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Abstract

Purpose Life cycle impact assessment (LCIA) is a field of
active development. The last decade has seen prolific pub-
lication of new impact assessment methods covering many
different impact categories and providing characterization
factors that often deviate from each other for the same
substance and impact. The LCA standard ISO 14044 is
rather general and unspecific in its requirements and offers
little help to the LCA practitioner who needs to make a
choice. With the aim to identify the best among existing
characterization models and provide recommendations to
the LCA practitioner, a study was performed for the Joint
Research Centre of the European Commission (JRC).
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Methods Existing LCIA methods were collected and their
individual characterization models identified at both mid-
point and endpoint levels and supplemented with other
environmental models of potential use for LCIA. No new
developments of characterization models or factors were
done in the project. From a total of 156 models, 91 were
short listed as possible candidates for a recommendation
within their impact category. Criteria were developed for
analyzing the models within each impact category. The
criteria addressed both scientific qualities and stakeholder
acceptance. The criteria were reviewed by external experts
and stakeholders and applied in a comprehensive analysis of
the short-listed characterization models (the total number of
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criteria varied between 35 and 50 per impact category). For
each impact category, the analysis concluded with identification
of the best among the existing characterization models. If the
identified model was of sufficient quality, it was recommended
by the JRC. Analysis and recommendation process involved
hearing of both scientific experts and stakeholders.

Results and recommendations Recommendations were de-
veloped for 14 impact categories at midpoint level, and
among these recommendations, three were classified as
“satisfactory” while ten were “in need of some improve-
ments” and one was so weak that it has “to be applied with
caution.” For some of the impact categories, the classifica-
tion of the recommended model varied with the type of
substance. At endpoint level, recommendations were only
found relevant for three impact categories. For the rest, the
quality of the existing methods was too weak, and the
methods that came out best in the analysis were classified
as “interim,” i.e., not recommended by the JRC but suitable
to provide an initial basis for further development.
Discussion, conclusions, and outlook The level of charac-
terization modeling at midpoint level has improved consid-
erably over the last decade and now also considers
important aspects like geographical differentiation and com-
bination of midpoint and endpoint characterization, al-
though the latter is in clear need for further development.
With the realization of the potential importance of geograph-
ical differentiation comes the need for characterization mod-
els that are able to produce characterization factors that are
representative for different continents and still support ag-
gregation of impact scores over the whole life cycle. For the
impact categories human toxicity and ecotoxicity, we are
now able to recommend a model, but the number of chem-
ical substances in common use is so high that there is a need
to address the substance data shortage and calculate charac-
terization factors for many new substances. Another unre-
solved issue is the need for quantitative information about
the uncertainties that accompany the characterization fac-
tors. This is still only adequately addressed for one or two
impact categories at midpoint, and this should be a focus
point in future research. The dynamic character of LCIA
research means that what is best practice will change quick-
ly in time. The characterization methods presented in this
paper represent what was best practice in 2008—2009.

Keywords Best practice - Characterization - Endpoint -
Impact indicator - International Reference Life Cycle Data
System (ILCD) - Life cycle impact assessment - Midpoint

1 Introduction

Characterization or “calculation of impact category indica-
tor results” is defined by the ISO 14044 standard for Life
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Cycle Assessment as the mandatory third element of the life
cycle impact assessment phase (ISO 2006). Here, the potential
impact from each inventory emission to—and/or resource
flow from—the environment is modeled quantitatively
according to the relevant environmental mechanism using a
characterization model. The characterization model calculates
substance-specific characterization factors that express the
potential impact of each single elementary flow in terms of
the common unit of the category indicator. Characterization
factors thus allow comparing the different elementary flows
quantitatively in terms of their ability to contribute to the
impact category indicator—they give a relative expression of
the potency of each elementary flow. Within the life cycle
impact assessment, characterization factors are multiplied
with inventory data, and the outcome is category indicator
results, expressed in a unit common to all contributions within
the impact category (e.g., kilogram CO,-equivalents for
greenhouse gases contributing to the impact category climate
change).

The collection of individual characterization models
(each addressing their separate impact category) is referred
to as a “life cycle impact assessment (LCIA) method” (e.g.,
the CML 2002 method or the IMPACT 2002+ method).

The ISO 14044 standard recommends that “the impact
categories, category indicators and characterization models
should be internationally accepted, i.e. based on an interna-
tional agreement or approved by a competent international
body.” Obvious examples of characterization factors that
met this requirement at the time of writing the standard are
the ozone depletion potentials (ODP, produced by the World
and Global Meteorological Organisation, WMO) applied at
the midpoint level for the impact category stratospheric
ozone depletion and the global warming potentials (GWP,
produced by the Intergovernmental Panel on Climate
Change, IPCC; latest update, Forster et al. 2007) for the
climate change midpoint impact category. These remain
even today the most obvious examples of characterization
factors that satisfy the ISO standard's recommendation to
apply internationally accepted models and factors, which
illustrates the modest activity on international harmoniza-
tion and scientific consensus building for other impact
categories.

Attempts have been made in consecutive working groups
and task forces on life cycle impact assessment under the
Society of Environmental Toxicology and Chemistry
(SETAC) (e.g., Udo de Haes et al. 1999, 2002) and later
under the UNEP-SETAC Life Cycle Initiative (e.g., Jolliet et
al. 2004), but they have not resulted in a uniform globally
accepted set of characterization models and factors. The
most promising results have been a broader consensus on
the need to merge midpoint and endpoint models in a
consistent framework to combine the advantages of both
concepts (Bare et al. 1999, 2000) and the development of
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a generic set of quality criteria for good practice in charac-
terization modeling (Margni et al. 2007; Udo de Haes et al.
2002). For the impact categories on human toxicity and
ecotoxicity, these activities resulted in the development of
a scientific consensus characterization model, USEtox™
(Hauschild et al. 2008; Rosenbaum et al. 2008).

In parallel, numerous life cycle impact assessment
methods have been developed and applied in LCA studies,
e.g., CML 2002 (Guinée et al. 2002), Eco-indicator 99
(Goedkoop and Spriensma 2000), EDIP 2003 (Hauschild
and Potting 2005), EPS (Steen 1999a, b), IMPACT 2002+
(Jolliet et al. 2003), LIME (e.g., Itsubo et al. 2004), LUCAS
(Toffoletto et al. 2007), ReCiPe (Goedkoop et al. 2009), and
TRACI (Bare et al. 2003). The development has gone
from dedicated midpoint methods (CML 2002, EDIP
2003, TRACI) and endpoint methods (EPS, Eco-
indicator 99) towards methods that try to combine the
two approaches and model impacts at both mid- and
endpoint levels (LIME, ReCiPe, IMPACT2002+). None
of these methods can be said to enjoy the international
acceptance that the ISO standard calls for, and the LCA
practitioner is thus left with a poorly guided choice among
different characterization models and factors that for some
of the impact categories give very different results when
applied (Dreyer et al. 2003; Pant et al. 2004; Pizzol et al.
2011a, b).

In this setting, the Joint Research Centre (JRC) of the
European Commission has launched the International Ref-
erence Life Cycle Data System (ILCD) to develop techni-
cal guidance that complements the ISO Standards for LCA
and provides the basis for greater consistency and quality
of life cycle data, methods, and LCA studies. Inherent in
this goal is to develop recommendations of best practice
characterization framework, models, and factors. An eval-
uation was performed of existing LCIA methods and char-
acterization models with the aim to identify the best
existing practice. Through a consultation process involving
hearing of both scientific experts and stakeholders, the
evaluation formed the basis of recommendations of char-
acterization models and factors for impact categories main-
ly at midpoint but also at endpoint level. The paper reports
on both the evaluation process and the recommendations.
The detailed results of the project are available from the
JRC in the form of three technical reports (EC-JRC 2010a,
b and EC-JRC 2011)

2 Methods

It has been the aim for each impact category to identify the
best among existing characterization models. The first ac-
tivity was therefore to identify available characterization
models as they are used by the different LCIA methods.

Figure 1 illustrates the characterization framework address-
ing both midpoint and endpoint and shows the impact
categories for which the methodology was deemed suffi-
ciently mature to support an identification of best practice
and development of recommendations (EC-JRC 2010a) and
that have been covered by the ILCD at midpoint and end-
point levels.

Impact categories at the midpoint level are ideally de-
fined by an indicator placed at the location in the impact
pathway up to which a common mechanism exists for the
main contributing substances within that specific impact
category. In the example climate change, the midpoint indi-
cator is chosen at the level of increase in the radiative
forcing of the atmosphere, because the pathways differ
between greenhouse gases before that point, but are identi-
cal beyond that point and all the way to the areas of protec-
tion. For other impact categories, such as human toxicity
and ecotoxicity, that are more heterogeneous in terms of
impact pathway, there is no true midpoint as the fate, expo-
sure, and effect steps of the impact assessment are all chem-
ical specific. The chosen midpoint for these impact
categories therefore lies close to the area of protection, and
the endpoint modeling simply consists in characterizing the
severity of the damage that is modeled by the midpoint
indicator.

There are different classifications of areas of protection
(ISO 14044; Udo de Haes et al. 1999; Steen 1999a, D).
Within this study, three areas of protection were considered,
namely human health, natural environment, and natural
resources.

After identifying and preselecting candidates among
existing characterization models in the first phase, the
next phase developed criteria for each impact category,
representing requirements to a good characterization
model in terms of its scientific foundation and its accep-
tance among central stakeholders. In the third and final
phase, the criteria were applied to the short-listed candi-
dates, the best existing practice was identified and clas-
sified according to its level of maturity, and major
shortcomings and research needs were identified for each
impact category.

All three phases involved a review performed by external
experts of relevance to each impact category, hearings of
experts from the European Commission's advisory groups
with LCIA specialist and business representatives, and con-
sultation with national and international bodies and LCA
stakeholders in general as illustrated in Table S1 and S2 of
the Electronic supplementary material. Developers of LCIA
methods were consulted on the short listing of methods, the
development of criteria and analysis procedure, and the
analysis of their methods using the criteria. The provided
comments were processed interactively throughout the proj-
ect, and the processing was documented in written form to
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Fig. 1 Framework of the ILCD
characterization linking
elementary flows from the
inventory results to indicator
results at midpoint level and
endpoint level for 15 midpoint
impact categories and 3 areas of
protection (taken from EC-JRC
2010b)

Elementary flows

the EC-JRC." The results from each phase of the project
have been reported in three separate JRC reports (EC-JRC
2010a, b and EC-JRC 2011).

2.1 Short listing of methods

A survey was done of existing LCIA methods and individ-
ual impact assessment models with potential to serve as
characterization model for an impact category. A total of
156 characterization models were identified belonging to 12
different LCIA methods. From these, 91 models were short-
listed for further analysis by excluding

* Repetitions, i.e., same methods used in multiple LCIA
methods. Here, only the most recent version was short
listed, unless there was a better coverage of elementary
flows in previous versions.

"It is a classical dilemma of research evaluation that in order to have
competent assessors, you run the risk that they have stakes in what they
are evaluating. In the process, we tried to balance the potential bias by

1. Submitting the preselection of characterization models to review
among all members of the LCIA method developers advisory
group to the European LCA Platform

2. Developing the criteria prior to the evaluation of the existing
models and submitting first the criteria and later the evaluation
results to peer review among domain experts for each impact
category and among LCIA method developers whose methods
were assessed and who were not represented in the project team

3. Submitting all results to an open stakeholder consultation before
finalization and publication.

Table S2 of the Electronic supplementary material shows the
representation of method developers behind all the considered
methods and models in the project team and in the expert and
stakeholder consultations.

@ Springer

Inventory results

Midpoint Endpoint Area of protection

Climate change
Ozone depletion Human health
Human toxicity, cancer

Human toxicity, non-cancer

Respiratory inorganics

lonising radiation, humans

lonising radiation, ecosystems
Natural

Photochemical ozone formation ;
Environment

Acidification
Eutrophication, terrestrial
Eutrophication, aquatic

Ecotoxicity
Natural
resources

Land use
Resource depletion, water

Resource depletion, mineral,
fossil and renewable

*  Methods that were duplicated in forms adapted to dif-
ferent geographical regions without improving or chang-
ing them, apart from the regional parameterization.

Additionally, 14 environmental assessment models were
identified that were not applied in any of the LCIA methods
but deemed to have potential to serve as characterization
models for some of the impact categories. Table S2 in the
Electronic supplementary material gives an overview of the
shortlisted characterization models.

2.2 Development and application of criteria

The analysis of the short-listed characterization models ap-
plied a comprehensive set of criteria that was developed in
advance, building on previous work of SETAC LCIA working
groups (Udo de Haes et al. 2002) and task forces under the
Life Cycle Impact Assessment program under the first phase
of the UNEP-SETAC Life Cycle Initiative (e.g., Margni et al.
2007). Criteria were developed prior to, and independent of,
the analysis of the characterization models to make the criteria
as objective as possible and minimize the risk of biasing the
results in favor of a specific characterization model. Further-
more, the criteria were reviewed prior to application by do-
main experts and LCIA method developers whose methods
were included among the short-listed methods. Criteria were
developed for all impact categories at midpoint and endpoint
levels, addressing both scientific quality and stakeholder ac-
ceptance or policy relevance.

Scientific criteria assessed

1. Completeness of scope—how well does the indicator
and the characterization model cover the environmental



Int J Life Cycle Assess (2013) 18:683-697

687

mechanisms associated with the impact category under
assessment?

2. Environmental relevance—to what extent are the criti-
cal parts of the impact pathway included and modeled in
accordance with the current state of the art?

3. Scientific robustness and certainty—how well has the
model been peer reviewed, does it represent state of the
art, can it be validated against monitoring data, and are
uncertainties reported?

4. Documentation, transparency, and reproducibility—
how accessible are the model, the model documentation,
the characterization factors, and the applied input data?

5. Applicability—are characterization factors provided for
the important elementary flows for this impact category
in a form that is straightforward to apply?

The stakeholder acceptance criteria assessed aspects like
endorsement of the model by competent authorities and
understandability of the model principles and applied metric
for users of the LCA results.

Each of these criteria was further detailed into a set of
subcriteria. Many subcriteria were general and applied for
each impact category (see Table S3 of the Electronic
supplementary material), but for the scientific criteria on
environmental relevance and scientific robustness and
certainty, the subcriteria were developed specifically for
each impact category reflecting the central characteristics
of the underlying impact pathway.”> An analysis of the
impact pathway of each category helped identify key
processes or aspects that should be considered in the
characterization modeling, and these were the basis of
formulating the category-specific subcriteria (flow sheets
for each impact category can be found in EC-JRC 2010b).

The specific subcriteria developed for each of the impact
categories are listed in the Electronic supplementary material
S3.3. The procedure for evaluating a characterization model
against the criteria is described in the Electronic supplementary
material S3.1.

The criteria development resulted in 35—50 subcriteria for
each impact category. While considerable effort was put into
developing the criteria and applying them to the 91 short-
listed characterization models, it became clear that the scoring
of the models against the criteria should be taken as guiding
and structuring the analysis and the comparison of the char-
acterization models rather than as being the comparison. The
main value of the exercise lay in the detailed insight it gave in
the behavior and performance of each of the characterization
models by forcing the analyst to investigate them all using the
same criteria. In that sense, it was the comment given in text

2 For the category on resource depletion, the environmental relevance
criterion was taken to address the coverage of the critical parts of the
impact pathway leading from resource use towards damage to the Area
of Protection Resources.

describing how the model met the criterion rather than the
formal score that helped identify the best performing models.
Often, there were trade-offs between the criteria in the sense
that poor performance in one criterion was compensated by
superior performance in another. The recommendation that
came out of the evaluation was based on an expert judgment
taking into account the performance against the totality of
criteria. No attempts were made to develop a formalized
weighting between the criteria, apart from identifying a few
criteria as being of high importance to the impact category in
question and setting requirements to a minimum performance
for some of the central criteria (see Electronic supplementary
material S3.1). As indicated by the number of criteria and the
level of detail that they give the analysis, the scientific quality
of the model was weighted higher than the stakeholder
acceptance.

2.3 Identification of the best existing practice

The evaluation resulted in identification of the best among
the existing characterization models at midpoint and end-
point level for each of the impact categories shown in Fig. 1.
The quality of the selected characterization model was
assessed and three levels of recommendation were
distinguished:

I.  Recommended and satisfactory
II. Recommended but in need of some improvements
II. Recommended but to be applied with caution

For many of the impact categories at endpoint, it was
found that even if the best among existing characterization
models could be identified, this model was still not seen as
mature for recommendation, and it was then classified as
“Interim.” In case not even the best among existing charac-
terization models could be identified, no model was high-
lighted for the impact category, neither as “recommended”
nor as “interim.” This did not mean the impact category was
not seen as relevant, but that more methodological develop-
ment efforts were needed before a recommendation or just a
classification as interim could be given to any of the models.

For each impact category, some of the major research
needs for the characterization modeling at midpoint and
endpoint levels were identified (EC-JRC 2011).

3 Results and recommendations

The criteria, the analysis, and the resulting recommenda-
tions have undergone extensive external consultation and
review as illustrated in Table S1.The results of the analysis
are summarized in Tables 1 and 2.

The results of the analysis and the resulting recommen-
dation and classification are described in the following

@ Springer



688

Int J Life Cycle Assess (2013) 18:683-697

Table 1 Best available characterization models at midpoint

Impact category

Best among existing characterization models

Indicator Classification

Climate change
(Forster et al. 2007)
Ozone depletion
(Montzka and Fraser 1999)
Human toxicity, cancer effects

Particulate matter/respiratory
inorganics
Ionizing radiation, human health

Baseline model of 100 years of the IPCC

USEtox model (Rosenbaum et al. 2008)
Human toxicity, non-cancer effects USEtox model (Rosenbaum et al. 2008)

Compilation in Humbert (2009) based on Rabl Intake fraction for fine particles Vil
and Spadaro (2004) and Greco et al. (2007)
Human health effect model as developed

Radiative forcing as global warming 1
potential (GWP100)

Steady-state ODPs from the WMO assessment Ozone depletion potential (ODP) 1

Comparative toxic unit for humans (CTUy) II/III
Comparative toxic unit for humans (CTUy) II/II1

(kg PM2.5-eq/kg)
Human exposure efficiency relative to U**® 11

by Dreicer et al. (1995) (ref. Frischknecht

et al. 2000)
Ionizing radiation, ecosystems Screening Level Ecological Risk Assessment — Comparative toxic unit for ecosystems Interim
(Garnier-Laplace et al. 2008) based on AMI (CTU,)
model from Payet (2004)
Photochemical ozone formation LOTOS-EUROS as applied in ReCiPe Tropospheric ozone concentration 11
(Van Zelm et al. 2008) increase
Acidification Accumulated exceedance (Seppélad et al. 2006; Accumulated exceedance (AE) 11
Posch et al. 2008)
Eutrophication, terrestrial Accumulated exceedance (Seppélad et al. 2006; Accumulated exceedance (AE) 11
Posch et al. 2008)
Eutrophication, aquatic EUTREND model as implemented in ReCiPe  Residence time of nutrients in 11
(Struijs et al. 2009b) freshwater (P) or marine end
compartment (N)
Ecotoxicity, freshwater USEtox model, (Rosenbaum et al. 2008) Comparative toxic unit for ecosystems /11
(CTU,)
Land use Model based on soil organic matter (SOM) Soil organic matter 111

(Mila i Canals et al. 2007)
Resource depletion, water

Model for water consumption as in the Swiss

Water use related to local scarcity of water 11

ecoscarcity (Frischknecht et al. 2008)

Resource depletion, mineral and
fossil

CML 2002 (Guinée et al. 2002)

Scarcity 11

Models that are classified as level I, II, or III are recommended under the ILCD. A mixed classification is related to the application of the classified

method to different types of substances

sections. Summaries of the analysis results for the
main criteria are shown in Section S4 of the Supporting
information.

The scores for the main criteria given to the models
that were identified as the best among the existing in
Tables 1 and 2 are summarized in Tables 3 and 4 to
show the frequencies of each score at midpoint and
endpoint level. Although, as described earlier, the scor-
ing should not be interpreted too rigidly, it is clear that
the midpoint models across the scientific and stake-
holder acceptance criteria have the majority of the
scores in the A and B (full compliance or compliance
in all essential aspects) and hence perform considerably
better than the endpoint models where only partial or
little compliance is observed for more criteria across
the models

The characterization factors that are provided by the
recommended characterization models have been made
available in spreadsheet format from the ILCD homepage
(http://lct.jrc.ec.europa.eu/).

@ Springer

3.1 Climate change

The GWP published by the Intergovernmental Panel on Cli-
mate Change (Forster et al. 2007) is the only method consid-
ered in the evaluation on midpoint level. It is based on the
most up to date and scientifically robust consensus-based
model available, with described and calculated uncertainties.
There are three versions of the method, spanning different
timeframes. In policy papers, usually, the 100-year timeframe
is used and therefore chosen as best available, classified as
level I (recommended and satisfactory). However, from a
scientific/sustainability point of view, it may be preferred to
use the 500-year time horizon, as in this case, additional
relevant impacts are captured. The most appropriate among
all models for characterization at endpoint level is the charac-
terization model developed under ReCiPe, but it is classified
as immature for recommendation (interim). This midpoint to
endpoint model links CO, equivalents from IPCC 2007
(Forster et al. 2007) with temperature change and quantifies
the contribution of an emission to damage on both human
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Table 2 Best available characterization models from midpoint to endpoint

Impact category

Best among existing characterization models

Indicator Classification

Climate change
Goedkoop 2009a)

Model developed for ReCiPe (De Schryver and

Disablilty Adjusted Life Years Interim
(DALY) for human health

Potentially disappeared fraction
of species (PDF m® year)
for ecosystem health

Ozone depletion Model for human health damage developed for ReCiPe DALY Interim
(Struijs et al. 2009a)

Human toxicity, cancer effects DALY calculation applied to USEtox midpoint DALY II/interim
(adapted from Huijbregts et al. 2005)

Human toxicity, non-cancer effects DALY calculation applied to USEtox midpoint DALY Interim
(adapted from Huijbregts et al. 2005)

Particulate matter/Respiratory inorganics Adapted DALY calculation applied to midpoint DALY Vil
(adapted from van Zelm et al. 2008, Pope et al. 2002)

Ionizing radiation, human health Frischknecht et al. (2000) DALY Interim

Ionizing radiation, ecosystems None identified

Photochemical ozone formation Model for damage to human health as developed for =~ DALY II
ReCiPe (Van Zelm et al. 2008)

Acidification Method developed by van Zelm et al. (2007) as in Potentially disappeared Interim
ReCiPe fraction of plant species

Eutrophication, terrestrial No methods found

Eutrophication, aquatic Model for damage to ecosystem (freshwater only) PDF m® year Interim
(Struijs et al. 2009b)

Ecotoxicity None identified

Land use Model for species diversity loss as in ReCiPe PDF m® year Interim
(De Schryver and Goedkoop 2009b)

Resource depletion, water None identified

Resource depletion, mineral and fossil ~ Method developed for ReCiPe (De Schryver and Surplus costs Interim

Goedkoop 2009¢; Goedkoop and De Schryver 2009)

Only three models are classified above interim, and only these are recommended under the ILCD

health and natural environment. The human health effects
included are thermal stress, flooding, malaria, starvation, and
diarrhea, while for ecosystem damage, it considers the loss of
terrestrial biodiversity. The results of the analysis are summa-
rized in the Electronic supplementary material S4.1.

3.2 Ozone depletion

As for the climate change impact category, there is only one
model considered in the evaluation of ozone depletion char-
acterization at midpoint level viz. the ODPs published by the
WMO. The recommendation is to use the latest ODP equiv-
alent factors published by the WMO (currently, the 1999
version is recommended, but the changes in the latest update
from 2007 (Daniel et al. 2007) are modest for most contribut-
ing gases). As for climate change, there are also for ozone
depletion factors calculated for different time perspectives.
The recommendation is to use the infinite time perspective
as represented in the steady-state factors as default, as this is
the most widely used practice in policy and also in accordance
with the wish in LCIA to catch all impacts of the emissions,
also those occurring in the more distant future. The recom-
mended method is classified as level 1 (recommended and

satisfactory). The endpoint characterization model of Struijs et
al. (2009a, 2010) as implemented in ReCiPe methodology
uses the up-to-date AMOUR model (den Outer et al. 2008;
van Dijk et al. 2008) to model ozone depletion-related dam-
ages to human health, but the model has no links to ecosystem
endpoints. This method is identified as the most appropriate at
endpoint level, but it is classified as immature for recommen-
dation (interim). The results of the analysis are summarized in
the Electronic supplementary material S4.2.

3.3 Human toxicity, cancer, and non-cancer

Several features make USEtox the preferred choice: multimedia
models are widely used in LCIA for modeling chemical fate
and human exposure, and USEtox reflects the latest consensus
amongst modelers. It offers the largest substance coverage with
more than 1,250 human toxicological characterization factors
and reflects more up-to-date knowledge and data on cancer
effect factors than other approaches. The model has been set up
to model a global default continent, and it has a nested multi-
media model in which it is possible to consider urban, conti-
nental, and global-scale differentiation (Rosenbaum et al.
2011). Nevertheless, it has undergone limited testing and shows
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Table 3 Distribution of scores against the main criteria for the identified best models at midpoint (across all impact categories)

Score criterion A

A/B B

o
eS|

B/C C

Completeness of scope

Environmental relevance

Scientific robustness and certainty
Documentation, transparency, and reproducibility
Applicability

N N9 W LW

Stakeholder acceptance

W = = O N A

W
N = = — = O
A O = = W A
oS O O O O O
oS = O O O O

A full compliance, B compliance in all essential aspects, C compliance in some aspects (or passable agreement made), D little compliance, £ no

compliance

the same fundamental limitations as all simple multimedia
models (e.g., uncertainty on degradation half-lives, extrapola-
tion to low doses). USEtox characterization factors are there-
fore classified as recommended with some improvement
needed for most organic chemicals (level II), while factors for
metals and for amphiphilics and dissociating organic chemicals
are considered as level III (recommended, but to be applied
with caution) due to model limitations.

For the midpoint to endpoint characterization, it is pro-
posed as an initial basis to apply average severities for
cancer (11.5 disability-adjusted life years (DALY)/case)
and non-cancer (2.7 DALY/case) based on Huijbregts et
al. (2005). These factors are however considered as imma-
ture for recommendation (interim). The results of the anal-
ysis are summarized in the Electronic supplementary
material S4.3.

3.4 Particulate matter/respiratory inorganics

PM2.5 intake fraction (iF) varies more between low and
high population densities (a factor 10 to 100 variation) than
between the models themselves (a factor 5 variation). Thus,
the ability to differentiate between low and high population
densities is a key characteristic before considering the quality
of the model itself. Several models enable, in a simplified
approach, to calculate the intake fraction, adjusting the popu-
lation density to be consistent with other human health
impacts (e.g., human toxicity, ionizing radiation, etc.). The
compilation of Humbert (2009) (based on RiskPoll (Rabl and
Spadaro 2004), Greco et al. (2007), USEtox (Rosenbaum et al.

2008), and Van Zelm et al. (2008)) is recommended since it
makes a complete assessment of impacts due to primary and
secondary PM and differentiates between low and high stacks.
It also parameterizes the dominant factors of influence for
generic landscape characteristic. At midpoint, intake fraction
calculations are classified as level I (recommended and satis-
factory) since the human health effects of PM have been
extensively studied. USEtox lacks values for secondary par-
ticles, but it could be useful to calibrate it and ensure consis-
tency with other impacts on human health.

For the effect and the severity factors, it is recommended
to recalculate these starting from the work of van Zelm et al.
(2008) that provides a clear framework, but using the most
recent epidemiological studies available following the com-
pilation in Humbert (2009). At endpoint, for the effect and
severity factor, these effects are well demonstrated for pri-
mary particles (level I) but more uncertain for secondary
particles (level II, i.e. “recommended but in need of some
improvements”). The user must, however, be conscious that
the estimated effect of PM may be an indicator of the overall
effect of the air pollution rather than based on a proven
cause—effect relationship for PM. The results of the analysis
are summarized in the Electronic supplementary material
S4.4.

3.5 Ionizing radiation, human health
For the midpoint assessment of impact on human health

related to the routine releases of radioactive material to the
environment, Frischknecht et al. 2000 was the only method

Table 4 Distribution of scores
against the main criteria for the

identified best models at
endpoint (across all impact
categories)

Score criterion A A/B B B/C C C/D D
Completeness of scope 1 0 4 1 3 0 0
Environmental relevance 1 1 4 0 3 0 0
Scientific robustness and certainty 1 0 5 2 1 0 0
Documentation, transparency, and reproducibility 5 0 4 0 0 0 0
Applicability 2 2 5 0 0 0 0
Stakeholder acceptance 0 0 2 1 3 1 2
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identified that meets the requirements for a quantitative
approach. The fate and exposure model has been based on
the ExternE work carried out by Dreicer et al. (1995). At
midpoint (e.g., incidences of cancer or other diseases), the
method of Frischknecht et al. (2000) is classified as being
recommended for human toxicity impacts of ionizing radiation
at level II (recommended but in need of some improvements).

At endpoint, no method is recommended due to the high
uncertainty on the DALYs per case of severe hereditary
effects. The method of Frischknecht et al. (2000), with 61
DALY per case of cancer, can only be used as interim. The
results of the analysis are summarized in the Electronic
supplementary material S4.5.

3.6 Ionizing radiation, ecosystems

For damage to the ecosystem, the model developed by
Garnier-Laplace et al. (2008 and 2009) has been analyzed.
It uses the dose rates associated with a 50 % effect during a
chronic external gamma irradiation exposure experiment
(EDR50, expressed in microgray per hour) (Garnier-Laplace
et al. 2009). The ecotoxicological effect factor is calculated
by converting the dose rates into the corresponding medium
concentration (in water and sediment for freshwaters) for
nine commonly adopted reference organisms covering dif-
ferent phyla. The model addresses the freshwater part of the
environmental problem, including all vital model elements
in a scientifically sound way. This approach for impacts of
ionizing radiation is consistent with the treatment of ecotox-
icity in USEtox as described by Henderson et al. (2011). The
midpoint method for impacts of ionizing radiation is how-
ever classified as interim since at the moment, there has
been no peer review of the characterization. The method can
be evaluated for recommendation, once characterization
factors have been adequately reviewed, e.g., through peer-
reviewed publication. The results of the analysis are sum-
marized in the Electronic supplementary material S4.5.

3.7 Photochemical ozone formation

For characterization of photochemical impacts at midpoint
level, the recommended characterization model is the
LOTOS-EUROS model as adapted in van Zelm et al.
(2008), modeling tropospheric ozone concentration in-
crease. The recommended characterization model from mid-
point to damage builds on the recommended midpoint
model and is also documented in van Zelm et al. (2008).
At endpoint, it models human health damage in terms of
DALYs. No characterization models are recommended for
photochemical ozone formation impacts on ecosystems and
vegetation.

The LOTOS-EUROS model consists of a detailed fate
and exposure model for human health impacts and is

developed in a form which makes it readily adaptable for
calculation of a set of consistent CFs for each continent if
integrating continent-specific atmospheric fate models.
Furthermore, the present version of the model can be
used to calculate spatially differentiated factors, but only
for Europe.

Both midpoint and endpoint characterization models are
classified as level II (recommended but in need of some
improvements). The results of the analysis are summarized
in Supporting information S4.6.

3.8 Acidification

The accumulated exceedance (AE) is to be preferred as
default method for midpoint evaluation of acidification.
The updated factors provided by Posch and colleagues
(2008) should be used. The method is classified as level 11
(recommended but in need of some improvements). It meets
the science-based criteria, and it shows a good stakeholder
acceptance as AE-type calculations are used for policy pur-
poses and by the United Nations Economic Commission for
Europe (UNECE) Convention on Long-Range Transboun-
dary Air Pollution (LRTAP). It includes atmospheric and
soil fate factors sensitive to emission scenario and distin-
guishes between load to nonsensitive and sensitive areas.
Site-dependent factors are provided on a country level for
European countries.

The endpoint method proposed by van Zelm et al. (2007)
(ReCiPe) is classified as interim, being the most appropriate
among the existing approaches but not sufficient for recom-
mendation. It is a dose-response model of the potentially
disappeared fraction of plant species, but it is based on the
European forest ecosystem only, and its applicability to
other ecosystems still needs to be further explored. The
results of the analysis are summarized in Supporting infor-
mation S4.7.

3.9 Eutrophication
3.9.1 Terrestrial

The recommended method for characterization at midpoint
level is the Accumulated Exceedance model as documented
in Seppild et al. (2006) and Posch et al. (2008), modeling
the accumulated exceedance of critical loads for nitrogen in
sensitive terrestrial ecosystems.

The AE model meets the science-based criteria well and
also shows a good stakeholder acceptance as AE-type cal-
culations are used for policy purposes in Europe by the
European Commission and by the UNECE LRTAP. It
includes atmospheric and soil fate factors sensitive to emis-
sion scenario and distinguishes between load to nonsensitive
and sensitive areas. It seems to have the strongest potential
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for adaptation to other continents to develop consistent
characterization factors for each continent (or for a generic
continent). The recommendation of the AE model also
ensures consistency with the impact category acidification
for which it is also recommended at midpoint level. None of
the evaluated endpoint characterization models reach a suffi-
cient level of scientific quality to support a recommendation.

3.9.2 Aquatic

The recommended method for characterization at midpoint
level applies the CARMEN model for waterborne emissions
and the EUTREND model for airborne emissions (Struijs et
al. 2009b, 2011) for estimating the residence time of
nutrients reaching the freshwater end compartment or marine
end compartment. Simplifying a sometimes more complex
picture, P is considered the limiting nutrient in freshwater
systems and N the limiting nutrient in marine systems.

The recommended approach combines the CARMEN
and EUTREND models in a consistent framework present-
ing the characterization factors as nutrient concentration
increases distinguishing aquatic receiving compartments
according to the limiting nutrient. Both recommended mid-
point models are classified as level II (recommended but in
need of some improvements).

At the endpoint, from midpoint to damage, no characteriza-
tion model is recommended since the best performing avail-
able method is classified as interim (Struijs et al. 2009b). The
results of the analyses for terrestrial and aquatic eutrophication
are summarized in the Electronic supplementary material S4.8
and S4.9.

3.10 Ecotoxicity

USEtox is preferred as the recommended default method for
midpoint evaluation of freshwater ecotoxicity. It results
from a consensus building effort amongst related modelers,
and hence, the underlying principles reflect common and
agreed recommendations from these experts. The model
accounts for all important parameters in the impact pathway
as identified by a systematic model comparison within the
consensus process (Rosenbaum et al. 2008; Hauschild et al.
2008). The model addresses the freshwater part of the envi-
ronmental problem and includes the vital model elements in
a scientifically up-to-date way. It provides characterization
factors for freshwater ecotoxic impacts for around 2,500
substances. A wider peer review process has been performed
through journal peer review and consultation within the
UNEP-SETAC Life Cycle Initiative. It has also been set
up to model a global default continent—not specifically
Europe or North America. USEtox characterization factors
are classified as recommended with some improvement
needed for most organic chemicals (level II), while factors
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for metals and for amphiphilics and dissociating organic
chemicals are considered as level III (recommended, but to
be applied with caution).

3.11 Land use

At midpoint level, the method of Mila i Canals et al. (2007)
is recommended for characterizing land use effects at mid-
point level. The method is well applicable for agro and
forest systems and applies one indicator, namely soil organic
matter, which describes the soil quality as a whole. This
method is recommended, but to be applied with caution
(level III) as it does not cover impacts such as erosion or
salinization. At endpoint level, the land use model applied in
ReCiPe is identified as the best among the existing, but it is
considered immature for recommendation. The method is
easy to understand and considers both occupational and
transformation effects, and data sources from both mainland
Europe and England. However, a peer review of the trans-
formation data is necessary, and the method covers only a
limited number of land use types, neglecting essential
cause—effect pathways (no primary production or natural
landscapes). It does not consider large regional or global
effects (such as global extinction versus local reversible
losses), misses proper uncertainty data, and lacks regional
specific characterization factors covering a global range.
Therefore, the ReCiPe method is classified as an interim
method, being the most appropriate among the existing
approaches but lacking completeness of scope and applica-
bility for recommendation or direct use. The results of the
analysis are summarized in the Electronic supplementary
material S4.11.

3.12 Resource depletion

Within the analysis of resource depletion models, several
questions arose concerning what it is we want to protect
within this impact category and which impacts are relevant
for the related area of protection. With the current under-
standing of the Area of Protection Resources, the scarcity of
the resource and hence the limitations in its availability to
current and future generations were identified as the key
concern for this impact category. It was therefore chosen to
consider only methods that have an element that reflects the
scarcity of the resource and not only look at inherent prop-
erties of the abiotic or biotic resource.

Impacts from biotic resource depletions (renewable) are
excluded from most impact assessment methods, except for
EPS2000 (Steen 1999a, b). This method considers, next to
mineral and fossil depletion, impacts from water, wood, and
fish depletion, however in a very limited way. Strong re-
search developments and consensus building are needed in
this area.
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3.12.1 Water

The Swiss Ecoscarcity (water) model is identified as the best
among existing models for midpoint characterization of
water depletion (at the time of the analysis). Although the
method has a very rudimentary environmental model, one
could recognize an attempt to differentiate between situations
where water extraction causes different levels of damage, and it
provides geographically differentiated characterization factors.
The model is recommended at level II1.

3.12.2 Mineral and fossil (abiotic resources, nonrenewable)

Two types of midpoint methods were distinguished, (1)
methods that are at the first step of the impact pathway that
connects extractions to the impact on the area of protection,
using some inherent property of the material as a basis for
the characterization and (2) methods that address the scar-
city of the resource by basing the characterization factor on
the ratio between what is extracted and what is available to
mankind. Regarding the former, an important question is
whether any method in this category has sufficient environ-
mental relevance to be recommended, as the factor does not
take into account the future scarcity of a resource. Within
this assessment of methods, it was chosen not to consider
those that do not have an element that reflects the scarcity of
the resource. For mineral and fossil resources, the recom-
mendation depends on whether it is preferable to have a
robust indicator that does perhaps offer a view on the
ultimate availability in the very far future sustainable sce-
narios, or a much less robust indicator that addresses the
actual availability of the resource, under present technological
and economic conditions. The CML 2002 method (Guinée et
al. 2002) is identified as the best among the existing models
and classified as recommended but in need of some
improvements (level II).>

Of the evaluated endpoint methods, none reached a suf-
ficient level of scientific quality to support a recommenda-
tion. Nevertheless, the ReCiPe method for mineral resources
(Goedkoop and De Schryver 2009) was identified as the
best among existing endpoint models and classified as in-
terim. The method has the rather unique property that it can
model resources that are always produced as coproducts.
However, the method bases its indicator on metal prices,
which are highly fluctuating factors. Next to this, for fossil
resources, the damage pathway developed by De Schryver
and Goedkoop (2009c¢) is only developed for oil, while other

* This recommendation is not consistent with the scoring of the meth-
ods reported in S4.12. After further evaluation and discussions, the
scoring of the methods for mineral resources was changed by the EC-
JRC on some points prior to the final version of the recommendation
report (EC-JRC 2011), but the corresponding scoring table of the
recommendation report was not updated to reflect these changes.

fossil fuels are simply added by using their energy content
as a basis. The results of the analysis are summarized in the
Electronic supplementary material S4.12.

4 Discussion and conclusions

The collection of characterization models at midpoint and
endpoint levels that are classified as recommended (level I,
II, or III) in Tables 1 and 2 represents the EU International
Life Cycle Data system, ILCD's recommendations for life
cycle impact assessment (EC-JRC 2011). Interim methods
are not recommended under the ILCD, but they may provide
an initial basis for further development.

During the analysis of the existing characterization mod-
els, it was evident that LCIA has progressed considerably
since the status given by Udo de Haes et al. in 1999, at that
time summarizing 3 years of work in the impact assessment
working group under SETAC. Midpoint models have been
developed towards a much better coverage of the impact
pathways, and spatial differentiation is supported by several
of them. The competition between midpoint and endpoint
methods has developed into a coexistence where the two
approaches supplement each other in a consistent impact
assessment framework in the most recent LCIA methods.
This was also the ambition in the development of recom-
mendations for the ILCD, but the fact that so few endpoint
characterization models have matured to a level that sup-
ports a proper recommendation makes consistency between
midpoint and endpoint recommendations a task of future
developments as more endpoint models reach maturity for
actual recommendations.

The development towards a stronger representation of
geographical or other spatial variability in the models for
the regional impact categories comes with a stronger region-
al association which sometimes makes the choice difficult
when emissions from a product system occur in different
continents. “Should I choose a North American or a Euro-
pean characterization model for acidification, when my SO,
emission occurs in China?” As there is no consensus on
globally representative characterization models for regional
impact categories, we have followed the principle that sci-
entifically robust models based on heterogeneous regions
provide a good working basis, i.e., the central-tendency
estimate for these smaller regions will be a sufficiently good
estimate of a global characterization factor. The models may
be continental in scale or even national as long as the region
they cover is of an adequate heterogeneity.

The analysis revealed that some impact categories are
still not well defined. This was particularly the case for the
resource depletion categories, where the analysis was ham-
pered by an insufficient understanding of the Area of Pro-
tection “Resources” and hence also of what was really the
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issue to address by the characterization modeling of re-
source use. Other impact categories like noise, accidents,
desiccation, and erosion were simply too poorly developed
(inventory data are not collected and/or characterization
factors are missing) to make a comparative analysis relevant
at this stage, regardless that the impacts that they represent
can be very important for some product systems.

Another deficiency that became evident in the analysis
of the existing characterization models is the poor quality
of the information on the uncertainties that is provided
for most of the published models. Often, there is no
information at all, and when quantitative information is
provided, it is often only for some selected aspects of the
model. Full quantitative uncertainty estimates are only
provided for one impact category, climate change, for
the GWPs that are applied for characterization of impacts
at midpoint.

5 Outlook

The ILCD recommendations reflect the state of the art
2008-2009 as it is reported in the ILCD document on
analysis of existing models (EC-JRC 2010a). Life Cycle
Impact Assessment is an active field of research, and for
some impact categories, new developments have already
been published (e.g., Bayart et al. 2010; Milad i Canals et
al. 2009; van Zelm et al. 2011; Pfister et al. 2009; Pfister and
Hellweg 2009; Hellweg et al. 2009; Humbert et al. 2011;
Gallego et al. 2010; Saad et al. 2011), and on-going research
activities address some of the shortcomings identified to-
gether with the recommendations and classifications (in EC-
JRC 2011). While it is preferable with a certain stability of
LCIA methods, it is also foreseeable that updates of these
recommendations will be needed in some years.

In our internationalized economy, product systems are
often global in geographic scope, even for simple products,
and this means that a recommended LCIA method should
have a global coverage and validity. Regional characteriza-
tion models have been developed for North America
(TRACI, LUCAS), Japan (LIME), and Europe (numerous),
and most of the recommended methods in the ILCD system
are European in scope. The European continent is so large
and heterogeneous that the European-based characterization
factors may be expected to serve as reasonable proxies also
for other continents. Nevertheless, there are some of the
midpoint impact categories for which characterization factors
could come out differently for other continents if these were
to be modeled using the recommended models (notably
ozone formation, freshwater eutrophication and perhaps ma-
rine eutrophication, acidification, and respiratory inorganics).
An important step forward will be the development of global
models for regional impact categories, ensuring scientifically
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valid characterization results that can be aggregated across
the life cycle regardless where the emissions occur.

For the endpoint models, the evaluation only judges few
to be of sufficient quality for an ILCD recommendation
(namely human toxicity—cancer effect, particulate matter,
and photochemical ozone formation). Most of the models
that have qualified as the best among the existing are still at
a level where they are classified as interim and not mature
for recommendation. The complexity and inherent uncer-
tainties of endpoint modeling are clearly larger than for
midpoint modeling, but the poor classifications also reflect
the fact that endpoint modeling is still a new field in LCIA
as well as in environmental modeling in general. There is a
need for much more research before methods can be recom-
mended for endpoint modeling across all impact categories.

Also the consistency between characterization at mid-
point level and characterization from midpoint to endpoint
level is an issue, in particular when different models from
different methods are attempted combined as has been the
case in our endeavor. The consistency is in practice only
well ensured when midpoint and endpoint methods are
developed to serve in the same framework covering the
whole impact pathway from emission to area of protection.
This is the case for several of the more recent impact
assessment methodologies (e.g., LIME and ReCiPe) that
aim to address all impacts at both midpoint and endpoint
levels.

In order to facilitate the interpretation of the results, it is
useful to express the different indicator scores in the impact
profile in the same metric and bring them on a common
scale, particularly for the impact assessment at midpoint
with its many impact categories. This is the purpose of the
normalization step, and it requires the development of a
consistent set of normalization references for the ILCD
characterization methods by applying the recommended
characterization factors on a consistent set of inventory data,
e.g., representing the annual per capita emissions from
Europe or the world.

For the impact categories human toxicity and ecotoxicity,
the number of chemical substances used in industrial pro-
duction is so high that even with the latest developments
(www.usetox.org), the number of characterization factors
offered by the recommended characterization model USE-
tox™ will often be insufficient to ensure a satisfactory
coverage of the inventory flows. There is thus a need to
address the substance data shortage and calculate character-
ization factors for many new substances.

With the growth in the number of characterization models
available, the choice has not become easier for the LCA
practitioner since the attempt to describe best practice by
Udo de Haes et al. (1999), but our analysis has shown that
there are real differences in terms of scientific validity
among existing and used characterization models. Some
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models perform better than others in meeting the scientific
and stakeholder acceptance criteria established here, and this
has been the basis supporting the development of the ILCD
recommendations that will help guide the LCA practitioner.
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