E04 2.09E04 4.85E04 1.10E03

Annex BIll
CH3CCI3 9.46E05 4.16E05 9.46E05 2.15E04

Annex Gl
HCF@22 2.36E05 1.04E05 2.36E05 5.38E05

HCF&123 5.91E06 2.60E06 5.91E06 1.34E05

HCF&24 1.18E05 5.19E06 1.18E05 2.69E05

HCFE€41b 7.09E05 3.12E05 7.09E05 1.61E04

HCF€142b 3.54E05 1.55E05 3.55E05 8.07E05

HCFe&25ca 1.18E05 5.19E06 1.18E05 2.69E05
HCF&25cbh 1.77E05 7.79E06 1.77E05 4.03E05
Annex E
CH3Br 3.90E04 1.71E04 3.90E04 8.88E04
Others
Halon1202 1.00E03 4.42E04 1.00E03 2.29E03
CH3CI 1.18E05 5.19E06 1.18E05 2.69E05
N20 5.64E06 2.48E06 1.00E05 2.29E05
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4.1. Areas of protection and environmental mechanisms covered
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Figure 4.1: Causand-effect chain from an airborne or waterborne emission of a radionuclide to human health damage (from:
Huijbregts et al., 2014)

Radionuclides can be released during a number of human activities. These can be related to the nuclear
fuel cycle (mining, processing, use or treatment of the nuclear fuel) or during more conventional energy
generation such as the burning of coal. Airbomraglionuclides can be inhaled by humans, while
radionuclides that end up in freshwater can be ingested during swimming in open water, via drinking
water produced from surface water or can enter the food cycle via crops.

When the radionuclides decay, theglease ionizing radiation. Human exposure to ionizing radiation
causes alterations in the DNA, which in turn can lead to different types of cancer and birth defects. Similar
effects must be expected in other living organisms, but damage to ecosysterosdsantified at the
moment. Thus, the only area of protection covered is human health (Figure 4.1).

The effect factors are based on disease statistics resulting from relatively highrelatdd or accident

related exposure. An average approach is usedaioulate the amount of additional caneercidences
resulting from this exposure. In LCA however the exposure doses are generally very low. Therefore, the
value based on relatively high exposure was corrected for the difference in cancer incidencgsqseire

dose, thereby approximating a marginal approach.

4.2. Calculation of the characterization factors at endpoint level
The calculation procedure here is equal to that of the latest ReCiPe update (Huijbregts et al. 2014), which
in turn is based mostlgn the works from De Schryver et al. (2011) and Frischknecht et al. (2000). The
division of the value choices (see below) is different, meaning that the CFs with good robustness are not
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the same as the factors provided in ReCiPe. However, the total CEguakto the endpoint CFs of the
Egalitarian perspective in ReCiPe, because in both methodologies these reflect all potential impacts. The
endpoint CF is calculated as shown in equation 4tikresCD stands for collective dose of radionuclide x,

and EF foeffect factor for radionuclide, environmental compartmeni (air, freshwater or marine water)

and time horizonTH

00 i 00z 00O
Equation 4.1

Unlike most other CFs the damage is not expressed per kg of emission but rather per kBq. The unit
Becquerel (Bq) is the number of atom nuclei that decay per second. Even though the CF for every
radionuclide is based on the same activity level (1kBg = ayde£ 1000 nuclei per second), there are
differences due to the type of radiation, the hiiife of the radionuclide and the environmental fate of

the radionuclide. For emissions to air a Gaussian plume model is used to describe the dispersion around
the emission location for all but four radionuclides. Tritium3}; carbonl4, kryptor85 and iodinel29

are assumed to disperse globally. Models that cover the global water cycle, the carbon cycle, a two
compartment dynamic model and a nine compartment dyrambdel were used for these radionuclides
respectively. Emissions to river water are modelled via a-rboslel with several different river
compartments. By taking into account the fraction that is taken up by the human population one can
calculate the codictive dose (CD). As shown in equation 4.2, the collective dose (unit: man.Sv) is a measure
for the total amount of exposure to a radionuclide for the entire, global population.

060 OwNeEQBE N6 EDO QE

Equation 4.2

Expure is the average exposure in Sievert (Sv=J/kg body weight) and Population represents the number
of people at time, integrated over time horizon TH. For the longest time horizon (100 000 years) the total
human population was assumed to be stable abilllon people (Dreicer et al., 1995; Frischknecht et al.,
2000).

The effect factor, shown in equation 4.3, combines the damages of the different disease types that can
be caused by ionizing radiation.

00 08 O OQRWR LD QO

Equation 4.3

Where Incidence is the extra incidence of disease tyfpeidences/man.Sv) and Severity represents the
human health damage caused by these diseases (DALY/incidence).
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The incidence rates of the different cancer types hpdeditary disease were taken from Frischknecht et

al. (2000) while the corresponding human health damage (in DALY) per disease type was taken from De
Schryver et al. (2011). This yields a robust damage factor of 0.617 DALY/man.Sv and a less robust factor
of 1.239 DALY/man.Sv. Multiplied by the collective dose in man.Sv (taken from De Schryver et al. 2011 for
almost all radionuclides, Frischknecht (2000) for the others) for emissions to the different compartments
this yields the final CFs (Table 4.2).

4.3. Uncertainties
The CFs for this impact category are based on reported data from existing literature. Assessing the
sensitivity ofthe CI5to uncertainties in the individual parameters is therefore only possible to a limited
extent and is dependent on theeported data in the original reports. The uncertainties in this impact
category are a combination of the uncertainty in the environmental fate and the damage factors of the
different radionuclides. Because of the extremely long lifetimes of most radiiolesdit is likely that the
uncertainty in the first part (fate) is larger than the uncertainty in the second part (damage). Quantitative
assessments are unavailable, but it is not difficult to identify potential sources of uncertainty in the fate
modelling. Firstly, quite simple fate models with a limited number of compartments are used for modelling
the environmental fate of the radionuclidesn contrast to other londerm effects, an important
distinction for the radionuclides is that the uncertaintytb& decay intensity and the type and intensity
of the released radiation is negligibl€he uncertainty concerns the extent to which humans will be
exposed to the released radiatipwhich depends on the compartments where the radionuclides end up
and pehaps more importantly, on the future population levels and distributicftse accuracy is highly
guestionable because the human exposure was modelled in quite a simplistic way. The collective dose is
determined based on the assumptions that the populaii®evenly spread throughout the world and will
NBYFEAY adloftS 4 I tS@St 2F mn oAfftAz2y LIS2LXS F2N
very inaccurate. The number of 10 billion people will overestimate impacts in the short run, butipdye
underestimate the future impact if the population grows beyond that number in the (distant) future.

On top of the uncertain collective dose there is also uncertainty related to the amount and types of cancer
caused by exposure to radiation. Sometli uncertainty relates to whether or not different types of
cancer can be caused by radiation, this is covered in the next section on value choices. Another part that
is uncertain is how to adjust the factors derived from high exposure to radiatidrettmtv exposure levels

that are assessed in LCA. Partly this is a subjective choice as well, this is therefore also considered in the
next section. In addition to these sources of uncertainty there is also uncertainty in the amount of DALYs
caused by eachancer type. It is important to keep in mind that the values used here are representative

of the current situation, if advances in medical development continue to progress it is likely that the
burden of (some) types of disease decreases substantialljlomber the time horizon, the more likely it

is that this will happen.

4.4. Value choices
Radioactive halfives of radionuclides can vary from less than a second to millions of years. The harmful
ionizing radiation is released during the radioactive decay. ddeay is described by an exponential
function, and radionuclides that decay very slowly @iats > 100 years) therefore release the majority
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of their radiation in the far future, while shortdived radionuclides (halfves <100 years) will releaseeth
majority of their radiation during the first couple of years after release. It is therefore important to know
over which time horizon the impact of the different radionuclides is considered. The impacts over a 100
year time horizon are considered to babust, while the impacts occurring in a 100 000 year period after
that are considered uncertain and less robust (Table 4.1).

It should be noted that even the 100.000 year time horizon is still relatively short compared to the half
life of Uranium235 of 710 * 1& years. However, the models that were used to derive these factors only
calculated results for a time period up to 100.000 yeanis SNY SR dAYTFAYAGSé KSNBO

While it is certain that ionizing radiation can cause hereditary disease and thyroid, borevniang and

breast cancer it is less clear whether other types (bladder, colon, ovary, skin, liver, oesophagus, stomach,
bone surface and remaining types) of cancer can also be caused by exposure to ionizing radiation.
Therefore in the CF 2 NJ & OFSINSighiizdl@ firSt four types of cancer and hereditary disease are
included, while fothe CRg A G K & | &lltan@ypes Gré assumed to be caused by ionizing radiation.
The incidence rate of cancer caused by ionizing radiation was determyr&dtistics based on accidental
medium to high exposure (for example from workers in nuclear power plants). It is uncertain by how much
the high to medium exposure doses should be corrected to get a CF that accurately reflects the very low
exposure situdabns considered relevant in life cycle assessment. A factor called the Dose and dose rate
effectiveness factor (DDREF) is used to correct for the fact that at higher exposures less dose is needed to
result in the same effect. A factor of 10 is considere@ptimistic estimate (based on animal studies), i.e.
meaning that for the same cancer incidence rate caused by medium to high exposure one would need to
get a dose that is 10 times higher as a result of (prolonged) low exposure (use@f& NI | A gFS)SFF S O 2
A more conservative estimate is that this factor is only about 2 (usethéocancer types that are added

G2 GKS al J. For HerediaddyQlisenses no Eoérection factor is applied.

Table 4.1: Value choices in the modellify core andextended CFs. The right column shows what is added to the core values
to reach the extended values.

Choice category Certain effects All effects

Dose and dose rate effectiveneg 10 2
factor (DDREF)

Included effects -Thyroid, bone marrow, lun¢ - Thyroid, bone marrow
andbreast cancer lung, breast bladder, colon,
ovary, skin, liver,
oesophagus, stomach, bor
surface and remaining type
of cancer

-Hereditary disease

-Hereditary disease
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Table 4.2: Characterization factors (Cer human health damage DALY (DALY/kBq) for emissions to air, freshwater or the

marine environment.

Human health CFs [DALY/kBq]

Emission to air certain effects, 100 yrs all effects, 100 yrs certain effects, infinite all effects, infinite
Am241 3.7E07 7.4E07 3.8E07 7.6E07
Gl4 7.8E09 1.6E08 8.7E08 1.8E07
Co58 1.7E10 3.5E10 1.7E10 3.5E10
Co60 6.8E09 1.4E08 6.8E09 1.4E08
Csl134 4.9E09 9.8E09 4,909 9.8E09
Cs137 1.1E08 2.2E08 1.1E08 2.2E08
H-3 5.8E12 1.2E11 5.8E12 1.2E11
1-129 7.1E08 1.4E07 1.4E06 2.8E06
-131 6.2E11 1.2E10 6.2E11 1.2E10
-133 3.8E12 7.7E12 3.8E12 7.7E12
Kr-85 5.8E14 1.2E13 5.8E14 1.2E13
Pb210 6.2E10 1.2E09 6.2E10 1.2E09
Po210 6.2E10 1.2E09 6.2E10 1.2E09
Pu alpha 0.0E+00 0.0E+00 3.4E08 6.8E08
Pu238 0.0E+00 0.0E+00 2.7E08 5.5E08
Pu239 2.2E07 4.3E07 2.2E07 4.3E07
Ra226 0.0E+00 0.0E+00 3.7E10 7.4E10
Rn222 9.9E12 2.0E11 9.9E12 2.0E11
Ru106 6.8E10 1.4E09 6.8E10 1.4E09
Sr90 1.7E08 3.3E08 1.7E08 3.3E08
Tc99 8.0E09 1.6E08 8.0E09 1.6E08
Th-230 0.0E+00 0.0E+00 1.9E08 3.7E08
U-234 0.0E+00 0.0E+00 3.9E08 7.9E08
U-235 0.0E+00 0.0E+00 8.6E09 1.7E08
U-238 0.0E+00 0.0E+00 3.3E09 6.7E09
Xel133 5.8E14 1.2E13 5.8E14 1.2E13

Emlssmlgktgsnver and certain effects, 100 yrs all effects, 100 yrs certain effects, infinite all effects, infinite
Ag110m 2.0E10 4.1E10 2.0E10 4.1E10
Am241 2.3E11 4.7E11 2.5E11 5.0E11
Gl14 4.1E11 8.3E11 8.6E11 1.7E10
Co58 1.7E11 3.3E11 1.7E11 3.3E11
Co60 1.8E08 3.6E08 1.8E08 3.6E08
Csl134 5.9E08 1.2E07 5.9E08 1.2E07
Cs137 6.8E08 1.4E07 6.8E08 1.4E07
H-3 2.8E13 5.6E13 2.8E13 5.6E13
1-129 1.9E09 3.9E09 1.1E06 2.1E06
-131 2.0E10 4.1E10 2.0E10 4.1E10
Mn-54 1.3E10 2.6E10 1.3E10 2.6E10
Pu239 2.5E12 5.1E12 2.8E12 5.7E12
Ra226 0.0E+00 0.0E+00 5.2E11 1.1E10
Ru106 1.6E12 3.2E12 1.6E12 3.2E12
Sb124 3.3E10 6.7E10 3.3E10 6.7E10
Sr90 1.7E10 3.3E10 1.9E10 3.8E10
Tc99 2.1E10 4.2E10 2.1E10 4.2E10
U-234 0.0E+00 0.0E+00 9.9E10 2.0E09
U-235 0.0E+00 0.0E+00 9.3E10 1.9E09
U-238 0.0E+00 0.0E+00 9.3E10 1.9E09

Emission to ocean certain effects, 100 yrs all effects, 100 yrs certain effects, infinite all effects, infinite
Am-241 3.3E10 6.6E10 3.3E10 6.6E10
Gl14 1.9E10 3.7E10 1.9E10 3.7E10
Cm alpha 0.0E+00 0.0E+00 2.3E08 4.7E08
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Co60 1.6E10 3.2E10 1.6E10 3.2E10
Csl134 3.2E11 6.4E11 3.2E11 6.4E11
Cs137 3.9E11 7.9E11 3.9E11 7.9E11
H-3 2.8E14 5.5E14 2.8E14 5.5E14
1-129 2.0E10 4.1E10 1.1E06 2.1E06
Pu alpha 0.0E+00 0.0E+00 3.0E08 6.1E08
Pu239 3.6E11 7.3E11 3.9E11 7.8E11
Ru106 7.4E12 1.5E11 7.4E12 1.5E11
Sb125 6.0E12 1.2E11 6.0E12 1.2E11
Sr90 3.1E12 6.2E12 3.1E12 6.2E12
Tc99 5.4E13 1.1E12 7.4E13 1.5E12
U-234 0.0E+00 0.0E+00 9.3E12 1.9E11
U-235 0.0E+00 0.0E+00 9.9E12 2.0E11
U-238 0.0E+00 0.0E+00 9.3E12 1.9E11
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The impact assessment method for assessd@gmage to human health and ecosystems due
photochemical ozone formatiois described based ovian Zelm et al2016).

5.1. Areas of protection and environmental mechanisms covered

The cause and effect pathway (Figt&) of ozone formation starts with an emission of MONMVOC

to the atmosphere, followed by atmospheric fate and chemistry in the airy &@ NMVOCs are
transformed inair to ozone. Subsequently, this tropospheric ozone can be inhaladrignsor taken up

by plants, leading to an increased number of mortality cases and final damage to human health, as well
as disappearance of plant species and final damage to temesttosystems.

Human .
intake of > Mortality > Damage to human
cases health (DALY)
ozone
Emission of Atmospheric
NO,or m» fate and
NMVOC chemistry
Plant ) Damage to
uptake > Dlsappearan.ce > terrestrial
of ozone TR ecosystems (PDF)

Figure5.1: Cause and effect pathway from tropospheric ozone precursor emissions to damage to human health and terrestrial
ecosystems.

Theintake of a pollutant byaumansis described by intake fractions (iF, in kg intake per kg emission) that

guantify the relationship between an emission and intakéhe population levelTheenvironmental fate

2F 21 2yS A& RSaONROGSR @ér kgfemisstntat-qdaitidy N relatiorGhipA y  LILIY
between an emission andubsequent concentratiofVan Zelm et al. 2008). Here, a global chemical
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transport model was applied to determiranvironmental fate factors anduman intake fractions for 56
emission and receptor region® determine human health effect factgnegionspecific mortality rates,
background concentrations and years of life lost were used.

Here, we included respiratory mortality due to ozone for two reasons: first, these contribute by far the
most to overallisability adjusted life years, and second, for these the mogbugate and least uncertain

data related to relative risks and years of life lost are available (see e.g. Anenberg et al. 2010, Friedrich et
al. 2011, Murray et al. 2012, WHO 2013).

To deermine environmental impacts on terrestrial ecosystems,-gatl specific forest and grass shares
and background concentrations were used as input for plant spessesitivity distributions (Van
Goethem et al. 2013a)

5.2. Calculation of the characteriza tion factors at endpoint level
5.2.1. Human health damage

The endpoint characterization factor€Ks) for human health damage due to ozone formation
caused by emitted precursor substance x in world region,i;(Cl¥ 5 ‘) areiddfided as thgearly
OKI'y3dS Ay 5AaloAfAde ! R2dzaliSR [ A T8 due lanBangdiB! [ , 0
emission of substance x in source region i (dMy" 7).Thi€Q®)for human health damage is composed
of a dimensionless intake fractiof{iz ) pgeviding the population intake of ozone in receptor region j (in
kg/yr) following an emission change of substance x in source region i (in kg/yr), an effect fagtor (EF
describing the cases of health effegper kg of inhaled ozone, and a dage factor (D§, which describes
the years of life lost per case of health effectn equation this reads:

o

Equation5.1.

CF,; = a %Fx,i- J)(E (EFe,j C“DFe,j)
j e

5.2.1.1. From emission to human intake

The intake fraction is determined as the changeiposure to ozone in region j (dE)XElue to a
change in emission of precursor substance X (JMIEXP was retrieved by multiplying the change in
concentration of ozone in each receptor region;jd@th the population (I in the receptor region j and
the average breathing rate per person (BR) of 474&mh(13 nvid* as recommended by USEPA (1997):

20

Mo - - Equation5.2.
h h

Population numbers (year 2005) were taken from the United Nat{@afid1). Since all data for the effect
FIOU2NI FNB o0FaSR 2y (GKS LRLJAFGA2Y x on &SIFNAR 27
L2 LJdzf F GA2Y &KFENB x on &@SFENBR 2F 3S AY wnnp O0! yAGS]
The emissiogconcentration sensitivities matrices for emitted precursors and relevant end pollutants (or
pollutant metrics) from the global sourgeceptor model TMBASST (FAst Scenario Screening Tool for

Global Air Quality and Instantaneous Radiative Forcing), basguexuarbation runs with TM5 (Van

Dingenen et al. 2009; Krol et al. 2005) were used to derive the change in ambient concentration of a
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pollutant after the emission of a precursor. TM5 is a global chemical transport model hosted by the
European Commission dbResearch Center (JRC). FIRFSSST takes into account spatial features at the
emission site as well as dispersion characteristics for the whole world. In this model, the world is divided
into 56 emission source regionghe regions correspond to countriesa group of countries (see Table

5.1). The TM5 model outpubnsists of the change in concentration for each region, derived from gridded
1°x1° concentration results, following a change in emission. This change is determined by lowering the
year 2000 emissions (Lamarque et al. 2010) by 20% for each of the 5@ segians sequentially. The
emissionnormalized differences in pollutant concentration between the unperturbed and perturbed
case, aggregated over each receptor region, are stored as the emissimtentration matrix elements.

This procedure was perfornddor both NG and NMVOC.

5.2.1.2. From human intake to human health damage

The human effect factor (dINC/dEXP) for health effect e causedzbge in receptor region j,
representing the change in disease incidence due to a change in expmswentration in ambient air,
was determined by dividing the concentratioesponse function (CRF irfigrlikg?l) by the breathing rate
BR (miyr?) (Gronluncet al. 2015)equation 5.3):

oG, —— 8 Equation5.3

Regionspecific CRFs were calculated as follgegiation 5.4)

O i

0'Y'P 5 Equation5.4

where RRis the relative risk to obtain health effect e due to exposurezoned LIS NJ®) SVERj isrthe
mortality rate for health effect e in region j (deaths/person/yr), andsGhe yearly average background
concentration obzoneA y I NBJA 2y o6>3i Y

We followed recommendations for RRs by Anenberg et al. (2010) and Friedrich et al. (201fcuweho

on the world and Europe respectively, based on North American cohort studies. The RR for respiratory
mortality (1.004per > 3 ©)Yased on data of daily-ir maximum ozone levels found Berrett et al.
OGHnngpv AY Iy 1/ { O2K2NIL aitdzReé 27F | o{ & | Reefigsa x
epidemiology studies demonstrate shadrm ozone mortality impacts (Anderson et al. 2004; Bell et al.
2005), Jerrett et al. (2009) provide the first clear evidence for-teng impacts.

Mortality rates per health effect (year 2005) were taken frdne World Health Organization (WHO
2015a), and simulated background concentrations per region for the y&&r\@6re taken from the TM5
CTM reference run with the Lamarque et al. (2010) year 2000 reference emission scenario.

The Damagéactor Or is defined as the Disability Adjusted Life Years (DALY) associated to the health
effect e per incidence case, whickere estimated per receiving region j from the world health
organization (WHO) world health estimates, year 2012 (WHO 2015b):
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(0)0 ol Equation5.5
f

For the DALY no discounting was included and uniform age weights were applied.

5.2.2. Terrestrial ecosystem damage

The endpoint characterization factoiSKs) foecosystendamage due to ozone formation caused by
emitted precursor substance x in worldgien i (CE in PDRyrikg?) are defined as thareaintegrated
change in Potentiallpisappeared-raction(PDF) of forest and natural grassland species due to a change
in emission of substanceix source region i (dMA Yy F).IhiQFfeecosystendamage is composed
of a Fate Factor (RR¢n, dzy A (0 Y g'),JgddnitifiGiig &Hédrelationship betweethe emissionof
precursor substances region iand ozone exposuri receiving grid cell,gand an Effect Fact¢ER; in
P5 Cjppmtih?), quantifying the relationship between ozone exposure and tkenage to natural
vegetationn (forest and grasslandn equation this reads:

Cleo = a a (FFx,i— g CEFn,g) Equation5.6
g n

5.2.2.1. From emission to environmental concentration

To determine he ecosystenfate factor, the AOT40, i.¢he sum of the differences between the
hourly mean ozone concentratiand 40 ppb during daylight hours over the relevant groveegsorin
ppmih, wasused as metric of theumulativeconcentration changeThe fate factorepresents thesum
in thechange in AOT40 grid cell gdue to a change of emission of precursor gaénirceregioni (Van
Godhem et al. 2013l

y

& &po B v Equation5.7
f

Monthly AOT40 concentrations per unit of emission of,[d@d NMVOGvere calculatedon a 1°x1°
resolution from hourly ozone concentrations resulting from the year 2000 reference run with TM5
chemical transport modelFor the Northern Hemisphere the same growing seasons for grassland and
forest were taken as was done for Europe Wgn Goethem et al. (2013bipamely Maytill July and
Apriltill September, respectively. For the Southern Hemispliergyrassland the months November till
January and for forests the months October till Marchreviaken.

5.2.2.2. From concentration to ecosystem damage

The ecosystem effect factor (B#asderived fromVan Goethem et al. (2013@nd corrected for

species density:
y h N

Dy oO— Equation5.8

%&;

&
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wherePRRis the vascular plant richness density in grid g belonging to terrestrial biogeographical
region br (species/kd), PR is the total vascular plant richness in the world (species)Agris the area
(m?) occupied by vegetation type n grid cell g Theeffect factor was determined with data on AOT40
concentrations for which 50% reduction in productivity (EC50) was found fameber of forest or
grassland species (taken from Van Goethem et al. (2013a, 2013b)). Here, we chose to use the linear
ecosystem #ect factor, assuming a linear change in PAF with changing AOT40 that represents the average
effect between a PAF of 0.5 and\lag Goethem et al. 2018bd ¢ KS O2 NNBaLR Yy RA Y3 d&! h
perdzy AG 2F @SIFNIe& SYAaaa?2ybythdofradgdidingasrblbrehiitRer 5 SNS Y
grasslandr forest (Van Zelm et al. 2016PRD and PR were obtained fradier et al. (2009)PR equals
omMp Qdnod

5.3. Uncertainties
The CFs were derived from emissimmcentration sensitivities (dC/dM) obtained from a 20% emission
perturbation. Because AOT40 is a threshold based concentration indicator, there isunoegtainty
attached to it compared to the use of linear scaling @amtrations (Van Dingenen et al. 2009). When a
concentration is, for example, slightly above the threshold of 40 ppb andrdduced when looking at
the 20% perturbation, this can have large impacts on the rededisa limited number of representative
source regions the dC/dM coefficients were calculated for large perturbations of inorganic pollutants (
80%, +100%) and compared to the extrapolated 20% perturbation (Van Zelm et al. Ro1&)6M,
precursor NQ a deviation up to 14% was seen. For AOTéiever, deviations can be largéhe large
deviation for AOT40 under an 80% reduction of NOx (36% average) is explained by the linear extrapolation
of a threshold metric from a regime above threshold to a regime below threshold.

The negative intake fraicins for ozone due to emissions of NONB O dzia SR oittatiod KS a2 mn Ol -
effect. As a result of the rapid reaction of ozone with NO to form, M@ncentrations of ozone tend to

be lower close to sources of NO emissions, such as near derese talffic major highways, and

industrial sources. Countries that show negatcharacterization factors fditOQctherefore have

relatively large characterization factors for NMVOC.

5.4. Value choices

5.4.1. Time horizon

For ozone formabn impacts time horizon is not of importance as only shditing substances are
involved.Thus there is no distinction according to time horizon.

5.5. Resulting characterization factors

Figure5.2 shows the regiospecific characterization factors for human healdimage due t@zone
precursor emissiond.owest factors (apart from the negatives) were obtained for emissions of NMVOC in
New Zealand, Australia, Indonesia, and South America, whijedsiafactors were obtained for NOx
SYAaaArzya Ay {2dziK !'aAlxX 2Sadn! TNAOFIX LYRAIF FyR /
NMVOC i4.4i10" DALY/kg The emission weighted average for the world for NOX 1807 DALY/kg
Negative intake ractions and thus CFs were obtained for,Ngnitted in Belgium, the Netherlands,
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Luxembourg, GreaBritain, and Ireland. A negative value means that the emission qfléd@s to an
overall reduction of ozone exposure.

NG NMVOC

Figure5.2.: Characterization factors for human health damage caused by ozone formatiorf 80 [ ,-1) (TaBen from Van
Zelm et al. 2016).

Figure 53 shows the regiosspecific characterization factors facosystem damagelue to ozone
precursoremissionsLowest factos were obained for emissions of NMVOC in New Zealand, Mongolia,

and Argentina, and for NOx emissions in New Zealand, Taiwan and China. Largest factolxairezd

for NOx emissions in Mid America. The emission weighted average for the world for NEIVOL ®%°1 ™M n

PDRe NJ'd) X KS SYAdaAizy 6SAIKGSR I oYRORKENETF2 NI 6KS 62 NI R

NOx NMVOC

Hgure5.3.: Characterization factors foecosystemdamage caused by ozone formation (10PDRyrikg?).
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