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Abstract. Life Cycle Impact Assessment (LCIA) is a lively field of research, and data and
models are continuously improved in terms of impact pathways covered, reliability and
spatial det m ever, many of these advancements are scattered throughout the scientific
literature, it difficult for practitioners to apply the new models. Here, we present the

LC-IMPALT meghod that provides characterization factors at the damage level for 11 impact

categories to three Areas of Protection (human health, ecosystem quality, natural
resources):

n health damage is quantified as disability adjusted life years (DALY),

system quality as global species extinction equivalents (based on potentially

G

disappeared fraction of species, PDF), and damage to mineral resources as kilogram of extra

ore extracted. Seven of the impact categories include spatial differentiation at various levels
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of spatial scale. The influence of value choices related to the time horizon and the level of

scientific evidence of the impacts considered is quantified with four distinct sets of

characterization factors. We demonstrate the applicability of the proposed method with an

illustrativ ssessment (LCA) example of different fuel options in Europe (petrol or
_ N . ) ) .

biofuel). Bifferences between generic and regionalized impacts vary up to two orders of

magnitudeU\e of the selected impact categories, highlighting the importance of spatial

detail in L !

Keywordmotially disappeared fraction of species (PDF), disability adjusted life years

(DALY), @1 ore extracted, spatial differentiation, global extinction risk, industrial
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1. Introductlons
Life Cycl sment (LCA) aims at quantifying potential environmental impacts associated
with the It le of a product or service (Klopffer 1997). The desire to assess the

“complete” environmental impact profile has been an important driver for developments in
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life cycle impact assessment (LCIA). No LCIA method is truly complete today, with missing
impact categories including salination, plastic pollution, invasive species and others. To

increase the gcayerage of potential environmental impactsin LCIA, there is a need to increase
the numbe& pathways considered by developing new methods or improving existing
N . . : .
methods. ihls can be done, for example, by improving the modeling, using better data or
adding Spvil for impacts that have a local or regional dimension (Pfister et al. 2009).
Regionaliz can be highly relevant because environmental conditions vary greatly
through sw. water availability, land types, number and degree of endemism of species
present, populdiion density and background concentration of reacting agents).

before, in

Regionalization in LCIA is a topic that has been acknowledged as important and tackled
ﬁt ways, in LCIA methods, for example in both the EDIP (Potting and
0

Hauschil
a need ionalized LCIA method that covers a large number of impact categories on a
global level respects the different scales that are relevant for the specific impact

categories.

d the LUCAS methodology (Toffoletto et al. 2007). However, there is still

When coh an LCA, characterization factors (CFs) are used to translate the inventory
results of case study into indicators of potential environmental impacts. Sets of CFs
are typica ilable to practitioners in the form of LCIA methods (implemented into LCA
softwagepresent an effort to integrate several published characterization models
into a consi ramework. Many recent methodological developments and improvements

in LCIA in particular with regard to spatial differentiation, have however been
publiquf)en:ently from each other and have not yet been consolidated within a
consistent L ethod. As a consequence, some of these newer, more environmentally
relevant models, are less used compared to older and often less comprehensive models
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currently integrated in available methods. It should be noted, however, that efforts on
building new LCIA methods are ongoing (apart from LC-IMPACT: also ReCiPe2016

(Huijbregts 2017) and IMPACTWorld+ (Bulle et al. 2019)).

The EH— -funded project “Development and application of environmental Life Cycle

1

Impact as t Methods for imProved sustAinability Characterisation of Technologies

(LC-IMPACT)” fesulted in many novel and valuable advancements in LCIA, such as new

G

models fom pathways (e.g. land use and resource scarcity) and greater regionalization

of impact y models. It is our aim to combine the advancements that emerged from this

project into ongyconsistent and transparently documented LCIA method. In addition, we

9

complem developments of the EU-FP7-funded project with further refinements after

ar

the end of the project, especially for impacts related to ecosystem quality. We also added
extra char ion models for categories that were not covered within the project to arrive

atani athway coverage which is as complete as possible, given the current state of the

art. O ctives for the development of the LC-IMPACT method were to 1) collect

M

characterization models for all available impact pathways and, where needed, develop state-

[

of-the-art rization models and use them to provide regionalized characterisation

factors will bal coverage at category-specific, country, continental and global scale, 2)

include as species extinction vulnerabilities in the assessment of ecosystem quality,

n

{

and 3) stinct sets of characterisation factors, based on consistently implemented

value cho ss impact categories. We also applied LC-IMPACT to a case study on

U

different ns to illustrate its application.

2. LC- T method

A

2.1 Areas of Protection and impact categories. Most LCIA methods cover three Areas of

Protection (AoP), topics that are important to society and that we want to safeguard. This is
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also the case for LC-IMPACT, where we implemented the AoPs “human health”, “ecosystem
quality” and “natural resources”. So far, LC-IMPACT includes 11 broad impact categories
(Figure 1), them contributing to one or two AoPs (the impact categories climate change,
photoche formation, toxicity, and water stress contribute to two AoPs each). In
addition, g:ee ecosystem types (terrestrial, freshwater and marine) are distinguished within
the “ecosygemmguality” AoP. For eutrophication, LC-IMPACT covers both freshwater and
marine eu ation and for ecotoxicity, impacts on freshwater, marine and terrestrial

ecosystenwcluded. All impacts are quantified at a damage level (see details further

below). 3

Impact categories Areas of protection

Climate change

Ozone depletion Human Health

lonising radiation

Photochemical ozone formation
Terrestrial Ecosystem

Quality

Particulate matter formation

Freshwater Ecosystem
Quality

Acidification

Land stress

Marine Ecosystem
Quality

Toxicity

Eutrophication

Natural Resources

Water stress

Mineral resources scarcity

—

Figure 1: Ovékview offthe broad impact categories and Areas of Protection (AoP) covered so far in LC-IMPACT. The color
of the lin s to which AoP the impact categories are related. Within ecosystem quality, three different
ecosystems t jstinguished (Verones et al. 2019).

2.2 Spatial . Some impact categories cover impacts that are distributed across the
world, dently from the place of emission or extraction. Therefore, they only contain
global CFs. This is the case for climate change, stratospheric ozone depletion, and mineral

resources extraction. Other impact categories describe impacts that are limited to the regional
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or local scale and thus vary widely depending on where the intervention (emission/extraction)
takes place and the associated regional or local environmental conditions. These latter impact
categories odeled with spatial differentiation (Tables 1 and 2). Regionalized CFs were
reported fﬁrent spatial levels: the original “native” spatial level (Mutel et al. 2018),
as deter-m'Tythe method developer, as well as country averages, continental averages and
a global ¥ (the latter for application when the location of the emission/resource
extractionmown), to facilitate the concordance with standard LCI data and the practical
applicatio native resolution is impact-category-specific. For example, the native
resolution for Water stress impacts is the (sub-)watershed, while for land stress it is

ecoregionﬁmilar ecological conditions (Olson et al. 2001). Aggregation to country,

continent obal levels was done based on where emissions or resource consumption

are most mtake place (i.e. using data on spatially explicit emission data, specific for

each i ry). For land use, the area shares of the ecoregions within each country or

continent we d as the basis for aggregation.

2.3 Linear/average vs. marginal characterization factors. LCIA methods generally derive
their CFsan either a marginal approach or an average approach (Hauschild and
Huijbregt A marginal approach investigates the additional impact, if the pressure is

increased b ery small amount, relative to the current state at a given point in time, which

h

is the reference state, i.e. it takes the derivative of the cause-effect curve. Average

|

charact ctors use the distance between the current state and a state of zero impact

to calculate the dyerage impact per unit of intervention. In case information on the current

U

state is lac linear approach can be used instead. The linear approach, most closely

connecte average approach, is represented by the line connecting the origin (zero

A

pressure = zero impact) with a predefined point on the response curve. In LC-IMPACT, this

is always where 50% of the species in the ecosystem are potentially affected. From a
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conceptual perspective, the main advantage of the marginal approach is that it focuses on

emission changes with the highest efficiency in terms of effect reduction. The average

approach,o“ other hand, explicitly strives to reach a state of the environment in which
effect tarﬁsociety are not exceeded (Huijbregts et al. 2011). For more details on
differen-c mn the approaches, see e.g. also Hauschild and Huijbregts (2015).

Where posgiblogets of CFs derived from both average/linear and marginal approaches were
made avaimLC-IMPACT (see Tables 1 and 2). This was the case for two of the impact
categories in LC-IMPACT: land stress and water use impacts on human health. Two
categories are Omly modelled as marginal (terrestrial acidification, water consumption for
ecosystem &), and thirteen are average/linear (remaining impact categories). For those

impact ca igs with a choice available, we recommend being as consistent as possible,

when using d ﬁ ent sets of CFs.

(O

24 H h. The basic equation for calculating characterization factors (CFs) for

human healt uschild and Huijbregts 2015) is shown in Error! Reference source not
found. and consists of a damage factor (DF), an effect factor (EF), a human exposure factor

(XF) and affate factor (FF).

O CFnyman heaith = DF - EF - XF - FF
Equation 1

For huma! Eea!tE, LC-IMPACT quantifies the well-established disability adjusted life years
(DALY‘ *r fug’ional unit. FFs, XFs and EFs are based on specific data and models per
impact c@(see Table 1 for references). The human damage factor is based on
information about how many healthy years are lost due to a certain cause of premature death
or a di as reported in the Global Burden of Disease studies from the World Health
Organization and the Institute for health metrics and evaluation (e.g. Kassebaum et al.

(2016)). We included seven impact categories affecting human health (Figure 1, Table 1).
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Four of them encompass spatial detail (water stress, human toxicity, particulate matter
formation and photochemical ozone formation), while three are calculated as global averages
due to the 1 itivity to the place of emission and the global consideration of the impact in
underlyin limate change, stratospheric ozone depletion), or due to the lack of

spatial corslderatlon in available models (ionizing radiation).

Table 1: Ove impact categories dealing with human health, modeling approaches taken, spatial scales (see

available scale est represents the respective spatial relevance (Mutel et al. 2018).

t likegory Modeling Native spatial Key references
approach scale

De Schryver et al. (2009)

3. mix De Schryver et al. (2011)
Climate Jange marginal/average global Joos et al. (2013)
IPCC (2013)
St ic ozone . .
depletion linear global Hayashi et al. (2006)

De Schryver et al. (2011)
Frischknecht et al. (2000)

56 world regions
1 & % al ozone linear (Kml. et al. 2005; van Zelm et al. (2016)
mation Van Dingenen et al.

2018)
56 world regions
(Krol et al. 2005;

iation linear global

linear Van Dingenen et al. van Zelm et al. (2016)
2018)
16 subcontinental regions Rosenbaum et al. (2008)
(carcinogenic) linear (Kounina et al. 2014) Rosenbaum et al. (2015)
Fantke and Jolliet (2016)
Hfan toxicity (non- 16 subcontinental regions Rosenbaum et al. (2008)
hnic) linear (Kounina et al. 2014) Rosenbaum et al. (2015)
. ) Fantke and Jolliet (2016)
(human ! 1&510 Wa‘erfhfds Pfister et al. (2009)
) average ( c;(r)r;)%)e a Pfister and Bayer (2014)

2.5 Ec£ality. The general equation for CFs in ecosystem quality is given in Error!

Refererﬁource not found.. It consists of a vulnerability factor (VF) to translate species
loss from local sregional to global, an effect factor (EF), an exposure factor (XF) and a fate
factor (FF that the XF is equal to one for some categories (e.g. for land stress) where
exposure do have a conceptual meaning.
CFecosystem quatity = VF - EF - XF - FF
Equation 2

This article is protected by copyright. All rights reserved.
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For ecosystem quality, LC-IMPACT can be used to quantify the “potentially disappeared
fraction of species over time” (PDF-yr) per functional unit (Verones et al. 2017b; Woods et
al. 2017). ay or may not already contain the time dimension (e.g. PDF-yr/m’ for water
stress or land occupation). When these CF are multiplied with the inventory
flows (zlzmle case of land occupation and m’ in the case of water consumption) we
achieve thgga nit for the ecosystem impact scores, namely PDF-yr. In earlier approaches,
different im categories have used “disappeared fractions” at different scales, thus mixing
local or régi ith global levels. This is problematic because a globally lost species is
gone fore@reas a regionally lost species may be recovered through repopulation if it
was not e ic. The endpoint of LC-IMPACT aims to consistently quantify global PDF,
i.e. an irrt extinction of species on a global level. It is important to have a consistent
understanhich share of species is globally lost, due to a variation in irreversibility
and magai impact. If a species is extinct in a certain region, it is not automatically
extinct on a level. In addition, global species loss is irreversible, while regional loss is
not (de Baan et al. 2015; Kuipers et al. 2019). Therefore, although the numerical value for

regional 188s is always higher than for global loss, this does not mean that the effects are

larger. Bo,

@ sments are needed, the global assessment to avoid irreversible biodiversity
loss and the T€gional assessment to make sure that ecosystems can maintain their functions,
even i a lower contribution to overall global species diversity. We consider the
global Mood indicator for the risk of extinction, i.e. for the fraction of species that is
committed to gloBal extinction.

However, thi s not aim to quantify the overall extinction related to the functional unit of
an LCzAﬁe units. For instance, the time unit here does not say that the species is lost
during a certain period of time, but we simply should understand it as an indicator, where we

measure global extinction risks and where we give more weight to long-lasting interventions

This article is protected by copyright. All rights reserved.
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compared to short-lasting ones. Ecosystem impacts refer to the fraction of species that is

committed to become globally extinct. For instance, a PDF of 0.01 means that 1% of the

{

global specigsapool is committed to go extinct if the pressure (e.g. land use) continues to

happen. typically lag times between the pressure and the effect, the duration of

|
the pressusie has an influence on whether the full extent of effect will happen or not. This is

because there isgno instant global extinction of species after a change in pressure, e.g. an

C

increase in occupation will not immediately lead to species loss in the surrounding

S

ecoregion dually over time. For this reason, the exposure duration to the pressure is

also included 1M§the unit of ecosystem impacts (PDF.yr). Hence, impact scores should be

U

interpreted increase in global extinction risk over a certain exposure period of time and

A

not so mu instantaneous global species /oss. .

The EF a n be specific for taxonomic groups (e.g. mammals, reptiles, amphibians,

d

and fis 1 taxonomic groups are used for calculating CFs, final CFs for representing

the whole “e tem” are calculated as weighted averages of the taxonomic groups in PDF.

M

In LC-IMPACT we chose that plants and animal taxa are given a 50% share each, thus giving

plants and§@nimals equal weight. Contributions of several animal taxa are included relative to

[

their spec ess, as discussed by Verones et al. (2015), in order to avoid that species-

Q

rich taxono groups dominate the impact assessment. The underlying assumption is that

h

diversit xa represents ecosystem functioning better than diversity of species in the same

{

taxon. , Whenever possible, we included a vulnerability factor, in order to take into

account that nof) all taxonomic groups show the same vulnerability to environmental

LI

pressures. T ctor is based on information from IUCN (2013) for both current red list

status an aphical range areas of species. The procedure and details for calculating

A

taxon-specific and global vulnerability factors are described in references (Verones et al.

2019; Verones et al. 2015; Verones et al. 2017a).
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In the AoP ‘Ecosystem quality’ we ultimately covered seven broad impact categories (Figure
1, Table 2). All, except for climate change, include spatial differentiation. Note that we
named the climate change approach a mix between marginal and average. For reasons of

feasibility om emission to temperature increase was modelled in a marginal way,

. —— .
while expgcted impacts on humans and ecosystems caused by temperature increase were

modelled i average approach. Terrestrial ecosystems are covered in five categories
(climate c , photochemical ozone formation, terrestrial acidification, terrestrial
ecotoxicit d stress). Impacts on freshwater ecosystems are represented in four impact

categories (climage change, water stress, freshwater ecotoxicity, freshwater eutrophication),

while the ine ecosystem is covered in two categories (marine eutrophication and marine
ecotoxicit cts of marine, freshwater and terrestrial ecosystems, in terms of PDF-yr,
can be dirgctly a8ded under the assumption that these ecosystems are equally important. The
questi important marine, freshwater and terrestrial ecosystems are compared to

each other s however, be preferably answered in the weighting step of the LCIA phase.

We therefore recommend reporting impact scores for each ecosystem separately, since no

Table 2: Ovey

generally @Ccepted weighting scheme between the three ecosystem types exists yet.
pact categories dealing with ecosystem quality, modeling approaches taken, spatial scales (see
also section y references used in LC-IMPACT for modeling the impact pathways. For details on time

6 g
horizons and @ ffects see the LC-IMPACT report (Verones et al. 2019). The native scale chosen is the
available scale that best represents the respective spatial relevance (Mutel et al. 2018).

Modeling

Impact €ategor approach Taxonomic coverage Native spatial scale Key references
Cli mix mammals, birds, frogs, Urban (2015)
(terrestria [os siems) marginal/average reptiles, butterflies, global Joos et al. (2013)
................................................. ’ vascular plants IPCC (2013)
Climate change mix Hanafiah et al. (2011)
(freshwater ) marginal/average fish global Joos et al. (2013)
IPCC (2013)
56 world regions
Photocheg one linear vascular plants (Kml. et al. 2005; van Zelm et al. (2016)
Van Dingenen et al.
- 2009)
. o : . o o Roy et al. (2014)
Terrestrial acidification marginal vascular plants 2.0°x2.5 Azevedo et al. (2013a)
Freshwater 449 freshwater Azevedo et al. (2013b)
eutr oph\;t: ation linear fish ecoregions of the Helmes et al. (2012)

world (Abell et al.  Scherer and Pfister (2015)

This article is protected by copyright. All rights reserved.
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2008)

Marine equhicati'

Fish (bony and
cartilaginous),
crustaceans, molluscs,
echinoderms,
annelids and
cnidarians

Cosme et al. (2015)

River basins to large Cosme and Hauschild

marine ecosystems

(2016)
. (5772 Cosme and Hauschild
pairs)(Sherman et al.
1993) (2017)

Cosme et al. (2018)

Freshwater ecotoxicity

For metals: algae,
crustaceans, fish; for
organic chemicals:
freshwater species as
available in USEtox

16 subcontinental regions ~ Dong et al. (2014)
(Kounina et al. 2014) Gandhi et al. (2010)
Rosenbaum et al. (2008)

Marine @

For Be, Cs:
crustaceans; for Be,
Cr, Fe(II), Fe(I1I), Sr:
crustaceans, fish; for
Al, Mn: algae,
crustaceans, fish

16 subcontinental regions ~ Dong et al. (2016)
(Kounina et al. 2014)

Terrestria]Coxm y

(O

for Cu, Ni:
crustaceans, plants,
bacteria; for Ag:
crustaceans,
chlorophytes, bony
fish; for As(III),
As(V), Hg, Sb(III),
Sb(V), Se, Cr(VI), Sn,
Tl, V: freshwater
species as available in
USEtox; for Ba, Be,
Cd, Co, Mn, Pb, Zn,
Al, Cr(III), Fe(ID),
Fe(III), Sr: algae,
crustaceans, fish

16 subcontinental regions Owsianiak et al. (2015)
(Kounina et al. 2014) Owsianiak et al. (2013)

both marginal

mammals, birds,

804 terrestrial o dhary et al. (2015)

Land stre! reptiles, amphibians,  ecoregions (Olson et
vascular plants al. 2001)
mammals, birds,
reptiles, amphibians, 0.05° x 0.05° Verones et al. (2016)

(ecosystems)

vascular plants

[

2.6 Miner

ources. The endpoint indicator of mineral resource scarcity, is surplus ore

potential mineral), Which is reflecting the additional amount of ore that needs to be

extracted fh the future for generating a unit of a specific mineral that is extracted at present.

g

More o

to be extracted, as ore grades will decline due to mining higher-ore grades

(Mudd 2007; et al. 2012). Global endpoint factors are available for 70 minerals (Vieira

ut

et al. 2016; Vieira2018).
27V ices. In LC-IMPACT, CFs are provided for four sets, using insights from
cultural perspective theory (e.g. Goedkoop et al. (2009)). Two key aspects were specifically

addressed: the time horizon and the level of evidence of impacts. Depending on the goal and
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scope of the LCA, the LCA practitioner can choose between a set of CFs considering 100

years of impacts or longer-term impacts and between “impacts with a high degree of

scientific ¢ nce only” (i.e. certain impacts) or “all impacts included”. This results in four

possible ¢ i9is (see also Table 3). The level of evidence depends on expert judgment
N o . o .

(of the n‘!del developer and scientific literature) within each impact category and thus

inevitably Qntain some form of subjectivity. We chose 100 years as the “shorter-term”

time horizOW™8thce this is in line with current LCA practice. We believe that this makes

S

applicatio CHE$ more transparent, since they are not restricted to pre-defined perspectives

and refer explicttlly to key value choices, illustrating the consequences of these choices in the

U

outcomes 0 udy.

FY

Seven ou impact pathways so far included in LC-IMPACT provide the option to

choose whic W ential effects to include (certain impacts vs all impacts, see Table 3). For

d

fourtee thways, the considered time frame can be selected (see Table 3). Low level

of evidence 1 expected impacts or uncertainties and lack of robustness in models may be

N

reasons for excluding some potential impacts from the “certain impacts™ values. It is for

example Wlicertain whether cataract occurrences are caused by stratospheric ozone depletion

[

(Struijs et ), therefore this disease is only included in the “all impacts™ factor, but not

QO

in the “cert pacts” value. Another example is impacts from groundwater consumption

h

on ecosystems, which are more uncertain than impacts from surface water consumption due

{

to sign wer data availability (Fantke et al. 2018). Therefore, the set of “certain

impacts” chara@terization factors is a set of factors with comparably low model and

Gl

parameter u nty but neglecting impacts that are considered relatively uncertain (see also

Table 3 ded effects). The set of “all impacts” characterization factors contains all

A

possible impacts that were quantifiable, including impact pathways with lower levels of

evidence, which follows a more precautionary line of reasoning.
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Table 3: Included value choices per impact category. If time horizons were not relevant (short-term
impacts), this is indicated with “not relevant”, meaning that this is not considered relevant for cumulative
exposure over a period of at least 100 years. If two or more sets of CFs have the same values for different

value choicicategoies, this is indicated with merged cells.

Impact cate all impacts, long-

all impacts, 100 certain impacts,

certain impacts,

term years long-term 100 yrs
Time horizon: 1000 Time horizon: Time horizon: 1000 Time horizon:
S 100 yrs yIs 100 yrs
I I Included effects: Included effects:

. diarrhoea, malaria,
climate cha

diarrhoea, malaria,

coastal flooding, coastal flooding, Included effects: Included effects:
(human hea i .\ . . . .
malnutrition, malnutrition, diarrhoea, malaria, diarrhoea, malaria,
cardiovascular cardiovascular coastal flooding coastal flooding
diseases, inland diseases, inland
......................................................... flooding flooding
Time horizon: 1000 Time horizon: Time horizon: 1000 Time horizon:
climate cha yrs 100 yrs yrs 100 yrs
(terrestrial Included effects: Includgd effects: Included effects: Includgd effects:
ecosystems) AR all species S all species
all species included . all species included .
...................................................... lnCluded ln(:llIded
Time horizon: 1000 Time horizon: . . . .
. Time horizon: - Time horizon: -
climate cha yrIs 100 yrs
(freshwater Included effects: Included effects:  Included effects: Included effects:
ecosystems), impacts on fish impacts on fish not considered due ~ not considered due
......................................................... below 42° latitude below 42° latitude _to uncertainty to uncertainty
Time horizon: Time horizon: Time horizon: Time horizon:
stratospheri infinite : 1(1)31 yfised et infinite 100 yrs
depletion Included effects: u . *  Included effects: Included effects:
. cataract, skin . .
cataract, skin cancer skin cancer skin cancer
cancer
Time horizon: Time horizon: Time horizon: Time horizon:
100,000 yrs 100 yrs 100,000 yrs 100 yrs
Included effects: Included effects:
. Cancers: Thyroid,
Cancers: Thyroid,
bone marrow, lung bone marrow,
’ > lung, breast, Included effects: Included effects:

breast, bladder,
colon, ovary, skin,
liver, oesophagus,
stomach, bone
surface and
remaining cancer.
Hereditary disease

ionising \'&

bladder, colon,
ovary, skin, liver,
oesophagus,
stomach, bone
surface and
remaining cancer.
Hereditary disease

Cancers: Thyroid,
bone marrow, lung
and breast.
Hereditary disease

Cancers: Thyroid,
bone marrow, lung
and breast.
Hereditary disease

"ﬁﬁb"ib'éf{%
formatioM
health)

Time horizon: not relevant

Included effects: respiratory mortality

photochemical 0z
formation (terrestri
ecosystems)

U

Time horizon: not relevant

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

Time horizon: not relevant

particulate
formation

NH3 and NOx

Included effects: cardiopulmonary and
lung cancer mortality due to primary
PM2.5 and secondary aerosols from SO2,

PM2.5

Time horizon: not relevant

Included effects: cardiopulmonary and
lung cancer mortality due to primary

terrestrial acidification

Time horizon: not relevant
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Included effects: reduction of plant species richness due to NOx, NH; and SOx
emissions to air

freshwat#

eutrophicatio

Time horizon: not relevant

Included effects: reduction of fish species richness due to P emissions to water

marine eﬁr(sm

Time horizon: not relevant

Included effects: hypoxia-driven reduction of marine animal species richness due to

dissolved inorganic nitrogen (DIN) emissions

S

human toxici
(carcinogeni

U

Time horizon:
infinite

Included effects:
via inhalation and
ingestion exposure,
all potentially
carcinogenic
substances from
IARC

Time horizon:
100 yrs (relevant
for metals)

Included effects:
via inhalation and
ingestion exposure,
all potentially
carcinogenic
substances from
IARC

Time horizon:
infinite

Included effects:
via inhalation and
ingestion exposure,
only substances with
strong evidence for
carcinogenicity
(TARC-category 1,
2A and 2B)

Time horizon:
100 yrs (relevant
for metals)
Included effects:
via inhalation and
ingestion exposure,
only substances
with strong
evidence for
carcinogenicity
(IARC-category 1,
2A and 2B)

human toxicity (
carcinogeni

Time horizon:
infinite (relevant for
metals)

Included effects:
via inhalation and
ingestion exposure

Time horizon:
100 yrs

Included effects:
via inhalation and
ingestion exposure

Time horizon:
infinite (relevant for
metals)

Included effects:
via inhalation and
ingestion exposure

Time horizon:
100 yrs

Included effects:
via inhalation and
ingestion exposure

freshwater

L

Time horizon:
infinite

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

Time horizon:
100 yrs (relevant
for metals)
Included effects:
affected fractions
via exposure to
toxic chemicals in
freshwater

Time horizon:
infinite

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

Time horizon:
100 yrs (relevant
for metals)
Included effects:
affected fractions
via exposure to
toxic chemicals in
freshwater

marine ecot@Xicity

Time horizon:
infinite (relevant for
metals)

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

Time horizon:
100 yrs

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

Time horizon:
infinite (relevant for
metals)

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

Time horizon:
100 yrs

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

terrestrial ecoto

i
e
-,
<L

Time horizon:
infinite (relevant for
metals)

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

Time horizon:
100 yrs

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

Time horizon:
infinite (relevant for
metals)

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

Time horizon:
100 yrs

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

land stress
(occupation)

Time horizon: not relevant

Included effects: occupation of 6 land use types
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Time horizon: total
recovery times (up

to 1200 yrs,
land stress depending on
(transfori“ ecosystem)

Included effects:
transformation of 6
nd use types

Time horizon: total

. . recovery times (uj
Time horizon: Y (up

to 1200 yrs,
100 yrs depending on
ecosystem)
Included effects: Included effects:

transformation of 6
land use types

transformation of 6
land use types

Time horizon:
100 yrs

Included effects:
transformation of 6
land use types

%

ime horizon: not
relevant

Included effects:
surface water and
groundwater
consumption
impacts on wetlands

Time horizon: not Time horizon: not

relevant relevant

Included effects:

surface water and  Included effects:
groundwater only surface water
consumption consumption
impacts on impacts on wetlands
wetlands

Time horizon: not
relevant

Included effects:
only surface water
consumption
impacts on
wetlands

water stress {human

Time horizon: not relevant

Included effects: Malnutrition

health)
Time horizon: not
mineral resources used
. Included effects:
extraction

uses ‘ultimately
extractable reserves’

Time horizon: not Time horizon: not
used used

Included effects: Included effects:
uses (economic) uses ‘ultimately
‘reserves’ extractable reserves’

Time horizon: not
used

Included effects:
uses (economic)
‘reserves’

N

The two

scenarios are “long term impacts with all levels of evidence” (i.e. all
impacts, long-t€fm) and “short term impacts with high level of evidence” (i.e. certain
impacts, 100% time horizon). These two scenarios are recommended as a minimum to be
includ A study. The other two scenarios are added for completeness and as
courtesy t!practitioners to provide further freedom in the application of LC-IMPACT.

2.8 Char ion factors. Figure 2 provides maps for a few example impact categories.
Note th£pending on the chosen native scale, the size of the individual regions varies. For
particu]M (PM) emissions, characterization factors are high for regions with high
populatio es and consequently indicate higher damage per emission unit. Impacts of
water consum on human health (Figure 2b) are high in regions where water is scarce,
popula sity is high and possibilities to offset impacts (e.g. by importing food) are

small. High CFs for land occupation are found on islands (high species endemism, thus

vulnerable regions) and in tropical regions (high species richness). Some regions with high
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species richness and vulnerability correlate as well with the water consumption impacts on

ecosystem quality (e.g. Australia), while in general, the impacts of water consumption are

dominate density of wetlands included in the model (e.g. high in the US).
e 3 P ] - = -
oo \\*“’ T o
l 94E-5 ¥ ' 7.76-09 .' I'
a) b)
e+ irorfmt) - * » '{, “i’:::ﬁm Tl t" » ’ i\'.,
l (’ ’ o N # s fh ‘;’( Wy
g o I g/ v’ “ _
J a
Figure 2: E p s for characterization factors (CF) for a) human health impacts of particulate matter (PM2.5)

emissions (D ) human health impacts of water consumption (DALY/m?®), ¢) impacts on ecosystem quality
from land occupation by annual crops (PDF/m?% and d) impacts on ecosystem quality from water consumption

Underlying
Information file
Note: D

d to create this figure are the characterization factors which are available Supporting
-IMPACT _case_study.zip
sability adjusted life years; PDF= potentially disappeared fraction

3. Applicsion example

3.1 Descripgiem. As an illustrative case study, we compared the impacts from different fuel
options. T ional unit was defined as driving one passenger kilometer in a Euro 5 car in
Europe£edwith petrol or biofuel. We compare the following options: low sulfur petrol in
Europew with bioethanol from sugarcane produced in Brazil and E85 fuel with
bioethano@ed from maize in the US. Transport of the bioethanol from US and Brazil to
Europe was assumaed to take place via truck, then ship and truck again. Petrol is taken directly
from t@t activity "transport of petrol, low-sulfur" and includes transport inputs via
ships, pipeline, train and truck. We assumed that ethanol substitutes 1:1 for petrol on an

energetic basis in modern, fuel-injected cars (1J equals 1J) (Strogen et al. 2014; Yan et al.

This article is protected by copyright. All rights reserved.
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2013). However, due to the lower energy density of ethanol compared to petrol, 1 kg of petrol
is equivalent to 1.46 kg of ethanol. Emissions from the combustion of bioethanol differ from
low-sulfur |. However, this difference was difficult to summarize, as it depends on,
among otaengine type, driving patterns, and climate. Given this uncertainty, we
N , , . , o
made the sugh assumption that bioethanol contains effectively no sulfur (no SO, emission)
(Masum Q)B; Pelkmans et al. 2011; Sadeghinezhad et al. 2014). We neglected

differences ce of fuels and resulting changes in consumption, as well as differences in

evaporatiwmns between petrol and ethanol. We also did not consider that the 15%

conventional petgol in E85 would cause changes in refinery operation, as petrol could be of

lower quali e lower octane level) and thus be cheaper and avoid production of special
octane-inﬂadditives.

Informati yield, production areas and irrigation for maize and sugarcane was taken
from al. (2008) and Pfister et al. (2011).

We chose th for climate change, land occupation, water stress, and particulate matter

formation as 1mpact categories for the illustrative purpose of the case study. First, we used
marginal and “all effects” for the CFs in all categories. Time horizon was not relevant for
land occhater stress and particulate matter, but was relevant and included for climate
change. A ction between “certain effects” and “all effects” was possible for climate

change ‘es;;t for freshwater ecosystems, which are only included when “all effects” are

used) aﬁa‘te matter formation. All CFs except climate change provided both site-

generic an@alized CFs. The CF values used were downloaded from www.lc-impact.eu
in August We used ecoinvent 3.5 (Wernet et al. 2016) with the cutoff allocation
approac ckground database. Calculations for the case study were done in the LCA
software Brightway 2 (Mutel 2017). A supporting zip-file provides the notebooks for running

the calculations.
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3.2 Application example results. Figure 3a and Figure 4a show the human health impacts
for the three fuel options. Climate change is the dominating impact. There is up to a factor 4
differenH:n the three fuel options. Differences between site-dependent and site-
generic i mall (see SI). Contributions between the two extreme scenarios (“all

effects ang infinite time horizon” vs. “certain effects and 100 years time horizon™) vary,

without c]@he order of importance.

For impacmlestrial ecosystem quality (Figure 3a and Figure 4b) climate change is also
an import tributor to the impact. In site-dependent assessments, land occupation
increases in relegance. Between impacts of site-dependent vs site-generic land occupation

there is u tor 80 difference in the results (sugarcane). Contributions between the two

extreme scenarios (“‘all effects and infinite time horizon” vs. “certain effects and 100 years

time horimy, without changing the order of importance.

For freshwa system quality (Figure 4c and Figure 3¢), impacts from water consumption
only h ence of maximum a factor of 3 between site-generic and site-dependent
assessmer! Climate change remains an important contributor, but less so than for the other
two areas tection (and no CFs exist for “certain effects” here). The reason for maize
having do water impacts as opposed to land stress is that a large share of maize

productio!m the US is taking place in comparably dry regions with high irrigation needs (in

analoanderson et al. (2017)) and high related CFs, while the respective land use

CFs are ST the US.
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Figure 3: Results of the illustrative case study for the different areas of protection and sets of CFs: a) Human health,
b) terrestrial ecosystems, ¢) aquatic ecosystems. For more information and the exact numbers, see SI. Human health
results in DALY, ecosystem quality results in PDF-yr. Time horizons are only relevant for climate change in the
included coll Fs.

Underlying datagased to create this figure can be found in the Supporting Information S1 (6162fvSr-Supp Info
S1.xlIsx, tab
Note: DAL

adjusted life years; PDF = potentially disappeared fraction of species; TH= time horizon

Differ en “certain effects” and “all effects” are most pronounced for climate

change inipacts on aquatic ecosystems (see SI and Figure 4), since no CFs exist for the

2

Uit

“certain e et, due to the low level of evidence of the underlying models. CFs for

climate impacts are global and site-generic. However, the rank order of the most

A

relevant inve values changes between site-generic and site-dependent assessment, also

causing a difference in climate change related impacts.
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site-generic site-dependent

CFs used:

L0: no difference between effects
‘and time horizon

€C: no difference between
effects, TH=infinite

c)

site-generic site-dependent

o 100

50
CFrused:
CC: st affcts,
] THenfinte
b A

WS: al effects, THanat
relevant

ancl  (Euros
o

I f) - et

Figure 4: C on between the relative contributions of impacts of driving a car in Europe for 1 km with
different fue or the two extreme scenarios of the selected impact categories: a) for human health impacts
(“all impact§y TH=infinite”); b) for human health impacts (“certain impacts, TH=100 years”); c) for terrestrial
ecosystem quakity impacts (“all impacts, TH=infinite”) and d) for terrestrial ecosystem quality impacts (“certain

effects, TH= years); e) for aquatic ecosystem impacts (“all effects, TH=infinite”); f) for aquatic ecosystem impacts
(“certain imp 100 years”). Note that TH can be “not relevant” for categories and that climate change does
not have sp4 erentiated CFs and that there is no climate change impact for “certain impacts” for aquatic

ecosystems (S€e
For more detailed re
S1.xlsx).
Note: CF= rization factor; TH=time horizon; CC= climate change; WS= water stress; PM=particulate
matter; LO=land ation

).
sults and the underlying data for this figure, see Supporting Information S1 (6162fvSr-Supp Info

As me erences between site-generic and site-dependent scores are most important
for land sfss (see Supporting Information S1, Excel file on case study), followed by water
stress, whi are less pronounced for particulate matter formation (Figure 4a). This is
because fi late matter impacts, the scale of regionalization is coarser (see Table 1 and
Table 2) than for water and land stress and larger than individual countries. This means that
the gloW 1s more similar to the regionalized values than for impact categories with
finer spatgs. For water and land stress, native regions for the site-dependent values
(terrestrial ecorggions and watersheds, see Table 2) are in most cases smaller than countries
and th ce the country and global averages more strongly.

Examples for regionalized results for maize and sugarcane production across several

terrestrial ecoregions or watersheds, respectively are shown in Figure5 (i.e. an overlay of the
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multiplication of the regionalized inventory and the regionalized CF). The contribution of
impact between the terrestrial ecoregions (Figure 5a,c) varies both because of differences in
the LCI an LCIA model, since the area used for growing sugarcane and maize and the
harvested s within Brazil and the US (data from Monfreda et al. (2008)). The
develolz:ds_;Fsvary as well between the ecoregions, due to differences in land use shares,
species richmessygnd the rarity and threat level of species. The same is true for impacts from
water con on (Figure 5b,d), where differences in irrigation intensity, as well as
differenc ween CFs drive the results. To get from regionalized results per ecoregion to

one value (as prégented in Figure 4), the impacts of each ecoregion or watershed are summed.

Maize - land use
Percentage of total impact

oS-

Sugarcane - land use
Percentage of total smpact
.-t

-z

24

M-8

-6

318-32

c)

Contributj ccupation impacts from maize production in the US, b) Contribution to water consumption
impacts of maize production in the US, ¢) Contribution to land occupation impacts from sugarcane production in

Brazil, d) Cjto water consumption impacts from sugarcane production in Brazil. Each impact is shown on

Figure5: Ex]Fples oicontributions of different spatial components to impacts of terrestrial ecosystem quality: a)

a terrestrial ecoregioh or watershed level (native scale for land stress and water consumption impacts). The
black/white

Monfreda et al (200
Underlying d

erlying the maps shows the land use intensity and irrigation intensity, respectively from
nd Pfister et al. (2011).
ot this figure is found in the Supporting Information (SI_LC-IMPACT _case_study.zip).

When ¢ from site-generic to site-dependent impacts, there might also be a change in
the process contributing most to the impact and the contributing share of each process (see

Supporting Information S1, Excel file for case study). This is, for example, the case for
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sugarcane ethanol production contributing to impacts from fine particulate matter formation,

which switches from clear-cutting of primary forest to electricity production from coal as the

dominant 1 . For land occupation impacts on ecosystems from maize-based ethanol, for
example, i@ production is contributing most to the site-dependent impact (78 %). If
N

a site-gengic assessment is used, the same process is responsible for 85% of the impacts.
Overall, thgscomglusions based on either regionalized or generic assessments might differ. Of
the 4 setspegionalized vs. generic results for human health, terrestrial ecosystems and
aquatic e emls (see Figure 3), one to two sets each would lead to a different conclusion

in terms OEK order of these overall impacts.

4. Discussi

4.1 Practica asiects of using LC-IMPACT. All LC-IMPACT impact categories, except for

climate c izing radiation and stratospheric ozone depletion, provide CFs with spatial
detail. ustrated in the case study, these spatial aspects can indeed be relevant. However,
most o s commercially used LCA software tools and life cycle inventory databases do

not handle spatially differentiated data well, being mostly restricted to country scales. This
hampers t er applicability of LC-IMPACT, at least for use in background systems.
We provig @ and raster files, as well as GoogleEarth layers for all regionalized impact
categories Jc-impact.eu. It is thus possible to extract the relevant regionalized CFs

from t for a foreground system. However, in future, LCA software tools will be

I

able to irjﬁe the aggregated country, continental and global values for easier use in

backgrou ms. One software system that is able to handle the fully spatially-
differenti Fs, and has incorporated them for the use in the case study here, is Brightway

2 (Mutel 201
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Albeit optional, one commonly-used step of the LCIA phase is normalization, which in the
case of external normalization, requires normalization references, preferably global in their
scope (Piz t al. 2017). For LC-IMPACT, as well as for all regionalized LCIA
methodol termination of external normalization references adds some challenges
because- igmy data at native scales should ideally be used to determine accurate
normalizatign references. Such data are however largely lacking worldwide. For some impact
categories ated with a few well-monitored substances, like NOx, SOx and NHj3 for
terrestrial ifigation, data are readily available and global normalization references can
thus be co@with relative ease and good accuracy (Crenna et al. 2019). For other impact
categories, Li toxicity-related impacts, which stem from thousands of substances that are
poorly mﬁ in most countries, the building of a comprehensive global emission
inventorym major uncertainties due to data gaps and extrapolation needs (Leclerc et al.
2019). is therefore needed to tackle those issues.

Unceﬂ§t5 are also important to include in LCIA models. Many impact categories,
such as climate change, are based on data from existing scientific literature. Depending on
how datahported in these original sources, quantitative uncertainties can only be

reported ited extent. In LC-IMPACT, uncertainty is therefore discussed in a

qualitativ r all impact categories (see LC-IMPACT report for more details, www.lc-

impact€a): ts contributing to uncertainties include limited knowledge of the exact

i

impact m ism (e.g. for the number of species or river discharge change related to climate
1

change a pects related to population levels and susceptibility (e.g. human health
impact zone depleting substances vary according to melatonin content of the skin), or

limited numberS*®f compartments for fate modelling (e.g. for toxicity or ionizing radiation).

Land stress includes an additional quantitative uncertainty assessment.
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4.2 Qualitative comparison with ReCiPe 2016 and ImpactWorld+. LC-IMPACT has 11
broad impact categories, some of which further distinguish between e.g. different ecosystem
types for i (e.g. toxicity). All of them are on endpoint level only. In terms of coverage
of endpoi&s, LC-IMPACT and ReCiPe 2016 (Huijbregts et al. 2017) share the
N o .
same catesrles for impacts on human health and ecosystem quality, in some cases with the

same undwﬂodels and assumptions (e.g. climate change). ReCiPe 2016 covers both

fossil and al resources in the resources section and uses the metric “surplus cost
potential”Wsed to the surplus ore potential used in LC-IMPACT). LC-IMPACT and
ImpactWor lle et al. 2019) share 17 common endpoint categories (“recommended” in

ImpactWEte that the underlying models in each category might be different though).

Four cate at are covered in LC-IMPACT are either not covered or covered with an
“interim” m in ImpactWorld+ (photochemical ozone formation on terrestrial
€Ccosys ine and terrestrial ecotoxicity, and mineral resources extraction). On the
other hand, | tWorld+ has four “recommended” endpoint categories that are not covered

in LC-IMPACT (marine and freshwater acidification, thermally polluted water, and impacts

of ionizin&adiation on ecosystem quality).

One of tst conceptual differences between LC-IMPACT vs. ReCiPe2016 and
ImpactW issthe use of vulnerability factors to consistently address the global extinction
of spe;v\s of damage metrics, LC-IMPACT uses the global PDFs as metric for
biodive%ts, thus number of species committed to global extinction, relative to the
total. By , ReCiPe2016 combines absolute species loss at the local, regional and
global ¢ species.yr. In addition, we do not use the cultural perspectives used in
ReCiPe in LC-IMPACT, but instead provide four sets (depending on the impact category) of
characterization factors, distinguishing between time horizons and different effects. This
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makes value choices more explicit and allows, but does not prescribe, a mix of value choices.
Finally, LC-IMPACT does not provide midpoint characterization factors, contrary to ReCiPe
2016 andﬁWorldﬂ since midpoint factors are not available yet in a consistent way
across all mpact categories. Regionalization may lead to different results on mid-
and end-p Tevels, especially if not all regionally relevant mechanisms are already included
in the midgoinmgalculation. In addition, there is for some indicators an ambiguity of which
indicator mn the cause-effect chain) would be best suited as a midpoint indicator.
These are w\at need to be further investigated to come up with a robust set of midpoint
indicators@ details can be found in the qualitative LCIA method comparison tables by
Rosenbauﬁ) providing an in-depth comparison of available and current LCIA methods

including ACT and ImpactWorld+.

4.3 Livinmi. We consider LC-IMPACT to be a “living” method. That means that we
strive uding new impact pathways and improve already covered impact pathways on a
regular, . The current version 1.0 of LC-IMPACT is available both on the website

(www.lc-impact.eu) and as a zip-file on Zenodo (10.5281/zenodo.3663305). Potential new

developmhfuture incorporation include those from the EU-FP7-funded LC-IMPACT

project tht yet considered to be mature at a global level, such as human health
impacts d ise. Prerequisites for including new impact pathways are that they are
consist he modelling framework of LC-IMPACT (e.g. include aspects of
VulnerabilHistently), and that they are spatially differentiated (if appropriate) and
available al scale. We therefore encourage method developers to inform us about
models Ifill these requirements by contacting us through the website (www.lc-

impact.eu), in r to integrate them and further the development of LC-IMPACT. Quality

and consistency checking will then be carried out in collaboration between the developers of

This article is protected by copyright. All rights reserved.
27


http://www.lc-impact.eu/
http://www.lc-impact.eu/
http://www.lc-impact.eu/

the new impact category and members of the LC-IMPACT team. The user will be informed
of changes through updated version numbering on the LC-IMPACT website and on Zenodo.

Older Vel‘Slﬁﬂl, however, remain available. We encourage practitioners to apply LC-

IMPACT e studies and share their experiences, in order to further strengthen and
_ N E— : ‘ . . .

improve ts method. The method is recommended especially if the focus is placed on impacts
on global Qc' extinctions, even though LC-IMPACT can be generally applied for any
damage le essment. By providing a living and spatially differentiated LCIA method we

strive to fi ntribute to the reliability and relevancy of LCA studies.

S

4.4 Outloo CIA method is complete in terms of coverage of, or level of detail within,

Lé

impact cate today. As mentioned, impacts such as aspects of noise (also for ecosystem

F'E

quality), i species, salinization, plastics, ocean acidification, specific ocean climate

change, dm)dlutants/toxicants and their potential synergies, as well as issues such as

impact stem services remain lacking and require more research. Other impact

categories (s s water consumption and land stress) do cover some impacts today, but
could be complemented to cover more impact pathways. In addition, further development is
needed fosiegionalized midpoint indicators, including the spatial dilemma these may cause
in comparQhe endpoints and the completion of both marginal and average models for
all (present

ture) impact categories.

Ackno ts

We would li hank John S. Woods for English proofreading.

This article is protected by copyright. All rights reserved.
28



5. References

T

Abell, R., e, C. Revenga, et al. 2008. Freshwater Ecoregions of the World: A New Map of
Biogeogra Freshwater Biodiversity Conservation. BioScience 58(5): 403-414.

AIcamoH., . , 1. Henrichs, F. Kaspar, B. Lehner, T. Rosch, and S. Siebert. 2003. Development and
testing of 2 gobal model of water use and availability. Hydrological Sciences Journal 48(3):

317-337.

Azevedo, Lum Zelm, A. J. Hendriks, R. Bobbink, and M. A. J. Huijbregts. 2013a. Global
assessmen effects of terrestrial acidification on plant species richness. Environmental
Pollution 1@4.470-25.

Azevedo, LB, R™an Zelm, P. M. F. Elshout, A. J. Hendriks, R. S. E. W. Leuven, J. Struijs, D. De Zwart,

and M. A.J ij ts. 2013b. Species richness - phosphorus relationships for lakes and streams
worldwide. cology and Biogeography 22(12): 1304-1314.

Bulle, C., i, L. Patouillard, et al. 2019. IMPACT World+: A globally regionalized Life Cycle
Impact Ass method. International Journal of LCA.

Chaudhary§aA., rones, L. De Baan, and S. Hellweg. 2015. Quantifying Land Use Impacts on

Biodive
49(16):

ing Species-Area Models and Vulnerability Indicators. Environ. Sci. Technol.

Cosme, Hauschild. 2016. Effect Factors for marine eutrophication in LCIA based on

species sensitivity to hypoxia. Ecological Indicators 69: 453-462.

Cosme, N. @hd M. Z. Hauschild. 2017. Characterization of waterborne nitrogen emissions for marine
eutrophica elling in life cycle impact assessment at the damage level and global scale. The

Internatio | of Life Cycle Assessment: 1-13.

Cosme, N., i, and M. Z. Hauschild. 2015. Exposure factors for marine eutrophication impacts

assessmen n a mechanistic biological model. Ecological Modelling 317: 50-63.
Cosme, N., E. Maygrga, and M. Z. Hauschild. 2018. Spatially explicit fate factors for waterborne
nitrogen at the global scale. Int. J. Life Cycle Assess. 23(6): 1286-1296.

Crenna E, Secchi Benini L, Sala S. 2019. Global environmental impacts: data sources and
methodol ices for calculating normalisation factors. International Journal of LCA, p.1-27,
doi.org/10. 367-018-1534-9

De Schryv _, K. W. Brakkee, M. J. Goedkoop, and M. A. J. Huijbregts. 2009. Characterization
Factors for Global Warming in Life Cycle Assessment Based on Damages to Humans and Ecosystems.
Environ. Sci. Technol. 43(6): 1689-1695.

This article is protected by copyright. All rights reserved.
29



De Schryver, A. M., R. Van Zelm, S. Humbert, S. Pfister, T. E. McKone, and M. A. J. Huijbregts. 2011.
Value Choices in Life Cycle Impact Assessment of Stressors Causing Human Health Damage. Journal

of Industrial ECOIOiiI 15(5): 796-815.

Dong, Y., N. Gaiadhi, and M. Z. Hauschild. 2014. Development of Comparative Toxicity Potentials of
@ freshwater. Chemosphere 112: 26-33.

14 cationic

Dong, Y-Rmbaum, and M. Z. Hauschild. 2016. Assessment of Metal Toxicity in Marine
Ecosystem;Comparative Toxicity Potentials for Nine Cationic Metals in Coastal Seawater.

Environme ce & Technology 50(1): 269-278.

Fantke, P.
Journal of Life

liet. 2016. Life cycle human health impacts of 875 pesticides. The International
cle Assessment 21(5): 722-733.

Fantke, P.,
Cycle Impa ment. Environmental Toxicology and Chemistry.
Frischknec raunschweig, P. Hofstetter, and P. Suter. 2000. Human health damages due to

ionising radl'ﬁ life cycle impact assessment. Environmental Impact Assessment Review 20(2):

no, J. Bare, et al. 2018. Toward Harmonizing Ecotoxicity Characterization in Life

159-189.

Gandhi, N., RDiamond, D. van de Meent, M. A. J. Huijbregts, W. J. G. M. Peijnenburg, and J.

ethod for Calculating Comparative Toxicity Potential of Cationic Metals in

Freshwater: A ation to Copper, Nickel, and Zinc. Environmental Science & Technology 44(13):

5195-5

Goedkoop PHeijungs, M. A. J. Huijbregts, A. De Schryver, J. Struijs, and R. van Zelm. 2009.
ReCiPe ycle impact assessment method which comprises harmonised category
indicators at the midpoint and endpoint levels. First edition. Report i: Characterization. The

Netherlan;. Ruimte en Milieu, Ministerie van Volkshuisvesting, Ruimtelijke Ordening en
Milieubeh

Hanafiah, m A. Xenopoulos, S. Pfister, R. S. Leuven, and M. A. J. Huijbregts. 2011.
Characteriza actors for Water Consumption and Greenhouse Gas Emissions Based on
Freshwmcies Extinction. Environ. Sci. Technol. 45(12): 5572-5278.

Hauschifd W=z M. A. J. Huijbregts. 2015. Life Cycle Impact Assessment. Edited by W. Klopffer
and M. HA Compendium - The Complete World of Life Cucle Assessment: Springer.

Hayashi, K., A. Nalagawa, N. Itsubo, and A. Inaba. 2006. Expanded Damage Function of Stratospheric
Ozone Depj’ Cover Major Endpoints Regarding Life Cycle Impact Assessment (12 pp). The

International | of Life Cycle Assessment 11(3): 150-161.

M. A. J. Huijbregts, A. D. Henderson, and O. Jolliet. 2012. Spatially explicit fate
ous emissions to freshwater at the global scale. International Journal of LCA 17:

Helmes, R®
factors of phosp
646-654.

This article is protected by copyright. All rights reserved.
30



Henderson, A. D, A. C. Asselin-Balencon, M. Heller, L. Lessard, S. Vionnet, and O. Jolliet. 2017.
Spatial Variability and Uncertainty of Water Use Impacts from U.S. Feed and Milk Production.
Environmental Science & Technology 51(4): 2382-2391.

Huijbregts, ., S. Hellweg, and E. Hertwich. 2011. Do We Need a Paradigm Shift in Life Cycle

Assessme n. Sci. Technol. 45: 3833-3834.

Huijbreﬁs,“Z. J. N. Steinmann, P. M. F. Elshout, G. Stam, F. Verones, M. Vieira, M. Zijp, A.
HoIIander,Sd R. van Zelm. 2017. ReCiPe2016: a harmonised life cycle impact assessment method at

midpoint a int level. The International Journal of Life Cycle Assessment 22(2): 138-147.

IPCC. 20138Climatg Change 2013: The Physical Science Basis. Contribution of Working Group | to the
Fifth Assessm eport of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Ca idge, Wnited Kingdom and New York, NY, USA:

SC

IUCN, (Inte
List of ThreatenedSpecies. http://www.iucnredlist.org/. Accessed 11 November 2013.

Union for Conservation of Nature and Natural Resources). 2013. The IUCN Red

Ui

Joos, F., R. . Fuglestvedt, et al. 2013. Carbon dioxide and climate impulse response functions
for the computation of greenhouse gas metrics: a multi-model analysis. Atmos. Chem. Phys. 13(5):
2793-2825°

A

Kassebaunjj N! AroraR. M. Barber, et al. 2016. Global, regional, and national disability-adjusted
life-years (DAL r 315 diseases and injuries and healthy life expectancy (HALE), 1990-2015: a

system or the Global Burden of Disease Study 2015. The Lancet 388(10053): 1603-1658.

Klopffer, W - Life Cycle Assessment. From the Beginning to the Current State. Environmental
n Research 4(4): 223-228.

Vi

Science

Kounina, A, M. Margni, S. Shaked, C. Bulle, and O. Jolliet. 2014. Spatial analysis of toxic emissions in
LCA: A sub- inental nested USEtox model with freshwater archetypes. Environment International
69: 67-89.

[

O

Krol, M., S.
Dentener, rgamaschi. 2005. The two-way nested global chemistry-transport zoom model
TM5: algorithm and applications. Atmos. Chem. Phys. 5(2): 417-432.

ng, B. Bregman, M. van den Broek, A. Segers, P. van Velthoven, W. Peters, F.

i

Leclerc cchi M., Laurent A., 2019. Building national emission inventories of toxic
pollutants ih Europe. Environment International. DOI: 10.1016/j.envint.2019.03.077

|

bl

Masum, B. M., H Masjuki, M. A. Kalam, I. M. Rizwanul Fattah, S. M. Palash, and M. J. Abedin.
2013. Effect of et
Energy i

nol—gasoline blend on NOx emission in Sl engine. Renewable and Sustainable
4:209-222.

Monfreda, C.,

“Ramankutty, and J. A. Foley. 2008. Farming the planet: 2. Geographic distribution of
crop areas, yields, physiological types, and net primary production in the year 2000. Global

Biogeochemical Cycles 22(1).

This article is protected by copyright. All rights reserved.
31



Mudd, G. 2007. An analysis of historic production trends in Australian base metal mining. Ore
Geology Reviews 32(1-2): 227-261.

Mutel, i Patouillard, et al. 2018. Overview and recommendations for regionalized life
cycle impac sment. The International Journal of Life Cycle Assessment.

Mutel, C. L ightway: an open source framework for Life Cycle Assessment. The Journal of
Open SwrWre 2(12): 236.

Olson, D. Mrstein, E. D. Wikramanayake, et al. 2001. Terrestrial Ecoregions of the World: A
New Map wEarth (Note: data update from 2004 used). BioScience 51(11): 933-938.

Owsianiak, Rosenbaum, M. A. J. Huijbregts, and M. Z. Hauschild. 2013. Addressing
Geographig¥a ity in the Comparative Toxicity Potential of Copper and Nickel in Soils.
Environme ighce & Technology 47(7): 3241-3250.

Owsianiak, M., P.&, Holm, P. Fantke, K. S. Christiansen, O. K. Borggaard, and M. Z. Hauschild. 2015.

Assessing ive terrestrial ecotoxicity of Cd, Co, Cu, Ni, Pb, and Zn: The influence of aging and
emission so vironmental Pollution 206: 400-410.

Pelkmans, aers, J. Bruyninx, K. Scheepers, and I. D. Vlieger. 2011. Impact of biofuel blends
on the emissigaseiff modern vehicles. Proceedings of the Institution of Mechanical Engineers, Part D:

Journal of Autd ile Engineering 225(9): 1204-1220.

C

Pfister, er. 2014. Monthly water stress: spatially and temporally explicit consumptive
water foo lobal crop production. Journal of Cleaner Production 73: 52-62.
Pfister, A. Koehler, and S. Hellweg. 2011. Environmental Impacts of Water Use in Global

Crop Production: Hotspots and Trade-Offs with Land Use. Environ. Sci. Technol. 45(13): 5761-5768.

Pfister, S., A Koehler, and S. Hellweg. 2009. Assessing the Environmental Impacts of Freshwater
Consumptionin . Environ. Sci. Technol. 43(11): 4098-4104.

Pizzol M., ., Sala S., Weidema B., Verones F., Koffler C., 2017. Normalisation and weighting
in life cycle asS€éSsment: Quo Vadis? International Journal of Life Cycle Assessment 22, 853—-866.

Potting, J. Sd M. Z. Hauschild. 2004. Background for spatial differentiation in life cycle impact

assessmeni The EBIP2003 methodology.

Prior, T., D 4Gi . Mudd, L. Mason, and J. Behrish. 2012. Resource depletion, peak minerals and
the implications fofjsustainable resource management. Global Environmental Change 22(3): 577-
587.

Rosenb 2018. Overview of Existing LCIA Methods. In: Life Cycle Assessment - Theory and
Practice; ild MZ, Rosenbaum RK, Olsen Sl, Eds. ISBN 978-3-319-56474-6, ISBN ebook 978-3-
319-56475-3, Springer International. pp. 1147-1184.

This article is protected by copyright. All rights reserved.
32



Rosenbaum, R. K., A. Meijer, E. Demou, S. Hellweg, O. Jolliet, N. L. Lam, M. Margni, and T. E. McKone.
2015. Indoor Air Pollutant Exposure for Life Cycle Assessment: Regional Health Impact Factors for

Households. EnviroPmentaI Science & Technology 49(21): 12823-12831.

Rosenbaum, B, T. M. Bachmann, L. S. Gold, et al. 2008. USEtox - the UNEP-SETAC toxicity model:
dfacterisation factors for human toxicity and freshwater ecotoxicity in life cycle
. J. Life Cycle Assess. 13: 532-546.

Roy, P.—O.,g B. Azevedo, M. Margni, R. van Zelm, L. Deschénes, and M. A. J. Huijbregts. 2014.
Characteri tors for terrestrial acidification at the global scale: A systematic analysis of

spatial varigbility amd uncertainty. Science of the total environment 500-501: 270-276.

Sadeghinezhad, E., S. N. Kazi, F. Sadeghinejad, A. Badarudin, M. Mehrali, R. Sadri, and M. Reza Safaei.
2014. A cowwe literature review of bio-fuel performance in internal combustion engine and
n

relevant co vement. Renewable and Sustainable Energy Reviews 30: 29-44.

Scherer, L. and S. sl'ster. 2015. Modelling spatially explicit impacts from phosphorus emissions in
agriculture® ernational Journal of Life Cycle Assessment 20(6): 785-795.

Sherman, l!: L. M. Alexander, and B. D. Gold. 1993. Large marine ecosystems: stress, mitigation and

sustainabil ington DC: NOAA, IUCN.

Strogen, BJIS. za, and J. R. Lidicker. 2014. Comment on “Effects of Ethanol on Vehicle Energy
Efficiency and | cations on Ethanol Life-Cycle Greenhouse Gas Analysis”. Environmental Science &
Techno 99950-9952.

1k, H. Slaper, H. J. van Wijnen, G. J. M. Velders, G. Chaplin, and M. A. J. Huijbregts.
ime-Explicit Human Damage Modeling of Ozone Depleting Substances in Life
Cycle Impact Assessment. Environ. Sci. Technol. 44(1): 204-209.

Toffoletto,Mle, J. Godin, C. Reid, and L. Deschénes. 2007. LUCAS - A New LCIA Method Used
for a Canadi cific Context. The International Journal of Life Cycle Assessment 12(2): 93-102.

Urban, M. Accelerating extinction risk from climate change. Science 348(6234): 571-573.
Van Dingerién, R., F. J. Dentener, F. Raes, M. C. Krol, L. Emberson, and J. Cofala. 2009. The global
impact agricultural crop yields under current and future air quality legislation.
Atmosanment 43(3): 604-618.

Van Dinge"éRRME. Dentener, M. Crippa, J. Leitao, E. Marmer, S. Rao, E. Solazzo, and L. Valentini.
2018. TM5-FASST 4@ global atmospheric source—receptor model for rapid impact analysis of emission

changes on air quadity and short-lived climate pollutants. Atmos. Chem. Phys. 18(21): 16173-16211.

van ZelnagB Preiss, T. van Goethem, R. Van Dingenen, and M. Huijbregts. 2016. Regionalized life
ent of air pollution on the global scale: Damage to human health and
vegetation. Atmospheric Environment 134: 129-137.

This article is protected by copyright. All rights reserved.
33



Verones, F., S. Pfister, R. van Zelm, and S. Hellweg. 2016. Biodiversity impacts from water
consumption on a global scale for use in life cycle assessment. The International Journal of Life Cycle
Assessment: 1-10.

Verones, F., SaRfister, R. van Zelm, and S. Hellweg. 2017a. Biodiversity impacts from water

consumpti @ lobal scale for use in life cycle assessment. The International Journal of Life Cycle

Verones, FSD. Moran, K. Stadler, K. Kanemoto, and R. Wood. 2017b. Resource footprints and their

ecosystem ences. Scientific Reports 7: 40743.

Verones, F<M. A. ?Huijbregts, A. Chaudhary, L. De Baan, T. Koellner, and S. Hellweg. 2015.
Harmonizing ssessment of Biodiversity Effects from Land and Water Use within LCA. Environ.

Sci. TechnWSM-ssgz.

Verones, F eg, L. B. Azevedo, et al. 2019. LC-IMPACT Version 1 - A spatially differentiated
life cycle impact as8essment approach http://www.lc-impact.eu/. Accessed 29 April 2019.

Verones, F. C. Bulle, et al. 2017c. LCIA framework and cross-cutting issues guidance within
the UNEP-SETAC Life Cycle Initiative. Journal of Cleaner Production 161: 957-967.

Vieira, M. 20
University

Vieira, . Ponsioen, M. J. Goedkoop, and M. A. J. Huijbregts. 2016. Surplus Ore Potential
as a Scarcl icator for Resource Extraction. Journal of Industrial Ecology.
Werne r, B. Steubing, J. Reinhard, E. Moreno-Ruiz, and B. Weidema. 2016. The ecoinvent

database version 3 (part I): overview and methodology. The International Journal of Life Cycle

Assessmen! 21(9): 1218-1230.
Woods, J. S., M. Damiani, P. Fantke, et al. 2017. Ecosystem quality in LCIA: status quo,

harmoniza m suggestions for the way forward. The International Journal of Life Cycle
Assessment

Yan, X., O. R Inderwildi, D. A. King, and A. M. Boies. 2013. Effects of Ethanol on Vehicle Energy
Efficien ications on Ethanol Life-Cycle Greenhouse Gas Analysis. Environmental Science &

Tech noIW5535—5544.

-
<C

@ssil and mineral resource scarcity in Life Cycle Assessment. PhD thesis, Radboud
, the Netherlands.

This article is protected by copyright. All rights reserved.
34



