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Abstract

Purpose The aim of the study is to calculate regionalized characterization factors for the atmospheric emissions of metals
transferred to soil for zinc, copper, and nickel taking into account the atmospheric fate and speciation.

Methods In order to calculate characterization factors for all possible atmospheric emission locations around the world, the link
between atmospheric deposition with regionalized soil fate factors and bioavailability factors accounting for the metal’s speci-
ation was established. The methodology to develop the regionalized fate factors and characterization factors is threefold. First, the
emitted metal fraction that is deposited on soils is calculated from atmospheric source-receptor matrices providing for each
emission location the fraction of an emission that is deposited on each worldwide receiving cell (2° x 2.5° resolution). Second, the
fraction of metal deposited in different soil types is determined by overlapping the deposition map with a soil map, based on the
4513 different soil types from the Harmonized World Soil Database. Third, bioavailability factors are calculated for each soil
type, which allows determining the bioavailable fraction of the deposited metal depending on the soil properties. Combining
these steps with the effect factors results in a series of terrestrial ecotoxicological characterization factors. These characterization
factors are then applied in an illustrative example and compared to results obtained with generic characterization factors. The case
study focuses on the electricity production process in Québec, whose ecosystem impacts are currently dominated by metal
ecotoxicity impacts. The uncertainty due to the spatial variability of the impact is quantified.

Results and discussion Our results show that regionalized characterization factors are over three orders of magnitude lower than
generic characterization factors. They are presented on maps and their spatial variability was evaluated at different regional scales
(region, country, world). The use of regionalized characterization factors with their spatial variability at different geographic
resolution scales in the case study gives a result more or less precise depending on the level of resolution of the characterization
factor applied (country or global-default). The impact scores of the three metals in the case study are three orders of magnitude
lower when compared to the scores obtained with generic characterization factors.

Conclusions The development of those regionalized characterization factors improves the terrestrial ecotoxicity assessment in life
cycle impact assessment by taking into account the atmospheric fate and the speciation of the metal for new 3 metals for the
different soil types in the world and by documenting their spatial variability.
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1 Introduction

This paper focuses on the characterization of the ecotoxico-
logical impact of terrestrial airborne metals in life cycle as-
sessment (LCA) considering a regionalized atmospheric fate
and speciation in receiving soils.

Industry, raw material extraction, agriculture, and many
other activities have a significant impact on the environment,
some of which is due to toxic metal emissions. LCA is a
comparative tool to assess the potential environmental impact
of products, services, or processes considering their entire life
cycle, from resource extraction to end of life (Jolliet et al.
2005). The ISO 14040 standard sets out four phases to per-
form an LCA study: goal and scope definition, life cycle in-
ventory, life cycle impact assessment, and interpretation (ISO
2006). There are many impact categories assessed in LCA,
including climate change, acidification, and eutrophication.
In this study, we focus on terrestrial ecotoxicity. In LCA, the
impact score is calculated by multiplying the total quantity of
elementary flows throughout the entire life cycle of the prod-
uct by a characterization factor (Eq. (1)).

S;, impact score for impact category ji; CF;, characterization
factor of the elementary flow i for impact category j; M,, quan-
tity of the elementary flow i

To assess the toxicity and ecotoxicity impacts, the current
consensus in LCA is to use the USEtox model, a multimedia
model resulting from an expert working group of the United
Nations Environment Programme and Society of
Environmental Toxicology and Chemistry (UNEP/SETAC)
Life Cycle Initiative (Hauschild et al. 2010). The original
characterization factor (CF) for ecotoxicological impact in
USEtox used to be the product of a fate factor (FF) and an
effect factor (EF). The FF gives the distribution of the sub-
stance between environmental compartments combined with
the residence time in the receiving compartment. The EF cal-
culates the effect of the transferred fraction of substance in the
receiving environmental compartment on the ecosystems.

Fig. 1 Metal fractions illustration
(adapted from Plouffe et al.
(2015a))
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USEtox was developed for organic compounds and did not
take into account speciation (i.c., the fact that the metal can
take different forms) nor persistence in environment which are
key properties of metals (Haye et al. 2007); hence, it used to be
inappropriate for metals (Hauschild 2007; Strandesen et al.
2007). In fact, a metal may take different forms according to
the physicochemical properties of the receiving environment
(Fairbrother et al. 2007) meaning that the ecotoxicological
impact of metals should be regionalized based on the receiv-
ing environment’s properties. This problem was highlighted
by a group of LCA and metal ecotoxicity modeling experts in
the Clearwater Consensus, under the aegis of the UNEP/
SETAC Life Cycle Initiative (Diamond et al. 2010).

Following this consensus, a lot of progress was made to
improve metal ecotoxicological impact assessment in LCA. In
the aquatic ecotoxicity impact category (Dong et al. 2014;
Gandhi et al. 2010, 2011a, b), the bioavailability factor (BF)
was integrated into the CF. The BF represents the fraction of
the total metal that is considered available to the ecosystem. In
the Clearwater Consensus, it was recommended to use the true
soluble fraction of metal to determine the BFs (Diamond et al.
2010), a fraction that is composed of free ions and ion pairs as
shown in Fig. 1. Experimentally, this fraction corresponds to
the labile fraction of metal (Nolan et al. 2005). The Clearwater
Consensus recommended the Windermere Humic Aqueous
Model (WHAM) to determine the metal speciation to calcu-
late the BFs (Diamond et al. 2010), which was done by
Gandhi et al. (2010, 2011a, b) for Cu, Ni, and Zn and
generalized by Dong et al. (2014) to all the other metals cov-
ered by WHAM, using water archetypes with different prop-
erties (pH, organic matter content (OM), etc.), which is inte-
grated in the current version of USEtox.

Recent efforts were also made to improve terrestrial
ecotoxicity. Owsianiak et al. (2013) proposed an approach
based on empirical regression models to calculate the bio-
available fraction for nickel and copper. However, those em-
pirical regressions are not supposed to be extrapolated outside
their original scope (soil types) (Groenenberg et al. 2012).
Plouffe et al. (2016) proposed a second approach using
WHAM to integrate zinc speciation in FF and BF, using soil

Soluble metal
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adsorbed ions

Labile metal
(field data)
Inorganic fraction:
ions adsorbed on clay
minerals, carbonates,
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properties available in the Harmonized World Soil Database
(HWSD) for all types of soils around the world (pH, cationic
exchange capacity (CEC), OM, texture, and carbonate con-
tent). This database includes disaggregated data for 16,000
types of soils and is, to our knowledge, the most complete soil
database (FAO/ITASA/ISRIC/ISSCAS/JRC 2012). The FF
were determined with USEtox, using the soil-specific partition
coefficient between soil particles and water (Ky) according to
Zn speciation determined using WHAM (Plouffe et al.
2015a). Soil-specific BFs were also based on WHAM results.
The speciation predictions from WHAM were validated using
measured field samples from the literature. WHAM gave bet-
ter results than the empirical regression approach from
Owsianiak et al. (2013) to predict the Zn soluble fraction in
field samples (i.e., true solution metal plus colloids and
dissolved complexes, as shown in Fig. 1), both in terms of
rank of solubility between soils and in terms of absolute
values. Such a validation was not possible for the truly dis-
solved fraction of Zn because of insufficient field data
available.

With regard to the EFs, Gandhi et al. (2010) used the Biotic
Ligand Model (BLM) to generate aquatic ecotoxicity EF.
However, BLM are not available for all the metals. Dong
et al. (2014) proposed the use of the free ion activity model
(FIAM) instead of BLM, assuming that toxicity is only caused
by the binding of free metal ions to critical sites in target
organisms. For terrestrial ecotoxicity, the equilibrium
partitioning method (EqP) is commonly applied in LCA when
no terrestrial ecotoxicity data is available: it allows extrapolat-
ing terrestrial ecotoxicological data from the aquatic ecotoxi-
cological data based on the substance partition between soil
and water. The terrestrial biotic ligand models (TBLMs) were
recommended by Owsianiak et al. (2013) and were considered
the most robust way to obtain regionalized EF accounting for
speciation, but TBLMs are not available for all the metals.
Tromson et al. (2017) compared two methods to obtain terres-
trial regionalized EF for metals: the TBLMs and the EqP with
soil-specific Ky determined using WHAM (i.e., considering,
as Dong et al. (2014) did for aquatic ecosystems, that toxicity
is directly linked to the free metal ion). Their results showed a
total absence of correlation between the EFs obtained using
the EQP/WHAM approach and the TBLM. Hence, they rec-
ommended to keep using the generic EFs as default since no
robust method is currently available that could be applied
consistently to all the metals to regionalize the EFs.

Those recent developments in metal terrestrial ecotoxicity
in LCA are limited to the direct metal emissions to soil. Still, a
significant fraction of metal emissions is transferred to the soil
from the atmosphere. For example, in Canada in 2014, over
138 tonnes of nickel, 346 tonnes of zinc, and 252 tonnes of
copper are emitted to the air yearly, which is more than the
direct emissions to soil (26, 303, and 209 tonnes/year, respec-
tively, for Ni, Zn, and Cu) (INRP 2014). Atmospheric metal
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emission dispersion was addressed at the continental scale
(Liu et al. 2008; Sanderson et al. 2008), and at the local scale
(Pizzol et al. 2012), but the study conducted by Roy et al.
(2016) is, to our knowledge, the only one covering the entire
world consistently. Source-receptor matrices (SRMs) were de-
veloped by Roy et al. (2016) from the Harvard/NASA GEOS-
Chem global model (Yantosca et al. 2015). The GEOS-Chem
model is a 3D model taking into account emissions, transport,
deposition, and chemical transformation. The SRMs were
simulated for meteorological data for 2005 and calibrated
using the European Monitoring and Evaluation Program
(EMEP) data. For each emission location (resolution of 2° x
2.5°), the SRMs provide the emitted fraction that falls on each
of the receiving cells (resolution of 2° x 2.5°). However, no
fate in soil is considered once the metal is deposited.

The present work aims to combine the atmospheric fate of
metal and its speciation in soil in an LCA context. Zinc, nick-
el, and copper were chosen for this exploratory work because
they are well documented, and they often appear as big con-
tributors to ecotoxicity in LCA case studies. Therefore, this
paper aims to create regionalized characterization factors to
quantify the potential terrestrial ecotoxicity of metals (Zn, Ni,
Cu) emitted to air in LCA. The influence of these new region-
alized characterization factors on LCA results will also be
analyzed through the case study of a kilowatt hour (kWh) of
electricity produced in Québec—which terrestrial ecotoxico-
logical impact is dominated by metal emissions (Plouffe et al.
2015b).

2 Methods
2.1 Fate factors from air to soil determination

Fate modeling was performed in two stages. First, the dis-
tribution of metals for all possible emissions worldwide:
SRMs developed by Roy et al. 2016 provide the fraction of
the metal deposited in each receiving 2° x 2.5° cell for an
emission in any of those cells at the global scale.
Subsequently, this grid is overlapped using Arc GIS with
a map of soil types from the Harmonized World Soil
Database Version 1.21 in order to determine the distribu-
tion of the metal in the different soil types. To get the
fraction of metal by type of soil, it is assumed that the
metal is distributed uniformly in each cell of 2°x 2.5°.
Then, the fraction considered to be transferred to one type
of soil from the one-grid cell is proportional to the area
fraction occupied by this soil type in the box (calculation
details are available in the Electronic Supplementary
Material Section 1). The surface of each soil in each cell
is calculated using the Mollweide projection (in Arc GIS),
since it is an equal area projection, and to be consistent
with the IMPACT World+ project assumptions (Bulle
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et al. 2017). This approach makes it possible to calculate
the total amount of metal transferred from the atmosphere
to each soil type (i.e., the atmospheric fate factors AFF
from air cell a to each soil type s) by summing the quantity
of an emission in air cell a received in all the 2° x 2.5° cells
or fractions of cells intersecting soil type s from the HSWD
map using Arc GIS. Secondly, the fate of the fraction with-
in the soil (i.e., the fate factor of the metal directly emitted
to soil—from soil to soil—FFg for each soil type s) (see
Eq. (2)) is modeled using the Plouffe method for the three
metals (Zn, Ni, and Cu) (Owsianiak et al. 2013).
o Acmtal,s-v-pb

FFy = TOAM, (2)

with ACiorar s as the time-integrated incremental change in
concentration of total metal in the soil s up to the infinite, V
as the volume of soil, pj, as the soil density, and AM; as the
incremental change in the metal emission to the soil. All
the values used for the calculation are summarized in the
Excel spreadsheet in the Electronic Supplementary
Material Section 2.

As recommended by Plouffe et al. (2016), the FF is
determined with USEtox, using partition coefficients be-
tween soil and water calculated using WHAM 0.7. Fate
factors from soil to soil (FFg) were calculated for the
4513 types of soil using the soil properties (pH, OM,
CEC, texture, and carbonate content) available in version
1.21 of the Harmonized World Soil Database. The back-
ground concentration of metals in the soil is taken into
consideration according to the Kabata-Pendias and
Mukherjee (2007) estimations (for more information, see
the Electronic Supplementary Material Section 3).
Partition coefficients based on soluble fraction were used,
since the use of WHAM for soils was only validated for
the soluble fraction of metal by Plouffe et al. (2015a). As
we acknowledge that the true solution is the fraction that
is supposed to best represent the bioavailable fraction
(Diamond et al. 2010), we also did all the calculations
for the true soluble fraction, which can be found in the
Electronic Supplementary Material Section 4. We consid-
er the topsoil properties (i.e., topsoil in the HWSD data-
base (Harmonize soil database 2012)) to determine a site-
specific K4 using WHAM 7.0. The fate modeling within
the topsoil was performed using USEtox with this site-
specific K4. The speciation and fate of the metal in the
deeper soil layers and in the groundwater are not deter-
mined once the metal is transferred from the topsoil: we
assume that most target organisms of the terrestrial eco-
system are exposed mainly via the topsoil (following the
approach published by Plouffe et al. 2015a, b).

Finally, the fate factors for atmospheric emission trans-
ferred to each type of soil (FF ;) were obtained by multiplying

the results of the first and the second steps (see Eq. (3)). Note
that for one emission in one atmospheric cell (2° x 2.5°), there
are as many FF as receiving cells (obtained by crossing the
4513 types of soils with the atmospheric deposition grid of
2°x2.5°). To better understand the spatial variability due to
the atmospheric fate, aggregated FF,; will be presented as
intermediary results (i.e., summing the FF,; of all the receiv-
ing cells for an emission cell) even if this is not what is done
when calculating the CF, in the next steps where the specific
fate in each soil cell is considered, meaning the FF,; have to be
kept disaggregated.

FF, = AFF,*FF (3)

2.2 Characterization factor calculation

Characterization factors for the terrestrial ecotoxicological im-
pact of atmospheric emissions CF,s are calculated by multi-
plying the resulting FF,, ; from the emission cell to the soil
receiving cell j by the BFs, j specific to each of the receiving
soil cell j and by a generic EF, and by summing the resulting
impact across all the receiving soil cells (Eq. (4)).

CFas = 2 FFas;*BF; ;*EF 4)

The BFs are calculated using WHAM 0.7 and the soil
properties from the HWSD based on the soluble fraction of
metal in order to be consistent with the FF 4 calculation. Here
again, the background concentration of metals in soil is taken
into consideration according to the Kabata-Pendias and
Mukherjee (2007) estimations (see values in the Electronic
Supplementary Material Section 3).

Following Tromson et al. (2017) recommendations, the EF
are not regionalized: the generic aquatic EF from USEtox are
used to derive terrestrial EF default values using the AMI
method (Eq. (5)) (adapted from Payet 2004).

0.5
((EFaquatic*O-S) >k(kd *ps +fw)

EF,p =

(5)

where K is the soil-water partitioning coefficient, p; is the soil
density, and f, is the water fraction in soil. Those three values
are taken directly from the generic soil of USEtox, and their
values can be found in the Electronic Supplementary Material
Section 2.

Regionalized “native resolution” CF,, were determined
this way for each potential emission location in the world
(i.e., each of the 2° x 2.5° grid cells around the world).
Aggregated CF at the country and global (global default)
levels were also determined using a weighted average of na-
tive resolution CF,¢ weighted by the area of each cell within
the country (or the world). This corresponds to an assumption
of an equal probability of emission within a country, which is
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a way, among others, to calculate aggregated CFs. An alter-
native proxy would have been to consider that metal emis-
sions occur most probably in highly populated regions.
However, it is probably totally wrong for metals since mining
which generally occurs in areas with low population is one of
the main contributors to the overall global emissions. Ideally,
regionalized national inventories of pollutant release should
be used as weighting factors to proceed to the aggregation
(i.e., considering that the emission occurs more probably
where more emissions are declared), but these inventories
are not available for metal emissions at the global scale. An
equal probability of emission was therefore considered as a
proxy. Since the “native resolution” CF,s are made available
in this paper under the form of shape files, any other relevant
weighting set becoming available could later be used to re-
aggregate the CFs if needed.

The uncertainty related to the spatial variability of the CF
within each country and the world was determined using the
min and the max values within the considered geographical
region (it corresponds to the uncertainty related to not speci-
fying more precisely the point of emission when using a coun-
try level or a global default CF,,). The detailed contribution to
the overall spatial variability of the CF,4 of the spatial vari-
ability of the different factors (FF,, FF, and BF;) could not
be analyzed in detail as for one point of emission a high num-
ber of receiving cells is implied with different values of FF,
FF,,, and BF,. However, we did (1) an analysis of the spatial
variability of the FF,, and the BF, and (2) a partial analysis of
the relative contribution of the spatial variability in the atmo-
spheric fate compared to the spatial variability in the soil fate
by doing a linear regression between the aggregated FF ¢ and
the CF,s. By deduction, what is not correlated to the atmo-
spheric fate may be correlated to the spatial variability in soil,
whether it is due to the FF or to the BF,).

The characterization factor for an emission occurring in
Montréal was compared when using respectively the generic
USEtox CF (i.e., a CF obtained by multiplying the USEtox
fate factor from air to soil with the generic EF from Eq. (5)),
the global default CF, the country-level CF for Canada, and
the native resolution-scale CF,; for Montreal, with the respec-
tive uncertainty on the impact score due to spatial variability
when using a lower geographic resolution CF .

2.3 lllustrative example

The results were applied in an illustrative example to better
assess the impact of the metals emitted to air and to soil in the
LCA of the 1 kWh of electricity produced in Québec. This
case study was selected because metals dominate the ecotox-
icological impact, as previously shown by Plouffe et al.
(2015b). The purpose of this illustrative example is to assess
the feasability and the influence of the integration of the de-
veloped regionalized CFs (i.e., of using the regionalized CF
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developed as part of this project as well as regionalized CF
for direct metal emissions to soil) on the terrestrial ecotoxicity
impact score. Only zinc, nickel, and copper are taken into
account in this case study, acknowledging that this is a very
partial assessment. However, the full results of the LCA are
already available in Plouffe et al. (2015b). The impact score of
the zinc, nickel, and copper emitted to the atmosphere during
the production of 1 kWh in Québec is calculated (1) using the
generic USEtox CF,, and CF, (2) using the new characteri-
zation factors aggregated at the global level (i.e., global de-
fault CF,,), and (3) using the country-level CF,,. The native
resolution-scale CF (i.e., at the native resolution of 2° x 2.5°)
cannot be used because the life cycle inventory geographic
information is only available at the country level (Wernet
et al. 2016). Inventory data is taken from the ecoinvent data-
base, using the “market for electricity, low voltage | electricity,
low voltage | cut-off, U” process (Wernet et al. 2016). The
LCA is realized using the openLCA software. The uncertainty
related to spatial variability (i.e., due to using characterization
factors at a lower resolution scale than the native one) is quan-
tified by considering the min and the max CF, value within
the region.

3 Results and discussion
3.1 Fate factors from air to soil determination

The resulting FF, for each of the 2° x 2.5° emission cells (i.e.,
summing the FF, of all the receiving cells for each emission
cell) are illustrated in the violin graph in Fig. 2, showing the
spatial variability and the frequency at which the FF,q are
found around the world.

For the studied metals, there is a spatial variability of re-
gionalized FF,4 of around four orders of magnitude depending
on their emission location. The FF,, values for the soluble
fraction of zinc, copper, and nickel are distributed between
7.32 and 9.95E+04 days, 1.20E+02 and 4.51E+05 days, and
3.71E+01 and 4.17E+05 days, respectively, demonstrating the
influence of the emission location on the atmospheric fate.
The density distribution of the plots over the violin shows
different frequencies of FF,,. The most probable value of
FF, is 2.31E+03 days for zinc, 4.17E+05 days for copper,
and 1.23E+04 days for nickel. Another interesting result in
Fig. 2 is that the difference is small between the generic value
of FF from USEtox and the average value of the regionalized
FF, for Cu and Ni and that this difference is around one order
of magnitude for Zn, which is within the uncertainty range of
the USEtox fate factors.

Fate factors calculated for true solution and soluble fraction
of zinc (Zn), copper (Cu), and nickel (Ni) are similar with a
difference of less than two orders of magnitude, which is
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Fig. 2 Violin graphs illustrating
the aggregated atmospheric fate
factor (XFF,) spatial variability
across all the 2°x 2.5°
atmospheric emission cells. This
graph shows the values and

2FFas (days)

frequency of occurrence of =

regionalized FF,s (Cu
regionalized, Ni regionalized, and
Zn regionalized) and gives also
the USEtox generic CFas (Cu
generic, Ni generic, and Zn
generic). The box plots show the
min, max, 25th and 75th , and the
mean

1x10% -

1x10*2 -

Cu generic  Cu regionalized Nigeneric Niregionalized Zn generic Zn regionalized

considered as the usual uncertainty in USEtox CFs
(Henderson et al. 2011; Huijbregts et al. 2010; Rosenbaum
et al. 2008).

3.2 Characterization factor calculation

The resulting BFs for each type of soil are illustrated in the
violin graph in Fig. 3, showing the spatial variability and the
frequency at which the BFs are found around the world.
Indeed, there is a spatial variability of regionalized BFs over
eight orders of magnitude depending on the receiving soil.
The most probable value of BFs is close to 1E—3 for copper,
nickel, and zinc.

The resulting CF,; for each of the 2°x2.5° cells are
shown on the violin graph in Fig. 4, which illustrates the

Fig. 3 Violin graphs illustrating
the spatial variability of BFg
across the different soil types.
This graph shows the values and
frequency of occurrence of
regionalized BF calculated with

1e-01 -

WHAM 0.7 using the soil R
properties from the HSWD. The s
box plots show the min, max, @
25th and 75th percentile, and the s

mean ® 1e-00-
L
w
©

1e-13 -

spatial variability of the aggregated CF,s for the world.
Figure 4 represents the CF,s values and the frequency at
which the CF,q are found around the world. All results are
presented for the metal soluble fraction (true solution results
are available in the Electronic Supplementary Material
Section 4). The regionalized characterization factors are sys-
tematically lower (between two and three orders of magni-
tude) than the generic CF,s from USEtox. This overestima-
tion of the generic USEtox CF,; compared to the new CFq
can be explained by the integration of soil-specific BF: the
total metal in soil was considered available in the generic
CF,s, whereas regionalized CF,q consider only the soluble
fraction of the total metal as being available. The spatial
variability between the lowest and highest regionalized
CF, are over three orders of magnitude (Fig. 4). These

' ' '
BF(soluble Cu) BF(soluble Ni) BF(soluble Zn)
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Fig. 4 Violin graphs showing the
spatial variability and frequency
of occurrence of CF, across all
the 2° x 2.5° atmospheric
emission cells (Cu regionalized,
Ni regionalized, and Zn
Regionalized) and the generic
USEtox CF, (Cu generic, Ni
generic, and Zn generic). The box
plots show the min, max, 25th and
75th percentile, and the mean

1x10% -

1x10% -

CFas (PAF.m3.days)

1x10% -

1x10* -

Cu generic Curegionalized Nigeneric Niregionalized Zngeneric Zn regionalized

results demonstrate that the location of the emission may
have a significant influence on the impact scores in LCA.
It means that the CF regionalization for metal atmospheric

emissions that we proposed, based on FF,¢ (sources_receptor
method) and metal speciation in receiving soils, is needed to
increase the robustness of LCA results.

Legend
Emission point

® Metal deposited
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- Different types
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Second step

Different metal
species

Map of terrestrial ecotoxicity CFas for Nickel
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CFas_Ni (PAF.m3.day/kg)
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Terrestrial ecotoxicity CFas for all the receiving soil cells
for an atmospheric emission occurring in Montreal
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-

Fig. 5 Regionalized CF, calculation steps. a Illustration of the different
steps—The first step represents the distribution of an atmospheric
emission over different soils and the second step the speciation in those
receiving soils; b terrestrial ecotoxicity disaggregated CF, for each of the

receiving soil cells for an emission in Montreal; ¢ Montreal CF resulting
from the aggregation of all the disaggregated CF,s from the map (b); d
regionalized CF for all the different emission points around the world
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« Fig. 6 Terrestrial ecotoxicity CF,; at the country level for all the countries
of the world for a Cu, b Zn, and ¢ Ni with the corresponding spatial
variability ranked by increasing value of country level CFs (error bars
represent the min and the max CF,), and d influence of the choice of the
CF resolution scale on the CF,4 value and uncertainty due to spatial
variability in the case of an atmospheric emission occurring in Montreal

In Electronic Supplementary Material Section 5, a poor
correlation is shown between FF,, and CF, (R* respectively
equals 0.30, 0.56, and 0.31 for Zn, Cu, and Ni), highlighting
that both the atmospheric fate and the fate in soil contribute to
the overall spatial variability of the CF ;. We acknowledge we
did not use a regionalized EF (i.e., we did not account for the
influence of speciation on the effect factor, which may reduce
the observed difference between USEtox generic CFs and our
regionalized CF,; when it will be possible to generate region-
alized EFs).

Figure 5 gives an example of the results obtained at the
different steps in CF, calculation for Ni. These steps are sum-
marized in Fig. 5a). The Fig. 5b map shows step 1 that calcu-
lates for each deposition point the fraction transferred to dif-
ferent type of soil (FF, for an emission in Montréal to all the
receiving soil cells). Step 2 calculates the soluble fraction in
each type of soil (FF for each receiving soil cell). The prod-
uct of those steps is multiplied by a regionalized BFj; specific
to the receiving soil and by a generic EF to obtain the disag-
gregated CF,, for each receiving soil cell for an atmospheric
emission occurring in Montréal. The map in Fig. Sc gives the
value of the CF,4 for an atmospheric emission in Montréal,
i.e., the sum of the impact of all the cells of the world from
Fig. 5b. The map on Fig. 5d is the resulting map for all emis-
sion points for which aggregated regional CF ¢ were calculat-
ed, the same way it was done for Montréal in Fig. 5b, c. Maps
representing the CF calculated for each point of emission of
Cu, Ni, and Zn in the world are available in the Electronic
Supplementary Material Section 6 in PDF format and as shape
files, which may, for example, be imported directly in
openLCA in order to perform regionalized LCA studies
(CF,, are available at the native resolution scale of 2° x 2.5°).

Because metals do not travel over long distances, emissions
within continental zones are more likely to be deposited in
soils and thus contribute to terrestrial ecotoxicity, which ex-
plains the increase in the CF closer to the center of the con-
tinents. The global default CF,; are 1.01E+06
PAF m® day kg ' for copper, 2.34E+02 PAF m® day kg’
for nickel, and 1.24E+01 PAF m® day kg ' for zinc.

In Fig. 6, the spatial variability of CF,, between countries
and within each country is shown for Cu, Zn, and Ni. The
spatial variability between the different country-level CF
for all the countries of the world is around three orders of
magnitude, but most of the countries are within the same order
of magnitude. Moreover, the spatial variability within each
country is, in most cases, less than one order of magnitude,

@ Springer

meaning that regionalizing at the country level may be enough
most of the time. The countries with a higher spatial variability
(i.e., for which it may be worth regionalizing further) are, in
decreasing order, Chile, USA, Russia, Australia, India, and
Canada. For most countries, it seems that the use of country-
level CF,s (which corresponds to the geographical resolution
of most LCA inventory databases) is a good compromise be-
tween the high uncertainty associated to spatial variability and
the intensive data collection needed to regionalize at the native
2°x2.5° level. However, depending on the need in terms of
uncertainty defined in the goal and scope of the study, addi-
tional spatialization efforts may be needed, following the ap-
proach recommended by Patouillard et al. (2016). As an ex-
ample, the different CF, that could be used for an emission
occurring in Montreal, Canada, are compared in Fig. 6d (with
their respective spatial variability corresponding to the uncer-
tainty due to not specifying where precisely the emission oc-
curs). The generic USEtox CF, is higher than the new region-
alized ones. The global default CF, is at least three orders of
magnitude lower than the generic one, with a spatial variabil-
ity of around three orders of magnitude. The regionalized CF
at the country level for Canada is quite close to the global
default CF,, but with smaller spatial variability (a little less
than one order of magnitude). The detailed CFs at the native
resolution scale and at the country level with the correspond-
ing spatial variability are available in the Electronic
Supplementary Material Section 1.

We have assumed that the metal was uniformly distributed
over the different types of soils inside each 2 x 2.5° receiving
cell. This assumption may influence the result as in reality the
deposition may not be homogeneous within the cell.
However, most of the time, the receiving cell has one domi-
nant soil type and even at the country level, the spatial vari-
ability of the CF remains in general small due to a low differ-
ence in soil properties (see Fig. 6), so we do not expect the
corresponding uncertainty to be very important when com-
pared to all the other sources of uncertainty in LCA modeling.
Electronic Supplementary Material Section 7 illustrates the
influence on the CF,, distribution to consider (1) a uniform
deposition in the different soils of the 2° x 2.5° cell versus (2)
a 100% deposition in the dominant soil within the 2° x 2.5°
cell, which confirms the low influence of this assumption on
the CFas value.

3.3 lllustrative example

The total impact score of the atmospheric emissions of Cu,
Ni, and Zn for the case study is shown in Fig. 7 using
different options for CF,; and CFy. Here again, when
USEtox generic characterization factors are used, the im-
pact score is three orders of magnitude higher than when
using the global default or the country-level regionalized
CF,,. Using the geographic information already available
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Fig. 7 Terrestrial ecotoxicity

1.00E+03
impact score of the atmospheric
and soil emissions of Cu, Ni, and >~  1.00E+02
Zn during the production of a '-3
kilowatt hour of electricity at 'é’ 1.00E+01
Quebec using (1) USEtox generic =
CF,s and CFg, (2) global default é 1.00E+00
regionalized CF, and CFg; (3) e
country-level CF,, and CF (the § 1.00€-01
two later with the corresponding ‘2 1 00E-02
spatial variability). Error bars -3
represent terrestrial ecotoxicity E 10003
impact scores calculated using the
min and the max CF possible in 1.00E-04
the different countries and in the
world

impact_Generic CF Impact _regionalized Impact regionalized by

Global CF countries

in the ecoinvent database, i.e., at the country level for
emissions close to the foreground and at the global default
level for nonregionally specified background emissions,
we were able to significantly reduce the spatial variability
to less than one order of magnitude—even if the two coun-
tries in which metal emissions were regionalized, i.e.,
Canada and the USA, are two of the countries identified
as having a higher spatial variability—confirming the fea-
sibility of regionalized LCA without very intensive data
collection for the LCA practitioner.

4 Conclusions

This study shows the feasibility of integrating the atmospheric
fate and metal speciation in soil in an integrated manner in
order to characterize the terrestrial ecotoxicological impact of
metals in LCA. The significant spatial variability of CF for
an atmospheric emission is observed, which can influence the
impact scores. This may, in turn, influence decision-making
based on LCA studies. Therefore, we highly recommend to
document the uncertainty related to spatial variability or to
proceeding with the regionalization of the inventory when
atmospheric metal emissions are present in a LCA study.
The regionalized CF, allow to calculate CF at different ag-
gregation levels. When the exact emission locations are
known, we propose a map to identify the site-specific charac-
terization factors. When only the country of emission is
known, shape files at native resolution can be directly
imported into the openLCA software, which automatically
calculates the aggregated CF, at the country level (average
weighted by surface area). LCA analysts can then choose a
different aggregation level than the country level if needed.
Unlike generic factors, aggregated regionalized factors come
with an uncertainty value corresponding to their spatial vari-
ability (i.e., the uncertainty of not knowing precisely where an
emission occurs). Since soluble fraction seems to be a good
alternative as validated by Plouffe, we propose the use of

results which arise from soluble fraction. The EFs used to
calculated the regionalized CF, are generic EFs derived from
the USEtox model, but we recommend integrating regional-
ized EF as soon as it is available (for example, when TBLMs
will be available for enough metals to be meaningfully used in
LCA). Finally, this exploratory research was only conducted
for Cu, Ni, and Zn, demonstrating the feasibility of our ap-
proach to integrate the atmospheric fate and the speciation of
metals in soil. In terms of generalization of this approach, the
model can be applied to any metal for which the SRMs and the
WHAM model are both available. The SRMs were currently
developed for metals with a very low volatility that are only
transported, within the atmosphere, by sorbing with aerosol
particles, it could be used for any non-volatile metal. The
WHAM model is available for 19 of those metals, for which
it is hence possible to generate FF,q using the approach pro-
posed in the present paper.
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