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10.1 Areas of protection and environmental mechanisms covered

The impact assessment method for assessing human toxicity concerning the area of protection of
human health and for assessing freshwater ecotoxicity, marine water ecotoxicity and terrestrial soil
ecotoxicity concerning the area of protection of ecosystem quality is based on Rosenbaum et al. (2008),
Rosenbaum et al. (2011), and Henderson et al. (2011).

Description of impact pathways

Chemicals can be emitted to the environment (air, water, soil, etc.) during all life cycle stages of
products, services and systems. Emission inventories of different products may contain hundreds of
chemicals, of which many will have the potential to cause toxic impacts on human beings and/or
ecosystems. Hence, identifying and quantifying human health and ecosystem impacts associated with
emissions of toxic chemicals are an important aspect for developing more sustainable products and
technologies. The related impact pathway is covering the environmental fate of emitted toxic
chemicals, human and ecosystem exposure to increased environmental concentrations of these
chemicals, the associated toxicity-related effects due to chemical exposure in different environmental
compartments, and finally the translation of these effects into damages on human health and
ecosystem quality (Figure 10.1; Equations 10.1 and 10.2).
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Figure 10.1: Cause-effect chain for damages on human health and ecosystem quality caused by chemical emissions. The
interim steps of the impact pathways are depicted and the factors leading to them are described in Equation 10.1 for
human toxicity and in Equation 10.2 for ecotoxicity.

The impact pathways for both human toxicity and ecotoxicity are consistently built from a set of
multiplicative factors including (a) a fate factor accounting for the distribution and transformation of
toxic chemicals in the environment, (b) an exposure factor relating environmental concentrations of
toxic chemicals to human and ecosystem exposures, (c) an effect factor associating potential human
toxicity and ecotoxicity effects per unit of chemical exposure, and (d) a damage factor relating toxicity
effects to damages on human health and ecosystem quality. Chemicals thereby refer to organic
chemical substances and metallic elements that exist in various chemical forms.
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The toxicity-related human health characterization factor at endpoint level, CFh [DALY/Kgemitted],
representing the number of disability-adjusted life years (DALY) per kg of chemical emitted to an
environmental compartment, is derived as follows:

CFM = FF x XF? x EF? x DFh Eq. 10.1
iF

where FF [Kgincompartment/(Kgemittea/day)] is the fate factor relating the chemical mass in a given
environmental compartment to the chemical mass emitted per day into an environmental
compartment, XF™ [(Kgintake/day)/Kgin compartment] is the human exposure fator relating the chemical
mass taken in per day by a human population to the chemical mass in a given environmental
compartment, EF"M [disease cases/kgintake] is the human toxicity effect factor relating the likelihood (or
potential risk) of developing an adverse health effect expressed as number of cancer or non-cancer
disease cases to the chemical mass taken in by a human population, and DF™ [DALY/disease cases] is
the human damage factor relating the number of DALY to the number of cancer or non-cancer disease
cases, respectively. Fate factor and human exposure factor can be combined into the population intake
fraction, iF = FF x XF? [kgintake/Kgemitted], directly relating the chemical mass taken in by a human
population to the chemical mass emitted to a given environmental compartment or to the chemical
mass applied (in case of exposure to pesticide residues in food crops). All factors in Equation 10.1 are
further detailed in Equations 10.3 to 10.12.

The ecotoxicity-related ecosystem quality characterization factor at endpoint level, CF¢
[PDF-m3exposure medium-day/kgemitted], representing the potentially disappeared fraction of species (PDF)
integrated over the volume of exposed compartment (e.g. freshwater) or medium (e.g. soil pore water)
and time per kg of chemical emitted to an environmental compartment, is derived as follows:

CF® = FF X XF¢ X EF® x DF*® Eq. 10.2

where FF [Kgin compartment/ (K8emittea/day)] is the fate factor relating the chemical mass in a given
environmental compartment to the chemical mass emitted per day into the same or another
environmental compartment, XF€ [Kgpioavailable/KE8in compartment] 1S the ecosystem exposure factor
representing the bioavailability of chemicals to organisms in the environmental compartments
considered for ecotoxicity, EF€ [PAF-m3exposure medium/K8bicavailable] is the ecotoxicity effect factor relating
the potential of the bioavailable fraction of a chemical to cause toxic effects to an exposed ecosystem
expressed as potentially affected fraction of species in the exposed ecosystem integrated over the
compartment or medium volume to the chemical mass in the environmental compartment
surrounding the exposed ecosystem, and DF® [PDF/PAF] is the ecosystem damage factor relating the
potentially disappeared fraction of species to the potentially affected fraction of species. When the
emission compartment is different from the compartment of the exposed ecosystem, the fate factor
is interpreted as product of the residence time of a chemical in the receiving exposure compartment,
FF;, [day], and the overall time-integrated chemical mass fraction transferred from the emission
compartment i; to the exposure compartment iy, fi i [K8incompartment/Kgemitwed], i.€. FF = f; ; X
FF;,. All factors in Equation 10.2 are further detailed in Equations 10.13 to 10.18.

Description of all related impact categories

This impact pathway affects the impact categories human health, freshwater ecosystem quality,
marine ecosystem quality, and terrestrial ecosystem quality.



Methodological choice

For human toxicity and ecotoxicity impacts, global average CFs based on the assumption of linearity
throughout the impact pathway are available to characterize potential human toxicity and ecotoxicity
impacts associated with emissions of toxic chemicals into the environment.

Spatial detail

Global average CFs for human toxiciy and ecotoxicity are provided by default for different
environmental emission compartments (local scale: indoor and urban air; continental and global scale:
rural air, agricultural and natural soil, freshwater and marine water), where indoor, urban and
continental parameters represent average residential and industrial buildings for indoor (Hellweg et
al. 2009), an average city for urban air and a default continent (defined as average of all real-world
continents) for the continental scale (Rosenbaum et al. 2008). The considered environmental
compartments are shown in Figure 10.2.

Figure 10.2: Nested compartment setup for human toxicity and ecotoxicity.

CFs for human toxicity and ecotoxicity are furthermore derived for 16 parameterized sub-continental
zones! (Central Asia; Indochina; Northern Australia; Southern Australia and New Zealand; Southern
Africa; North, West, East and Central Africa; Argentina+; Brazil+; Central America & Caribbean; USA
and Southern Canada; Northern Europe and Northern Canada; Europe; East Indies and Pacific; India+;
Eastern China; Japan and Korean Peninsula) and 8 parameterized continental zones (North America;
Latin America; Europe; Africa and Middle East; Central Asia; Southeast Asia; Northern regions;
Oceania) based on work by Kounina et al. (2014). Continental zones are either weighted averages of
sub-continental zones (e.g. continental zone “Oceania” is the weighted average of the two sub-
continental zones “Northern Australia” and “Southern Australia and New Zealand”) or in specific cases
equal to sub-continental zones (e.g. continental zone “Northern regions” equals the sub-continental
zone “Northern Europe and Northern Canada”). CFs for continental and sub-continental regions can
addietionally serve as sensitivity analysis of the default average global CFs (representing average
continental emissions).

1 The symbol “+” in the name of some sub-continental zones indicates that besides the country given in the
zone name includes further, typically much smaller countries. Argentina+ includes Argentina, Chile, Falkland
Islands (Malvinas), Paraguay, and Uruguay; Brazil+ includes Bolivia, Peru, most of Brazil, Colombia, and
Southern Ecuador; India+ includes India, Bangladesh, Bhutan, Nepal, Pakistan, and Sri Lanka.
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Global average CFs for freshwater ecotoxicity and marine water ecotoxicity for metals are based on,
respectively, averaging CFs from 7 European freshwater archetypes representing the variation of
freshwater chemistries in Europe mainland based on work by Gandhi et al. (2011) and Dong et al.
(2014), and averaging CFs from 64 large marine ecosystems representing comparatively independent
coastal seas, in total covering the global coastal zones, based on work by Dong et al. (2016). Global
generic CFs for terrestrial soil ecotoxicity for metals are based on combining natural and agricultural
soil compartments. Available properties (pH and organic carbon content) of these two soil
compartments as originally defined by Rosenbaum et al. (2008) were matched with other relevant soil
properties (e.g., content of clay, concentrations of dissolved base cations), equal to properties of soils
which are the closest in terms of pH and organic carbon to properties of the natural or agricultural soil
compartments. Details regarding the soil properties used for the matching are provided in (Owsianiak
et al. 2013).

10.2 Calculation of the characterization factors at endpoint level

Human toxicity

The average toxicity-related characterization factor for human health is defined in terms of DALY per
kg emitted chemical into a given environmental compartment as shown in Figure 10.1 and Equation
10.1. The specific factors are described below.

Fate factor: The fate factor, FF [kgin compartment/(K8emittea/day)], relates the time-integrated chemical
mass in a given environmental compartment to the chemical mass emitted per day into the
environment. The fate factor thereby accounts for loss processes within environmental compartments
(e.g. degradation) and multimedia transfer processes between different environmental compartments
(e.g. diffusion and advection). The fate factor can be interpreted as the time-integrated chemical mass
in a given environmental compartment due to an emission of the chemical in the same or another
compartment. Fate factors for all considered environmental compartments can be expressed as
elements of a square matrix, the fate matrix FF € R™*", whose columns denote i € {1, ..., n} emission
compartments and whose rows denote j € {1, ..., n} receiving compartments, where the chemical is
finally transferred to. The jth main diagonal element of FF describes the effective residence time in
the jth environmental compartment. Each off-diagonal element of FF can be interpreted as the
fraction transferred from an emission source compartment i to receiving compartment j with i # j
andi,j € {1, ...,n} where all transfers through third compartments are already considered (Margni et
al. 2004), multiplied by the effective residence time in compartment j. The fate matrix is determined
from the square matrix of first order rate coefficients K € R™" as (Rosenbaum et al. 2007):

FF = - K1 Eq. 10.3

Elements of K are the first order rate coefficients k;;, i, j € {1, ..., n} [(kgemited/day)/Kgin compartment]. Each
main diagonal element of K, i.e. kij with i =j and i,j € {1, ...,n}, contains the bulk removal rate
coefficient in compartment i, kj s ;, plus the sum of transfer rate coefficients from compartment i to
relevant adjacent compartments j, and off-diagonal elements of K, i.e. k;; with i #j and i,j €
{1, ...,n} contain individual transfer rate coefficients from compartment j to compartment i. K, hence,
has the following structure (Fantke et al. 2013):

K k.11 o kin - { kij fori #j
=\ & = b | withi; = o Eq. 10.4
knl knn Y —(kloss,j + Z?zl,l:ti kli) fori = ]



with line and column indices for receiving and source compartments, respectively. Each element of K
consists of one or more physical transport or removal process and, thus, describes a part of the fate of
chemicals in the environment. These processes are futher described elsewhere (Rosenbaum et al.
2007, Rosenbaum et al. 2008, Henderson et al. 2011) and distinguish between neutral organic
chemicals and ionized organic chemicals (bases, acids) according to the approach used by van Zelm et
al. (2013) based on work by Franco and Trapp (2008) and Franco and Trapp (2010).

Human exposure factor: The human exposure factor, XFh [(kgintake/day)/KEin compartment], relates the
chemical mass taken in per day by a human population to the chemical mass in a given environmental
compartment. Human exposure routes considered are inhalation and ingestion, where it can be
distinguished between direct exposure (via inhalation of air and via ingestion of drinking water) and
indirect exposure through bioaccumulation processes in animal tissues, such as meat, milk, and fish
(Rosenbaum et al. 2011). Dermal exposure is currently not considered. Human exposure factors

describing direct exposure, XFgﬁrect’x,i, are derived as:

h _ IRx'iX Npop
XFdirect,x,i - PiXVi Eq. 10.5

where IR, ; [kginwke/day/capita] is the individual human intake rate of environmental medium i €
{air, freshwater} via exposure pathway x € {inhalation of air, ingestion of water}, n,,, [capita] is
the population head count in the exposure compartment, p; [kgcompartment/mgompartment] is the
bulk density of the i*" compartment, and V; [m'g‘ompartmem] is the volume of the i*" compartment. For
inhalation exposure to chemicals in indoor air environments based on Wenger et al. (2012), an
additional factor is included for calculating XF, namely a unitless mixing factor that accounts for
incomplete mixing conditions (Hellweg et al. 2009). However, this mixing factor is currently set to 1,
i.e. assuming complete mixing, and is therefore not considered in Equation 10.5. For indirect exposure,
bioaccumulation in food substrates is additionally considered. Hence, human exposure factors
describing indirect exposure, XFil;ldirect'x'i, are derived as:

BAFx’iXIRx’iX Npop

h —
XFindirecta,i = T Eq. 10.6

where BAF, ; = C,/C; [Kginfood substrate/ Kgin compartment] is the bioaccumulation factor expressed as ratio
between the steady-state concentration in the food substrate corresponding to the x™ exposure
pathway (e.g. ingestion of meat), Cy [Kgin food substrate/ M3food substrate], and the steady-state concentration
in the i"™ compartment, Ci [kgin compartment/mgompartment]- IRy ; [Kgintake/day/capita] refers for
indirect exposure to the individual ingestion intake rate of food substrate related to the x™ exposure
pathway. Each human exposure factor represents the increase in human exposure via the x™ exposure
pathway due to an increase in chemical mass (or concentration) in the i compartment. The
considered human exposure pathways are shown in Figure 10.3 and include inhalation of indoor, urban
and rural air, ingestion of untreated surface freshwater, ingestion of leaf crops (exposed produce) and
root crops (unexposed produce) grown on agricultural soil, ingestion of meat and milk, ingestion of
fish from freshwater and marine water compartments (Rosenbaum et al. 2008, Rosenbaum et al.
2011), and ingestion of food crops grown on agricultural soil (wheat, paddy rice, tomato, apple, lettuce,
potato) that are directly treated with pesticide chemicals (Fantke et al. 2011b, Fantke et al. 2012). In
contrast, exposure pathways with negligible contribution to overall human exposure (e.g. ingestion of
eggs) for most chemicals are not included following the principle of parsimony (Hauschild et al. 2008).
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Figure 10.3: Exposure pathway setup for human toxicity.

Population intake fraction: The population intake fraction, iF [Kgintake/Kgemitted], directly relates the
chemical mass that is eventually taken in by a human population via various exposure pathways to the
chemical mass emitted to a given environmental compartment (Bennett et al. 2002a, Bennett et al.
2002b) or to the chemical mass applied (in case of exposure to pesticide residues in food crops, see
Equations 10.8 and 10.9). The population intake fraction is the product of fate factor and human
exposure factor (Rosenbaum et al. 2007, Rosenbaum et al. 2011):

iF = FF x XFh Eq. 10.7

For human exposure to pesticide residues in food crops via ingestion of harvested crops, the
corresponding population residue-related intake fraction directly relates the chemical mass that is
eventually taken in by a human population via consumption of ¢ € {1, ...,n} harvested food crop
components to the chemical mass applied to the environment. Since transfer from the mass applied
to the residual mass in the crop is not captured in the fate factors matrix, the corresponding intake
fraction for crop residues, iFpesigue [K8intake/KEappiied], NEEds to directly relate the mass found as crop
residues to the mass of chemical applied to the crop (Fantke et al. 2011b):

Yp Mresi
p Mresidue,p X PF Eq. 10.8

iFresidue = Mapplied
where Myegiquep [K8incropharvest] is the residual mass of chemical in the p™ harvested food crop
component, Mypplied [Kgappiiea] is the total chemical mass applied to the environment, and PF
[kgintake/ KEin crop harvest] is the residue reduction factor due to food processing (e.g. washing, cooking)
relating chemical residues in processed food crop commodities, kgin processed food/ K&food product, to chemical
residues in harvested, unprocessed food crop components, Kgin crop harvest/K8harvested crop (Fantke et al.
2011a). The fractions of chemical mass applied that is emitted to the i™ compartment, fi
[kgapplied/Kgemittea], With i € {air, soil}, are further combined with the respective intake fractions for an
emission to these compartments, iF;. With that, we would arrive at the total population intake fraction
from an application to any crop p:

[Fcrop application — iFresidue + Zi iFi X fl Eq. 10.9



All CFs related to exposure to pesticide residues in food crops are by default normalized to the chemical
mass applied (Fantke et al. 2011b), which means that in the life cycle inventories of food crop
production, the mass applied to a crop needs to be given. Hence, CFs for food crop residues are given
in impact/kg applied (instead of impact/kg emitted), and are provided for wheat as reference crop.

Human toxicity effect factor: The human toxicity effect factor, EFP [disease cases/kgintake], relates the
likelihood (or potential risk) of developing an adverse health effect expressed as number of cancer or
non-cancer mortality or morbidity disease cases to the chemical mass taken in by a human population.
This factor is based on toxicity data for cancer and non-cancer effects derived from laboratory studies
on different animal species, where differences in metabolic activation of chemicals between tested
animals and humans are not considered. Other health endpoints, such as endocrine disruption, are
currently not included. Relying on the assumption of linear dose-response curves for each disease
endpoint and exposure pathway, the human dose-response slope factor for exposure route x €
{inhalation, ingestion} and health endpoint p € {cancer, non-cancer} is derived as (Rosenbaum et al.
2011):

a
EE} = —+
P~ EDs0%,

Eq. 10.10
where «a is the unitless response level corresponding to considered health effects that is set to a =
0.5, i.e. 50% of the exposed population have a probability of getting cancer or non-cancer from taking
in a chemical quantity equal to EDSOE'p, and EDSOE'p [kgintake/lifetime/person] is the estimated
lifetime dose for humans related to the x" exposure route that causes an increase in the probability of
getting the p™ health effect.

For cancer effects, the lifetime EDSOLI,cancer is either derived in priority from human-based data for a
few chemicals, for which such data are available, or as for most chemicals, extrapolated from cancer
tests of the s™ animal species by using the chronic tumourigenic dose-rate, TD503
[Mgintake/KBbody weignt/ lifetimeanimall, expressed as mg of chemical taken in per kg animal body weight
over the animal species standard lifetime (Rosenbaum et al. (2011):

TD50§C><LThXBWh><%

ED50 cancer = Eq. 10.11

mg
X fexposure Xk_g

where LT? = 70 years is the average human life time (Rosenbaum et al. 2011), BW" = 70 kg is the
average human body weight (Rosenbaum et al. 2011), f* is the extrapolation factor correcting for
differences between the st studied animal species and humans, i.e. f* = 4.1 for rat, f5 = 7.3 for
mouse, f° = 1.5 for dog, f° = 2.4 for rabbit and f5 = 1.9 for monkey (Vermeire et al. 2001), and
fexposure is the extrapolation factor correcting for differences between exposure duration of the study
and chronic exposure, i.e. fexposure = 5 for subacute exposure and fexposure = 2 for subchronic
exposure (Huijbregts et al. 2005). Finally, % = 365 days/yr corrects for the number of days per year,

and 2 = 10® mg/kg corrects for mg per kg.

For non-cancer effects, insufficient data are currently available for most substances to recalculate an
EDSOQ,HOH_Cancer with dose-response models. In these cases, the EDSOB,nOn_Cancer has been estimated
from no-observed effect levels of the st exposed animal species, NOELS [Mgintake/kgbody weight/day] or,
if no-observed effect level data are not available, from lowest observable effect levels, LOELS

[mgintake/kgbody weight/daY]:



NOELS
d —m— d
NOEIS X fNoEL-to-EDS0 X LT X BW D Xor LOEI X f1,0EL-to-NOEL X f NOEL-to-ED50 X LT X BW P X
= Eq. 10.12

h —
ED 5Ox,non—cancer -

fsxfexposurexrlil_: fsxfexposurexr;_g
where  fyopL-wo-EDso = 9 is  the NOEL-to-ED50 extrapolation factor (Huijbregts et al.
2005), f1.0EL-to-NoEL = 0.25 is the LOEL-to-NOEL extrapolation factor in cases where NOEL® is not
available (Huijbregts et al. 2005).

In case no data were available for a specific exposure route in Equations 10.11 and 10.12, an analysis
of route-to-route extrapolation supports the assumption of equal potency or slope factor for systemic
effects between inhalation and ingestion route for most chemicals (Rosenbaum et al. 2011).

Human damage factor: The human damage factor, DFP [DALY/disease cases], relates the number of
DALY to the number of cancer or non-cancer disease cases, respectively. Human damage factors of
DFER v = 11.5and DER  ..cer = 2.7 DALY per cancer and non-cancer disease case, respectively, are
used based on global human health statistics (Huijbregts et al. 2005). All DALY values are undiscounted
and without age-weighting, i.e. future impacts are counted with similar weight as immediate impacts
and health effects are weighted equally at all ages. This reflects an equal value of a life lived by children,
young adults, and elderly for present and future generations as proposed by Arnesen and Nord (1999).

Ecotoxicity

The average ecotoxicity-related characterization factor for ecosystem quality is defined in terms of PDF
integrated over time per kg emitted chemical to a given environmental compartment as shown in
Figure 10.1 and Equation 10.2. The specific factors are described below.

Fate factor: The fate factor, FF [Kgin compartment/(Kemitrea/day)], relates the time-integrated chemical
mass in a given environmental compartment to the chemical mass emitted per day into the
environment. The fate factor thereby accounts for loss processes within environmental compartments
(e.g. degradation) and multimedia transfer processes between different environmental compartments
(e.g. diffusion and advection). When the emission compartment is different from the compartment of
the exposed ecosystem, the fate factor is interpreted as product of the residence time of a chemical
in the receiving exposure compartment, FF;, [day], and the overall time-integrated chemical mass
fraction transferred from the emission compartment i; to the exposure compartment i, f;,;, [kgin
compartment/ Kgemittea], i.€. FF = fi2<_i1 X FF;,. The fate factor is equal to the fate factor used for
calculating human toxicity CFs and is, hence, described in more detail in the “Human toxicity” section
(see text associated with Equations 10.3 and 10.4, and with Figure 10.2).

Ecosystem exposure factor: The ecosystem exposure factor, XF€ [Kgbioavailable/Kgin compartment],
represents the bioavailability of chemicals to organisms in the environmental compartments
considered for ecotoxicity. Several factors and processes may influence the amount of chemicals
available for ecosystem exposure (e.g. sorption, dissolution, dissociation, chemical speciation), which
can be expressed as bioavailability or bioaccessibility (Semple et al. 2004). For aquatic compartments,
bioavailability is considered by calculating XF€ as the truly dissolved fraction of a chemical in
freshwater (Henderson et al. 2011, Dong et al. 2014) and in marine water (Dong et al. 2016),
respectively. The ecosystem exposure factor for aquatic ecosystems, i.e. for ecosystems in aquatic
compartments iyter € {continental freshwater, continental marine water}, XFl-‘fNater, is derived as

(Brandes et al. 1996, Huijbregts et al. 2010):

1
e —
; =
water  14+Kgysp,iXCsusp,itKdoc,iXCdoc,itBCFfish,iXCbiota,i

Eq. 10.14



where Kgysp,i [Lwater/kgsuspended solias] is the equilibrium partition coefficient between suspended solids
and (fresh-, marine) water, Cgysp; [K8suspended solias/Lwater] is the concentration of suspended solids in
(fresh-, marine) water and is assumed to be Csysp freshwater = 15 X 107° kg/L in freshwater (Brandes
et al. 1996, Huijbregts et al. 2010) and Csyspmarine water = 5 X 107° kg/L in marine water, Kqoc
[Lwater/kgpoc] is the equilibrium partition coefficient between dissolved organic carbon (DOC) and
(fresh-, marine) water, Cyoc; [kgooc/Lwater] is the concentration of dissolved organic carbon in water
and is assumed to be Cyoc freshwater = 5 X 1076 kg/L (Huijbregts et al. 2010) and Cyocmarine water =
107° kg/L in marine water, BCFggp; [Lwater/kgfisn] is the bioconcentration factor of fish in (fresh-,
marine) water, and Cpjota ; [K8biota/Lwater] is the concentration of biota in (fresh-, marine) water and is
assumed to be Cpjota freshwater = Cbiotamarine water = 107° kg/L (Brandes et al. 1996, Huijbregts et
al. 2010) in freshwater and marine water. Ecosystem species considered in calculation of ecosystem
exposure and subsequent effects in freshwater ecosystems are schematially shown in Figure 10.4.
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Figure 10.3: Simplified foodweb for freshwater/marine water ecosystems (Larsen & Hauschild 2007).

For terrestrial compartments (i.e. soil), the exposure factor, XF? [Kgbicavailaibe/K8in compartment], iS
calculated from the the ratio of the bioavailable concentration, i.e. the total dissolved concentration
for organic substances and the reactive concentration for metallic elements, in the ith terrestrial
compartment, Chipavailable,i [K8bioavailaibe/ K8compartment] With i € {continental agricultural soil, continental
natural soil}, and the total chemical concentration in that compartment, Ciotar;
[kgm compartment/kgcompartment]l

XFe — Cbioavailable,i

; = Eq. 10.15
Lsoil Ctotal,i q

For organic chemicals, this relies on equilibrium partitioning between bulk soil and soil pore water
content. Bioavailability of metals in terrestrial compartments is considered by calculating XFj o, ; for
compartment as the product of two factors, namely the accessibility factor in the i'" terrestrial
compartment, ACF{ [Kgreactive/K8in compartment], representing the reactive fraction of total metal, and the
bioavailability factor in the it! terrestrial compartment, BF{ [Kgbioavailable/ Kreactive], representing the

bioavailable free ion fraction of reactive metal (Owsianiak et al. 2013). The ecosystem exposure factor
e

of metals for terrestrial ecosystems, i.e. for ecosystems in terrestrial compartments, XFpcal i,/ i
derived as:
ACreactive,i ACpioavailable,iX0;
XFr%eta]i — ACFie X BFie — ( reactlve,L) X ( bioavailable,i l) Eq. 10.16
’ ACtotal,i ACreactive,iXPi
ACFf BFf



where ACyeactive,i [K8reactive/K8compartment] is the incremental change of reactive metal concentration in
the i*" terrestrial compartment, AC;ota1,; [K8in compartment/Kgcompartment] is the incremental change of total
metal concentration in the i*" terrestrial compartment, ACyioavailable,i [K8bioavailable/Mcompartment] is the
incremental change of bioavailable free ion metal concentration in the i terrestrial compartment, 6;
[M3compartment, water/M3compartment] is the volumetric water content of the ™" terrestrial compartment that
is assumed to be Bgyiagri = 0.2 m*/m* for continental agricultural and natural soil, and p;
[Kgcompartment/M3compartment] is the bulk density of the i™h terrestrial compartment that is assumed to be
Psoil = 1500 kg/m? for continental agricultural and natural soil. Reactive metal thereby refers to metal
in the solid phase that equilibrates with the solution phase within a few days, i.e. metal which is
accessible for leaching or uptake by biota. Bioavailable metal refers to metal in the liquid phase that is
present in directly bioavailable, toxic metal forms (Owsianiak et al. 2015).

Ecotoxicity effect factor: The ecotoxicity effect factor, EF® [PAF X M3, osed medium/K8bioavailable s
relates the potential of a chemical to cause toxic effects to an exposed ecosystem expressed as
potentially affected fraction of species in the exposed ecosystem (including continental freshwater and
marine water, continental agricultural and natural soil) integrated over the compartment (e.g.
freshwater) or exposure medium (e.g. soil pore water) volume to the chemical mass in the
environmental compartment surrounding the exposed ecosystem. The ecosystem dose-response
slope factor is calculated as (Henderson et al. 2011):

a SR i
EFe = - x continent
HC50 SRglobal

Eq. 10.17

where a [PAF] is the response level, i.e. the potentially affected fraction of species, corresponding to
considered toxic effects that is set to @ = 0.5 PAF, which means that 50% of the exposed ecosystem
species have a chance of toxic effects from being exposed to a chemical quantity equal to HC50¢,
HC50° [Kgin compartment/M>compartment] iS the chronic hazardous concentration for 50% of the species
included in the species sensitivity distribution (Henderson et al. 2011, Golsteijn et al. 2014) that
expresses the ecotoxic potency of a chemical (Rosenbaum et al. 2008), and where SR ontinent 2and
SRglobal [species count/m?3] is the relative species richness per unit area at the continental and global
scale, respectively (Chaudhary et al. 2015, Verones et al. 2015). For freshwater ecotoxicity information
on freshwater fish and for marine ecotoxicity information on lobsters, Chondrichtyes, Actinopoetygii
and sea cucumbers has been used as based on data from IUCN (www.iucnredlist.org). For terrestrial
ecotoxicity, vascular plants have been used as proxy (Kier et al. 2009). Species were counted per region
ans then allocated to the respective USEtox regions. For marine ecotoxicity, USEtox regions bordering
on the respective large marine ecosystems were used for allocating marine impacts to terrestrial
regions, assuming that emissions take place on land. HC50€ is calculated as the geometric mean of
the effective environmental concentration potentially leading to chronic (lethal) effects in 50% of all
individuals of a single species, L(E)C505 [Kgin compartment/M>compartment], With preference given to chronic
test values:

logHC50° = — X X logL(E)C50¢ Eq. 10.18

where ng is the number of species for which toxicity tests have been performed for a given chemical
(Golsteijn et al. 2013). If chronic test data are not available, an acute-to-chronic ratio of ACR = 0.5 is
applied by default to relate chronic HC50€ to acute HC505.te Via HC50¢ = HC505.,te X ACR based
on an analysis by Payet (2004). Different ACR are used for metals based on Dong et al. (2014). Due to
inconclusive evidence regarding the sensitivity of ecosystems in different environmental
compartments (Hutchinson et al. 1998, Wheeler et al. 2002), ecotoxicity effect data are for organic
chemicals by default set equal for freshwater, marine water, and terrestrial ecosystems. For metals,
ecotoxicity effect data are kept separate based on work by Dong et al. (2014) and Dong et al. (2016).
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More specifically, freshwater species data are used for freshwater ecosystem effects, marine species
data are used in preference for marine ecosystem effects and if not available, freshwater species are
are used as proxy. Freshwater species data are furthermore used for terrestrial soil ecosystem effects
and are recalculated to be based on free ion metal concentration.

Ecosystem damage factor: The ecosystem damage factor, DF€ [PDF/PAF], relates the potentially
disappeared fraction of species to the potentially affected fraction of species and is assumed to be for
all considered environmental compartments DF® = 2 PDF/PAF based on the rationale that it has been
shown that chronic effects (on freshwater ecosystems) can be predicted with PAF based on acute
L(E)C50¢ data (Posthuma & de Zwart 2006).

10.3 Uncertainties

Specific uncertainties in calculating human and/or ecotoxicity characterization factors include:

a) Current biotransfer models for meat and milk used in the impact pathway for human toxicity as
these are very uncertain and provide unreliable results for highly hydrophobic chemicals
(Rosenbaum et al. 2009),

b) Metals, for which relatively high characterization factors are obtained due to long residence times
in the marine water compartments (Dong et al. 2016),

c) The assumption of homogeneously mixed compartment boxes for agricultural soil and for natural
soil, while soils are complex media consisting of several multi-layered sub-compartments with
distinct fate properties (Dubus et al. 2003),

d) Steady-state as assumed temporal condition (as compared to quasi-dynamic calculations up to 100
years for higher level of robustness factors), since for specific substance classes and exposure
pathways, dynamics over time are driving substance distribution in the environment and
subsequent exposure (Stroebe et al. 2004, Fantke et al. 2013),

e) A single compartment plant uptake module for the pathway associated with continuous
environmental emissions, which might over- or underestimate the fate of substances in the
agricultural crop-environment system with respect to crop residues (Fantke et al. 2012),

f) Assuming equal severity between human effects (within cancer and within non-cancer effects) as
there might be significant differences when combining dose-response slope and severity of
disability (Vos et al. 2012) and particularly high uncertainty for non-cancer effects (Huijbregts et al.
2005),

g) The extrapolation of species and compartments for ecosystem fate and toxicity effect factors as
differences between exposed species (composition) and environmental compartments
(characteristics) might be relevant for ecotoxicological effect assessments of both organic
chemicals (Hutchinson et al. 1998, Wheeler et al. 2002) and metals (Wheeler et al. 2002, Owsianiak
et al. 2014, Dong et al. 2016),

h) The extrapolation from acute ecotoxicity data to predict chronic effects as differences in species-
specific and cross-species effect endpoints might be relevant for ecotoxicological effect assessment
(Posthuma & de Zwart 2006),

i) Accessibility was not considered for all metals, resulting in overestimation of related terrestrial soil
ecotoxicity characterization factors, and bioavailability was not considered for all relevant metals,
resulting in either over or underestimation of terrestrial soil ecotoxicity characterization factors.

10.4 Value choices

Subjective value choices with respect to the level of robustness in the impact pathway are expressed
as high level of robustness and low level of robustness as detailed in the following. To maintain
consistency with other impact categories, a time horizon of 100 years is set for the high level of
robustness scenarios. CF calculations for the 100 years time horizon are based on dynamically solving
the mass balance equation underlying the fate factor. This computation is referred to as “quasi-
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dynamic”, where all model parameters except the chemical masses in the environmental
compartments are assumed to remain constant over time. More information on the quasi-dynamic
computation can be found in Brandes et al. (1996).

CFs with high level of robustness are available including factors for freshwater ecosystem toxicity effect
factors based on data for >3 different species from 23 different trophic levels, and for human toxicity
effect factors based on chronic and sub-chronic effect data for cancer effects. Other chemicals and
fate, exposure and effect factors, however, only come with a lower level of robustness. In these cases,
CFs are available with higher uncertainty including CFs based on human exposure route-to-route
extrapolation, for ecotoxicity effect factors based on data for metals without available speciation
calculations, marine and terrestrial soil ecotoxicity factors whenever based on freshwater species, for
fate and exposure factors for amphoteric substances, and for effect factors based on sub-acute effect
data.

Not all substances with a carcinogenic ED50 are necessarily known carcinogenics to humans. The
International Agency for Research on Cancer (IARC), part of the World Health Organization (WHO),
evaluated the carcinogenic risk of over 1,000 substances (mixtures) to humans by assigning a
carcinogenicity class to each substance (IARC 2019). The classes reflect the strength of the evidence
for carcinogenicity derived from studies in humans and in experimental animals and from other
relevant data. This information can be readily used to define two scenarios. The certain impacts
scenario only includes the substances with strong evidence of carcinogenicity (IARC-category 1, 2A and
2B). The all impacts scenario includes all substances for which ED50 information is available (IARC-
category 1, 2A, 2B, 3 or no classification).

10.5 Characterization factors

Out of 3104 substances included in the characterization model, human toxicity CFs are available for 18
metal ions and 1255 organic substances (931 with non-zero CFs and with 324 CFs that equal zero based
on being netatively tested for carcinogenicity effects), and ecotoxicity CFs for freshwater, marine water
and terrestrial soil ecotoxicity are available for 27 metal ions and 2499 organic substances. Toxicity CFs
for human health are shown in Figure 10.5, and ecotoxicity CFs for ecosystem quality are shown in
Figure 10.6.
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Figure 10.5: Characterization factors for human health impacts caused by emissions of toxic chemicals into the
environment, expressed in disability-adjusted life years (DALY) per kg emitted.
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Figure 10.6: Characterization factors for freshwater, marine water and terrestrial (soil) ecosystem quality impacts caused
by emissions of toxic chemicals into the environment, expressed as potentially disappeared fraction (PDF) of species
integrated over exposed volume and time per kg emitted.
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