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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 gl23eX06h)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 required impact
categories chosen and assumptions and limitations idewkifiDuring 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 Cycle Impact Assessment (LCIA) that aims at quantifying the
potential envronmental impacts and their significance, based on the life cycle inventory (LCI) results.
Within the impact assessment characterization models, such as the ones presented here for the LC
IMPACT methodology, are applied. The characterization factorsapmetlin these models indicate
the environmental impact per unit of stressor (e.g. per kgesburceusedor emission releasedIn
order to make impacts comparable, results are calculated in equivalence units, such as for example
DALYg; disability adjustd life years for human health impacts or PaFsotentially 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 category to a certain reference situation (e.g. global water consumption in the
year 2010), thus introducing aadequate context. Typically, reference situations are chosen at the
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global level since the analysed product system often stretches the entire world. In doing this,
normalisation provides the relative contribution of a certain product to the chosen refersituation,
thus facilitating interpretationWegener 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) iaoldiding spatial
differentiationif relevant The L&AMPACT methodology is at the forefront of these developments and
aimsto provide aa f A difé ¢ydletimpact assessment methodolpgyhich is regularly updated to
include the most important developments in LCIA. In particul&8IMPACT aims to have global
coveragefor the three main areas of protection (humans, ecosystems, resources), including spatially
differentiated informationwhere appropriate

Innovations include:

- Spatial resolution of CF according to the nature gfact (where possible) as well as spatially
aggregated CF on country 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 poergi approaches, which mixed scales of
extinctions.

- Explicit documentation of value judgments

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

- Quantitative uncertainty assessments for selected impact categories and qualitatussln
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 bundaryor certainty of impacts. This includes the separation of results between
shortterm and longterm impactsas well asimpacts with more or less certainty (e.g. different
diseases)This explicit distinction between shetrm and certain impacts veus longterm and less
certain impactsallows the practitioner tainderstand the nature of impact bettéfurther explanation
below).

In the first phase 4016 only results on an endpoint level will be made available for the impact
categories. Harmonizechd common midpoint indicators, as well as additional impact categories will
be addedn the future

The main work of this harmonized methodology results from the outcomes of thduriEgd project
LCIMPACTHttp://w ww.lc-impact.eul). After this framework chapter, individual chapters for all the
impact 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 ebaicd modelling steps for
both mid- and endpoints.
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1.2. Areas of protection and environmental mechanisms
Human health, ecosystem quality and abiotic resources are commonly used in life cycle impact
assessment (LCIA) methodologigsoedkoop 2000; Goedkoop et al. 20G8) the three areas of
protection. It was decided to keep the same three areas of protection for the implementation of the

LGIMPACT methodology.

The overview of the link between trenvironmental mechanisms and the three areas of protection is
shown inFigurel2® ¢ KS OF 4S3I2Ne aSO2aeadSYy ljdadtAaageeg O20¢
environments.

Environmental mechanism Areas of protection

Climate change

Human Health

Ozone depletion

lonising radiation

Photochemical ozone formation

Particulate matter formation

Acidification

Ecosystem Quality

Eutrophication

Toxicity

Land stress

Water stress

//-——- Resources

Figure 12: Overview of the environmental mechanisms that are covered in thelMPACT methodology and their relation
2 GKS INBlFra 2F LINRGSOGA2yd b2GS (GKIFIiG aSO2aeaiasSYy ljdz-tadGee
multiple environmental compartmerms may be impacted (e.g. terrestrial and freshwater ecotoxicity)

Mineral resources scarcity

Theendpoints are related to the three areas of protection (see

Table1.1). Two basic equations for calculating endpoint characterization fad@its)(are shown below.
Equationl.1 shows the basic CF for human health, with intake fraction iF, exposure factor XF, effect
factor EF and damage factor DF. The intake fraction is a measure for the fate and exjjgmople

to a certain substance, the effect factor quantifies the effect of a certain substance on human health,
while the damage factor is a measure for the severity of an impact on human health.

60 ‘Q0b "Q0 "0 'O

Equation 11



Equationl.2 reflectsthe CF equation for ecosystentelative global species loss per unit of emission
or extraction was calculated lige product offate factor Frandeffect factor EF

60 "0Q0 0
Equation 12

What is special in LIMPACT compared to other LCIA methods is that the EF quantifies the relative
global species loss by fing the regional species loss in perspective of the global species pool. This is
done for one or more taxa (fish, mammals, birds, amphibians, reptiles, and/or plants), depending on
the data availability per impact category. For land stress and watessstvee also addedwaulnerability
score(VS) to the EF calculation. The VS of a speai@ss between 0 and.JAVS of 1 means that the
species is highly threatened or probably endemic, while lower scores denote less vulnerable species
(see also Veroned @l. (2015). We tested the differences betwaefactors including a vulnerability

score and those that do not include a vulnerability score, in order to avoid anyHoiaknd use, the

ratio between the median aggregated regional and global CF is by definition 1 (see Chapter 11 on Land
stress).Thus we do not introduce a bias with the vulnerability scores.

Table 11: Overview of the areas of protection and respective endpoint units. DALY stands for disability adjusted life years
and PDF stands for potentially disappeared étan of specieskgoye 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

The unit for resoure is kilogram of ore (kg) whichrepresensthe extra average amount of ore
produced as a result of mineral resource extraction.

DALYs (disability adjusted life years) represent the years that are lost or that a person is disabled for
due to a disease aaccident. DALYs are typically based on health statistics from the World Health
Organization on the global burden of disedf® example, WH@2014).

The unit for ecosystem quality is a global fraction of potentially disappeared species ARDdt)gh

this unit sounds similar to prious LCIA approachdble underlying concept of how to arrive at these
fractionsdiffers fromprevious methodologies. Instead of local losses based on locally present species,
losses of species are considered in relation to the globally present sptzaeléng to a globally
normalized PDF of species.

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 including the DALY (instead of just year) or PDF (instead of
nothing) notation is to clarify the targeted endpoint.

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
mineral is extracted, the overall ore grade of thawineral declinegPrior et al. 2012)The lower the

ore grade, the largr the amount of ore that is produced for extracting the same amount of mineral.
According to Prior et a(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 handl&dis is the mechanism that is captunadhe area of

8
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The unit of the resource scarcity indicator is the extra amount of ore produced per unit of mineral
extracted, averaged over the minireg the full mineral reserve that is currently available (see Figure
1.4 for illustration). Reserves are defined as economically proven reserves for.thau@fultimately
extractable reserves for the Gkndaea FOSSIl resources will be included intadatage of the LAIMPACT
method.

area under the curve as extra amount of ore produced

F= :
total future amount of mineral resource extracted (= reserves)

Extra amount of ore produced (kg)

Currentcumulative Maximumcumulative
metal extracted metal extracted
(CMB (MME)

Mineral resource extracted (kg

Figure 13: lllustrative example for the calculation of characterization factors for mineral resource scarcity.

1.3. Linear/average vs. marginal approach
There are different possible approaches foalculating effect factors, namely marginal, and
average/linear (see aldeigure 14). According to themarginalapproach the influence of raising the
background concentration/pressure by ancrementalamount isinvestigated. This means that the

I a

NEFSNBYyOS adldsS Aa d(d2RIFIeQa aAddzr A2y 2NJ 6KS OdzNN

of a marginal change is quantifid8ly contrast,n the caseof averagenodeling, rather than taking the
derivative ofthe curve atthe point of current level of impagctthe average effeathangeper unit of
changeis used. The reference state is the current situation, relating the change either to a zerg effect
a preferred state (e.g. environmental targets) a prospedie future state The main difference

between linear and average is that for an average approach the background level is known (highlighted

with an asterisk ilTable 12), while it is assumed to be 0.5 for the lareapproachdue to the absence
of information on background pollution levels



1.0

Marginal EF=002L/mg_ -~ ——
0.8 ==

Potentially Disappeared Fraction (-)

0 5 10 15 20
[Phosphorus] mg/L

Figure 14: Derivation of effect factors (EF) following a linear approach, marginal approach and an average approach, for
the impact of total phospheus concentrations on freshwater macrmvertebrate diversity with a logistic respnse curve
t 5C ' Mk 4.4 andworking pbiht of 10 mgfHuijbregts 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 mechanism is givEalte 12. Table 1.3 shows that for
various impact degories different approaches were chosen. This is not different from previous
methods, but in contrast to other LCIA method, here we make the approach explicit so that the
practitioner can consciously decide on which one to Bepending on the scope difie study the
practitioner may choose either marginal or linear/average values (if both are available). It is
recommended to use, if possible, consistent sseff factors (e.g. either all marginal or all
linear/average).

Table 12: Overview of approaches covered by each environmental mechanism. An asterisk indicates if the background
level is known (average approach).

Environmental mechanism marginal  average/linear
climate change \% V*
stratospheric ozone depletion
ionising radation

photochemical ozone formation
particular matter formation
terrestrial acidification \%
freshwater eutrophication
marine eutrophication
freshwater ecotoxicity

human toxicity (carcinogenic)
human toxicity (norcarcinogent)
marine ecotoxicity

terrestrial ecotoxicity

land stress

water stress (ecosystems)
water stress (human health)
mineral resources extraction

\
\
V*
\Y

<S<<<<<<<<

<<<
<s

10



The different approaches have different strengths for applications. Approachlesnaitginal banges
guantify the impact osmall changes in emissions or resource uses (as stated in Huijbregt(2 e a).
GoKIFEG R2 6S FTRR Ay GSN¥a 2F SygxANRBYBSYRKISNI 2@ @
However, if there are already high environmental impacts, the marginal impagdecrease and in
extreme cases become zero, implying that if environmental impacts are already substantial, additional
impacts are of no consequenc@verage 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 such dsp#tt, by conacting it to the
macro-scale assessments of inpotitput models. Inpubutput models quantify accurately what the
resource use or footprint of a consumer is, but hardly ever attempt to quantify the environmental
conseqguences related to this resource usglpact, 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 levelfagobustness can be related either (1) to the fact that it can be highly
uncertain whether a specific effect is caused by the interventions that belong to an impact category
(e.g. cataract for ozone depletion) and (2) to the timing of the impact fteng or shortterm effects),
represented by the time horizon. In general, the further away in time the impact is, the more uncertain,
i.e. the lower the level of robustness.

In contrast to the cultural perspectives (individualist, hierarchist and egalitatfian)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 cietacaused by a specific environmental mechanism.
This is schematically shownkigure 15 and Equation 13.

60 60 VY5O 7
Equation 13

1.20E-03

1.00E-03

8.00E-04

6.00E-04 B CF core

ECF extended

CF [DALY/kg]

4.00E-04

2.00E-04

Climate change (nitrous oxide)

Figure 15: Schematic representation of the modularity of the characterization factors for damaglculation with the
example of nitrous oxide (climate change). If ortlye corelevel factoris used, the characterization factor (CF) would be
1.13E04 DALY/kgwhile the extended version of theCF is 9.98B4 DALY/kdadding the longterm/low robustness part to
the core CF)
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We acknowledge that it is also theoretically possible to have four categories instead of two: 1) short
time horizon and high level of certainty for impact of a specific intervention, 2) long time horizon and
high level of certaintyfor impact of a specific intervention, 3) short time horizon and low level of
certainty for impact of a specific intervention and 4) long time horizon and low level of certainty for
impact of a specific intervention. However, this would overly complicageapplication and thus it

calculate results with both sets of characterization factbigh level/short term and tota))in order to
understand the full ebent and nature of potential impact.

Table1.3 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 order ¢o e@xclude certain
parts of a characterization factor do not reflect statistical uncertainty or confidence intervals.

Table 13: Overview of choices per impact categoyote that the time horizon for terrestrial acidification and meral
resources can be relevaifvan Zelm et al. 2007; Vieira et al. 201R)t cannot be considered due to insufficient data

OAYRAOFGSR 646K

Gy 2

dza SR¢

AyaidSrR 27

ay2i NBfS@Iyhtéeoo

Environmental mechanism

Core CFs

addition to reach extended CFs

climate change

Time horizon:100 yrs
Included effectsdiarrhoea, malaria,
coastal flooding

Time horizon:100-1000 yrs
Included effects: malnutrition,
cardiovascular diseases, inland flooding

stratospheric ozone depletion

Time horizon:100 yrs
Included effectsskin cancer

Time horizon:100 yrsinfinite
Included effectscataract

ionising radiation

Time horizon:100 yrs

Included effectsCancers: Thyroid, bone
marrow, lung and

breast.

Hereditary disease

Time horizon:100-1000 yrs

Included effectsbladder,

colon, ovary, skin, liver, oesophagus,
stomach, bone surface and remaining canc

photochemical ozone formation

Time horizonnot relevant
Included effects-

Time horizon:not relevant
Included effects=

particular natter formation

Time horizon:not relevant
Included effectsfrom primary
aerosols only

Time horizonnot relevant
Included effectssecondary aerosols
from SO2, NH3 and NOx

terrestrial acidification

Time horizon:not used
Included effectsreduction ofplant species
richness due to N and S emissions to air

Time horizon=-
Included effects:

freshwater eutrophication

Time horizonnot relevant
Included effectsreduction of fish species
richness due to P emissions to water

Time horizon=-
Included effecs: -

marine eutrophication

Time horizonnot relevant

Included effectsaffected fractions via air
and freshwater emissions of N, NH3 and
NOx

Time horizon=-
Included effectssame as core

freshwater ecotoxicity

Time horizon:100 yrs
Included effects:

Time horizon:100 yrs- infinite
Included effects:

human toxicity (carcinogenic)

Time horizon:100 yrs

Included effectsvia air and drinking water
only, only substances with strong evidenc
for carcinogenity (IAR€ategory 1, 2A and
2B)

Time horizon:100yrs- infinite

Included effectsvia food, remaining
substances of the totally 844 potentially
carcinogenic substances from IARC

human toxicity (norcarcinogenic)

Time horizon:100 yrs
Included effectsvia air and drinking water
only

Time horizon:100 ys - infinite
Included effectsvia food

marine ecotoxicity

Time horizon:100 yrs
Included effectssea compartment only

Time horizon:100 yrs- infinite
Included effectsiocean compartment only

terrestrial ecotoxicity

Time horizon:100 yrs
Included effets:

12

Time horizon:100 yrs- infinite
Included effects:



land stress (occupation)

Time horizon:not relevant
Included effects:occupation of 6 land use
types

Time horizon:-
Included effectssame as core

land stress (transformation)

Time horizon:100 yrs
Included effects:transformation of 6 land
use types

Time horizon:10 yrs- total recovery tmes
(up t0 1200 yrs, depending on ecosystem)
Included effectstransformation of 6 land
use types

water stress (ecosystems)

Time horizonnot relevant
Included dfects: surface water
consumption impacts on wetlands

Time horizon:not relevant
Included effectsgroundwater consumption
impacts on wetlands

water stress (human health)

Time horizonnnot relevant
Included effectsMalnutrition

Time horizon=-
Included dfects: same as core

mineral resources extraction

Time horizonnot used
Included effectsuses (economic)
YNEaSNBSaQ

Time horizon: not used
Included effectsdza S &
NB&aSNBSaQ

Wdzf GA YL

1.5.

Spatial variability

1.5.1. Level of spatial resolution
Thelevel of spatial detail is varying greatly between the different environmental mechanisms, as is
shown inTable 14. Some mechanisms, for example climate change do not need spatial detail in the
application of thecharacterization factors, since the damages are spreading on a global level. Others,
for example water stress, have very local and specific impacts and incorporating spatial details in the
methodological development is thus a large benefit. The approacimtluding spatial variabilitys,
wherever possible, reflecting the nature and spatial extend of impact. Howémesome impact
categoriesit was data driven(Table 14). We include spatialariability, as soo 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 parts of the environantal mechanisms.

Spatial resolution | Spatial resolution Spatial resolution
environmental mechanism fate factor effect factor characterization factor
climate change (ecosystems) none none none
climate change (human health) | none none none
stratospheric oane 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

dimension&
terrestrial acidification compartments 2°x2.5° 2°x2.5°

biogeographical
freshwater eutrophication 0.5° x 0.5° habitats 0.5° x 0.5°
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marine eutrophication

Country to large
marine
ecosystems (233
spatial units)

66 large marine
ecosystems (5
climate zones)

Country to large mari@
ecosystems (233 spatial units)

freshwater ecotoxicity

sub-continental

human toxicity

sub-continental

marine ecobxicity

sub-continental

terrestrial ecotoxicity

sub-continental

land stress ecoregions ecoregions ecoregions
more than 20'000 | more than 20'000
water stress (ecosyems) individual points | individual points 0.05° x 0.05°
watersheds
water stress (human health) (121'000 units) country level watersheds (11'000 units)
mineral resources extraction none none

1.5.2. Ecosystem impacts: Procedur es for maps of taxonomic classes
Maps with numberof species present and, if possible, vulnerabiitpres (VS) are calculated for
different taxonomic groups. An overview of the taxonomic groups covered in each impact category is

given inTable 15.

Table 15: Overview of the taxonomic groups used for calculating maps of species counts and vulnerability scores (only
possible for taxawith available [IUCN daty All groups consist of animalsxeept tracheophyta (vascular plants) and
liliopsida (sea grass)FEOW stands for freshwater ecoregions of the world.

Envwonmental taxonomic group taxonomic classification Spatlall VS map available? Data origin
mechanism resolution
Acidification Tracheophta  Phylum 0.53°x0.53°  no Kier etal.
(2009)
Freshwater Abell et al.
eutrophication Fish Qasses FEOW no (Abell et al.
2008)
Actinopterygii
Chondrichthyes . .
_ i Liiopsida  Classes (note: only species
Marine eutrophication Anthozoa occurring in marine neritic - 0.05°x0.05° yes IUCN(2013b)
. habitats are included)
Halothuroidea
Gastropoda
Egg;%ﬁ;mﬁ;‘:m Tracheophyta Phylum 0.53°x0.53° no é‘ggg; al.
Mammalia
Water Aves Classes 0.05x0.05°  yes IUCN(2013b)
Amphibia
Reptilia
Mammalia
Aves
Land Amphibia Classes 0.05°x0.05° yes IUCN(2013b)
Reptilia
Traxcheophyta
Climate change Global ¥erage - - no
Ecotoxicity Global average - - no

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

1) Maps calculated with IUCN data
For a wide variety of species IUCN provides gewgcarange sizes, including explicit spatial
information, compatible for use in geographical information systems. As taxonomic classification level
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order to represent the number of species on a global grid, the geographical ranges of all relevant
species were oveald and summed in MatlafMathWorks 2013) 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 €@13b) The resolution of these maps is
0.05°x0.05°.

2) Speciesnaps from other authors
If no speciespecific information 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) Traheophyta is a phylum and not a class, but there is no map available 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 eaclolocati

3) Using relationships with abiotic parameters to estimate 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 whis i the case for freshwater
fish species. We used a speetischarge relationshifOberdorff et al. 1995and the modelled yearly
average discharge from WaterGWATCH 2011p come up with a map of estimated fish species
numbers.

For the fish majffor 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 for terrestrialification 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 using with species
richness iformation. 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 (e.g. speci2aAdC 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 will also be provided.
Spadial aggregation is done by calculating weighted avera@esraging 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. Population density camded as a fallback proxy weighting scheifiee
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 new activity
(emission, conguption) is more likely to happen in regions where activities are already taking place,
i.e. this is an attributional assessmegMutel et al. in preparation)Table 1.6 shows the data sources
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 emissions/ crop areas (f@rosion) 2000 Scherer et al(2015)
terrestrial acidification population density 2000 CIESIN2005)
water stress water corsumption 2010 WATCH2011) F?Z'Ztlei)et al(2011a) UN
land stress ecoregion size - Olson et a[2001a)
particulate matter emissions 2000 Lamarque et a2010)
photochemical ozone formation emissions 2000 Lamarque et a2010)
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2.1. Areas of prot ection and environmental mechanisms covered
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Figure 2.1: Cause and effect pathway of climate change (from Huijbregts et al., 2014)

The cause and effect pathway (Figure 2.1) of climate change starts with the emission of a greenhouse
gas (GHG) to the atmolere. The increased concentration of the GHGs causes the radiative forcing
capacity of the atmosphere to increase, resulting in a larger part of the solar energy being retained in
the atmosphere. This causes the global temperature to increase, thus affdatiman health as well

as the natural ecosystems. In this section we describe only those damages that are covered by our
methodology. The areas of protection that are relevant for this environmental mechanism are human
health and ecosystem quality (terteigl and aquatic).

Human health can be affected through a shift in disease distributions. With increased temperatures
certain parasites will be able to survive in areas where they previously were not able to live.
Furthermore, the increased amount of emgrin the atmosphere will give rise to more extreme
weather in the form of coastal or inland flooding or droughts, all of which have an adverse effect on
human health.

Terrestrial ecosystems will experience a shift in distribution as a result of increampdratures. Not
all species will be able to migrate quickly enough to follow the associated change in vegetation, causing
them to go extinct. Freshwater ecosystems can be affected through a decrease in river discharge as a
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result of the changed climat®ivers with larger discharges can sustain more different species of fish
than river with lower discharges. Therefore a decrease in discharge is likely to cause a number of
species to go extinct in that river system.

The climate models, which are used taegict 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 average global temperature
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-B.5 degrees is modelled for terrestrial ecosystems, while a change of 1.9 to
4.4 degrees is used for the aquatic ecosystems, makingetlapproaches more similar to a mix
between a marginal and an average approach. Ideally, one would use the same model with the same
temperature increase for both human health and ecosystem damage effect factors. However, because
both models have been dewged independently of each other, such synchronization was not
possible. Because climate change is modelled as a global increase in radiative forcing there is no need
to provide locatiorspecific emission factors. Regardless of the emissions locatiomibect will be

the same.

2.2. Calculation of the characterization factors at endpoint level

The endpoint characterization factors for climate change that are used for damage on human health
represent DisabilibAdjusted loss of Life Years (DALY). Thignstric for the potential loss of life years
(plus the years in which people have to live with disease, weighted with the severity of the disease)
among the total world population (in the unit yr’lkg GHG). The factors for ecosystem damage represent
the gbbally 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 calculate these factors several steps are needed, starting with
the prospected increase in temperature due to the ede of 1 kg GHG. The following equation
(equation 2.1) shows the calculation of the endpoint characterization factgs foF greenhouse gas

X. GWP is the greenhouse warming potential of greenhouse Jadisthe time horizoni TEMP is the
temperature increase due to the release of 1 kg of @@l EFis the effect factor for a given Area Of
Protection AOPj.e. human health, freshwater or terrestrial ecosystems).

00 i § oW i T Y ; 000
Equation 2.1.

2.2.1. From emission to temperature increase
The International Panel on Climate Change (IPCC) provides characterization factors called Absolute
Global Warming Potentials (AGWPSs) which can be used to compare different B8GsZ013). 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 igasdailed
the Global Warming Potential (GWP).tilme horizon of 100 years is taken as the default, robust
scenario and a time horizon of 186000 years represents the less robust scenario. GWPs provided
by the IPCC are expressed in equivalents of 1 kdo€&® 100year time horizon. By using the riatlve
forcing capacity and the atmospheric life time, the AGWP and GWP for other time horizons can be
calculated for all GHGs exceptLThe approach followed here (equations 2.2 and 2.3) is equal to the
midpoint calculation in the most recent ReCiPe aigd(Huijbregts et al., 2014).
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Equation 2.2
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Equation 2.3

GwC A& (KS NI RApph),kudsShe SubstahedciBiofmass to 6dantration 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 from the fifth assessment report
(IPCC, 2013). Since theued for cv are not reported separately in the fifth assessment report these
gSNBE OFf Odzf F SR FNRY GKS !'D2ta GKFG ¢SNB NBLRNIS
(Equations and corresponding descriptions from Huijbregts et al., 2014)

For shortlived GHGs the AGWP for a Iy#ar 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. Florddng
GHGs (including G@self) however, the AGWRois much larger than the AGWkPbecause 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 effects of an increase in temperature.
In this study e projected increase in temperature due to 1 kg of @@s 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 C&for all GHGs (Equation 2.4). This may lemddme 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.
T YOG  Oah g T Y g
Equation 2.4

Where dTemp is the temperature chang€{kg) andsWP is the Global Warming Potential of GHG
(in kg C@eq), over a time horizon TH (years) and dTespig the temperature chage caused by 1 kg
of CQ.

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 effect on freshwater ecosystamtaken from
Hanafiah et al. (2011). Equations 2.5 through 2.7 show how these effect factors were calculated.

g0 08 O "QQOBYR U 'DF QO
h

Equation 2.5

Where ER (DALY/°C) is the effect factor for human health, incidence is the additional incidence of
disease/flooding eveni (incidences/°C) and severity is the damagmused by these incidences
(DALY/incidence) in regior{Africa, Eastern Mediterranean, Latin American and the Caribbean, South
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East Asia, Western Pacific and developed countries). Please note that this factor includes both the
effect (incidences) and theamage (DALY).

The effect factor for terrestrial ecosystems is shown in equation 2.6.
00 oV D eiiy
. BYY
h
Equation 2.6

Where Ele(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 g(o@pnmals birds, frogs, reptiles,
butterflies and plants), in region(Australia, Mexico, South Africa, Brazil and Europe). Equation 2.7
shows the effect factor for aquatic ecosystems.

P

o~ . T8 :
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Bw v R

Equation 2.7

Where EF: (PDF/°C) is the effect factor for freshwater ecosystemsodfds the change in river
discharge (myr%/°C) Quoutn is the total river discharge (fyr) and V is the volume (hof the river in
river basini.

The damage factarfor terrestrial ecosystemdJ(ban 201% represent the potentially disappeared
fraction of species (PDF) per degree temperature increase. A value3gfRDIF/°C is reported (based

on ameta analysis of different climate scenario studies). The studegsatte included in the meta
analysis focus on global extinction risk for specsithe damage factors thus in line with the rest

of the impact categories. For freshwater ecosystems, Hanafiah et al. (2011) reported an effect factor
of 2.04*10° PDF m¥°C; this factor was derived by taking the sum of the potentially disappeared
fractions of species per 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 duitater the used database.

Also, we estimated the number and change of fish species in each watershed based on Xenopoulos et
al. (2005)for different climate scenarios (since changes may bemanginal in some scenarios and

for some watersheds). To get to a global PDF we then divide with the total number of fish species.
River bains north of a latitude of 42° are not included because recent (in evolutionary terms) glaciation
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 rivisctarge and number of fish species does not
hold for these river basins. To get an average, weighted effect factor of 1.#5°TB/°C we average
across all climate scenarios.

2.3. Uncertainties

The CFs for this impact category are based on reported data éxisting literature. Assessing the
sensitivity of the CFs to uncertainties in the individual 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 -cause
and-effect chain uncertainties in the AGWP of .Cide provided by Joos et al. (2013). The 90%
confidence interval spans from 67.9 to 117%@r Wnt? kg-=CQ"! (for a 100 year time horizon) and

this range becomes larger for longer time horizons. Uncertainty estimates for the GWPs of the other
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greenhouse gases are provided by the IPCC as 90% intervals. Note that these uncertainties are a
combhation of the uncertainty in the AGWP of £(dd the uncertainty in the AGWP of the GHG under
consideration. For GHn uncertainty estimate of +40% is given (for a 100 year time horizon), for GHGs
with a lifetime of a century or more a value +30% is eatad to cover the 90% interval (for a 100 year

time horizon). While for shortelived GHGs this interval is estimated to be £35% (for a 100 year time
horizon).

Such a detailed quantitative assessment of the other steps in the embeffect 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.
Damage factors for human health are uncertain becaofSsubjective 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. 2009). Most of the parameters used in
these models g 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 terrestrial species this is caused by uncertainty in thdehtihat 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 uncertainty in the amount of discharge
change causd 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,
therefore the level of robustness is considered low (see sdabion 2.4.2).

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

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

diarrhoea were addressed, while effects of rainfadirerexcluded.

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 inlandding were assesse( Drowning

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 thediimorizon over which
impacts are considered. We calculated CFs for 100 years and 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.
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2.4.2. Level of robustness
Other relevant value choices that are considered are:

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

- whether future socieeconomic developments are favourable
The human health and ecosystem effects were cliggssdccording to their level of robustness (Table
2.2). For the area of protection human health the expected increase in some diseases is dependent on
the future socieeconomic development. For some diseases, a positive -satinomic development
thus prewents an increase in case occurrences. For others diseases like diarrhea and malaria, as well as
for coastal flooding, an increase will occur even if the future secanomic developments are
positive. All these effects on human health are therefore carsid to be health effects with a high
level of robustness. In contrast, other 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 robustnes because the CF was based on fish species only. It is uncertain whether these fish
species are representative of the total freshwater ecosystem.

Table 2.2: Included effects in the core and extended versions of the CFs per area of protection

Area of protedion Core Extended Source
Time horizon (applies to a| 100 years 100- 1000 years -
areas of protection)
Human Health Diarrhea Cardiovascular disease De Schryver et al. (2011)
Malaria Malnutrition
Coastal flooding Inland flooding
Terrestrial Ecosystems All species included Same species as high levg Urban (2015)
Freshwater Ecosystems None Fish as representative ¢ Hanafiah et al. (2011)
the entire freshwater
ecosystem,
Based on global river basir]
below 42°
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2.4.3. Characterization factor s

Table 2.3: Characterization factors for human health (HH), terrestrial ecosystems (TE) and freshwater ecosystems (FE).
Adding the CFs of high and low level of evidence results in the total CF over the complete time horizon and taking effects
with both high and low levels of robustness into account. Substances with characterization factors of zero are very short
lived substances and are only relevant if the effects are studied over time periods shorter than a few years. Thus, over 100
years, their impactslisappear.

Human Terrestrial | Aquatic Aquatic

Human health Terrestrial ecosystems| ecosystems| ecosystems

health Core | Extended | ecosystems Core | Extended Core Extended
Substance (DALY/kg) (DALY/kg)| (PDF*y/kg) (PDF*y/kg) | (PDF*y/kg) | (PDF*y/kg)
Carbon dioxidgfossil) 4.28E07 | 1.25E05 1.76E15 1.57E14 0 4.87E15
Methane 1.20E05 | 5.96E05 4.93E14 7.47E14 0 2.32E14
Fossil methane 1.28E05 | 6.13E05 5.28E14 7.67E14 0 2.39E14
Nitrous oxide 1.13E04 | 9.86E04 4.66E13 1.24E12 0 3.84E13
Chlorofluorocarbons
CFEll 19903 | 1.10E02 8.20E12 1.37E11 0 4.26E12
CFEl2 4.36E03 | 3.39E02 1.80E11 4.25E11 0 1.32E11
CFE13 5.95E03 | 1.59E01 2.45E11 1.99E10 0 6.18E11
CFEl113 2.49E03 | 1.76E02 1.02E11 2.21E11 0 6.87E12
CFCl14 3.68E03 | 4.37E02 151E11 5.47E11 0 1.70E11
CFEl15 3.28E03 | 1.07EO1 1.35E11 1.34E10 0 4.18E11
Hydrochlorofluorocarbons
HCFe21 6.33E05 | 3.08E04 2.60E13 3.86E13 0 1.20E13
HCFe2 7.53E04 | 3.70E03 3.10E12 4.64E12 0 1.44E12
HCFe122 2.52E05 | 1.24E04 1.04E13 1.55E13 0 4.83E14
HCF&22a 1.10E04 | 5.41E04 4.54E13 6.77E13 0 2.11E13
HCF&123 3.38E05 | 1.66E04 1.39E13 2.08E13 0 6.47E14
HCF&123a 1.58E04 | 7.75E04 6.51E13 9.70E13 0 3.01E13
HCFe124 2.25E04 | 1.10E03 9.27E13 1.38E12 0 4.30E13
HCFe132c 1.45E04 | 7.08E04 5.95E13 8.87E13 0 2.76E13
HCF&41b 3.35E04 | 1.64E03 1.38E12 2.05E12 0 6.38E13
HCF&142b 8.47E04 | 4.16E03 3.48E12 5.21E12 0 1.62E12
HCF&25ca 5.43E05 | 2.67E04 2.23E13 3.35E13 0 1.04E13
HCF&25ch 2.25E04 | 1.10E03 9.24E13 1.38E12 0 4.28E13
(E}1-Chlore3,3,3trifluoroprop-1-ene 4.28E07 | 3.13E06 1.76E15 3.92E15 0 1.22E15
Hydrofluorocarbons
HFG23 5.31E03 | 7.09E02 2.18E11 8.88E11 0 2.76E11
HFE32 2.90E04 | 1.42E03 1.19E12 1.78E12 0 5.52613
HFCAL 4.96E05 | 2.44E04 2.04E13 3.06E13 0 9.52E14
HFG125 1.36E03 | 6.84E03 5.58E12 8.56E12 0 2.66E12
HFC134 4.79E04 | 2.33E03 1.97E12 2.92E12 0 9.08E13
HFC134a 5.56E04 | 2.72E03 2.29E12 3.41E12 0 1.06E12
HFC143 1.40E04 | 6.88E04 5.77E13 8.61E13 0 2.68E13
HFG143a 2.05E03 | 1.14E02 8.45E12 1.43E11 0 4.45E12
HFG152 6.85E06 | 3.45E05 2.82E14 4.32E14 0 1.34E14
HFC152a 5.90E05 | 2.88E04 2.43E13 3.60E13 0 1.12E13
HFC161 1.71E06 | 7.61E06 7.04E15 9.52E15 0 2.96E15
HFG227ca 1.13E03 | 5.70E03 4.65E12 7.14E12 0 2.22E12
HFG227ea 1.43E03 | 7.60E03 5.90E12 9.52E12 0 2.96E12
HFG236¢cb 5.1804 | 2.53E03 2.13E12 3.17E12 0 9.86E13
HFG236ea 5.69E04 | 2.80E03 2.34E12 3.50E12 0 1.09E12
HFE236fa 3.45E03 | 4.90E02 1.42E11 6.14E11 0 1.91E11
HFG245ca 3.06E04 | 1.50E03 1.26E12 1.88E12 0 5.83E13
HFG245ch 1.98E03 | 1.10E02 8.13E12 1.38E11 0 4.29E12
HFG245ea 1.01E04 | 4.93E04 4.14E13 6.17E13 0 1.92E13
HFG245eb 1.24E04 | 6.08E04 5.10E13 7.61E13 0 2.37E13
HFG245fa 3.67E04 | 1.80E03 1.51E12 2.25E12 0 7.00E13
HFG263fb 3.25E05 | 1.58E04 1.34E13 1.98E13 0 6.16E14
HFG272ca 6.16E05 | 3.02E04 2.53E13 3.78E13 0 1.17E13
HFE329p 1.01E03 | 5.09E03 4.15E12 6.38E12 0 1.98E12
HFE365mfc 3.44504 | 1.69E03 1.41E12 2.11E12 0 6.56E13
HFGA3-10mee 7.06E04 | 3.46E03 2.90E12 4.34E12 0 1.35E12
HFG1132a 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
HFC1141 0.00E+00| 0.00E+00 0.00E+00[ 0.00E+00 0 0.00E+00
(ZYHFC1225ye 0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00
(EyHFC1225ye 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00 0 0.00E+00
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(ZYHFG1234ze 0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00
HFC1234yf 0.00E+00| 0.00E+00 0.00E+00|  0.00E+00 0 0.00E+00
(EYHFG1234ze 4.28E07 | 2.00E06 1.76E15 250E15 0 7.77E16
(ZyHFC1336 8.56E07 3.52E06 3.52E15 4.40E15 0 1.37E15
HFC1243zf 0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00
HFE1345zfc 0.00E+00| 0.00E+00 0.00E+00|  0.00E+00 0 0.00E+00
3,3,4,4,5,5,6,6 Monafluorohexl-ene 0.00E+00| 0.00E+00 0.00E+00|  0.00E+00 0 0.00E+00
3,3,4,4,5,5,6,6,7,7,8,8;8ridecafluorooctl-

ene 0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10;10

Heptadecafluoroded-ene 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
Chlorocarbons and hyrochlorocarbons

Methyl chloroform 6.85E05 3.35E04 2.82E13 4.20E13 0 1.31E13
Carbon tetrachloride 7.40E04 | 3.70E03 3.04E12 4.64E12 0 1.44E12
Methyl chloride 5.13E06 | 2.56E05 2.11E14 3.20E14 0 9.96E15
Methylene chloride 3.85E06 1.87E05 1.58E14 2.34E14 0 7.27E15
Chloroform 6.85E06 3.43E05 2.82E14 4.29E14 0 1.33E14
1,2-Dichloroethane 4.28E07 1.88E06 1.76E15 2.36E15 0 7.33E16
Bromocarbons, hyrdobromocarbons and

Halons

Methyl bromide 8.56E07 4.93E06 3.52E15 6.18515 0 1.92E15
Methylene bromide 4.28E07 2.13E06 1.76E15 2.66E15 0 8.28E16
Halon1201 1.61E04 | 7.87E04 6.62E13 9.86E13 0 3.06E13
Halon1202 9.88E05 | 4.84E04 4.07E13 6.07E13 0 1.89E13
Halon1211 7.49E04 3.67E03 3.08E12 4.60E12 0 1.43E12
Halon1301 2.69E03 1.68E02 1.11F11 2.10E11 0 6.54E12
Halon2301 7.40E05 3.64E04 3.04E13 4.55E13 0 1.42E13
Halon2311/Halothane 1.75E05 8.61E05 7.22E14 1.08E13 0 3.35E14
Halon2401 7.87E05 3.84E04 3.24E13 4.81E13 0 1.49E13
Halon2402 6.29E04 3.10E03 2.59E12 3.89E12 0 1.21E12
Fully Fluorinated Species

Nitrogen trifluoride 6.89E03 1.60E01 2.83E11 2.01E10 0 6.24E11
Sulphur hexafluoride 1.01E02 | 4.30E01 4.14E11 5.39E10 0 1.67E10
(Trifluoromethyl)sulfur pentaflaride 7.45E03 2.22E01 3.06E11 2.78E10 0 8.63E11
Sulfuryl fluoride 1.75E03 9.16E03 7.20E12 1.15E11 0 3.57E12
PFCL4 2.84E03 1.38E01 1.17E11 1.73E10 0 5.36E11
PFC116 4.75E03 2.23E01 1.95E11 2.79E10 0 8.68E11
PFGEc216 3.94E03 1.67E01 1.62E11 2.09E10 0 6.49E11
PFE218 3.81E03 1.58E01 1.57E11 1.98E10 0 6.14E11
PFE318 4.08E03 1.74E01 1.68E11 2.18E10 0 6.78E11
PFE31-10 3.94E03 1.63E01 1.62E11 2.04E10 0 6.34E11
Perfluorocyclopentene 8.56E07 | 3.91E06 3.52E15 4.89E15 0 1.52E15
PFE41-12 3.66E03 1.61E01 1.50E11 2.01E10 0 6.25E11
PFGE51-14 3.38E03 1.44E01 1.39E11 1.80E10 0 5.60E11
PF@61-16 3.35E03 1.41E01 1.38E11 1.77E10 0 5.51E11
PFC71-18 3.26E03 1.38E01 1.34E11 1.73E10 0 5.38E11
PFE91-18 3.08E03 1.21E01 1.27E11 1.52E10 0 4.72E11
Perfluorodecalin(cis) 3.10E03 1.22E01 1.27E11 1.53E10 0 4.75E11
Perfluorodecalin(trans) 2.69E03 1.06E01 1.11E11 1.33E10 0 4.14E11
PFC1114 0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00
PFC1216 0.00E+00| 0.00E+00 0.00E+00[ 0.00E+00 0 0.00E+00
Perfluorobutal,3-diene 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
Perfluorobutl-ene 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
Perfluorobut2-ene 8.56E07 | 3.70E06 3.52E15 4.63E15 0 1.44E15
Halogenated alcohols and ethers

HFE125 5.31E03 4.58E02 2.18E11 5.73E11 0 1.78E11
HFE134 (HE00) 2.38E03 1.18E02 9.78E12 1.48E11 0 4.61E12
HFE143a 2.24E04 1.10E03 9.20E13 1.37E12 0 4.26E13
HFE227ea 2.76E03 1.58E02 1.14E11 1.98E11 0 6.14E12
HCFE235ca2(enflurane) 2.49E04 1.22E03 1.03E12 1.53E12 0 4.76E13
HCFE235da2(isoflurane) 2.10E04 1.03E03 8.64E13 1.29E12 0 4.00E13
HFE236ca 1.81E03 8.95E03 7.46E12 1.12E11 0 3.48E12
HFE236ea2(desflurane) 7.66E04 | 3.76E03 3.15E12 4.70E12 0 1.46E12
HFE236fa 4.19E04 2.05E03 1.72E12 2.57E12 0 7.98E13
HFE245ch2 2.80E04 1.37E03 1.15E12 1.72E12 0 5.33E13
HFE245fal 3.54E04 1.73E03 1.46E12 2.17E12 0 6.75E13
HFE245fa2 3.47E04 1.70E03 1.43E12 2.13E12 0 6.62E13
2,2,3,3,3Pentafluoroproparl-ol 8.13E06 3.93E05 3.34E14 4.92E14 0 1.53E14
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HFE254cbl 1.29E04 | 6.31E04 5.30E13 7.90E13 0 2.45E13

HFE263fb2 4.28E07 | 2.79E06 1.76E15 3.49E15 0 1.08E15

HFE263m1 1.24E05 | 6.17E05 5.10E14 7.72E14 0 2.40E14

3,3,3Trifluoropropanl-ol 0.00E+00| 0.00E+00 0.00E+00[ 0.00E+00 0 0.00E+00
HFE329mcc2 1.31E03 | 6.51E03 5.40E12 8.15E12 0 2.53E12

HFE338mmz1 1.12E03 | 5.53E03 4.61E12 6.93E12 0 2.15E12

HFE338mcf2 3.97E04 | 1.95E03 1.63E12 2.44E12 0 7.57E13

Sevoflurane (HFB47mmz1) 9.24E05 | 4.52E04 3.80E13 5.66E13 0 1.76E13

HFE347mcc3 (HFEZ000) 2.27E04 | 1.11E03 9.33E13 1.39E12 0 4.32E13

HFE347mcf2 3.65E04 | 1.79E03 1.50E12 2.24E12 0 6.96E13

HFE347pcf2 3.80E04 | 1.86E03 1.56E12 2.33E12 0 7.25E13

HFE347mmy1 1.55E04 | 7.61E04 6.39E13 9.53E13 0 2.96E13

HFE356mec3 1.66E04 | 8.11E04 6.81E13 1.02E12 0 3.16E13

HFE356mff2 7.27E06 | 3.52E05 2.99E14 4.40E14 0 1.37E14

HFE356pcf2 3.08E04 | 1.51E03 1.27E12 1.89E12 0 5.86613

HFE356pcf3 1.91E04 | 9.35E04 7.85E13 1.17E12 0 3.64E13

HFE356pcc3 1.77E04 | 8.66E04 7.27E13 1.08E12 0 3.37E13

HFE356mmz1 5.99E06 | 2.86E05 2.46E14 3.58E14 0 1.11E14

HFE365mcf3 4.28E07 | 1.94E06 1.76E15 2.43E15 0 7.57E16

HFE365mcR 2.48E05 | 1.22E04 1.02E13 1.53E13 0 4.76E14

HFE374pc2 2.68E04 | 1.31E03 1.10E12 1.65E12 0 5.11E13

4,4,4Trifluorobutan1-ol 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
2,2,3,3,4,4,5,8ctafluorocyclopentanol 5.56E06 2.70E05 2.29E14 3.37E14 0 1.05E14

HFE43-10pcccl24(HGalden 1040x,HG1) 1.21E03 | 5.90E03 4.96E12 7.39E12 0 2.30E12

HFE449s1 (HFEZ100) 1.80E04 | 8.81E04 7.41E13 1.10E12 0 3.43E13

n-HFE7100 2.08£04 | 1.02E03 8.55E13 1.27E12 0 3.96E13

i-HFE7100 1.74E04 | 8.52E04 7.16E13 1.07E12 0 3.32E13

HFE569sf2 (HFEZ200) 2.44E05 | 1.19E04 1.00E13 1.49E13 0 4.63E14

n-HFE7200 2.78E05 | 1.35E04 1.14E13 1.69E13 0 5.26E14

i-HFE7200 1.88E05 | 9.27E05 7.74E14 1.16E13 0 3.61E14

HFE236cal2 (HA0) 2.29E03 | 1.14E02 9.42E12 1.43E11 0 4.44E12

HFE338pccl3 (H®1) 1.25E03 | 6.09E03 5.12E12 7.63E12 0 2.37E12

1,1,1,3,3,3Hexafluoroproparl-ol 7.79E05 | 3.81E04 3.20E13 4.78E13 0 1.48E13

HG02 1.17E03 | 5.71E03 4.80E12 7.15E12 0 2.22E12

HGO03 1.22E03 | 5.98E03 5.02E12 7.49E12 0 2.33E12

HG20 2.27E03 | 1.13E02 9.33E12 1.42E11 0 4.40E12

HG21 1.66E03 | 8.16E03 6.85E12 1.02E11 0 3.18E12

HG30 3.14E03 | 1.56E02 1.29E11 1.96E11 0 6.09E12

1-Ethoxy1,1,2,2,3,3,sheptafluoropropane 2.61E05 | 1.27E04 1.07E13 1.59E13 0 4.94E14

Fluoroxene 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
1,1,2,2Tetrafluoro1-(fluoromethoxy)ethane 3.73E04 | 1.83E03 1.53E12 2.29E12 0 7.11E13

2-Ethoxy3,3,4,4,5pentafluorotetrahydre2,5

bis[1,2,2,2tetrafluoro-1-

(trifluoromethyl)ethyl}furan 2.40E05 | 1.16E04 9.86E14 1.46E13 0 4.52E14

Fluoro(methoxy)methane 5.56E06 | 2.63E05 2.29E14 3.29E14 0 1.02E14

Difluoro(methoxy)methane 6.16E05 | 3.02E04 2.53E13 3.78E13 0 1.17E13

Fluoro(fluoromethoxy)methane 5.56E05 2.74E04 2.29E13 3.43E13 0 1.07E13

Difluoro(fluoromethoxy)methane 2.64E04 1.29E03 1.09E12 1.62E12 0 5.03E13

Trifluoro(fluoromethoxy)methane 3.21E04 1.57E03 1.32E12 1.97E12 0 6.13E13

HG:01 9.50E05 | 4.64E04 3.91E13 5.81E13 0 1.80E13

HG-02 1.01E04 | 4.93E04 4.15E13 6.18E13 0 1.92E13

HG:03 9.46E05 | 4.64E04 3.89E13 5.81E13 0 1.80E13

HFE329me3 1.95E03 | 1.04E02 8.01E12 1.30E11 0 4.04E12

3,3,4,4,5,5,6,6,7,7;0Undecafluoroheptaril-ol 0.00E+00| 0.00E+00 0.00E+00[ 0.00E+00 0 0.00E+00
3,3,4,4,5,5,6,6,7,7,8,8,9,9,9

Pentadecafluorononai-ol 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
3,3,4,4,55,6,6,7,7,8,8,9,9,10,10,11,1%,11

Nonadecafluoroundecaf-ol 0.00E+00| 0.00E+00 0.00E+00 0.00E+00 0 0.00E+00
2-Chlorel,1,2trifluoro-1-methoxyethane 5.22E05 2.56E04 2.15E13 3.20E13 0 9.96E14

PFPMIE (perfluoropolymethylisopropyl ether) 4.15E03 1.23E01 1.71E11 1.55E10 0 4.80E11

HFE216 0.00E+00| 0.00E+00 0.00E+00[  0.00E+00 0 0.00E+00
Trifluoromethylformate 2.52E04 1.23E03 1.03E12 1.54E12 0 4.79E13

Perfluoroethylformate 2.48E04 1.21E03 1.02E12 1.52E12 0 4.73E13

Perfluoropropylformate 1.61E04 7.88E04 6.62E13 9.87E13 0 3.07E13

Perfluorobutylformate 1.68E04 | 8.21E04 6.90E13 1.03E12 0 3.19E13

2,2,2Trifluoroethylfamate 1.41E05 7.01E05 5.81E14 8.78E14 0 2.73E14

3,3,3Trifluoropropylformate 7.27E06 3.65E05 2.99E14 4.58E14 0 1.42E14

1,2,2,2Tetrafluoroethylformate 2.01E04 9.84E04 8.27E13 1.23E12 0 3.83E13
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1,1,1,3,3,3Hexafluoropropar-ylformate 1.42604 6.97E04 5.86E13 8.73E13 0 2.71E13
Perfluorobutylacetate 8.56E07 | 3.47E06 3.52E15 4.35E15 0 1.35E15
Perfluoropropylacetate 8.56E07 | 3.63E06 3.52E15 4.55E15 0 1.41E15
Perfluoroethylacetate 8.56E07 4.32E06 3.52E15 5.41E15 0 1.68E15
Trifluoromethylacetate 8.56E07 4.34E06 3.52E15 5.43E15 0 1.69E15
Methylcarbonofluoridate 4.06E05 | 2.00E04 1.67E13 2.50E13 0 7.77E14
1,1-Difluoroethylcarbonofluoridate 1.16E05 | 5.62E05 4.75E14 7.04E14 0 2.19E14
1,1-Difluoroethyl2,2, 2trifluoroacetate 1.33E05 6.46E05 5.46E14 8.09E14 0 2.52E14
Ethyl 2,2, 2rifluoroacetate 4.28E07 2.88E06 1.76E15 3.60E15 0 1.12E15
2,2,2Trifluoroethyl2,2, 2trifluoroacetate 3.00E06 1.43E05 1.23E14 1.79E14 0 5.57E15
Methyl 2,2, 2trifluoroacetate 2.22E05 | 1.10E04 9.15E14 1.37E13 0 4.27E14
Methyl 2,2difluoroacetate 1.28E06 | 6.85E06 5.28E15 8.58E15 0 2.67E15
Difluoromethyl 2,2, Zrifluoroacetate 1.16E05 5.66E05 4.75E14 7.09E14 0 2.20E14
2,2,3,3,4,4,Heptafluorobutanl-ol 1.45E05 7.08E05 5.98E14 8.87E14 0 2.76E14
1,1,2Trifluoro-2-(trifluoromethoxy)ethane 5.31E04 | 2.60E03 2.18E12 3.26E12 0 1.01E12
1-Ethoxy1,1,2,3,3,3hexafluoropropane 9.84E06 | 4.89E05 4.05E14 6.12E14 0 1.90E14
1,1,1,2,2,3,Heptafluore3-(1,2,2,2

tetrafluoroethoxy)propane 2.78E03 1.75E02 1.14E11 2.19E11 0 6.82E12
2,2,3,3Tetrafluoro 1-propanol 5.56E06 | 2.72E05 2.29E14 3.40E14 0 1.06E14
2,2,3,4,4,4Hexafluorel-butanol 7.27E06 | 3.56E05 2.99E14 4.46E14 0 1.39E14
2,2,3,3,4,4,4Heptafluorc1-butanol 6.85E06 3.40E05 2.82E14 4.26E14 0 1.32E14
1,1,2,2Tetrafluoro3-methoxy-propane 4.28E07 1.10E06 1.76E15 1.38E15 0 4.28E16
perfluoro-2-methyl3-pentanone 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00 0 0.00E+00
3,3,3Trifluoropropanal 0.00E+00| 0.00E+00 0.00E+00| 0.00E+00 0 0.00E+00
2-Fluoroethanol 4.28E07 1.84E06 1.76E15 2.31E15 0 7.17E16
2,2-Difluoroethanol 1.28E06 6.35E06 5.28E15 7.95E15 0 2.47E15
2,2,2Trifluoroethanol 8.56E06 4.18E05 3.52E14 5.23E14 0 1.63E14
1,1-Oxybis[2(difluoromethoxy)1,1,2,2

tetrafluoroethane 2.11E03 1.05E02 8.66E12 1.32E11 0 4.09E12
1,1,3,3,4,4,6,6,7,7,9,9,10,10,12;12

hexadecafluore?,5,8,1 Tetraoxadodecane 1.92E03 | 9.62E03 7.90E12 1.20E11 0 3.74E12
1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,1213 15,15

eicosafluore2,5,8,11,14

Pentaoxapentadecane 1.55E03 7.78E03 6.39E12 9.74E12 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 of the harmfrhdidtion coming from the

sun. In the natural situation one is continuously being formed and destroyed. However, a number
of manmade chemicals that contain fluorine, bromine and chlorine groups, called Ozone Depleting
Substances (ODS), can greatly increase the rate of destruction, leading to a reductiothiokihess

of the ozone layer. With the thickness of the layer reduced, more of th® Wadiation will reach the
SIENIKQa &dzNF I OS o -Byadaid kaa 1844 to Advérdz BudztiBealih2ffettsy(Figure
3.1), such as skin cancer and cataraatd 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 equalttee 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.
TheODP, 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 QEQIuring its entire lifetime.
Equation 3.1 shows the characterization factor.scBt endpoirt level. It consists of the ozone
depletion potential (ODP) for substance x with time horizon TH and the effect fe¢idior the
reference substance CHAQ for time horizonTH

00 §p 0@y 000 B
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 groupsain ODS. Each
bromine group has approximately 60 times (65 in arctic regions) more potency to destroy ozone than
a chlorine group. By taking into account the release of the chlorine and bromine groups and their
potencies the change in Equivalent EffeetStratospheric Chlorine (EESC) resulting from the release
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of 1 kg of ODS was calculated. By dividing this value by the EESC effeet bio@€Can calculate the
ODP as follows (equation 3.2):

. MeJelo
YO '08Y

Equation 3.2

Where the ODR is the ODP for an infinite time horizon for OBBS Kk 919{ R k«Q:%rg the
changes in EESC caused by the emission of 1 kg of @idS. kg of CFCl respectiely (Equation 3.2
and description from Huijbregts et al. 2014).

The ODPs from WMO are all based on an infinite time horizon, for a 100 year time horizon a correction
is needed to calculate the fraction of the bromine and chlorine that is released dilnénfirst 100

years of the lifetime. Equal to the approach followed in ReCiPe we used the equation from De Schryver
et al.(2011) (equation 3.3).

Equation 3.3

Where Fis the fraction of the total damage caused by an ODS during the fiestrs 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 troposphere to the stratosphere. This fractiéstRen
multiplied with ODR:xto get to the OPDrwith a finite time horizon TH.

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

070 "QU O AY o b hEeo
Equation 3.4

This equation shows that the effect factor is a function of the ozone layer thickne3s the resulting
UVB radiation yVB that reaches the surface as a response to this ozone layer tlsskiie seasn
(9), latitudinal zoneif, population number of skin typg) (and skin cancer type)((note: damage by
cataract was calculated in a similar matter, but is independent of the skin type).

The effect of EESC on ozone layer thickness was determinedtbyidail observational data, using

year 1980 as a reference year because prior to this year anthropogenic effects on ozone layer thickness
were considered negligible. The effect of EESC depends on both the season as well as the latitude.
Therefore Hayashet al. (2006) used a model with latitudinal zones of degrees and four different
seasons to calculate the amount of B\fadiation that reaches the surface. The optical thickness of

the ozone layer rather than the actual thickness determines the amounirettdor scattered U\B
radiation that reaches the surface. To correct for this difference, a linear regression between actual
and optical thickness was used.

Three different types of skin cancer (malignant melanoma (MM), basal cell carcinoma (BCC) and
squamous cell carcinoma (SCC)) were linked teBUMdiation. The DALY concept was used to
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determine the severity of each of these cancers. The incidence rate of these cancers is inversely related
to the amount of pigments in the skin. In order to take thi@iaccount, the percentage of people with
different skin colours (white, yellow or black) was determined per longitudinal zone. The resulting
damage in human health was 5.90& yr/kg CFQ1 eq (for an infinite time horizon). For a 100 year
time horizon this value is 10% lower (5.340E yr/kg CFQ1 eq). If the effect of cataract is also taken

into account (infinite time horizon only) this factor increases to 1.83kr/kg CFQ1 eq. The resulting
endpoints CFs are listed in table 3.1 for 22 ozone dejesubstances.

3.3.  Uncertainties

The CFs for this impact category are based on reported data from existing literature. Assessing the
sensitivity othe CI5to uncertainties in the individual parameters is therefore only possible to a limited
extent andis dependent on theeported data in the original reports. 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 isaraid, 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 ch Y 6 S OKI y3aSo l O0O2NRAY3 (2 GKS 2ah aoOSyl |
continue to drop 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 isen@iin whether we will reach this

level because of the expected increase WONand uncertain developments in the future climate.
Therefore impacts of lontived substances integrated over time horizons longer than 100 years should
be considered highly wertain and it is likely that their impact is overestimated. 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 releakoahe and bromine and

the lifetime of the ODS compared to that of the reference substancel@F general the lifetimes

and therefore the ODPs of the shorter lived substances are more uncertain than those of the longer
lived ones, which would resul imore uncertain ODPs.

Additional uncertainty is present 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. Howewe it is likely that there is model uncertainty in the models that project the
increase in UAB radiation reaching the surface, as well as in the fraction of people with different skin
colours in each region and the additional cancer incidences resuttingthat increased exposure to

U\:B radiation. For future 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 underestimation of the impact, especially in
regions with a large projected population growth such as Africa.

3.4. Value choices

The different ODSs have widely varying atmospheric lifetimes, ranging from 0.8 yearsBotaCH)20

years for CRC15. Therefore the CF is tin®rizon 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 urgrtain climateand population developments.

There 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 have a low
robustnesgTable 3.1). The mechanism by which bromine and chlorine containing substances destroy
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ozone is well known and understood. Nitrous oxidgd\also has an ozone depleting capacity (but no
bromine or chlorine groups) whether or not to include this substestwould be included can be seen

as a value choice. In this analysis we chose to incluf® Bs also recommended in literature
(Ravishankara et al. 2010; WMO, 2011). This division of the value choices gives a CF with a high level
of robustness that is el to the Hierarchist CF in the latest ReCiPe update (Huijbregts et al., 2014),
while the total CF is equal to the Egalitarian CF for all substances.

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

Choice category Core Addition in extended Source
Time horizon 100 yr 100 yr- Infinite De Schryver et al. (2011)
Included effects Skin cancer Cataract

Table 3.2: The characterization factors for ozone depletingstancesat the core leve(100 year time horizon, skin cancers
only) andfor the extended version(infinite time horizon, additional effects ofskin cancers and cataract), representing
human health damage expressed as DALYs (DALY/kg ODS = y/kg ODS).

Subsance HH, core [DALY/kg ODS] | HH, extendedDALY/kg ODS
Annex Al

CFcll 5.31E04 1.34E03
CFG12 3.12E04 1.10E03
CFcl113 3.53E04 1.14E03
CFcl14 1.43E04 7.80E04
CFel15 3.24E05 7.67E04
Annex All

Halort1301 7.47E03 2.14E02
Halon1211 4.66E03 1.06E02
Halon2402 7.64E03 1.75E02
Annex BIl

CCl4 4.75E04 1.10E03
Annex BllI

CH3CCI3 9.46E05 2.15E04
Annex Gl

HCF&2 2.36E05 5.38E05
HCFe&123 5.91E06 1.34E05
HCFe€124 1.18E05 2.69E05
HCFe&l41b 7.09E05 1.61E04
HCFe&142b 3.54E05 8.07E05
HCF&25ca 1.18E05 2.69E05
HCF&25cb 1.77E05 4.03E05
Annex E

CH3Br 3.90E04 8.88E04
Others

Halont1202 1.00E03 2.29E03
CHB3CI 1.18E05 2.69E05
N20 5.64E06 2.29E05
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4.1. Areas of protection and environmental mechanisms covere d
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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. Airborne radionuclides can be inhaled by humans, while
radionuclides that end up in freshwater can be ingestedrdpswimming in open water, via drinking
water produced from surface water or can enter the food cycle via crops.

When the radionuclides decay, they release ionizing radiation. Human exposure to ionizing radiation
causes alterations in the DNA, whichtimn can lead to different types of cancer and birth defects.
Similar effects must be expected in other living organisms, but damage to ecosystems is not quantified
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 high-refatied or
accidentrelated exposure. An average approach is used to calculate the amount of additional-cancer
incidences resulting from this exposure. In LCA however tpesxe doses are generally very low.
Therefore, the value based on relatively high exposure was corrected for the difference in cancer
incidences per exposure 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 mostly on the works from De Schryver et al. (2011) and Frischknecht et al. (2000).
The division of the value ciaes (see below) is different, meaning that the CFs with good robustness
are not the same as the factors provided in ReCiPe. However, the total CFs are equal to the endpoint
CFs of the Egalitarian perspective in ReCiPe, because in both methodologiegtieesall potential
impacts. The endpoint CF is calculated as shown in equation BetewZD stands for collective dose
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of radionuclide x, and EF for effect factor for radionuchidenvironmental compartment (air,
freshwater or marine water) andrtie horizonTH

00 i 00z 00O
Equation 4.1

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

of the radionuclide. For emissions air a Gaussian plume model is used to describe the dispersion
around the emission location for all but four radionuclides. Tritiun8YHarbonrl14, krypton85 and
iodine-129 are assumed to disperse globally. Models that cover the global water dyeleatbon

cycle, a two compartment dynamic model and a nine compartment dynamic model were used for
these radionuclides respectively. Emissions to river water are modelled viaraduaed with several
different river compartments. By taking into accountetliraction that is taken up by the human
population one can calculate the collective 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.

00 OwNéRNDE N O EDO QE

Equation 4.2

Exposure 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 lesgtime horizon (100 000
years) the total human population was assumed to be stable at 10 billion people (Dreicer et al., 1995;
Frischknecht et al., 2000).

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

00 "0¢ O OQUO LMD QO

Equation 4.3

Where Incidence is the extra incidence of disease typeidences/man.Sv) and Severity represents
the human health damage caused by these diseases (DALY/incidence).

The incidenceates of the different cancer types and hereditary 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 af DAILY/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 thig/ields the final CFs (Table 4.2).
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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 limite
extent and is dependent on theported 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 extremigg lifetimes of most radionuclides it 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 radionuclidentrast to other
longterm effects, an important distinction for the radionlides is that the uncertainty of the decay
intensity and the type and intensity of the released radiation is negligitiie. uncertainty concerns
the extent to which humans will be exposed to the released radiatiwshich depends on the
compartments wherethe radionuclides end up and perhaps more importantly, on the future
population levels and distribution$he accuracy is highly questionable because the human exposure
was modelled in quite a simplistic way. The collective dose is determined based asstimaptions
that the population is evenly spread throughout the world and will remain stable at a level of 10 billion
LIS2LX S F2NJ GKS ySEG mnnQnnn &SIENBRD® . 20K LINBRAOGA
billion people will overestimate ipacts in the short run, but potentially 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 causedybexposure to radiation. Some of this 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 frhigh exposure to radiation to the low
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 each cancer 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 assedecreases substantially. The longer 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 releasedirihg the radioactive decay. The decay is described by an
exponential function, and radionuclides that decay very slowly {ha$ > 100 years) therefore
release the majority of their radiation in the far future, while shofieed radionuclides (halfves
<100 years) will release the 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 yearetihorizon are considered to be robust, 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 compareel halth
life of Uranium235 of 7.10 * 18years. However, the models that were used to derive these factors
only calculated results for a time period up to 100.000 years.
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While it is certain that ionizing radiation can cause hereditary disease and thiyomid, marrow, lung

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 theore CF oty the first four types of cancer and hereditary disease are
included, while forextendedCF all cancer types are assumed to be caused by ionizing radiation. The
incidence rate of cancer caused by ionizing radiation was determined by statistics bas@itentat
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 situations considered relevamiife 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 considered an optimistic estinagt(bn

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
(used forcore CFs). A more conservative estimatehat this factor is only about 2 (used the cancer

types that are added to the extended GHSor hereditary diseases no correction factor is applied.

Table 4.1: Value choices in the modellifgy core and extended CFs. The right column shows whatdded to the core
values to reach the extended values.

Choice category Core Addition in extended

Time horizon 100 yr 100- 100,000 years

Dose and dose rate effectiveness fact 10 2

(DDREF)

Included effects -Thyroid, bone marrow, lung ani - bladder, colon, ovary, skin, live
breast cacer oesophagus, stomach, bon
-Hereditary disease surface and remaining types ¢

cancer
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Table 4.2: Characterization factors (Cfier the core and extended value®r human health damage DALY (DALY/kBq =
y/kBq) for emissions to air, freshwater or the marine environmemiH stands for human health.

Emission to air HH, core [DALY/kB(q] HH, extended
[DALY/kBq]
Am-241 3.7E07 7.6E07
G114 7.8E09 1.8E07
Co58 1.7E10 3.5E10
Co60 6.8E09 1.4E08
Cs134 4.9E09 9.8E09
Cs137 1.1E08 2.2E08
H-3 5.8E12 1.2E11
1-129 7.1E08 2.8E06
1-131 6.2E11 1.2E10
1-133 3.8E12 7.7E12
Kr-85 5.8E14 1.2E13
Pb210 6.2E10 1.2E09
Po210 6.2E10 1.2E09
Pu alpha 6.8E08
Pu238 5.5E08
Pu239 2.2E07 4.3E07
Ra226 7.4E10
Rn222 9.9E12 2.0E11
Ru106 6.8E10 1.4E09
Sr90 1.7E08 3.3E08
Tc99 8.0E09 1.6E08
Th230 3.7E08
U-234 7.9E08
U-235 1.7E08
U-238 6.7E09
Xel33 5.8E14 1.2E13
Emission to river and lakes
Ag110m 2.0E10 4.1E10
Am241 2.3E11 5.0E11
G114 4.1E11 1.7E10
Co58 1.7E11 3.3E11
Co60 1.8E08 3.6E08
Cs134 5.9E08 1.2E07
Cs137 6.8E08 1.4E07
H-3 2.8E13 5.6E13
1-129 1.9E09 2.1E06
1-131 2.0E10 4.1E10
Mn-54 1.3E10 2.6E10
Pu239 2.5E12 5.7E12
Ra226 1.1E10
Ru106 1.6E12 3.2E12
Sb124 3.3E10 6.7E10
Sr90 1.7E10 3.8E10
Tc99 2.1E10 4.2E10
U-234 2.0E09
U-235 1.9E09
U-238 1.9E09
Emission to ocean
Am-241 3.3E10 6.6E10
G14 1.9E10 3.7E10
Cm alpha 4.7E08
Co60 16E10 3.2E10
Cs134 3.2E11 6.4E11
Cs137 3.9E11 7.9E11
H-3 2.8E14 5.5E14
1-129 2.0E10 2.1E06
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Pu alpha 6.1E08
Pu239 3.6E11 7.8E11
Ru106 7.4E12 1.5E11
Sb125 6.0E12 1.2E11
Sr90 3.1E12 6.2E12
Tc99 5.4E13 1.5E12
U-234 1.9E11
U-235 2.0E11
U-238 1.9E11
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The impact asessment method for assessidgmage to human health and ecosystems due
photochemical ozone formatiois described based dvian Zelm et al2016).

5.1. Areas of protection and environmental mechanisms covered

The cause and effect pathway (Figbrg) ofozone formation starts with an emission of NSDNMVOC
to the atmosphere, followed by atmospheric fate and chemistry in the air; a@ NMVOCs are
transformed in air to ozone. Subsequently, this tropospheric ozone can be inhateoiansor taken

up byplants, 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 terrestrial ecosystems.

Emission of Atmospheric
NO,or > fate and
NMVOC chemistry

Figure5.1: Cause and effect pathway from tropospheric ozone precursor &sitins to damage to human health and

terrestrial ecosystems.

Theintake of a pollutant bjnumansis described by intake fractions (iF, in kg intake per kg emission)
that quantify the relationship between an emission and intake the population level.The
FIGS 2F 21 2y S A Per EmiSihat Guantifg &
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the relationship between an emission asdbsequent concentratiofiVan Zelm et al. 2008). Here, a
global chemical transport model was applied to detérenenvironmental fate factors antbuman

Human Mortalit D toh
intake of =y Mortality | o amage to human
cases health (DALY)
ozone
Plant - Damage to
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intake fractions for 56 emission and receptor regioms.determine human health effect factars
regionspecific mortality rates, background concentrations and years of life lost were used.

Here, we included resptory mortality due to ozone for two reasons: first, these contribute by far the
most to overall disability adjusted life years, and second, for these the megt-dpte and least
uncertain data related to relative risks and years of life lost are avai(abe e.g. Anenberg et al. 2010,
Friedrich et al. 2011, Murray et al. 2012, WHO 2013).

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

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

The endpoint characterization factoiGEs) for human health damage due to ozone formation
caused byemitted precursor substance x in world region if@Fy 5 ") are defirigd as the yearly
OKIy3aS Ay 5AaltoAftAde ! RedzaiSR [ A BSuetdSachahged5! [ , 0
emission of substance x in source region i {dMy yr{)3This CF for human health damage is
composed of a dimensionless intake fractiore £iFx pgoviding 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
effectfactor (EE), describing the cases of health effeqier kg of inhaled ozone, and a damage factor
(DR), which describes the years of life lost per case of health effdatequation this reads:

oo

Equation5.1.

CF, = a %Fx,i— ,)Ca (EFe,j CDFe,j)
j e

5.2.1.1. From emission to human intake

The intake fraction is determined as the change in exposure to ozone in region j)(diEXRo a
change in emission of precursor substance xJMEXP was retrieved by multiplying the change in
concentration of ozone in eacleceptor region (dwith the population (I in the receptor region j
and the average breathing rate per person (BR) of 472%mM(13 n¥id? as recommended by USEPA
(2997):

‘Mo - - Equation5.2.
Population numbers (year 2005) were taken from the United Nations (2011). Since all data for the
STFSOG FFrOU2NIINB o0FaSR 2y GKS LRLzZ FdA2y x on ¢
0KS LJ2 Lz | G A 2 yfage K ROB(United dlationd 211 NEBsurting no effects for younger

people.

The emissiogconcentration sensitivities matrices for emitted precursors and relevant end pollutants

(or pollutant metrics) from the global soureeceptor model TM&ASST (FAste®ario Screening Tool

for Global Air Quality and Instantaneous Radiative Forcing), based on perturbation runs with TM5 (Van
Dingenen et al. 2009; Krol et al. 2005) were used to derive the change in ambient concentration of a
pollutant after the emission o& precursor. TM5 is a global chemical transport model hosted by the
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European Commission Joint Research Center (JRCFASIT takes into account spatial features at

the emission site as well as dispersion characteristics for the whole world. In thid,ttadevorld is

divided into 56 emission source regiofi$e regions correspond to countries or a group of countries
(see Tabl®.1). The TM5 model outpuonsists of the change in concentration for each region, derived
from gridded 1°x1° concentration nal¢s, 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 56 source regions
sequentially. The emissiemormalized differences in pollutant concentration between the
unperturbed and perturbed case, aggregated over each receptor region, are stored as the emission
concentration matrix elements. This procedure was perforrfeedoth NG and NMVOC.

5.2.1.2. From human intake to human health damage

The human effect factord(NC/dEXP) for health effect e causeddagpnein receptor region j,
representing the change in disease incidence due to a change in expmswentration in ambient
air, was determined by dividing the concentratiesponse function (CRF indigriikg?) by the
breathing rate BR (fiyr?) (Gronlund et al. 201Fgquation 5.3):

oG, —— 2 Equation5.3

Regionspecific CRFs were calculated as folleegiation 5.4)

J j

oY 5 Equation5.4

where RRis the relative risk to obtain health effect e due to exposur@toned LIS NJ°) VIR isy”
the mortality rate for health effect e in region j (deaths/person/yr),da@ is the yearly average
background concentration afizoneA y | NBJA 2y o6>3i Y

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

on the world and Europe respectively, based on North American cohaliestuThe RR for respiratory
mortality (1.004per> 3 %) Yased on data of daily-ir maximum ozone levels found Berrett et al.
SHnndpv Ay +y !/ { O2K2NIL addzRe 2F | o{ d | RdzZt & x
series epidemiology studietemonstrate shorterm ozone mortality impacts (Anderson et al. 2004;

Bell et al. 2005), Jerrett et al. (2009) provide the first clear evidence fortéongimpacts.

Mortality rates per health effect (year 2005) were taken frtime World Health Organizamn (WHO
2015a), and simulated background concentrations per region for the year 2000 were taken from the
TM5-CTM reference run with the Lamarque et al. (2010) year 2000 reference emission scenario.

The Damage€actor O is defined as the Disability Adjted Life Years (DALY) associated to the health
effect e per incidence case, which were estimated per receiving region j from the world health
organization (WHO) world health estimates, year 2012 (WHO 2015b):

(0)0 h Equation5.5
h

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

5.2.2. Terrestrial ecosystem damage
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The endpoint characterization factoiSKs) foecosystendamage due to ozone formation caused
by emitted precurer substance x in world region i (G PDRyrikgl) are defined as thearea
integrated change in Potentiall{pisappeared-raction(PDF) of forest and natural grassland species
due to a change in emission of substanda gource region i (dMA Yy rf).3rhi€CF fogcosystem
damage is composed ofmte Factor (Br ¢on, dzy A Y g}, durhtifyin theNdlationship between
the emissionof precursor substances region iand ozone exposura receiving grid cell,gand an
Effect FactoER;iy’ t pp@rtih?), quantifying the relationship between ozone exposure and the
damage to natural vegetation (forest and grasslandn equation this reads:

CECQ(J = a a (FE(,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.ghe sum of the differences between the
hourly mean ozone concentratiaand 40 ppb during daylight hours over the relevant groviegson
in pprrih, wasused as metric of theumulativeconcentration chage The fate factorepresents the
sum in thechange in AOT40 grid cell gdue to a change of emission of precursor sanirceregioni
(Van Goethem et al. 2013b

Yy
& &po B v Equation5.7
h

Monthly AOT40 concentrations per unit of emission of ldd NMVOGQvere calculatecon a 1°x1°
resolutionfrom hourly ozone concentrations resulting from the year 2000 reference run with TM5
chemical transport modeForthe Northern Hemisphere the same growing seasons for grassland and
forest were taken as was done for Europe \tgn Goethem et al. (2013phamely Mayill July and
Apriltill September, respectively. For the Southern Hemisplierggrasslandhe months November

till January and for forests the months October till March were taken.

5.2.2.2. From concentration to ecosystem damage

The ecosystem effect factor (B#asderived fromVan Goethem et al. (201,3nd corrected for
specieglensity:

&

% &; " o—— Equation5.8

&

where PRD is the vascular plant richness density in grid g belonging to terrestrial
biogeographical region br (species/RmPR ishe total vascular plant richness in the world (species),
andAyn is the area () occupied by vegetation type ngmid cell g The effect factor was determined
with data on AOT40 concentrations for which 50% reduction in productivity (EC50) was ¢ound f
number of forest or grassland species (taken from Van Goethem et al. (2013a, 2013b)). Here, we chose
to use the linear ecosystem effect factor, assuming a linear change in PAF with changing AOT40 that
represents the average effect between a PAF of @8l 0 {an Goethem et al. 2013bThe
O2NNBaLRYRAY3I da!'henn O2yOSYdNIGA2Y LISNI dagfyA G 2 F ¢
the correspondingatural area ofeither grasslandr forest (Van Zelm et al. 2016PRD and PR were
obtained fromKieretal. (2008 t w Sljdz-r f & omMp Qdno @
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5.3. Uncertainties
The CFs were derived from emissimncentration sensitivities (dC/dM) obtained from a 20% emission
perturbation. Because AOT40 is a thresholikbd concentration indicator, there is manacertainty
attached to it compared to the use of linear scaling concentrations (Van Dingenen et al. 2009). When
a concentration is, for example, slightly above the threshold of 40 ppb and¢teiced when lookig
at the 20% perturbation, this can have large impacts on the reshls. a limited number of
representative source regions the dC/dM coefficients were calculated for large perturbations of
inorganic pollutants-80%, +100%) and compared to the extrapetb20% perturbation (Van Zelm et
al. 2016).For M6M, precursor NQa deviation up to 14% was seen. For AOT&Wdver, deviations
can be largeThe large deviation for AOT40 under an 80% reduction of NOx (36% average) is explained
by the linear extrapolion of a threshold metric from a regime above threshold to a regime below
threshold.

The negative intake fractions for ozone due to emissions af NOBS O dza SR oitéatiod KS & 2 1 C
effect. As a result of the rapid reaction of ozone with NO to form, d@ncentrations of ozone tend

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

industrial source. Countries that show negeaé characterization factors fdidOQctherefore 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 shiiving substances are
involved.

5.5. Resulting characterization factors
Figure5.2 shows the regiospecific characterization factors for human heatthmage due to
0zone precursor emissionsowest factors (apart from the negatives) were obtained for sioiss of
NMVOC in New Zealand, Australia, Indonesia, and South America, while largest factors were obtained
F2N) bhE SYAadarzya Ay {2dzik !'aAlsz 2S8aidn! FNAOI I Ly
g2 NI R T2 NJ bHEENT /THA28 i mp™@NT ¥ Re\emission weighted average for
GKS 62NI R T2aNNIb|MiERHADE 2 dagh o ir™ 4 Welydtivie intAkE fractions and thus CFs
were obtained for NQemitted in Belgium, the Netherlands, Luxembourg, Gigatain, am Ireland.
A negative value means that the emission ofd@ds to an overall reduction of ozone exposure.

NG NMVOC

Figure5.2.: Characterization factors for human health damage caused by ozone formatiof§1D [ %) (Taken from Van
Zelm etal. 2016).
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Figure 53 shows the regiorspecific characterization factors fecosystem damageue to ozone
precursoremissionsLowest factors were olined for emissions of NMVOC in New Zealand, Mongolia,

and Argentina, and for NOx emissions in New Zehldaiwan and China. Largest factors were

obtained for NOx emissions in Mid America. The emission weighted average for the world for NMVOC

Aad OYWDRWAN X KS SYAdaizy oSAIKGSR I oIRORENETF2 NI GKS

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

Table5.1: Countryspecific endpoint characterization factors for human health damaged ecosystem damagdue to
ozoneformation.

Human health damage Ecosystem damage
(DA , M1 3 (PDFe NJY)1 3

Country TMS5 region NGO NMVOC NO NMVOC
Afghanistan RSAS 3.7E07 5.7E06 1.1E16 2.9E15
Albania RCEU 1.4E07 4.9E07 4.9E16 2.1E15
Algeria NOA 1.7E07 9.9E07 7.7E16 4.9E15
Angola SAF 2.3E08 5.8E07 2.6E17 1.9E16
Argentina ARG 3.0E08 3.3E07 -1.8E17 9.5E16
Armenia RUS 1.4E07 3.0E07 4.4E16 1.1E15
Aruba RCAM 5.9E08 6.7E07 3.0E16 7.2E15
Australia AUS 1.8E08 2.8E07 2.4E17 1.1E16
Austria AUT 1.9E07 3.3E07 7.7E16 1.0E15
Azerbaijan RUS 1.4E07 3.0E07 4.4E16 1.1E15
Bahamas RCAM 5.9E08 6.7E07 3.0E16 7.2E15
Bahrain GOLF 1.6E07 9.7E07 2.0E16 1.6E15
Bangladesh RSAS 3.7E07 5.7E06 1.1E16 2.9E15
Barbados RCAM 5.9E08 6.7E07 3.0E16 7.2E15
Belgium BLX 3.3E07 -2.2E07 6.2E16 2.9E16
Belize RCAM 5.9E08 6.7E07 3.0E16 7.2E15
Benin WAF 1.1E07 2.4E06 5.6E17 2.4E16
Bhutan RSAS 3.7E07 5.7E06 1.1E16 2.9E15
Bolivia RSAM 1.6E08 5.1E07 2.5E17 1.6E15
Bosnia and Herzegovina RCEU 1.4E07 4.9E07 4.9E16 2.1E15
Botswara SAF 2.3E08 5.8E07 2.6E17 1.9E16
Brazil BRA 1.8E08 4.5E07 5.8E17 2.5E15
Brunei MYS 3.0E08 7.0E07 5.1E17 1.9E15
Bulgaria BGR 1.5E07 3.9E07 5.8E16 1.5E15
Burkina Faso WAF 1.1E07 2.4E06 5.6E17 2.4E16
Burundi EAF 4.3E08 9.7E07 5.4E17 4.3E16
Byelarus UKR 1.6E07 3.4E07 5.0E16 9.3E16
Cambodia RSEA 4.4E08 1.8E06 9.7E17 8.3E16
Cameroon WAF 1.1E07 2.4E06 5.6E17 2.4E16
Canada CAN 1.1E07 2.0E07 2.6E16 5.9E16
Cape Verde WAF 1.1E07 2.4E06 5.6E17 2.4E16
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