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Purpose
The purpose of this document is to scope the work required to develop the GLAM method, identifying
within each impact category and within cross-cutting issues the framing of the impact category and /or
cross-cutting topic, the state-of-the art, gaps, and existing starting points, as well as an implementation
plan.
Main points addressed include:

Framing of the impact category/topic

 Short impact category description and importance
 Draw an impact-pathway diagram within the midpoint-damage framework (Verones et al. 2017)
 Discuss the ability to go to endpoint consistently with other categories: Is it possible to arrive at a defined endpoint metric?

State-of-the art, gaps, and existing starting points





Have recommendations already been made that should be taken as a starting point for implementation?
Are there existing LCIA methods and characterization factors that can be used or adapted to fit the midpoint-endpoint framework
What are the additional newest data from broader field that need to be considered?
If recommendation have not yet been made or need to be updated, perform a short review of available methods and level of
convergence between methods. What are data, models and approaches that can serve as best possible starting point (existing
approaches, possible cross-approach comparison)?
 Identification of gaps and those that can be addressed within 2 years: What are remaining gaps in data and method?
 Identification of pathway that can be covered with sufficient reliability.

Implementation plan (for next 2 years)

 Establish how to implement what has been already recommended or how to integrate what already exists, and by whom?
 Establish the landscape of teams working on the identified gaps and the ongoing research efforts and projects, and what
resources/experts are required to be included/invited?

 Indicate the topics for which substantial funding is needed for targeted projects and potential national, international or business
sponsors that might be interested by this topic main impacts covered.

This document first presents a one page summary for each of the four task forces, focusing on 1) human
health, 2) ecosystem quality, 3) natural resources and ecosystem services, and 4) normalization, weighting
& cross-cutting issues. For each of the Task Forces, it then details each impact category/topic considered,
describing and framing the category, summarizing state-of-the art, gaps, and existing starting points, and
proposing an implementation plan.
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Summary for human health
Initial recommendations for selection of aspects in GLAM Phase 3
Ten distinct human health damage aspects have been scoped for their potential to be included and
operationalized in the final GLAM method, namely damages associated with (1) climate change, (2) fine
particulate matter (PM2.5) pollution, (3) chemical exposure & toxicity and worker injuries, (4) nutrition, (5)
physical exercises, (6) water use and domestic deprivation, (7) ionizing radiation and indoor radon, (8) nonionizing radiation, (9) noise, and (10) major accidents. Based on their relevance and level of maturity, as
well as based on available resources in the human health taskforce, it was agreed that the following five
aspects are definitely within the scope of the GLAM Phase 3 execution:
• Climate change (most relevant aspect on the global policy and research agenda)
• Fine particulate matter, PM2.5 (very relevant, 2nd most important environmental risk factor)
• Human exposure & toxicity (based on USEtox consensus framework) and worker injuries
• Nutrition (very relevant, most important environmental risk factor)
• Ionizing radiation and indoor radon (based on available operational approaches)
Furthermore, it was agreed that the following two aspects are conditionally within the scope of the GLAM
Phase 3 execution:
• Physical exercises (to be considered if easy to do and capacity available in the taskforce)
• Water use and domestic deprivation (to be considered if damage level assessment feasible and
capacity available)
Finally, it was agreed that the following three aspects are out of scope of the GLAM Phase 3 execution:
• Noise (no capacity for transportation-related noise; worker-related noise approach exists but not
very relevant in LCA)
• Non-ionizing radiation (no capacity but general framework might be defined)
• Major accidents (scope unclear, e.g. for chemical accidents, and no capacity but should be framed)
In addition to these aspects, a discussion should be included in the GLAM Phase 3 execution on the
functional unit for damages related to e.g. nutrition and water use (cross-cutting issues taskforce), and on
linking for each considered impact category operationally to LCI data to ensure feasibility of the GLAM
method. The present document describes for each of the scoped aspects the framing of the related impact
category, the state-of-the art, gaps, existing starting points, and an implementation plan for GLAM Phase 3.
With that, the present document serves as starting point for operationalizing the agreed aspects as impact
categories contributing to human health damages of the GLAM method.
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Summary for ecosystem quality
In previous GLAM phases recommendations have been made for land use impacts, ecotoxicity,
eutrophication and acidification that are directly relevant to the Area of Protection (AoP) ecosystem
quality. In addition, climate change has been dealt with at a midpoint level in the first phase of the
GLAM project.
The current task force on ecosystem quality has three overarching tasks, namely 1) harmonization
of existing impact categories, 2) development of relevant new impact categories and 3) including
extinction probabilities into the assessment.
1. Harmonization of existing impact categories.
Land use impacts have been recommended for “hotspot analysis” on an endpoint basis in the first
phase of GLAM. We will review this, in order to see whether the approach needs updating and how
to make it compatible with including for example the aspects of scale. Ecotoxicity, eutrophication
and acidification have been part of the second GLAM phase, on a midpoint level though. The task
here is to further develop all three of them to arrive at endpoints and also include the aspects of
scale.
Chosen endpoint metric for all impact categories within the AoP are the potentially disappeared
fractions of species (PDF).
2. New impact categories
Based on both relevance and available workforce, the following impact categories, ensuring
harmonization and compatibility across categories:
- Climate change: model impacts to an endpoint level starting from the for freshwater (fish),
marine (mammals, fish, corals) and terrestrial (birds, mammals, reptiles, amphibians)
ecosystems, including work on climate tipping points.

28
29
30

-

Water consumption: develop effect factors based on species-discharge relationships, to
assess impacts on freshwater species, and investigate impacts on terrestrial species through
links with the groundwater. Possibly develop new fate factors.

31
32
33

-

Marine plastic pollution: Focus will be on the marine environment as the final receiver of
plastic waste and plastic waste, with interaction with the working group for Marine impacts
in LCA (Marilca). Both impacts from macro- and microplastic will be addressed.

34
35

-

Biomass removal by fisheries: This is especially relevant for seafood LCAs, and this is an
important specialized category due to the importance of fish for feeding humans.

36
37
38
39
40
41
42
43
44
45

3. Extinction probabilities
Finally, the task force aims to consider extinction probabilities. This has also been referred to as
“vulnerability” of species previous, accounting for the wide variety of species habitat, species
resilience to human pressure and of existing threats
Species are often lost on a local or regional level first, if they are subject to pressures. However, if
species are endemic to a region, this may mean that they are globally extinct. On the other hand,
widespread species may be able to later recolonize a certain habitat and an impact on these species
has therefore no irreversible damages. Species specific data will be used to calculate global
extinction probabilities, taking into account the needs and requirements of each impact category.
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Natural resources
According to the guidance developed in the 1st and 2nd phase of GLAM project, natural resources are defined
as the Area of Protection (AoP) that represents instrumental values for human well-being in the
technosphere. Natural resources are used in different ways and provide diverse values that benefit human
life. Many previous studies have developed methods to assess the impacts of natural resources use (in
particular, minerals, freshwater, soils, and land), while a generic method applicable to different natural
resources is not developed yet. The aim of this task force (TF) is to provide recommended LCIA
characterization factors for the assessment of the impacts on natural resources. We plan five steps to achieve
the goal of this TF; 1) the selection and definition of the AoP, 2) framing the impact pathways, 3) review of
the latest advances in LCIA methods, 4) validation of the LCIA methods in case studies, 5)
evaluation/recommendation of the characterization factors. We will promote the development by properly
referring the results and recommendations in previous works (including previous GLAM project works and
outputs of relevant other initiatives) and ongoing relevant projects (e.g. Abiotic Resources in PEF Project
(ARP), CyVi group (University of Bordeaux) and the French geological survey (BRGM), the International Life
Cycle Chair of CIRAIG).

23
24
25
26
27
28
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1. Current operationalised modeless are
• Biotic Production – (SOC deficit potential/BPP/HANPP)
• Soil Erosion potential
• Groundwater Regeneration Reduction Potential
• Infiltration Reduction Potential
• Physicochemical Filtration Reduction Potential
• Mechanical Filtration potential

30
31
32

2. Recently published models still to be evaluated
• Soil Compaction
• Soil Salinization

33
34
35
36

3. Areas where significant gaps are known
• Climate regulation potential via Albedo effect
• Pollination
• Cultural/aesthetic ecosystem damage potential.

37
38
39
40
41
42

In addition to the review and further development of these method two main activities are required to
• Make decisions on how the technosphere/ecosphere boundary is managed with many ES being
functional unit is LCA as well as different perspectives between the ES research community and the
goal and structure of LCA.
• Elaboration of the impact pathway taking the above decisions into account.
• Identification and evaluation of the AoP and linking this to the available methods.

43
44
45
46
47

The priorities set for the taskforce are in order of most to less important are
1. Formulate endpoint indicator & link models
2. Quality of parameters and global applicability of published methods.
3. Operationalise newer methods which have been published
4. Tackle Big Gaps

Ecosystem services
The impact method which are proposed for inclusion in the ecosystem services group of impact
category(ies) can be broken up into three categories. 1) Those currently operationalised, 2) those which
are recently proposed but not tested and 3) those which represent gaps in the coverage of ecosystem
service impacts.

48
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Summary for normalization, weighting & cross-cutting issues
Positioning of cross-cutting issues with LCI and LCIA phases
The cross-cutting issues considered for inclusion within the GLAM project cover all aspects relevant to LCIA
from the consideration of elementary flows as outputs from the LCI phase to the LCIA results in characterized,
normalized and/or weighted forms, and also their implementation. Aspects relating to characterization step
are considered in the other TFs. This led to identifying four distinct subtasks: (i) normalization, (ii) weighting,
(iii) LCI-LCIA connection, including implementation of the GLAM LCIA methodology, and (iv) cross-cutting
consistency issues (directly relevant to LCIA phase only).
Overview of ambitions per identified subtask
Each of the subtasks has been scoped with a specific level of ambitions within the GLAM project.
Normalisation subtask:

14
15

•

Develop and apply a calculation framework for arriving at a global normalization inventory enabling to
determine a set of global normalization references, incl. uncertainty evaluation

16
17
18
19

•

20
21
22
23

•

24
25
26
27

•

28
29

•

Identify all sources of inconsistencies and provide recommendations and mitigation measures for a
coherent connection between LCI and LCIA, accepted by all different stakeholders.

30

•

Apply recommendations to the GLAM LCIA methodology to ensure consistent LCI-LCIA linkage

31
32
33

•

34
35
36
37
38
39

•

40
41

• Coordinate continued refinement and consensus finding on LCIA framework
Uncertainty:

42

•

Provide uncertainty factors for all characterization factors provided in the GLAM3 method.

43
44
45
46
47

•

Develop a catalogue of recommendations and guidance for uncertainty evaluation, targeted to (a)
assess, report, interpret and use uncertainty information for characterization results in LCA, and (b)
ensure consistency in uncertainty estimates across characterization, normalization and weighting steps
within the LCIA phase.

Develop a guidance document (i) for practitioners on the appropriate application of normalization in
LCA (consistent with, e.g. goal definition, weighting, etc.), and (ii) for method developers on further
research needs
Weighting subtask:
Develop guidelines to select the most relevant methodologies to determine weights for individual
impact categories (and possibly aggregate results) under different decision and geographic contexts, as
specified in the goal and scope definition of the study (e.g. intended uses of the LCA, geographic scope,
etc.).

Build a consistent set of deterministic weights covering all impact categories of the GLAM LCIA
methodology, incl. quantitative uncertainty evaluation, with main focus on determining weights at
endpoint/damage level.
LCI-LCIA connection subtask:

Prepare the support and format ensuring direct implementation of the GLAM LCIA methodology in LCA
software
Consistency issues:
Map current practice and harmonize choices/guidance for other TFs on (i) spatial differentiation and
aggregation, (ii) time frames, (iii) reference states, (iv) provision of average and marginal CF, and (v)
consideration of positive effects, as well as on new issues, incl. (vi) consistency between indicators at
midpoint and endpoint levels, (vii) harmonized modelling for impacts contributing to several AoP (and
hence different TFs), (viii) alignment in cause-effect chain modelling (choices, assumptions) across
damage results and when aggregating at AoP level.
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Scoping Document for Damages on Human Health

[Peter Fantke, Nicolo Aurisano, Jane Bare, Anne-Marie Boulay, Laura Debarre, John Evans, Göran
Finnveden, Lei Huang, Olivier Jolliet, Jacob Kvasnicka, Alexis Laurent, Annie Levasseur, Li Li, Dingsheng Li,
Manuele Margni, Rodolphe Meyer, Christopher Oberschelp, Stephan Pfister, Laura Scherer, Hyeong-Moo
Shin, Katerina Stylianou, Michael Waring, Bo Weidema, Tom McKone]
Purpose
The purpose of this document is to provide an overview of the relevance and maturity status of impact
categories, indicators and aspects contributing to damages on human health within the GLAM Phase 3.
After an overview of the relevance across aspects, details on each aspects are given.

Summary of relevance of aspects contributing to damages on human health
Initial recommendations for selection of aspects in GLAM Phase 3

Ten distinct human health damage aspects have been scoped for their potential to be included and
operationalized in the final GLAM method, namely damages associated with (1) climate change, (2) fine
particulate matter (PM2.5) pollution, (3) chemical exposure & toxicity and worker injuries, (4) nutrition, (5)
physical exercises, (6) water use and domestic deprivation, (7) ionizing radiation and indoor radon, (8) nonionizing radiation, (9) noise, and (10) major accidents. Based on their relevance and level of maturity, as
well as based on available resources in the human health taskforce, it was agreed that the following five
aspects are definitely within the scope of the GLAM Phase 3 execution:
• Climate change (most relevant aspect on the global policy and research agenda)
• Fine particulate matter, PM2.5 (very relevant, 2nd most important environmental risk factor)
• Human exposure & toxicity (based on USEtox consensus framework) and worker injuries
• Nutrition (very relevant, most important environmental risk factor)
• Ionizing radiation and indoor radon (based on available operational approaches)
Furthermore, it was agreed that the following two aspects are conditionally within the scope of the GLAM
Phase 3 execution:
• Physical exercises (to be considered if easy to do and capacity available in the taskforce)
• Water use and domestic deprivation (to be considered if damage level assessment feasible and
capacity available)
Finally, it was agreed that the following three aspects are out of scope of the GLAM Phase 3 execution:
• Noise (no capacity for transportation-related noise; worker-related noise approach exists but not
very relevant in LCA)
• Non-ionizing radiation (no capacity but general framework might be defined)
• Major accidents (scope unclear, e.g. for chemical accidents, and no capacity but should be framed)
In addition to these aspects, a discussion should be included in the GLAM Phase 3 execution on the
functional unit for damages related to e.g. nutrition and water use (cross-cutting issues taskforce), and on
linking for each considered impact category operationally to LCI data to ensure feasibility of the GLAM
method. The present document describes for each of the scoped aspects the framing of the related impact
category, the state-of-the art, gaps, existing starting points, and an implementation plan for GLAM Phase 3.
With that, the present document serves as starting point for operationalizing the agreed aspects as impact
categories contributing to human health damages of the GLAM method.
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Climate Change impacts on human health

[Authors: Annie Levasseur, Göran Finnveden, Bo Weidema, Alexis Laurent]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for climate change.

Framing of the impact category
Radiative forcing induced by anthropogenic emissions of greenhouse gases and other climate forcers
causes an increase in the global atmosphere and ocean temperatures. The change in surface temperature
varies from one region to another, leading to numerous consequences that might affect human health
through different mechanisms (IPCC, 2014). Many infectious diseases are highly sensitive to climate
conditions so that their incidence will increase with global warming. Moreover, the global temperature
increase will lengthen the transmission season and expand the geographical range of many diseases. Stress
induced by higher average temperature and more frequent and intense heat waves will lead to a range of
health impacts including an increase in the incidence of some cardiovascular, respiratory and renal diseases
(Watts et al, 2019). Extreme weather events, such as wildfires, droughts and floods, will become more
frequent with global warming, impacting humans through malnutrition, accidental deaths, mental health
issues, and more (UNFCCC, 2017). Increased temperature will also lead to reduced food security and
undernutrition also causing health impacts (Watts et al, 2019). This can also be caused by lost land due to
raising sea-levels. Forced migration and increased levels of conflicts are other mechanism for climaterelated human health impacts. Figure 1 presents the overall impact pathway for impacts of climate change
on human health. The elements in parenthesis for direct impacts, impacts from changes in ecosystems, and
impacts from changes in human institutions are examples and not exhaustive lists.

Emission

Other climate
forcer

Atmospheric
concentration
Radiative
forcing
Atmospheric
temperature

Direct impacts (e.g.
cardiovascular, respiratory
and renal heat stress
related diseases, increase
in extreme events)

25
26

Impacts from changes in
ecosystems (e.g. infectious
diseases, malnutrition from
droughts)

Impacts from changes in
human institutions (e.g.
conflicts from forced
migration, mental health
issues)

Human Health
Impacts
Figure 1. Examples of impact pathways for human health effects from climate change
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For climate change, developing endpoint characterization factors for human health impacts in DALY units is
quite straightforward for some of the pathways as epidemiological studies usually estimate the increase in
the incidence per °C temperature increase for different health issues, which could then be combined with
data from the Global Burden of Disease report to get DALYs (GBD 2017 DALYs and HALE collaborators,
2018). For other pathways, it will be much more complicated to quantify the impacts.
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The Global LCIA Guidance Phase 1 project led to recommendations for the use of midpoint characterization
factors for climate change developed through a consensus-building workshop based on the
recommendations of an expert task force (Levasseur et al. 2016; Jolliet et al. 2018), but no such efforts
have taken place for endpoint characterization factors. De Schryver and colleagues proposed in 2009
endpoint characterization factors to assess potential impacts of climate change on human health for five
different issues, i.e. malaria, diarrhea, cardiovascular diseases, malnutrition, and drowning caused by
flooding. The ReCiPe (Goedkoop et al. 2009), LC-Impact (Verones et al. 2020) and IMPACT World+ (Bulle et
al. 2019) LCIA methods used the framework proposed by de Schryver et al. (2009, 2011) for endpoint
characterization of climate change damages on human health. Dong et al (2019) reviewed available damage
models and compared data with pathways described in IPCC reports. More recently, LIME 3 has updated
new damage factors for human health damages caused by climate change, but the considered endpoints
are the same as in De Schryver et al. – see above (Tang et al. 2018). Tang et al. (2019) have updated the
damage factors using a new list of relative risks per °C temperature increase, which are calculated based on
the 2014 WHO report (Hales et al. 2014). Tang et al. (2019) have considered six health damage issues,
namely undernutrition, diarrhea, malaria, dengue, heat stress, and coastal floods.
Epidemiological data used by de Schryver and colleagues (2009) to quantify the increase in incidence per °C
temperature increase for the five health issues included in the framework were coming from a 2003 report
from the World Health Organization (McMichael et al. 2003). Since the publication of this report, numerous
studies have been published about the impact of climate change on human health, and this new knowledge
has never been integrated in LCA. Of relevance are for example the Lancet countdown on human health
and climate change (Watts et al, 2019). Studies presenting monetized damages might also be relevant
(National Academies of Sciences, Engineering, and Medicine, 2017).There is a need to synthesize the main
findings from the most recent scientific literature on this topic and provide guidance for the development
of endpoint characterization factors to assess climate change impacts on human health. All three categories
of impact, i.e. direct impacts, impacts from changes in ecosystems, and impacts from changes in human
institutions, will be explored to identify for which pathways sufficient data are available to develop updated
characterization factors.

37

In GLAM Phase 3, we propose to:

State-of-the art, gaps, and existing starting points

Implementation plan (for next 2 years)

38
39

•

Review LCIA methods that model climate change impacts on human health and identify impact
pathways modeled and epidemiological data used (lead: L. Rupcic): 1 month

40
41
42

•

Perform an extensive literature review on climate change impacts on human health using the
Lancet papers and the study on valuing climate damages as a starting point (Watts et al. 2018,
2019; National Academies of Sciences, Engineering, and Medicine, 2017) (lead: L. Rupcic): 2 months

43
44

•

Identify updated sources of data and new health impact pathways for which sufficient data are
available to develop charact. factors (lead: L. Rupcic; contrib.: C. Alexandre, A. Levasseur): 3 months

45
46

•

Develop a detailed framework for endpoint characterization modeling of climate change impacts in
LCIA for impact pathways identified at the previous step (lead: L. Rupcic): 12-15 months

47
48

•

Compare updated characterization factors with previous ones from de Schryver et al. (2019) and
Tang et al. (2018) (lead: L. Rupcic): 15-18 months

49
50

•

Assess the potential importance of impact pathways that cannot be integrated in the modeling
because of a lack of data (lead: L. Rupcic; contributors: C. Alexandre, A. Levasseur): 15-18 months
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The addition of experts in epidemiological studies about climate change impacts and/or modeling of human
health impacts from climate change in LCIA would be very valuable (e.g. John Balmes, Longlong Tang).
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PM2.5 exposure and effects

[Authors: Tom McKone, Peter Fantke, Michael Waring, Stephan Pfister, Christopher Oberschelp]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for PM2.5 exposure and effects indoors and outdoors.

Outdoor PM2.5

Framing of the impact category
Human health effects from exposure to outdoor PM2.5 (ambient air pollution) are a main and
acknowledged contributor to global human disease burden. Impact characterization starts from direct
emissions of PM2.5 (primary PM2.5) or the formation of outdoor PM2.5 from relevant precursors
(secondary PM2.5) into outdoor air. Human exposure is quantified following the well-established intake
fraction concept and combined with exposure-response information available at the level of midpoint
(population incidence risk for relevant health endpoints) and damage (population lifetime loss expressed in
disability-adjusted life years, DALY).
The overall impact pathway for PM2.5 is illustrated in Figure 2 (source: Fantke et al. 2015), and does
generally apply to both outdoor and indoor sources.

Figure 2. General impact pathway for health effects from exposure to PM2.5.
For PM2.5 impacts, going to DALY as general human health damage metric is straightforward and in line
with other global consensual efforts, such as the Global Burden of Disease (GBD) study series (Cohen et al.
2017), which again generally applies to outdoor and indoor sources.
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State-of-the art, gaps, and existing starting points
For outdoor PM2.5, earlier consensus building efforts under UNEP-SETAC have reviewed available state-ofthe-art methods and led to consensus on the general framework for the impact pathway (Fantke et al.
2015), which was recommended in GLAM Phase 1 (Frischknecht and Jolliet, 2016). Further efforts have led
to recommended population intake fractions at city, regional, continental and global level in a set of
archetypal spatial settings (Humbert et al. 2011, Fantke et al. 2017), and corresponding effect factors that
account for relationships among exposure concentrations and PM2.5-attributable health effects (Fantke et
al. 2019). Outdoor intake fractions are mainly driven by population density, dilution height, wind speed,
and breathing rates. Effect factors depend largely on location, population density, and mortality rates.
Other potential contributors to primary PM health impacts that are not yet covered within these existing
LCIA methodologies include:

12
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•

Toxicity differences between different types of primary PM (e.g. black carbon, silicates, chlorides,
etc.) (Schlesinger 2007)
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•

Toxicity differences between different size classes of PM (e.g. PM10, PM2.5, PM1) (Yin et al. 2020)
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•

Pollutant transfer between neighboring cities and from suburbs into cities
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The influence of coastal areas, complex topology, temporal patterns of atmospheric conditions
(incl. wind speed and direction and mixing behavior of atmospheric layers) and very high level
emissions (e.g. from airplanes) on pollutant dispersion
The recommended factors fit the midpoint-damage LCIA framework. However, a consistent approach for
the combination of outdoor intake fractions and related effect factors needs to be further assessed. A first
approach has been demonstrated in Oberschelp et al. (2019a). With that, characterization factors at
damage level for exposure to primary PM2.5 emissions outdoors are available.
•

Secondary PM2.5 outdoors (lead: C. Oberschelp; support: K. Stylianou)
For secondary outdoor PM2.5 sources, only proxy factors for intake fractions exist (Humbert et al. 2011).
Main drivers for intake fractions correspond to those for primary PM2.5, and further include for example
the complex physico-chemical interactions between pollutants, the influence of sunlight, ozone, humidity,
temperature, and pollutant concentrations on non-linear chemical reaction kinetics, long-range
atmospheric transport and co-emission of pollutants (Oberschelp et al. 2019b). A consistent set of intake
fractions at different spatial levels and environments (e.g. urban vs. rural) in combination with related
effect factors is still missing and requires further efforts. As an interesting alternative for comparison
purposes, InMAP emitter-receptor matrices (Tessum et al. 2017) could be used to determine emitter intake
fractions and combine these with dose-response factors at receptor place to provide cumulative
characterization factors (Stylianou 2018), since a global version of InMAP is now becoming available.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to focus remaining efforts for outdoor PM2.5 on:
- Alignment workshop to consistently bring primary and secondary PM work together before starting
actual work (lead: P. Fantke and T. McKone): 1 month
- Compare different approaches to derive iF and EF based on spatial archetypes or spatial models
(lead: T. McKone; contributors: P. Fantke, C. Obershelp, Julian Marschall as to-be-invited expert): 3
months
- Develop outdoor secondary PM2.5 model, e.g. based on InMAP model (lead: C. Oberschelp,
contributors: K. Stylianou, Julian Marshall – to-be-invited expert): 6-12 months
- Consistently combine GLAM1 intake fractions and effect factors at different spatial levels (lead: P.
Fantke; contributors: J. Evans, T. McKone, O. Jolliet): 3-5 months
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Indoor PM2.5

Framing of the impact category
Human health effects from exposure to indoor PM2.5 (household air pollution) are a main and
acknowledged contributor to global human disease burden. Impact characterization starts from direct
emissions of PM2.5 (primary PM2.5) into indoor air or of secondary PM2.5, i.e. secondary organic aerosols
(SOA) formed through chemical reactions involving reactive organic gases (ROGs) emitted into indoor air.
Human exposure is quantified following the well-established intake fraction concept, and combined with
exposure-response information available at the level of midpoint (population incidence risk for relevant
health endpoints) and damage (population lifetime loss expressed in disability-adjusted life years, DALY).
The overall impact pathway for PM2.5 is illustrated in Figure 2, and does generally apply to both outdoor
and indoor sources.
For PM2.5 impacts, going to DALY as general human health damage metric is straightforward 1 and in line
with other global consensual efforts, such as the Global Burden of Disease (GBD) study series (Cohen et al.
2017), which again generally applies to outdoor and indoor sources.
State-of-the art, gaps, and existing starting points
For integration of indoor sources for exposure to PM2.5, an earlier consensus building effort under UNEPSETAC has reviewed available state-of-the-art methods and led to consensus on the general framework for
the impact pathway (Fantke et al. 2015), which was recommended in GLAM Phase 1 (Frischknecht and
Jolliet, 2016). As part of this effort with special focus on indoor sources, aspects influencing indoor PM2.5
exposures were reviewed in GLAM Phase 1, setting out the framework for addressing PM2.5 exposures
indoors (Hodas et al. 2016), which was later considered as part of the archetypal integrated indoor/outdoor
framework recommended for PM2.5. The archetypes are illustrated in Figure 3 (Source: Fantke et al. 2017).

Figure 3. Archetypal framework for integrating indoor and outdoor PM2.5 sources and exposures.
Corresponding effect factors have been recommended that account for relationships among exposure
concentrations and PM2.5-attributable health effects (Fantke et al. 2019). Indoor intake fractions are
mainly driven by room occupancy, air exchange rate, building characteristics (e.g. filters) and time activity
patterns. Effect factors depend largely on household settings, room occupancy, and region-specific
mortality rates.
Mathematically it is straightforward to go to DALY also for indoor exposures, but need to have a look at the
applicability of using C-R functions for disease incidences that are derived from outdoor concentrations and epi
studies on indoor emitted PM2.5, which can have very different chemical composition (e.g. cooking aerosol is a lot of
oleic acid or other oils).
1
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The recommended factors generally fit the midpoint-damage LCIA framework. However, a consistent set of
indoor settings, and their integration of indoor intake fractions and related effect factors remains to be
done and requires additional, moderate effort. With that, characterization factors at damage level for
exposure to primary PM2.5 emissions indoors will be available.
Secondary PM2.5 indoors (lead: M. Waring)
For the formation of SOA indoors, currently no operational framework for LCIA is available and its
development requires further efforts. Addressing this pathway is relevant as SOA formation is a significant
contributor to exposure to PM2.5 indoors in various settings and regions.
There is to date no formal analysis either globally or by region/country of the disease burden attributable
to indoor SOA. However, exposures to PM2.5 both outdoors and indoors have been associated with a
significant disease burden. For the most recent report on the Global Burden of Disease (GBD, 2017), the
GBD 2017 Risk Factors Collaborators (2018) have estimated that 147 million annual disability-adjusted life
years (DALY) are attributable to PM exposures—including exposures to ambient levels outdoors, exposures
to ambient levels transferred indoors, and exposures indoors to indoor sources. Of this number, the GBD
2017 Risk Factors Collaborators (2018) estimate that 59.5 million DALY globally are attributable to
household air pollution from solid fuels—primarily in less-developed countries. Asikainen et al. (2016)
report an annual loss of 2.1 million DALY in the EU-26 countries is associated with indoor and outdoor
originating pollutants with more than half of it (1.28 million DALYs) caused by exposures to outdoor air
pollution indoors and the remaining 0.74 million DALYs caused by indoor source pollutants. They further
report that this burden of disease is dominated by exposure to outdoor and indoor particles and secondhand smoke.
SOA formation occurs indoors owing to reactions of oxidant such as ozone (O3) or the hydroxyl radical (OH)
with reactive organic gas (ROG) precursors. The rate of gas-phase pollutant formation indoors due to
chemical reactions depends on the concentrations of reactants and the temperature of the indoor
environment. However, the rate of SOA formation is a multi-step process and depends on a number of
additional other factors, including: relative humidity (RH), the air exchange and PM2.5 other loss rates
indoors, the concentration of preexisting organic aerosol indoors, and sometimes the relative fractions of
the reactants (e.g. for ozone reacting with ROGs with more than one double bond, such as limonene).
ROG oxidation initiates a multi-generation, multi-pathway reaction scheme that can generate 100s of
potential organic products. Some of the products have high molecular weight and/or polarity with resulting
vapor pressures that dictate a volatility such that varying fractions will partition into the particle phase in an
absorptive manner. Typical particle phase products include those with functional groups of peroxides,
organic acids, organic nitrates, and/or alcohols.
Two main approaches are typically used to predict SOA formation indoors. The first uses a detailed
chemical model to predict a set of individual products, and then assigns a partitioning coefficient to each
product based on its vapor pressure, and then predicts SOA formation as owing to the total partitioning
behavior due to each partitioning compound (Carslaw 2007). Due to its computational intensity and
complexity in the modeling, this approach is suited for detailed chemical investigations and is likely not
useful for LCIA approaches.
The second approach uses the concept of the SOA yield, which is defined as the mass of SOA generated per
mass of ROG reacted. Waring (2014) used the volatility basis set (VBS) approach within the general SOA
yield framework to predict SOA formation indoors, and that work quantified the strength of various
determinants on that formation (e.g. temperature, air exchange rate, outdoor ozone, particle loss rate,
ROG emission rate, etc.). The VBS framework assumes that ROG oxidation products and associated SOA
yields can be represented in groups of logarithmically-spaced bins based on their volatility. Cummings and
Waring (2019) expanded that work to do the same thing with the two-dimensional VBS (2D-VBS), which
adds an additional axis representing degree of oxygenation, allowing compositional parameters to be
better estimated. This approach can be used to predict fresh indoor SOA formation by ROG oxidation, or
that due to aging of any organic aerosol by reaction with OH indoors. This VBS-based approach is useful for
15

Global LCIA Guidance (GLAM) Phase 3
Scoping document
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

LCIA approaches, both because it is computationally more tractable and because much chamber data exists
to represent SOA formation parameters. By using the model in Cummings and Waring (2019) and future
versions, simulations can be performed that constrain intake fractions for SOA in indoor environments.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to focus additional efforts for indoor PM2.5 on:
- Update fate to incorporate data on indoor/outdoor transport (lead: T. McKone; contributors: P.
Fantke, S. Pfister, M. Popovech): 9-12 months
- Update outdoor to indoor transfer modelling (e.g. from wildfires) (lead: T. McKone): 6-9 months
- Develop indoor secondary PM2.5 model (lead: M. Waring; contributors: P. Fantke, T. McKone): 9-15
months
- Establish a consistent indoor environment for PM2.5, human toxicity, and radiation related human
health damages (lead: T. McKone): 12-15 months
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Human exposure and toxicity

[Authors: Peter Fantke, Hyeong-Moo Shin, Nicolo Aurisano, Lei Huang, Li Li, Dingsheng Li, Jacob Kvasnicka,
Bo Weidema]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for human consumer and worker exposure as well as
human toxicity impacts and unintentional worker injuries.

Consumer exposure

Framing of the impact category
Chemicals in products have the potential to expose consumers through product use and the general
population through emissions to the environment. Exposures to chemical substances in consumer products
can occur over the entire product life cycle, including exposure from releases into the near-field (consumer
vicinity) and far-field (outdoor) environments during and after product use. Since consumer-related
exposure can dominate overall human exposure estimates, it is important to consistently account for both,
near-field and far-field exposures in life cycle impact assessment (LCIA).
The overall impact pathway for chemicals in consumer products and emitted along product life cycles is
illustrated in Figure 4 (source: Fantke et al. 2019).
State-of-the art, gaps, and existing starting points
For human exposure to chemicals emitted into the far-field environment, a dedicated earlier consensus
building effort under UNEP-SETAC has developed the scientific consensus model USEtox (Rosenbaum et al.
2008) based on an extensive model comparison (Hauschild et al. 2008). The general impact pathway
framework followed in USEtox was recommended as a starting point for including further exposure
components during the GLAM Phase 2 (Fantke et al. 2018).
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Figure 4. Impact pathway for human toxicity effects from near-field and far-field exposure to chemicals.
Ecosystem exposure and related ecotoxicity impacts are consistently included in the overall framework, but
detailed in the respective section on “Ecotoxicity” further below.
For addressing exposure to chemicals in consumer products in addition to exposure to chemical emissions,
the product intake fraction (PiF) concept was proposed (Jolliet et al. 2015). This concept was implemented
in a matrix framework that is consistent with the framework of USEtox (Fantke et al. 2016), and tested in
various high-throughput risk screening (Shin et al. 2015, Ring et al. 2019) and LCIA case studies (Ernstoff et
al. 2016, 2019; Huang et al. 2019c) for specific product applications. To consider the different near-field
exposure pathways related to various product application contexts, we have reviewed state-of-the-art
approaches that address near-field emission, fate, transport and exposure processes and pathways, and
compiled a list of recommended approaches for potential use in LCIA (Huang et al. 2017a). The PiF
framework and selected underlying product-specific near-field models have been recommended as starting
point for including consumer product exposure in LCIA during GLAM Phase 2 (Fantke et al. 2018). Additional
efforts developed process-based models to couple near- and far-field human exposures to chemicals
released from multiple sources in the chemical life cycle (Li et al. 2018, 2019, 2020), and should be
evaluated for their compatibility with the PiF framework.
Several other approaches exist with the aim to address consumer exposure in LCIA for different types of
product applications. These approaches mainly build on combining traditional LCIA methods with risk
assessment (Csiszar et al. 2016), or address data gaps and reduce uncertainty for the tens of thousands of
possible chemical-product combinations based on high-throughput screening and prioritization approaches
(Biryol et al. 2017, Dionisio et al. 2018, Isaacs et al. 2018, 2020, Ring et al. 2019, Tao et al. 2018). Primary
sources of uncertainty are (1) a wide range of reported total production volumes or emission rates, (2) lack
of data on the distribution of chemical quantity among relevant use scenarios, (3) ambiguous description of
use categories defined in the databases, (4) variability in modeled exposure estimates, (5) uncertainty and
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variability in measured and predicted chemical properties, and (6) uncertainty in the in vitro bioactivity
data and extrapolation to oral equivalent dose values (Shin et al. 2015). Some of these issues have also
been preliminarily addressed. For instance, empirical approaches have been developed to predict
production volumes or emission rates (Breivik et al. 2012, McLachlan et al. 2014, Tao et al. 2018).
Quantitative structure-activity/property/use relationship (QSAR, QSPR, QSUR) models have been created
and refined to predict function & properties of chemicals, and the attributes of products (Arnot et al. 2014,
Brown et al. 2012, Mansouri et al. 2018, Phillips et al. 2017, Huang et al. 2017b, 2019a, 2019b). These
additional approaches should be evaluated in the GLAM Phase 3 for their suitability of being integrated
with the PiF framework to arrive at a broader coverage of product applications in a consistent near-field
and far-field exposure assessment framework.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to focus additional efforts for consumer exposure on:
- Couple consistently the consumer exposure near-field framework with the full far-field emission-based
USEtox framework (lead: P. Fantke; contributors: L. Huang, N. Aurisano): 3-6 months
- Evaluate existing gaps and different approaches for complementing missing data, pathways and
processes not yet covered in the recommended near-field and far-field models to take up best aspects
up into the adapted near-field/far-field USEtox (lead: D. Li; contributors: L. Li, H. Shin, L. Huang, P.
Fantke, K. Isaacs): 6-12 months
- Coupling of the various exposure environments and product types might furthermore require to
transfer the matrix modelling framework from Excel to another more efficient platform, such as Python,
and discussion of whether users should be able to run only far- or near-field scenarios in a modular way
(lead: P. Fantke): 2 years

Worker exposure

Framing of the impact category
Worker exposure exclusively focuses on worker environments. Additional exposure of workers at home
(e.g. via exposure to household products) is covered elsewhere.
Occupational settings often exhibit highest chemical exposure for human beings. In fact, the study of
worker exposure and health impacts preceded that of general population. However, the current LCIA
framework lacks official recognition for worker exposure, which can be considered as a main limitation
(Fantke et al., 2018). A formal guidance of how to incorporate worker exposure and toxicity is needed for
future LCIA to be more comprehensive. The present section focuses on chemical exposure.
The impact pathway for worker exposure is similar to consumer exposure illustrated above except that only
the near-field environment is considered. Traditionally, occupational exposure assessments have focused
on the inhalation route, particularly important for volatile organic compounds and relevant for less-volatile
compounds in the presence of high aerosol concentrations (Lunderberg et al. 2019; 2020).
Recent evidence suggests that dermal uptake may be of similar or greater importance than inhalation for
semi-volatile organic compounds with low molecular weight and low hydrophobicity (Gong et al. 2014;
Morrison et al. 2016b; 2017). To consider the dermal route, one may have to account for the influence of
clothing. The rate of diffusion through clothing is expected to be inversely proportional to the clothing-air
partition coefficient (Morrison et al. 2017), and therefore clothing may serve as a significant impediment to
mass transfer for compounds that tend to partition to condensed phases (i.e., higher octanol-air partition
coefficients). Clean clothing may have a protective effect on dermal exposure, whereas contaminated
clothing can accelerate the rate of dermal uptake by over an order of magnitude relative to bare skin
(Morrison et al. 2016a). To account for dermal exposure for workers hence requires knowledge on
protective equipment, which might not be available. Possible options to approach this problem would be to
add the dermal gaseous pathway covered in consumer exposure methods (see further above), while the
direct dermal uptake would be substantially more difficult to approach, requiring default assumptions
about workers wearing protective equipment or not in case of missing data.
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State-of-the art, gaps, and existing starting points
The current USEtox framework has a built-in indoor sub-model that calculates the fate and transport, and
human exposure. This sub-model is available for modifications to accommodate the corresponding
configuration of the occupational setting and its workers under any given study, for example, bulk indoor
air compartment (gas plus particle phases), and surface film compartment (important for SVOCs). However,
workplace configuration may not be public information, making collection of data difficult if not impossible.
The Organisation for Economic Co-operation and Development has made available guidance documents for
conducting conservative, screening-level occupational exposure assessments for certain industries (e.g.,
plastics manufacturing at different levels of the supply chain, see
http://www.oecd.org/chemicalsafety/risk-assessment/emissionscenariodocuments.htm). Such information
includes manufacturing process descriptions, typical weight fractions of chemicals in formulations, the
number of workers potentially exposed, and other relevant exposure factors. Therefore, it might serve as
an easy-to-use tool for LCIA practitioners, rather than pre-determined values. Should default values be
provided, the users could be appropriately cautioned with uncertainty associated with the default values.
There are three main gaps that may be considered. First, depending on the tasks the workers perform,
some workers may be in close proximity with certain emission sources, challenging the assumption of
homogeneous compartments in USEtox as the concentration workers exposed to can be much higher when
they are close to the emission sources (Tsang et al., 2017). Second, unlike the general population, personal
protection equipment (PPE) is much more commonplace in occupational settings. The reduction of
exposure and impact thanks to PPE should be further explored. Third, accidents within occupational setting
could expose workers to short-term, high concentration of chemicals (this not to be confused with the
accident-related impacts on nearby community and environment). Since the current LCIA characterize
chemical toxicity with the assumption of long-term, low concentration exposure, it is necessary to explore
different methods to capture this type of exposure.
To address the first gap, the available sub-compartment within the indoor model of USEtox can be adapted
to represent close proximity exposure to emission sources. Keil et al. (2015; 2017) has reported empirically
derived estimates of inter-zonal airflow rates for modeling near-source air pollutant concentrations in
occupational settings. Additional parameters such as worker frequency and duration in these high
concentration areas should also be considered. For the second gap, modeling exposure reduction due to
PPE may not be straightforward. Alternatively, practitioners should be offered the option to customize the
extent of reduction in exposure. Workers who wear their PPE home may experience continued exposure
through the dermal route. This is particularly relevant for less-volatile compounds with high affinities for
clothing and/or skin and significant resistances to mass transfer. For such compounds, multiplying exposure
concentration times the fraction of time spent at work may underestimate cumulative exposure. It may be
possible to derive chemical-specific adjustment factors to account for the influence of clothing on dermal
uptake for LCIA based on comparisons with results from transient mechanistic modeling. Regarding the
third gap, although it is possible to develop a new framework for acute exposure, it is unlikely to be feasible
given the timeframe of GLAM Phase 3. Rather, it may be worthwhile to explore the possibility of addressing
accidental exposure to chemical for workers along with injuries.
However, the main hurdle for modeling approaches applied to worker exposures over the entire supply
chain of a product is not necessarily on the LCIA part, but rather on the emission side, since indoor
emissions at workplace are usually not known even for the foreground system and are very dependent on
the local production settings. This is even more the case when considering worker the entire supply chain, a
key requirement since the main worker exposure for many product will not be in the final manufacturing,
and often assembling sector, but in tier 1 or tier 2 suppliers (e.g. plastic manufacturing for plastic articles).
Therefore, Kijko et al. (2015; 2016) developed an approach to determine the impact of organic chemicals at
workplace based on experimental concentration of organic chemicals in every sector of the industry,
combined with the numbers of hours of blue worker worked in each sector of the industry per functional
unit using I/O calculation over the entire supply chain. Data are available for the entire industry for the US
OSHA Chemical Exposure Health Data database for 330,000 sector- concentration for 250 chemicals in
2002-2009. The approach was illustrated on an office chair case study showing that highest and very
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substantial worker exposures are in the Tier 1 and Tier 2 suppliers. For the foreground system, direct
measurements from the foreground industry could be used and multiplied by the effective and processbased number of hours worked per functional unit rather I/O calculation. This approach was also applied
for alternatives assessment in Fantke et al. (2020), accounting for the entire supply chain of phthalate in
flooring materials. The approach provides worker intakes per functional units. The same effect factors
(dose-response and severity) can then be used as for other toxicity exposure, whereas severity might have
to be adjusted to account for age specific distribution of workers versus the general population. The
approach has been recently extended to occupational health impacts of noise based on noise levels
measured at workplace. The approach could also be complemented or compared with by observed case of
diseases at workplace (Scanlon et al., 2013; 2015), but these might be limited for chronic disease that
develop over decades, when disease can occur at later times when workers have already left the
considered sector. Main gaps on the Kijko et al. (2015; 2016) approach include: a) The inorganic and PM
concentrations at workplace have been analyzed but not published and peer reviewed, b) the I/O data
need to be updated to at least 2010, with some minor adjustment on the matrix structure, and c) important
but more challenging at this stage, data are limited to US and Europe so far, and should ideally need to be
complemented by measured data in emerging countries (e.g. China or India).
To customize these approaches to specific problems, there will be an option to differentiate between the
foreground system and the entire supply chain and life cycle. For the foreground system, the LCA
practitioner can then replace general default statistics by facility specific data, both in term of number of
hours worked and number of accidents.
Overall, the different available approaches for addressing worker exposure in human toxicity
characterization will have to be compared for their suitability for application in LCIA. Based on that, it
should be explored if indoor intake fraction based exposure and characterization factors can be derived in
case indoor emissions are available, while concentration-based factors should be explored in case of
measured concentrations being available for foreground systems, supported by input-output based
concentration-based estimates for the supply chain.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to focus additional efforts for worker exposure on:
For modelled-based approaches:
- Compare approaches and agree which of the approaches to follow for what aspect and how to
implement the approaches in a consistent way and compatible with approaches for consumer
exposure, and also considering available LCI data (lead: O. Jolliet; contributors: J. Kvasnicka, K. Scanlon
as to-be-invited expert): 3-6 months
- Adapt the existing near-field indoor sub-model for account for close proximity to emission sources
(lead: J. Kvasnicka): 6-12 months
- Develop guidance documents for the user to customize the occupational setting (lead: J. Kvasnicka): 3
months
- Explore the possibility of covering short-term chemical exposure in workplace as injuries (effort, time,
and resources to be discussed with injuries team). This could be possibly covered by statistical
approaches (see injury section description)
For the experimental base approach, implementation should include: a) Analyze and systematically check
and make available the inorganic and PM concentrations at workplace, b) update the I/O data need to be
updated to at least 2010, with some minor adjustment on the matrix structure, and c) important but more
challenging at this stage, data are limited to US and Europe so far, and should ideally need to be
complemented by measured data in emerging countries (e.g. China or India). d) Organize a comparison
with Scalon’s approach to check orders of magnitude of impacts. Possible teams and scientists to involve:
Dr. Scanlon, Dr. Jolliet, Dr. Hellweg’s team.
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Toxicity non-cancer dose-response and severity

Framing of the impact category
Human toxicity dose-response (linking population-level incidence risk for various health outcomes to
population-level near-field and far-field exposures) and disease severity (translating incidence risks for
various health outcomes into population-level lifetime loss) are important elements of characterizing
health impacts from exposure to chemicals in LCIA (see Figure 4). Characterizing human toxicity impacts is
relevant for potentially tens of thousands of chemicals emitted along product life cycles or used in various
consumer products and industrial processes, which introduces a high level of complexity and poses related
data challenges for dose-response and disease severity estimation.
State-of-the art, gaps, and existing starting points
Consensus-based recommendations for assessing dose-response and disease severity for human toxicity
impacts in LCIA are available as part of scientific consensus model USEtox developed under UNEP/SETAC
(Rosenbaum et al. 2008) based on an extensive model comparison (Hauschild et al. 2008). The general
approach for assessing dose-response and disease severity in USEtox was recommended as starting point
for further refinement during the GLAM Phase 2 (Fantke et al. 2018).
In short, the existing USEtox framework translates human and animal toxicity test data into a chronic doseresponse slope factors (referred to as effect factors), aggregated for cancer and non-cancer effects, that are
consistently combined with human intake fractions (Rosenbaum et al., 2011). Health outcomes are
aggregated, since animal test results (as main source for arriving at human effect factors due to the
generally limited amount of available human toxicity effect tests) are mostly unspecific with respect to the
addressed health outcome (i.e. disease endpoint). Currently, effect doses inducing a 50% response in the
exposed (human or animal) test population, ED50, is used, from which a linear slope to zero is assumed, in
line with high uncertainty and large inter-individual variability around the actual slope for a given chemical
and exposure route (e.g. inhalation, ingestion). However, the currently limited number of available effect
factors in USEtox, using mostly acute data as starting point for deriving chronic effect factors, and assuming
linearity over the range from zero to EC50 across chemicals have led to continuously questioning the
currently used effect factors, specifically for non-cancer effects (Fantke et al 2018).
In response, a refined approach for estimating dose-response factors and severity factors was recently
proposed during the UNEP/SETAC GLAM Phase 2 (Fantke et al. 2019). The proposed approach addresses
several concerns of the current method for deriving human toxicity impacts in USEtox (e.g. low substance
coverage, large deviations from other assessment fields, absence of uncertainty estimates around effect
factors).
The proposed approach for refining non-cancer toxicity dose-response slope factors is based on a global
consensus model developed in risk assessment under the World Health Organization/International Program
on Chemical Safety (WHO/IPCS). This approach proposes a refined way of deriving human toxicity (noncancer) effect factors based on using a wide range of underlying effect information from regulatory test
data and data obtained from simplified stochastic models (WHO 2014, Chiu et al. 2015). It consists of two
main steps. In the first step, a suitable point of departure (POD) is identified based on a defined data
selection hierarchy. In the second step, a non-linear dose-response factor (DRF) is derived from the POD by
applying a probabilistic framework. Figure 5 presents the general workflow for deriving a non-linear DRF for
a chemical starting from the identified POD (Source: Fantke et al. 2019). This new approach allows for a
broader consideration of effect data and estimation methods, includes the characterization of uncertainty,
and provides dose estimates that are more environmentally relevant than previous estimates in USEtox.
The approach has already been applied in a number of case studies. For example, Chiu et al. (2018)
implemented this approach to derive 1,464 reference doses across different non-cancer effects, and Fantke
et al (2019) tested this approach in a LCA case study on rice production and consumption. This approach
has been recommended in GLAM Phase 2 to refine the currently followed method for driving non-cancer
effect factors in LCIA.
Population-level cancer and non-cancer incidence risk, which can be expressed as a disease incidence or
disease “case” when cumulatively exceeding 1, can be aggregated after translation into lifetime loss, using
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different disease severity estimates. Lifetime loss is thereby commonly expressed as disability-adjusted life
years (DALY) as general human health damage metric. Using DALY is straightforward and in line with other
global consensual efforts, such as the Global Burden of Disease (GBD) study series (Cohen et al. 2017).
However, since disease severity varies significantly, especially across non-cancer outcomes, an updated set
of severity factors for non-cancer effects was proposed during the UNEP/SETAC Glam Phase 2, mainly
distinguishing reproductive/developmental toxicity outcomes (high severity) from other non-cancer
outcomes (generally lower severity). In the GLAM Phase 3, these updated approaches should be evaluated
for their suitability to arrive at a broad substance coverage for human toxicity impacts, and tested with new
case studies.

Figure 5. General workflow for estimating dose-response slope factors with confidence intervals from
defined points of departures (POD).
To fill in remaining data gaps for human and/or animal toxicity test information, different approaches have
been developed that should be further evaluated. Such approaches generally use either traditional
Quantitative Structure Activity Relationship (QSAR) models or machine learning techniques to expand the
coverage of effect information. QSAR models have been used extensively in predicting ecotoxicity
endpoints for environmental pollutants over the past few decades (Schultz et al. 2003, Mazzatorta et al.
2004) and machine learning has recently been used in predicting toxicity of drugs (Yang et al., 2018, Zhang
et al., 2018). In addition to such approaches, the rapidly expanding data from high-throughput in vitro
toxicity testing should be further evaluated. Such data, e.g. ToxCast (Judson et al., 2014), provide
qualitative and quantitative toxicity information on cell responses and dose-response curves recorded in
various assays with human cell lines. Its high-throughput nature enables not only larger coverage at this
moment but also continuous rapid expansion in the future. It has found use in high-throughput risk
screening (Wetmore et al., 2015, Wenger et al., 2020).
However, all these proposed approaches also come with their unique challenges when applied to the
current LCIA framework. QSAR/machine learning techniques are highly dependent on the training data and
the confidence of the results decreases when new chemicals are not within the applicability domain, which
is determined by the diversity and number of training data. For using high-throughput in vitro toxicity data,
a new set of rules needs to be established, since it is not directly compatible with the recommended effect
factor calculation in LCIA. A recent study inferred the in vivo point of departure with ToxCast in vitro assay
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data (Wang, 2018), and offers a pathway of connecting the in vitro data to an appropriate metric
compatible with the effect factor calculation with uncertainty also characterized.
These additional approaches should be evaluated for combination with the recommended refinement
approach for human dose-response slope factors and related disease severity estimates.
For cancer effects, the carcinogenic Potency Database (CPDB), elaborated by Gold et al. and customized to
USEtox by providing separate Tumor doses E50% (TD50s) by rout of exposure, remain the largest source of
well cured data with 1600 data (60% positive), even if not regularly updated. For covering a larger number
of substances, it will be of interest a) to explore whether the Comptox dashboard can provide
complementary data, and b) to apply machine learning techniques (Random Forest Algorithm, Neural
network or other combinations, selecting most appropriate) to predict TD50s, but also predicting chemicals
which were cancer-negative at tested doses.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to focus additional efforts for human toxicity effects on:
- Develop a full database for developmental/other non-cancer effects and a suitable ED10-based doseresponse approach based on a comparison (lead: N. Aurisano; contributors: W. Chiu, R. Judson, P.
Fantke): 9-18 months
- Evaluate the different underlying data for dose-response modeling and develop extrapolation methods
for arriving at suitable points of departure (POD) (lead: N. Aurisano; contributors: W. Chiu, R. Judson, P.
Fantke): 6-9 months
- Adopt the probabilistic dose-response assessment framework for use in LCIA (moderate effort; to be
done within 1 year with limited additional resources) (lead: N. Aurisano; contributors: W. Chiu, P.
Fantke, O. Jolliet): 9-15 months
- Revisit cancer QSARs including zero potency aspects, apply machine learning techniques (Random
Forest Algorithm, Neural network or other combinations, selecting most appropriate) to the Gold
database to predict TD50s, and explore whether the CompTox dashboard database for possible
complementary data to combine with the CPDB database (lead: W. Chiu): 12-18 months
- Develop severity factors from latest GBD for cancer and non-cancer toxicity, and link animal and human
effect outcomes (lead: N. Aurisano; contributors: Y. Emara, P. Fantke, W. Chiu, K. Stylianou): 6-15
months

Unintentional worker injuries

Framing of the impact category
Injury is a damage to the human body by sudden exposure to an external cause. Thereby, injuries are
distinguished from damages that are due to exposure over longer periods, such as musculoskeletal
disorders, and diseases that manifest themselves over longer periods after first exposure to their causes,
such as cancer. Thus, acute poisoning is an injury, while a disease caused by substance exposure over
longer periods is not. Injuries are classified under section 22 of the International Classification of Diseases
(WHO 2018).
Unintentional injury is a sub-class of injuries by exclusion of intentional injuries, exposure to forces of
nature, and collective violence and legal intervention.
Unintentional injury covers vehicle-related transport injuries and non-transport injuries. Both may be
divided in work-related (occupational), often reported per industry, and non-work related. Non-transport
injuries include falls, drowning, suffocation, firearms, exposure to mechanical forces, poisonings, animal
contact, as well as fire, and hot substances.
Unintentional injuries also include risk factors that would probably benefit from a separate treatment and
have not been included here:
• Adverse effects of medical treatment
• Heat stress
Unintentional injuries accounted for 7.3% of the global burden of disease in 2013, with 85% of this being
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Years-of-Life-Lost (Haagsma et al. 2016). With that, this impact pathway is of moderate relevance for LCA.
The impact pathway for injuries is rather straightforward, since the cause of injury (e.g. “Fall”) itself is
directly causing the injury (e.g. “Dislocation of hip”), which can be expressed in DALY, using the
characterization factors provided by the Global Burden of Disease study.
Li et al. (2019) discussed different approaches for assessing human disease burden from different types of
unintentional worker injuries following the methods proposed in Figure 6.

Figure 6. General impact pathway and methods proposed for deriving human health impacts from
unintentional worker injuries.
State-of-the art, gaps, and existing starting points
Assessing of injury burden is commonly divided to two steps:
1. Assessing of likelihood of sustaining injury/accident (e.g. likelihood of road accident);
2. Health effects that injury/accident cause (e.g. fracture skull). These can be further divided between
short-term and long-term consequences, including reduction in life expectancy.
Road accidents, which make up 41% of all unintentional injuries, were included in Stepwise 2006, but the
characterization factors for YLL and YLD were very coarse at that time. New, more specific data have since
become available from the Global Burden of Disease collaborators.
ILO statistics cover occupational injuries, divided on fatal or non-fatal, with the latter divided on permanent
or temporary incapacity to perform the normal duties of the job occupied at the time of the accident (ILO
1998). At a general level, occupational injuries are sought prevented through occupational safety and
health (OSH) management systems that include appropriate training and monitoring, as described in the
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ILO (2001) guideline.
Vehicle-related injuries are preferably measured per vehicle-km of the accident-causing vehicle type.
Injuries from road traffic may be further specified by type of road and vehicle technology (crash-preventing
speed and stability control technologies, and impact-mitigating technologies, such as seat-belts, airbags,
and helmets), and by the density of traffic, divided on modes, as background variable; see e.g. the
Integrated Transport and Health Impact Modelling Tool (ITHIM: http://www.mrc-epid.cam.ac.uk/research/
research-areas/public-health-modelling/ithim/). EU countries have begun recording road injury data by
severity, using the proprietary Abbreviated Injury Scale (AIS) that relate to the probability of fatal outcomes
(IFT 2019). For assessing the YLD impact of injuries, Tainio et al. (2014) have developed an AIS-to-YLD
matrix based on Swedish data, with separate estimates by gender, mode of transport, and urban/rural
location of the accident.
The U.S. Consumer Product Safety Commission provides statistics on injuries related to consumer, sports
and recreational products in their National Electronic Injury Surveillance System (NEISS) available at
<https://www.cpsc.gov/Research--Statistics/NEISS-Injury-Data>. The National Safety Council, an American
non-profit organization, provides their own analysis of these data at <https://injuryfacts.nsc.org/home-andcommunity/safety-topics/consumer-product-injuries/> and <https://injuryfacts.nsc.org/home-andcommunity/safety-topics/sports-and-recreational-injuries/>. Producers that maintain statistics on
consumer injuries for their own products can use these data to provide a product group benchmark. The
difference to the benchmark can then be used as inventory category indicator.
Organisations that apply specific safety-enhancing technologies, such as:
• Remote monitoring technology,
• Vision enhancement, such as lighting, mirrors, and television equipment,
• For falls: Handrails and non-slip, non-skid surfaces,
• For hazardous products: Safe storage, impediments to access and use, and equipment that reduce
exposure during use, cleaning and disposal,
• Stability control technologies for moving equipment and their loads,
• Devices that secure objects that can fall or tip over,
• Flame retardants, smoke and fire alarms and containment systems, and fire suppression systems,
• Personal protective equipment,
and can provide documentation for related lower than average injury levels, can use the reduction in injury
incidences as inventory category indicator.
For frequent accidents, Hofstetter and Norris (2003) used occupational health data for injuries and illnesses
and an economic input-output model for US to provide attributional occupational health impacts measured
in disability adjusted life years per dollars output for 491 industry sectors including supply chain impacts.
Scanlon et al., 2013 & 2015 further extended this approach to use industry-level work environment
characterization factors to convert industry activity to damage to human health attributable to the work
environment. These two approaches complement and are consistent with the I/O approach from Kijko et
al., 2015 & 2016 to determine the impact of organic chemicals at workplace. For the foreground system,
average statistics are customized based on the above proposed modeling approach (like measures
providing a factor x reduction in risk based on average risk ratios) or could be based on effective and
process-based number of hours worked per functional unit rather I/O calculation, as for example
performed by Kvasnicka et al. (2019, see appendix 1). For transportation, Fries and Hellweg (2014) adapted
the approach of Pettersen and Hertwich (2008) in the field of work safety on oil and gas rigs for application
in the Swiss freight transport sector, using total accident statistics and total km driven for different types of
vehicles.
Weidema (2020) proposes the following inventory indicators:
“a) Occupational injuries, specified by fatal (within one year of accident), permanent incapacity (inability to
resume the same job within one year of accident), and temporary incapacity (calendar days between the
day of the accident and the day when the employee can again perform the normal duties of the job
occupied at the time of the accident, not including the day of the accident), further specified by gender and
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age, as well as accident and injury detail as further specified by ILO (1998); b) Road transport injuries,
additionally expressed relative to transport distance and, when possible, specified by type of roads and
applied vehicle technologies (speed and stability control, seat-belts, airbags, and helmets); c) Fulltimeequivalent employment-years not covered by an occupational safety and health (OSH) management system
according to ILO (2001) guidelines, or equivalent; d) Person-years of employees and their family members
with basic skills in injury prevention and first aid; e) Incidences of consumer injuries related to the analysed
consumer products minus the benchmark value that can be calculated from NEISS or similar data sources; f)
Reductions in injury incidences that can be documented to result from the application of specific safetyenhancing technologies. Units: Incidences (for occupational and consumer injuries); Distance, such as km
(for transport); Calendar-days (for temporary occupational incapacity); Employment-years (for OSH
coverage); Person-years (for skills).”
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•

to integrate the available data into LCI databases and estimate missing data

to link existing characterisation factors to the inventory indicators and estimate missing
characterisation factors
Finally, the different methods discussed in Li et al. (2019) should be further explored to derive human
health impacts associated with unintentional worker injuries based on occupational data from US Bureau of
Labor Statistics and similar sources, with possible extension to the rest of the world.
•

Implementation plan (for next 2 years)
• Review of existing approaches and latest developments (lead: S. Li; contributors: O. Jolliet, P.
Fantke, B. Weidema): 3-6 months
• Update of statistics with recent data, combination with latest I/O database to derive DALY per $ in
each sector, in interaction with chemical and noise worker exposures (lead: S. Li; contributors: O.
Jolliet, P. Fantke, B. Weidema): 6-12 months
• Estimates of injuries associated with different sectors over entire supply chain (In DALY/$output of
each sector) (lead: S. Li; contributors: O. Jolliet, P. Fantke, B. Weidema): 12-18 months
• Estimates of transportation related injuries in DALYs/t-km or DALY/pers-km (lead: S. Li;
contributors: O. Jolliet, P. Fantke, B. Weidema): 12-24 months
• Systematic search for data on each continent and selection of archetypical countries with data
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Radiation impacts

[Authors: Tom McKone, Göran Finnveden, Peter Fantke]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for ionizing including indoor radon. We also consider the
framework needed to address non-ionizing radiation but do not include details on characterization factors.

Ionizing radiation

Framing of the impact category
Ionizing radiation includes both sub-atomic particles and electromagnetic radiations that have sufficient
energy to break chemical bonds in molecules and cause formation of ion pairs that are damaging to cell
function and human health (UNSCEAR, 2017).
Exposures to ionizing radiation arise from naturally occurring sources (such as radiation from outer space,
Naturally Occurring Radioactive Materials [NORM] in building materials and consumer products, radon gas
emanating from building materials, rocks, and soil), and from sources with an artificial origin (such as
medical diagnostic and therapeutic procedures; radioactive fallout resulting from nuclear weapons testing;
energy generation, including by means of nuclear power; unplanned events such as the nuclear power
plant accident at Chernobyl in 1986 and Fukushima accident following the great east-Japan earthquake and
tsunami of March 2011; and workplaces where there may be increased exposure to artificial or naturally
occurring sources of radiation (UNSCEAR, 2017). Of particulate concern in LCIA are the enhancements of
public and exposures to NORM in building materials and consumer products, and occupational exposures
to NORM, particularly radon, from extraction industries and waste management.
Efforts to develop characterization factors for ionizing radiation benefit significantly from the United
Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), which provides summaries of
sources, exposures, and impacts of ionizing radiation in the global population (UNSCEAR, 2000, 2006, 2008,
2008b, 2013a, 2013b, 2016, 2017) . The UNSCEAR mandate is to undertake broad assessments of the
sources of ionizing radiation and its effects on human health and the environment. In pursuit of its
mandate, the UNSCEAR thoroughly reviews and evaluates global and regional exposures to radiation.
UNSCEAR also evaluates evidence of radiation-induced health effects in exposed groups and advances in
the understanding of the biological mechanisms by which radiation-induced effects on human health or on
non-human biota can occur. The UNCSEAR studies rely strongly on the publications of the International
Commission on Radiological Protection (ICRP) to characterize exposure-to-dose, dose-to-effect, and effectto-damage factors (ICRP 2007, 2016, 2019). Taken together the work over many decades from UNSCEAR
and ICRP provide much of the framework, models, and data needed to construct characterization factors
for a broad range of ionizing radiation exposures.
For all sources considered, UNSCEAR provides an impact assessment that follows the format of Figure 7.
Because the field of radiation risk assessment is quite advanced relative to impact assessments for other
environmental stressors, there is a rich literature and very mature risk-assessment recommendations that
provide reliable endpoint and (as needed) midpoint metrics for ionizing radiation. As a midpoint metric, the
UNSCEAR provide the population dose commitment in person-sievert for a given activity. The annual dose
commitment is the annual integral of dose multiplied by the number of people receiving that dose and
linked to a specific source category. The UNSCEAR reports as well as methods of the ICRP issued over the
last fifty+ years also provide methods and results for detailed calculations of the global disease burden as
an endpoint metric for assessing impact from a broad range of ionizing radiation sources. The UNSCEAR
reports focus primarily on providing a way to calculate risk along with the number of fatal and non-fatal
cancers. We will need to apply a severity factor for cancers developed in our work on chemicals to convert
cancer (fatal or nob-fatal) incidence to DALY.
For ionizing radiation there is a very good prospect of going to a disease-burden endpoint to make it
consistent with other human-health impact categories.
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Figure 7. General impact pathway for health effects from exposure to radiation.
State-of-the art, gaps, and existing starting points
State of the Art
Ionizing Radiation has long been recognized as an impact that should be a focus of LCA (Heijungs et al.,
1992; Solberg-Johansen et al., 1997). But there are no formal LCIA-specific recommendations from national
governmental or international multi-government agencies that can be used as consensus methods for
calculating ionizing radiation characterization factors. However, there is a growing literature on LCIA
characterization factors for radioactive materials that provides a strong foundation for LCIA
recommendations. Initial concepts for addressing ionizing radiation were proposed by Frischknecht et al
(2000). However, recently developed methodologies have made significant advances relative to the 2000
proposals. Paulillo et al (2017, 2020a, 2020b) have proposed, developed, and compared two approaches
for addressing exposures to ionizing radiation in LCA. These approaches are incorporated in the models
UCrad and the Critical Group Methodology (CGM) (Paulillo et al 2020a). Using impact assessment models
for human health and ecosystems developed for risk assessment of radioactive emissions and exposures
Joyce et al (2017) and Goronovski et al (2018) have developed, demonstrated, and compared both
midpoint and endpoint characterization factors suitable for LCIA and compatible with the USEtox model.
Starting Points and Gaps
Paulillo et al (2020a) have developed and reported ionizing radiation characterization factors (CFs) obtained
from UCrad and CGM for direct discharges to air, freshwater and seawater, and for emissions arising from
nuclear waste disposed in a geological repository. CFs are expressed in absolute terms as yearly risk per
Becquerels (Bq) released, and in relative terms as Bq equivalent per Bq released. The relative impact is
obtained by dividing the CF for each radionuclide risk by that of a reference substance emitted to a specific
environmental compartment. The references substances are uranium-235 emitted to air and uranium-238
from Intermediate-Low Level Waste. UCrad and CGM share the same Exposure and Effect Modules but
employ different Fate Modules to estimate the concentration of radionuclide releases to various
environmental media (Paulillo et al 2020a). UCrad applies the multimedia compartment approach proposed
by Mackay (2001) and has the structure illustrated in Figure 8. CGM uses human and environmental risk
assessment approaches adapted from the International Atomic Energy Agency (IAEA) for characterizing
impacts from routine direct discharges (IAEA, 2001) and for characterizing releases from nuclear wastes
disposed in a geological disposal facility adapted model from the UK Nuclear Decommissioning Authority
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(NDA 2010). CGM factors for direct discharges are reported for four distances of the critical group, namely
1, 100, 1000 and 10 000 km, but only one set of CGM factors is provided for emissions from nuclear waste.
From the environmental concentrations estimated by either UCrad or CGM fate modules, the Exposure
Module in both models predicts the amount of ionizing radiation absorbed by human beings and the Effect
module converts the predicted exposures into an effective dose, expressed in Sieverts (Sv). The dose may
also be converted into a disease burden risk metric for detrimental effects (Paulillo et al, 2020a).
Joyce et al (2017) and Goronovski et al (2018) developed midpoint and endpoint CFs for human health and
ecosystems to address Naturally Occurring Radioactive Materials (NORM) in LCA. We focus here on their
models for human health outcomes. Their approach is based on adapting exposure models from the
radiation literature with existing fate, exposure and effect models that have been developed in LCIA for
chemical substances. For outdoor environmental releases they adapted USEtox for fate modelling and also
exposure modelling for internal human exposure. For releases from building materials, Goronovski et al
(2018) use the model by Meijer et al (2005) as well as a radon exposure-dose model. For landfilling of
radioactive materials, they developed an independent storage model.
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Figure 8. Multimedia structure of UCrad (from Paulillo et al 2020a).
We illustrate in Figure 9 the elements of the Goronovski et al (2018) human impact assessment model for
ionizing radiation. In their approach for human receptors, the USEtox model calculates exposure factors for
exposure via inhalation and ingestion routes. These factors are multiplied by the Dose Conversion
Coefficients (DCCs) taken from UNSCEAR (2000) (units of Sv/[kBq released]) to provide the effective dose
via these routes. Since these DCCs have been revisited in more recent UNSCEAR (2016, 2017) reports it may
be necessary to make updates. DCCs are used to convert radionuclide concentration into dose to recipients
based on the decay mode and decay energy of the radionuclide. It is common to distinguish between
external (exposure from radionuclide presence near recipient) and internal (exposure from inhalation or
ingestion of radionuclide) DCCs. In addition to the routes included in USEtox, external exposure to
radionuclides present in building materials and soil are also possible impact pathways. We describe the
approach to building materials in the next paragraph. For soil contamination Goronovski et al (2018)
calculated the external exposure using DCCs from Eckerman and Ryman (1993) for soil contaminated to
infinite depth (original units Sv-m3 per Bq-s converted to Sv-m3 per kBq-d). This is consistent with the
assumption of instantaneous homogenous mixing made in the derivation of fate factors by USEtox. For a
known soil volume (Vs), these DCCs can be converted to provide a combined exposure and effect factor for
an isotope i (XF, units: 1/d; EF, units: Sv/kBq; XFxEF, units: Sv/kBq-d)
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(XF x EF)i = DCCi/Vs

(Eq. 2)

Where NORM nuclides are incorporated into building materials, Goronovski et al (2018) account for
exposure of building inhabitants via external gamma exposure and radon inhalation using the indoor model
of Meijer et al. (2005).
There is also the potential for worker exposures to NORM radiations during its storage at industrial sites,
particularly in landfills (Goronovski et al, 2018). Because the impact of a given kg of material deposited in a
landfill will be attenuated by the shielding effect of subsequent layers of material, Goronovski et al (2018)
use the Markkanen (1995) model to assess dose rates to workers near the storage sites based on the timing
of deposition and thickness of the site.

Figure 9. Illustration of the elements of the human impact assessment model for ionizing radiation used by
Goronovski et al (2018). Units are presented in red.
Implementation plan (for next 2 years)
For this effort, our goal is the following: (lead: T. McKone)
- Invite original model developers for USEtox-compatible approaches (lead: T. McKone; contributor:
G. Finnveden): 1 month
- Compare approaches for methodological differences and if radon requires special approach (lead:
T. McKone; contributors: G. Finnveden, P. Fantke): 3-6 months
- Develop radiation model, starting from USEtox-compatible models (lead: T. McKone; contributors:
A. Goronovski, A. Paulillo, G. Finnveden, P. Fantke): 12-18 months, which includes the following
sub-tasks under the same lead:
o Based on the models available, we will integrate and expand the CF that account for the
disease burden attributable to NORM in building materials and consumer products.
o Based on models available, we will make recommendations for CFs that account for the
disease burden attributable to radionuclide emissions to air, fresh water, marine water,
and soils from energy and industrial operations
o Based on models available, we will make recommendations for CFs that account for
releases to groundwater, surface water, and soil from nuclear waste storage and disposal
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o
o
o

We will review the data available for calculating CFs and make recommendations for data
selection and for the collection of new data needed to fill data gaps in CF calculations
We will update radiation dose conversion coefficients (DCC) to make them consistent with
more recent guidance and data from UNSCEAR (2006, 2016)
We will recommend whether and how it is feasible to add the process for determining CFs
into the USEtox framework

Indoor radon

Framing of the impact category
After smoking, exposures to radon and radon progeny are the second leading contributors to global lungcancer disease burden (UNSCEAR, 2017). Radon exposures are also linked to a range of other cancer and
chronic-disease burdens. Radon exposures to the general population occur primarily indoors. The impact
pathway diagram for indoor radon is shown in the middle segment of Figure 9. Indoor radon levels arise
from soils that underlie buildings and from building materials. Indoor radon levels have a strong geographic
variation based on changes in naturally-occurring radium levels in soil and rock. However, indoor radon
levels also depend on building construction materials and methods, ventilation, and mitigation actions.
These factors have life-cycle components that can be captured in characterization factors for indoor radon.
Among working populations, those who work in mines and around oil and natural-gas wells receive the
highest radon-based radiation exposures. For the electricity-generation and transportation sectors, total
occupational collective doses per joule energy produced are significantly greater than public collective
doses in the coal cycle and combustion of oil (UNSCEAR, 2016). Much of this difference is due to
occupational exposures to workers at extraction sites—mines and wells.
For indoor and occupational exposures to radon there is a very good prospect of going to a disease-burden
endpoint to make it consistent with other human-health impact categories.
State-of-the art, gaps, and existing starting points
State of the Art
The scientific bases for constructing characterization factors for radon exposures, both public and
occupational, are available in the reports of the United Nations Scientific Committee on the Effects of
Atomic Radiation. Several of the UNSCEAR reports, but specifically UNSCEAR (2000, 2006, 2016) provide
indoor radon exposure models and models for energy extraction exposures (mines and wells) that serve as
the starting point for LCA characterization factors. There have been initial efforts to establish
characterization factors to address indoor exposures to radon attributable to building materials and to soil
below structures. The United Nations UNSCEAR (2000, 2006) reports provide indoor exposure/dose models
that make possible the characterization of disease burden attributable to radon in soil. Meijer et al (2005)
have developed a multi-compartment model that is used to assess both external gamma exposures and
radon doses attributable to radioactive materials contained in building materials. The external gamma
exposures occur from the radionuclide content of the building material and the radon emissions from
building materials and soils below the foundation. The inhalation exposures result from emissions of radon
from building materials and soil emissions. The Meijer et al. approach is illustrated in Figure 10. Here we
see the indoor compartments included as well as the emissions and transfers indoors.
Starting Points and Gaps
Goronovski et al (2018) have developed a USEtox based assessment to address the LCA of naturally
occurring radioactive materials (NORM), including radon, that are incorporated into building materials.
Their approach includes radiation exposures of building inhabitants via gamma radiation and radon
inhalation. Their approach for radon is provided in the middle segment of Figure 9. Their gamma exposure
is based on the indoor room model of Meijer et al. (2005). Goronovski et al (2018) also use the Meijer et al.
empirical values for radon exhalation for a range of materials. Since Meijer et al. provide no mechanism to
assess the potential radon exhalation of novel materials, Goronovski et al (2018) use the radon surface
exhalation model from UNSCEAR (2000) for these materials to obtain radon flux density and then
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concentration of radon in inhabited areas based on 226Ra concentration and material properties. There is a
need now to assess how the existing Goronovski et al (2018) approach should be updated to account for
newer UNSCEAR (2006, 2016) recommendations.
Because radon occupational disease burdens from extraction industries, that have documented radon
exposures to workers, have not yet been addressed, we will need to consider UNSCEAR (2006, 2016)
guidance to develop characterization factors for these populations and life-cycle activities.

Figure 10. Structure of the three-compartment model used by Meijer et al (2005)
to assess exposures and impact from indoor radon
Implementation plan (for next 2 years)
For this effort, our goal is the following: (lead: T. McKone)
- Develop characterization factors (CF) that account for the disease burden of exposures indoors to
radon and its progeny. The more damaging (due to deep transfer and retention in lungs) radon
progeny are mostly PM2.5 bound radioactive elements. The CF most account for geographical
location, building materials, construction methods, ventilation, and mitigation actions that alter the
disease burden (lead: T. McKone): 6-12 months
- Check how to connect impact factors (impacts/unit mass or concentration of radon in soil) to LCI
data (use building stock instead of emissions) (lead: T. McKone): 3 months
- Develop characterization factors for occupational exposures to radon from mining operations as
well as from oil- and gas-well operations (lead: T. McKone): 9-15 months

Non-ionizing radiation

Framing of the impact category
Nonionizing electromagnetic radiation does not have sufficient energy to break chemical bonds but has
sufficient energy to transport sufficient energy to cells and tissues to cause harm. The tissues of greatest
concern are often eyes and skin.
Nonionizing radiation includes optical radiation, radiofrequency radiation, and low frequency
electromagnetic (EM) fields. Exposures to these radiations arise from natural sources--sunlight, natural EM
fields--and from industrial and medical activities--industrial drying, welding, lasers, radio communications,
radar, cell phones, and electrical storage and distribution.
--Optical radiation
Optical radiation includes ultraviolet radiation, visible light, and infrared radiation. There are natural and
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industrial/medical sources. Economic activities can enhance natural exposures and add new exposures. The
most sensitive tissues for potential harm from optical radiation are eyes and skin. For optical radiations we
can establish both a cumulative population exposure midpoint and potentially a disease burden endpoint
(at least for UV radiation).
--Radiofrequency radiation
Radiofrequency radiation (RF) includes all television and radio communications (including cell phones),
radar, and microwaves. Although there are some natural sources, the majority of human exposures are
from human activities. The known effects of RF exposures are the heating of tissues (think microwaves) at
high doses with the eyes, skin, and testes being of particular concern. There is continuing but unconfirmed
research on other health effects associated with RF. For RF we can establish an exposure midpoint for
populations but not a disease burden endpoint.
--Low Frequency Electromagnetic Fields (EMF)
EM fields are associated with power transmission, transformers, and medical diagnostics. There are some
documented (but not well replicated) studies of adverse outcomes for those with high exposures (electrical
workers) but no available well-vetted models for population impacts. For EM we can likely establish an
exposure midpoint but not a disease burden endpoint.
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State-of-the art, gaps, and existing starting points
For optical radiation, we will at least qualitatively explore how UV radiation affects damages associated
with ozone depletion. Possible starting point could be to just import the underlying approach from one of
the existing LCIA methods, such as ReCiPe or LC-Impact.
Nothing else is specified for non-ionizing radiation impacts as this aspect will not be included in the further
work of the task force beyond the exploration of possible damage of UV radiation on ozone depletion.
Implementation plan (for next 2 years)
We will review the approaches used to address increasing ultraviolet light exposures attributable to ozone
depletion and the basis for suggestion the starting point for a more generalized framework to address nonionizing radiations of all types (lead: T. McKone): 3-6 months
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Nutrition impacts & Physical Exercise

[Authors: Katerina Stylianou, Laura Scherer, Bo Weidema, Stephan Pfister, Marko Tainio, Olivier Jolliet]
Foods and diets as well as athletic facilities, equipments, and activities can affect human health (WHO,
2009, Goodpaster et al., 2010, Lachat et al., 2013). Therefore, the use of such products and services may
generate health effects that are experienced by the user (internal), in addition to environmentally-induced
health impacts generated over the supply chain that are experienced by the general population (external)
such as human health impacts from toxic chemical, climate change, water use, and land occupation.
Internal human health effects can be both positive (avoided health burden) and negative (health burden)
and are typically overlooked considered in LCIA methods. While the focus of this GLAM phase is on food
and athletic systems, primarily due to available expertise in the task force and method availability, it should
be acknowledged that other systems may also generate internal health effects such as cigarettes/smoking,
cars/driving, medical devices, and safety equipment. This work requires interdisciplinary collaboration and
overcoming several challenges that are discussed in the sections to follow.
The purpose of this document is to provide a brief summary of the issues relevant to developing
characterization factors (CFs) for internal human health effects from nutrition and physical activity and
improve existing CFs for external human health impacts from nutrition through water consumption and
land occupation. This work aims to prineer the consideration of internal health effects in LCIA by providing
guidelines and recommendations for food and athletic systems that will inform and inspire the internal
human health impact pathways for other systems.

Nutrition (incl. water use and land occupation)

Framing of the impact category
Unbalanced diets, diets high in foods that are detrimental for human health and low in foods that are
beneficial for human health, are leading the national burden of disease in most countries (Gakidou et al.
2017). According to Imammura et al. (2015), more than half of the global population follows a form of an
unbalanced diet. As a result, it is estimated that unbalanced diets are responsible for more than 10 million
deaths globally in 2017 that makes up about 19% of total deaths, corresponding to ~250 million disabilityadjusted life years (DALYs) which is equal to 10% of total DALYs globally (Institute for Health Metrics and
Evaluations 2020).
Exposure to dietary risk components occurs through food consumption at the use stage of a food LCA.
Nutritional considerations in food LCAs have typically followed the philosophy that nutrition falls in the
biological functions of food and as such is used to determine the functional unit (Heller et al. 2013). There
are different approaches to define a nutritional functional unit, ranging from single nutrients (Sonesson et
al. 2017) to complex nutritional profiling models (Drewnowski and Fulgoni 2008). However, such
approaches, especially when considering nutrients with negative effects on health, create fundamental
complications for LCA studies (Heller et al. 2013) in addition to neglecting the important contributions of
nutrition to the human health damages associated with the life cycle of foods (Stylianou et al. 2016).
Instead of accounting for nutrition considerations via the functional unit in food LCAs, a more appropriate
approach would be to consider nutrition as an impact pathway for human health damages (Weidema and
Stylianou 2019). Comparative risk assessment enables us to bring nutrition impacts on health impacts to
the endpoint. While there is a wide range of what can be considered as a balanced diet, the risk of
developing health effects in response to unbalanced diets occurs when a “minimum risk” level is exceeded.
Exceedance implies too low intake of qualifying nutrients (e.g., vitamins, minerals, choline, polyunsaturated
fatty acids, omega-3 fatty acids or precursors, dietary fiber, protein, water) and too high intake of
disqualifying nutrients (e.g., saturated and trans fatty acids, cholesterol, sodium, total sugars, ethanol) per
unit of metabolisable energy. Furthermore, chronic surplus dietary metabolisable energy intake (Livesay
2001) can result it increases in the body mass index (BMI), which is an important risk factor for human
health (Berrington de Gonzalez et al., 2010). Chronic excess of metabolisable energy intake is related to
food items with high energy density and high glycaemic index, notably processed foods with refined grains,
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added sugars, and/or added fats (Drewnowski and Darmon 2005, Vernarelli et al. 2018, Livesay et al. 2008).
Dietary risks, which in the context of LCA can be considered as nutritional pathways, can be certain food
groups, food items, or nutrients. The first step is to characterize the exposure levels by quantifying the total
and incremental daily intake of certain dietary risks associated with the investigated food or diet, typically
in g or kcal. Exposure levels are then coupled with exposure-response information available from
epidemiological studies at the level of midpoint (individual or population incidence risk for relevant health
endpoints) and endpoint (individual or population lifetime loss expressed in DALYs). The overall impact
pathway for nutrition is illustrated in Figure 11.
Similar to other impact categories, such as PM2.5, nutritional human health impacts can be measured in
DALYs, as demonstrated by the Global Burden of Disease (GBD) study series (Gakidou et al. 2017).

Figure 11. Schematic description of assessment framework and impact pathway for nutrition. While the
unit “µDALY” is used here for convenience, the final damage-level unit will be “DALY”, consistent with other
human health indicators.
State-of-the art, gaps, and existing starting points
Current approaches to incorporate the health impacts related to nutrition in LCA can fall into two
categories: internal and external. Internal nutritional human health impacts result in from food
consumption during the use stage of the life cycle and affect the health of the user. Food production also
generates nutritional-related health impacts that are mediated by environmental pathways (external) and
affect the health of the general public.
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The key component in characterizing internal nutritional health impacts is the establishment of doseresponse functions from epidemiological evidence. Dose-response functions can be derived by combining
risk ratios, estimates that characterize the association between a risk and a health outcome, and the
background disease incidence rate. An ideal starting point for obtaining such estimates is the GBD.
In a first attempt to incorporate internal nutritional health damages in LCA, Stylianou et al. (2016) proposed
the expansion of the traditional LCA framework with the Combined Nutritional and Environmental Life
Cycle Assessment (CONE-LCA) framework. CONE-LCA introduces a nutritional impact pathway that links
dietary patterns, foods, and nutrients to human health damages and benefits using available
epidemiological evidence, following the framework of Figure 11. In a proof-of-concept case study, the
authors demonstrate the framework and the use of epidemiological evidence from a single risk component
to investigate the environmental and nutritional trade-offs of increasing milk consumption in the US diet.
To do that, they developed disease-specific nutritional characterization factors that measure health burden
changes for US adults in μDALYs per g milk for colorectal cancer, stroke, and prostate cancer.
Advancements of this work have generated marginal nutritional characterization factors for 17 dietary risk
components in the US (Stylianou 2018; Stylianou et al. 2020), building on the work of the GBD studies.
Defined as Dietary Risk Factors (DRFs), the estimates quantify the marginal health burden benefits (avoided
μDALYs) or damages (μDALYs) associated with a g intake increase in a given risk component. The list of
beneficial dietary risks (risk increases when intake is insufficient) includes fruits, vegetables, legumes, whole
grains, nuts and seeds, milk, fiber (two factors depending on source of fiber 2), calcium, polyunsaturated
fatty acids (PUFA), and omega-3 fatty acids from seafood. The list of detrimental risks (risk increases with
excess intake) includes red meat, processed meat, sugar-sweetened beverages (SSB), trans fatty acids
(TFA), and sodium. To calculate these DRFs, the authors used pooled risk rations that characterize the
associations between 479 risk-health outcome pairs that were combined with 2,940 health outcome- and
strata-specific burden rates for US adults from the GBD 2016 study (Gakidou et al. 2017; Institute for Health
Metrics and Evaluation 2018) to generate ~6,200 risk-outcome-strata-specific DRFs. Several factors were
considered in their analysis as effect modifiers (strata factors) such as gender, age (15 age groups), race
(black/not black), hypertension status, and body mass index (BMI). Due to the lag time between exposure
and disease onset, the authors advise the use of adjusted DRFs that reflect the distribution of the
population under study. The magnitude and disease repartition of the DRFs for US adults is reported in
Stylianou et al. (2020), Figure 2. The authors demonstrated the application of these DRFs within LCA by
combining the DRFs with food composition profiles obtained from Fulgoni et al. (2018) to evaluate 6,000
food items in the US diet. This work offers a methodological basis for developing nutritional
characterization factors for LCA.
It should be noted that some studies have complemented LCAs with comparative risk assessment, similar
to that of the GBD, to characterize the internal nutritional health of diets (non-marginal) at the midpoint or
endpoint level. In contrast to the marginal approach by Stylianou et al. (2020), non-marginal methods
ofcomparative risk assessment take into account that the joint effect of risks is multiplicative and not
additive (Gakidou et. al, 2017). Specific to dietary risk factors, these assessments typically estimate the
health burden associated with exceeding or not meeting a threshold intake level for detrimental or
beneficial risks, respectively, also known as the theoretical minimum risk exposure level (TMREL). TMRELs
indicate lower or upper intake limits for dietary risks that do not increase the risk of adverse health effects
(Gakidou et. al, 2017). For example, fruit consumption which is beneficial for human health has an upper
limit of 250 g/day according to the 2017 GBD study, meaning that daily food intake below this level
increases the risk of developing advere health outcomes while intake above this level is considered to have
a neutral health effect.
Several studies have used a comparative risk assessment to evaluate the internal nutritional effects of
dietary patterns. For example, Tilman and Clark (2014) investigated estimated the midpoint health impacts
due to type II diabetes, cancer, coronary mortality, and all-cause mortality associated with global diets
Separate nutritional characterization factors are available for fiber obtained from fruits, vegetables, legumes, and
whole grains and fibers from all other sources.
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transitioning to distinct healthy dietary patterns (Mediterranean, Pescetarian, and Vegetarian). Similarly,
Springmann et al. (2016) explored and compared the benefits associated with region-specific diets
transitioning to three dietary patterns (healthy eating and energy intake, Vegetarian, and Vegan), with
midpoint nutritional health impacts estimated due to changes in weight, red meat, and fruit and vegetable
consumption. Two recent studies, evaluated the endpoint nutritional health damages of seven diet
scenarios for the Swiss population (Chen et al. 2019) and European diets (Walker et al. 2019), building on
the work by the GBD. While these studies demonstrate how comparative risk assessment has the ability to
bring nutritional impacts to the human health endpoint for non-marginal dietary changes, the authors have
kept the nutritional and environmental dimensions of diets separated. This is a gap in the literature that
highlights the need for non-marginal CFs for the internal human health effects of nutrition.
In regards to external and indirect nutritional health impacts, DALYs caused by deficient nutrition have
already been used in LCIA to assess impacts from land and water use through impacts on food production
and consequent iron-energy deficiency related disease and mortality (Pfister et al. 2009; Motoshita et al.
2018; Ridoutt et al. 2019). This endpoint method was recommended in GLAM phase 1 for water
consumption, (Jolliet el al. 2018). However, the authors emphasized the need to revisit and improve this
recommendation due to two methodological limitations. First, this method does not account for potential
malnutrition reductions from produced calories that can compensate health damage. This limitation was
demonstrated in a rice case study where health benefit of produced kcal exceeded the production impacts
from water use and malnutrition. Second, there is a need for further refinement of this approach to better
account for representative trade effect (accounting for elasticity) and for the regional health responses to
malnutrition. Overall, methodological improvements of the external nutritional impacts and an alignment
between internal and external nutritional impacts should be further investigated.
In summary, several approaches have attempted to characterize the internal and external nutrition-related
impacts of foods and diets in LCA. Most efforts to incorporate the nutritional value of food in LCA have
focused on determining a nutrition-relevant functional unit, which primarily relied on nutrient profiling
models and were unable to achieve a link to human health impacts. However, the approach by Stylianou et
al. 2020 enables the characterization of the internal nutritional health impacts of foods and diets via the
development of nutritional characterization factors for a set of dietary risks (food groups, food items, and
nutrients). These characterization factors are developed based on the principals of comparative risk
assessment and using epidemiological evidence from the GBD studies. This approach allows for the
characterization of the internal nutrition impacts up to the human health endpoint in LCIA. For the external
nutrition effects, a method to characterize the human health impacts of water use was recommended in
GLAM phase 1 but due to methodological limitation would require updating. Also, since then a similar
methodology has been developed for the characterization of the the indirect human health impacts of land
occupation
The main aims for the nutrition impacts in GLAM phase 3 are:
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•

As nutrition can have both beneficial and detrimental effects, how can we introduce, evaluate, and
report benefits in LCIA that are in line with ISO 14040/44?

39
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•

Develop nutritional characterization factors for marginal and non-marginal applications for
archetypes of interest based on up-to-date scientific information and

41

•

Establish guidance on inventory development
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Update the methodology for the nutritional-related human health impacts from water
consumption and follow a similar approach for land occupation
In addition, there are several discussion points to be addressed and harmonized for the introduction of
nutrition as an impact pathway in LCIA:
•

46
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•

How are internal/direct human health impacts associated with consumed amounts linked to
different functional units used in food LCAs, which are often production (eg., kg produced) rather
than behavior (eg., serving size consumed) oriented?

49
50

•

How can we define which type of applications is important (marginal vs non-marginal)? What are
the needs and challenges in establishing recommendations and characterization factors for each
45
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•

•

application
o Marginal factors can be used in the evaluation of food items with the aggregated impact of
risks assumed to be independent and additive, as in the work by Stylianou et al. (2020).
o Non-marginal factors can be used to evaluate diets in which the aggregated impact of
dietary risks should account for a multiplicative effect, especially when one or more risks
affect the same health outcome. Here, it is important to also account for and investigate
the influence of the background/starting diet and its variation within the population.
o Applicability of marginal and non-marginal CFs in relation to TMRELs
What are the challenges and how we can establish recommendation for inventory development?
o Internal nutritional impact are related to food consumption. Ideally, we want spatial info of
where the food is consumed to properly assess the effect due to differences in background
burden rates as well as background consumption levels.
 Risk-based inventories that quantify the change in intake by dietary risk component
considered.
 For the US food systems we have the method/database by Fulgoni et al. (2018)
developed based on public data from the US Department of Agriculture.
 For foods from the rest of the world, we could use the GBD exposure database, if
we manage to get access. Alternatively, we could use the food balance sheets by
the Food and Agriculture Organization (FAO) or the food composition database
based on “The composition of foods” by McCance & Widdowson (2002), which was
used in Walker at al. (2019).
o How to incorporate the influence of cultivation and farming practices on health effects (e.g.
organic) and nutrient bioavailability in food (e.g., omega-3 in salmon fed with algae instead
of fish oil).
 Which dietary risk factors can be influenced by cultivation and farming practices?
 What available mechanisms exist to determine how and when this influence
occurs?
 Nutritional profiles for relevant archetypes
What are the relevant diet archetypes for which we need to develop nutritional characterization
factors as a priority?
o Archetypes need to relevant background health burden corrections
o Possible factors of in interest: region (global, regional, national, subnational), pattern
(Mediterranean, DASH, Western, Vegetarian, Vegan, etc.), socioeconomic status.

34
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•

Is it appropriate to consider food groups as risks in LCA? How to avoid double counting when
nutrients and food groups affect the same health outcome (e.g. milk vs calcium and colorectal
cancer)?
o Is it enough to only account for nutrients? Based on the GBD, we can only link six nutrients
to health damages.
o Can we differentiate the health effect of food groups based on nutrients (tiered approach)?

40
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•

Critical evaluation of dietary risks in the GBD based on scientific evidence, especially for omega-3
and sugar (why it is not considered).
Additional risk factors:
o When evaluating diets, it is important to account for the added health damages from
caloric intake excess. We need to investigate how to develop characterization factors for
excess kcal intake. One possibility would be to explore a mediation effect through BMI: BMI
is a risk factor in the GBD and excess kcal (adjusted for physical activity) are associated with
higher BMI.
o How can we consistently evaluate impacts (and benefits) associated with malnutrition and
deficiencies? To what extend is this relevant for LCA?

•
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Essential metals that have HH impacts: So far we have not considered the benefits
of ingestion when population of interest is deficient.

Implementation plan (for next 2 years)
(K. Stylianou/L. Scherer/B. Weidema  implement a scoping workshop where nutrition experts are invited)
Upon further establishing the gaps and needs for this new impact category in LCA, we will invite experts in
nutrition epidemiology and nutrition health evaluations to help us address these issues. First, we will
prepare a roadmap document for the workshop with the aim of the workshop, the challenges we are
facing, and a list of questions for the experts. This document should be prepared by the end of December
2020. Second, the experts will be contacted in January 2021 and once interest verified we will distribute the
prepared document. A 2 hour Zoom meeting with the experts is expected to be scheduled in February
2021. The findings of the workshop will be summarized in a scientific article.
Experts to invite after the scoping phase:
- Victor Fulgoni, Vice President of Nutrition Impact LLC (vic3rd@aol.com)
- Adam Drewnowski, Professor of Epidemiology at the University of Washington, Director of the Center for
Public Health Nutrition at the University of Washington School of Public Health (adamdrew@uw.edu)
- Arne Astrup, University of Copenhagen, Denmark (ast@nexs.ku.dk)
- Ashkan Afshin, Adjunct Assistant Professor of Global Health, Assistant Professor of Health Metrics
Sciences University of Washington. Dietary risk assessment lead for the GBD studies (aafshin@uw.edu)
- Dariush Mozaffarian or Renata Micha, Friedman School of Nutrition Science and Policy at Tufts University
- Walter Willet or Frank Hu, Harvard School of Public Health
- Jacqueline Vernarelli, Assistant Professor of Nutritional Epidemiology (arellij@sacredheart.edu)
- Peter Scarborough (https://www.ndph.ox.ac.uk/team/peter-scarborough)
Efforts are underway to develop nutritional characterization factors for other regions, such as Switzerland
and Japan, based on the method from Stylianou et al. (2020). However, it is important to develop a flexible
model that will enable the calculation of marginal and non-marginal characterization factors for different
archetypal diets, similar to the work by Fantke et al. (2019).
In GLAM Phase 3, we propose to focus the efforts of the nutritional task force on:
• Clarify relevance of impact pathway for agrifood and other sectors and contributions from food
losses (Lead: K. Stylianou; contributors: L. Scherer, B. Weidema, S. Pfister, O. Jolliet): 3-6 months
• Evaluate existing/upcoming scientific evidence and organize a scoping workshop with nutrition
experts (Lead: K. Stylianou; contributors: L. Scherer, B. Weidema, S. Pfister, O. Jolliet): 6-9 months
• Determine main diet archetypes of interest considering interindividual variability & consumption
patterns (Lead: K. Stylianou; contributors: L. Scherer, B. Weidema, S. Pfister, O. Jolliet): 6-9 months
• Develop archetype-specific nutritional characterization factors (Lead: K. Stylianou; contributor: O.
Jolliet): 9-18 months
• Develop updated characterization factors for external impacts from water use and land occupation
(Lead: S. Pfister): 9-18 months
• Harmonize internal and external nutritional impact assessment methods, also in exchange with the
task on climate change impacts on human health where they also consider malnutrition (Lead: K.
Stylianou; contributors: L. Scherer, B. Weidema, S. Pfister, O. Jolliet): 12-24 months
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Physical exercise

Framing of the impact category
Physical exercises is listed under the heading of nutrition-related impacts, but constitutes a completely
different impact pathway and is currently not prioritized in GLAM3.
Physical exercise (physical activity) is most easily recorded in Metabolic Equivalent of Task (MET)-minutes,
which is a relative measure of the metabolic energy expenditure of the human body during an activity
relative to the energy expenditure at rest. By definition, the resting expenditure is thus 168 MET-h/week or
10080 MET-minutes/week. However, in physical activity epidemiology METs are usually calculated only for
the time when people are physically active.
The contribution of each individual activity can be expressed in MET-minutes. For example, sitting has a
MET of 1 and thus 60 MET-minutes per hour of sitting, while bicycling at 15 km/h has a MET of 5.8, thus
contributing 5.8*60 = 348 MET-minutes per hour of bicycling. Summing over the two hours, the average
metabolic energy expenditure is (60+348)/(2*60) = 3.4 MET or (60+348)/2 = 204 MET-minutes/hour. The
measurement of the metabolic rate is described in ISO 8996 (ISO 2004). MET-levels for many activities are
included in Ainsworth et al. (2000) and presented in the Compendium of physical activity
(https://sites.google.com/site/compendiumofphysicalactivities/home). Data on sedentary work per
industry, occupation, and skill level are available from Australia (Kyaw-Myint & de Crespigny 2011). The
elementary flow is thus expressed in MET-minutes/person/hour. Individuals experience health benefits
from physical exercise up to the level of an additional 8000 MET-minutes per week (Kyu et al. 2016).
Characterization factors in disease-cases and DALY per MET-minute/person/hour can be derived from Kyu
et al. (2016), giving midpoint impacts in disease-cases and endpoint impacts in DALY. However, it should be
mentioned that the estimates by Kyu et al. (2016) have been criticized and are considered controversial
because MET levels included domestic and occupational activities (e.g. total METs from daily activities)
contrary to global recommendations that only account for leisure/recreational activities and transportation
(Bauman A., 2016). This discrepancy in the exposure characterization is inconsistent with the approaches
used in in exposure characterization in epidemiological studies which exclusively measures leisure-time
METs.
State-of-the art, gaps, and existing starting points
A critical element in the determination of characterization factors for physical activity are dose-response
functions between MET levels and health outcomes. These functions vary substantially between health
outcomes, both in terms of shape and magnitude.
The Preventable Risk Integrated ModEl (PRIME) offers a good starting point obtaining these dose response
functions, covering health outcomes such as stroke, diabetes, colorectal cancer, breast cancer, and
coronary heart disease (Briggs et al. 2019). However, it is expected that new meta-analysis, led by
University of Cambridge, will become available in the near future that will provide a comprehensive set of
dose responses for all relevant health outcomes (including mental health outcomes) that have been
robustly associated with physical activity. First results from this work were published in Smith et al. (2016)
for type-2-diabetes.
In 2020, Strain et al. published a study using prevent fraction method, including global estimates on
physical activity benefits. Appendix of the study includes global data on background physical activity levels,
which could possibly be used in the implementation of this physical exertion calculations for global LCIA
model.
Implementation plan (for next 2 years)
For the consideration of physical exercise in GLAM phase 3 we need LCA experts to join our subgroup.
This impact pathway is similar in nature with nutrition in the sense that it models health benefits. However,
it has a restricted scope with its sole application is in transportation LCA and we are currently lacking
leadership for this pathway. Therefore, we have determined that physical activity is out of scope for the
nutrition task force for now (see whether Marko will have the time to lead this work later).
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Physical activity impacts will hence only be considered if easy to implement (lead: M. Tainio): 12-24 months
Few potential experts on physical activity side to be included when this impact pathway is pursued:
• Leandro Garcia: https://pure.qub.ac.uk/en/persons/leandro-garcia
• Paul Kelly: https://www.ed.ac.uk/profile/paul-kelly
• Linda Cobiac: https://www.ndph.ox.ac.uk/team/linda-cobiac
• Alex MacMillan: https://www.otago.ac.nz/dsm/people/expertise/profile/index.html?id=1612
• Tessa Strain : https://www.mrc-epid.cam.ac.uk/people/tessa-strain/
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Freshwater use and domestic deprivation

[Authors: Anne-Marie Boulay, Laura Debarre, Manuele Margni]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for freshwater use and domestic deprivation.

Freshwater use and domestic deprivation

Framing of the impact category
Domestic freshwater is essential to human wellness, and a minimum quantity is needed to meet basic
needs (drinking, cooking, hygiene and sanitation) and assure fundamental health (Gleick 1996). An
insufficient quantity of domestic water availability can lead to inadequate practices of hygiene and
sanitation and to the consumption of poor quality water. As a result, domestic users risk being exposed to
water-related diseases, including diarrheal diseases and respiratory infections. Prüss-Ustün et al. (2019)
estimate that in 2016 only, 1.6 million deaths and 105 million DALYs were attributable to quantifiable
inadequate Water Sanitation and Hygiene (WASH) 3.
Freshwater consumption can result in a long- or short-term change of water availability at a local scale.
Depending on specific conditions (water availability and water accessibility), this can lead to water shortage
and users’ deprivation, and subsequent incapacity to fulfil their basic requirements.
The overall impact pathway for freshwater consumption and domestic deprivation leading to water-related
diseases is illustrated in Figure 12.

Figure 12. Impact pathway of water-related burden of diseases from freshwater use and domestic
deprivation. Grey boxes give insight on an example of possible expansion of the cause effect chain, while not
included in the current models (adapted from Boulay et al. (2011), Debarre et al. (in preparation).
Consistently with other impact categories, water-related diseases can be expressed in DALYs, in line with
Prüss-Ustün et al. (2019)’s work to quantify inadequate WASH.
3

Where ‘inadequate’ stands for ‘unsafe water and insufficient access’.
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State-of-the art, gaps, and existing starting points
State of the art
Two methodologies currently address the domestic deprivation impact pathway (Boulay et al. 2011;
Motoshita et al. 2011). Until further recommendation, each one of these models can be used “for
sensitivity assessment of the impacts by domestic water deprivation” (Frischknecht et al., 2016).
The characterization factor built by Motoshita et al. (2011) uses the combination of a scarcity index (Pfister,
Koehler, and Hellweg 2009), the proportion of domestic water used compared to total human water use
from Aquastat (FAO 2019), and a socioeconomic and effect factor built as a multiple regression analysis
describing water accessibility and damages from infectious diseases (in DALYs/m3).
Boulay et al. (2011)’s characterization factor is calculated as the multiplication of a fate factor defined as
the ratio between consumed water amounts (in km3/yr) and renewable water amounts (the statistical low
flow Q90 and the renewable groundwater resource, in km3/yr), an exposure factor calculated as Di*(1-AC)
where Di is a distribution factor, and AC stands for “Adaptation Capacity” and is inversely proportional to
the Gross National Income, and a global effect factor built from the geometric average of the country scale
factors defined as the ratio between water-related DALYs and the total domestic water deprived.
Qualitative and quantitative comparisons between these two models have been carried out ((Kounina et al.
2013) and (Boulay et al. 2015) respectively), but no recommendation is provided regarding the existing
approach to choose (Frischknecht et al. 2016).
Boulay et al. (2015) provides a general framework for the cause effect chain and the equation of
characterization factor to consider in water use impact assessment:
𝐶𝐶𝐹𝐹𝑖𝑖 = 𝑆𝑆𝑆𝑆 × 𝐷𝐷𝐷𝐷𝑈𝑈𝑖𝑖 × 𝑆𝑆𝑆𝑆𝐸𝐸𝑖𝑖
(Eq. 1)
Where i can account for agricultural or domestic, SI is a stress or scarcity indicator, DAU is the fraction of
water consumed by users i and SEE is a socioeconomic effect factor of water use for user i. Frischknecht et
al. (2016) and Jolliet et al. (2018) recommend using water-related CFs at a watershed and monthly
resolution. Groundwater and surface water differentiation, although desirable, currently appears not
feasible given the level of data availability both from an inventory and impact assessment side. Concerning
the domestic impact pathway, the authors recommend carrying out additional research regarding the
damages associated with the lack of water.
However, the question is still open regarding the adequacy of modeling the cause effect chain linking water
consumption to a decrease of the amount of water available for domestic purposes and to human health
impacts (Frischknecht et al. 2016). Some authors consider that health damages are rather linked to local
conditions and water level of accessibility (Pfister, Koehler, and Hellweg 2009), legislation and local
practices (Frischknecht et al., 2016).
Frischknecht et al. (2016) recommended additional work to assess the double counting potential between
toxic emissions (water quality) and water deprivation (water quantity) effects on human health. In
response, Pradinaud, Núñez, et al. (2019) discussed the relevance and possibility of integrating water
quality in water use impact assessment in LCA. Differentiating between water consumption, water
degradation and water quality improvement, the authors state that water quality is not needed in the
domestic deprivation impact pathway: “the effect is not dependent on the water quality since the user
actually affected by the physical lack of water has already been identified”.
Potential impact on human health due to freshwater deprivation for human should be considered only if
the “recovery time occurs before the defined timeframe”, when the “potential impact of water use is
considered reversible”.
Potential starting points
A consensus has been built regarding the human health potential impact due to water use implying
agricultural users’ water deprivation (Jolliet et al. 2018) and an adaptation of this method for domestic
users is relevant to assure consistency across models. In particular, the scarcity index (SI) and the fraction of
water consumed by domestic users (DAU) proposed by Frischknecht et al. (2016) (Eq. 1) can build on the
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model of the agricultural corresponding factors, adapted to domestic water use.
The work of Prüss-Ustün et al. (2019) offers additional insight on country-scale burden of diseases due to
inadequate WASH. While this work addresses water-related diseases in their entirety, the derivation of the
values attributable to solely water shortage/deprivation should be further investigated.
As part of the UN-Water Integrated Monitoring Initiative for SDG 6, The Joint Monitoring Program provides
global reports on drinking-water and sanitation coverage, containing relevant data to be integrated in the
studies (United Nations Children Fund and World health Organisation 2017).
Implementation plan (for next 2 years)
Under the supervision of Anne-Marie Boulay and Manuele Margni, a current masters’ project aims to revisit
(Boulay et al. 2011)’s model and integrate last recommendations and data sources (Debarre et al. in
preparation).:
In GLAM 3 we propose:

14
15

•

Redefine the limits of applicability of domestic water deprivation impact pathway modeling (lead: L.
Debarre; contribution: A. Boulay): 1-3 months

16
17

•

Propose revisited and updated characterization factors building on Boulay et al. (2011)’s work (lead:
L. Debarre; contribution: A. Boulay): 3-6 months

18
19
20
21
22
23
24
25
26
27
28

•

Strengthen the link between water consumption, domestic deprivation and human health impacts
by revisiting the fate factor FF of (Boulay et al. 2011)’s model building on the FFagri as proposed by
(Jolliet et al. 2018). This fate factor would add consistency across models and give a picture of the
current ratio between domestic water consumption and the remaining water (AMC Availability
Minus human water Consumption), providing implicit insight on water accessibility (i.e. in a country
with important water resource but insufficient level of accessibility, this fate factor would be low:
reflecting a low impact since domestic users would be less likely to be additionally deprived if not
able to easily access a water source in general). Since focusing on human health impacts, no
interaction with ecosystem impacts is considered here, with the implicit assumption that human
needs are met before ecosystem needs (Debarre et al. in preparation) (lead: L. Debarre; contribution:
A. Boulay): 3-6 months

29
30
31

•

Revisit the approach of calculation of the effect factor. We propose additional research on combining
Comparative Risk Assessment (CRA) with notions of water quantity to quantify water-related DALY
due to water deprivation (lead: L. Debarre; contribution: A. Boulay, M. Margni): 6-9 months

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

•

Conduct a Monte Carlo Analysis to quantify uncertainty of the model and of the characterization
factor. For now, no resource is available to perform this work and its feasibility is thus uncertain (lead:
L. Debarre): 12-15 months
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Noise impacts

[Authors: Rodolphe Meyer]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for noise.

Environmental noise for transportation

Framing of the impact category
The damage of noise on human health is receiving more and more attention from scientists and policy
makers. Considerable scientific progress has been made in understanding noise pollution since it was first
mentioned in the 1970s (Abatement and Control, 1974; Health Council of the Netherlands, 1971). In 2011,
a comprehensive study from the World Health Organization quantified the burden of disease coming from
environmental noise and highlighted noise as a public health issue (Fritschi et al., 2011).
Transportation is omnipresent in the global economy, contributing heavily to air pollution, climate change
and environmental noise. Although the first two categories have received a significant deal of attention for
consensual integration in the LCA framework, in most LCA studies, noise impact is not yet considered, even
when traffic is specifically modelled in the foreground.
Damage to human health from environmental noise is already quantified at the endpoint level, in DALY, by
experts of this field (see Fritschi et al., 2011). Thus, an endpoint metric for this category already exists.
State-of-the art, gaps, and existing starting points
Literature review
The first operational method to account specifically for the impacts of noise in LCA was developed by
Müller-Wenk (2004, 2002, 1999). It evaluates the damage on human health due to additional noise levels
generated by cars and lorries and uses annoyance as a midpoint indicator for the noise impact category.
This method was then adapted by Doka (2003), using the SonRoad model (Heutschi,2004) for the
determination of emission levels and was applied in a few studies (e.g. Huang et al., 2009). Later, Althaus et
al. (2009) included data from SonRoad and from Steven (2005) to better differentiate among different
vehicles types and situations. This line of research was further developed by Franco et al. (2010) and
Moliner et al. (2014).
More recently, Cucurachi et al. (2012) and Cucurachi and Heijungs (2014) proposed a novel characterization
approach, consisting of a set of Characterization Factors (CFs) linking any type of noise (i.e. not only due to
transportation) to a midpoint indicator expressed in person*Pa*s (number of people exposed to a certain
sound pressure for a certain time duration). Conversion factors to a human health damage endpoint are
also proposed.
The latter two approaches were applied in a case study by Meyer et al. (2016). The case proved that the
conversion factors to endpoint, as proposed by Cucurachi and Heijungs (2014), actually overestimate the
damage by several orders of magnitude. The approach proposed by Cucurachi and Heijungs (2014) led to
the very high human health damage of several DALY per vkm. Additionally, Meyer (2017) found radically
different quantification at the midpoint level of the CFs proposed by Cucurachi and Heijungs (2014) while
applying a similar approach.
Ongel (2016) developed a framework to assess the reduction in human health damage of several noise
abatement measures (change in road surface, change in speed limit). They proposed CFs for nine
municipalities of Istanbul in DALY*person-1*year-1*mW-1*m. This study is, however, more a site-specific
noise assessment than a method useful for LCA: it does not precisely include a life cycle perspective, as
already noted by Heijungs and Cucurachi (2017).
Finally, two LCIA methodologies provide CFs for environmental noise with the aim of increasing the number
of impact categories considered in the evaluation. The Swiss eco-factors 2013 method (Frischknecht and
Büsser Knopfel, 2013) follows a distance-to-target rationale and determines the highly annoyed persons
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(HAP) per total vkm over a given year. By doing this, the vkm of people and freight (considered equivalent
to the light vehicles - LV-and heavy good vehicles - HGV) are aggregated together. The environmental
priority strategies (EPS) LCIA method (Steen, 1999a, 1999b) adopts a monetization approach. Impacts from
environmental noise were estimated by considering that 25% of the global population is exposed to noise
levels above 65 dB(A), mainly during rush hours, which comprise a sixth of the day. Nuisance is divided by
an estimate of the total mileage of the world fleet based on numbers from 1990. Both methods therefore
use average estimates and assumptions to fit the specific assessment methodology to the case of noise. As
a result, they cannot properly consider the specificities and complexities underlying noise emissions,
exposure and effect modelling as tackled by the previous attempts described above.
To the best of my knowledge, the most promising approach to integrate noise in a LCIA methodology may
be the framework proposed in Meyer et al. (2019) in the continuity of precedent LCA work (Franco et al.,
2010; Moliner et al., 2014; Müller-Wenk, 1999, 2002; 2004) and integrating some ideas from Cucurachi and
Heijungs (2014) such as using energy sound instead of vehicle-kilometer to link the CFs with the life cycle
inventory. This approach is summarized in Figure 13.

Figure 13. Adapted from Meyer et al. (2019)
This approach defines two human health impairments (annoyance and sleep disturbance) as midpoints and
allows integration at endpoint level (human health damage: DALY) using disability weights. CFs are
proposed per vkm or per energy sound (quantified in joule). CFs per joule would simplify integration with
the LCI as discussed below. This approach has been applied with data from a French city (Lyon) leading to
sets of CFs that could be a first basis to integrate environmental noise impacts from road transportation in
LCIA (Meyer (2017), Meyer et al. (2019)).
For noise worker exposure, Chen et al. (2019) developed a novel burden of disease framework for
occupational noise, based on specific job occupations. NIHL burden rates (BRs) were estimated in 443
occupations accounting for 6 disease severities and 13 age groups, expressed in disability adjusted life years
(μDALY/pers-yr). Following an attributional risk assessment approach, this framework links noise level-,
impairment severity-, and age group-specific exposure-response associations and occupation-specific noise
exposure levels with hearing impairment burden rates to estimate the hearing impairment burden per
worker-year by occupation due to occupational noise in disability adjusted life years (Chen, 2019). To
provide comparable estimates and identify those with the highest impacts, occupation and sector specific
BRs can be multiplied by the number of persons employed in each job occupation per functional unit over
life cycle to yield the annual occupational health impact due to noise, in DAYLs/yr. This approach can use
the same I/O matrices as the Kijko et al. (2015; 2016) approach proposed for the worker exposures to
chemicals and injuries exposures to determine the number of hours worked in each job occupation and
sector.
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Main gaps
CFs per joule cannot be directly link with transportation inventory that are often quantified in vkm, pkm,
tkm… etc. To allow integration of these CFs in the LCIA framework, a step is missing to associate a sound
energy quantification with the distance-based process of LCI inventory. This step can be achieved using a
noise emission model and some assumptions (about road surface, speed… etc). The advantage of CFs per
joule is clear: it allows to link these CFs with the inventory depending on the physical flux: transport with
different characteristics (such as weight) will have different amount of sound energy emitted by travelled
km.
The given CFs are based on relatively small areas in and around the French city of Lyon. These CFs are thus
representative of densely populated areas. Similar work should be conducted in other territories to validate
the order of magnitude of these CFs. It should be possible to do this using data from noise maps, which are
mandatory for a lot of European cities under European Directive, 2002/49/EC (2002). Producing CFs at a
larger scale than Meyer et al. (2019) would allow to validate the obtained results and increase reliability of
these CFs. Values for these CFs in low population density areas may remain a problem because fewer data
seem to be available for low population density areas.
These CFs are only available for road transportation. Additional work is mandatory to calculate similar CFs
for other transportation modes and thus to allow a fair integration of environmental noise from road
transportation in LCIA (see Section 5.4 in Meyer et al. (2019)). Producing CFs for trains and planes may be
challenging but seems possible since dose-response relationships exist for other transports, at least planes
and trains (Miedema et al. 2001; 2002).
Implementation plan (for next 2 years)
To expand to all necessary scenarios for various transportation mode, a PhD would be needed to apply the
well-designed framework from Meyer et al., to various locations of road transportation and expend it to
other modes of transportation. Exploring additional noise emission sources beyond transport is out of
scope for present effort. For the noise worker exposures, exposure data and dose-responses are available
for the entire industry. Main steps towards full implementation is a) to publish all data in peer reviewed
journal and provide the different I/O based and exposure matrices.
Until there are additional resources becoming available to address above-listed tasks, none of the noiserelated aspects will be implemented under GLAM Phase 3.
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Accidental pollution and accidental releases

[Authors: Jane Bare, Bo Weidema, Olivier Jolliet, John Evans]
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for accidental pollution and accidental releases.

Accidental pollution and accidental releases

Framing of the impact category
Accidental releases are chemical emissions that are unintentionally released from facilities resulting in
impacts on the surrounding community or environment (as opposed to traditional annual emissions or
occasional occupational exposures). Including accidental releases has been discussed as early as 2001 in the
LCA literature (Bare, et al, 2001) and appeared in a taxonomy of LCA impacts in a paper from 2008 (Bare
and Gloria, 2008).
Some countries and states have regulations in place which mandate Risk Management and Safety Plans
including the reduction of accidental release risk from various initiating sources, including natural (e.g.,
seismic, tsunami, flooding, storms, fires) and man-induced (e.g., power outages, employee error or
sabotage). These risk calculations consider not only the probability of an event occurring, but also the
probability that the event will be prevented, controlled, mitigated, or that appropriate emergency response
will reduce consequences. Plans must be very detailed in many cases to analyze the probability of releases
from every pipe segment, vessel, and area. Internal and external inspections are conducted to ensure that
the Management Plans are accurate and being followed. In some countries Right-to-Know regulations exist
which require the facilities handling acutely hazardous substances to submit these plans to local emergency
management agencies and possibly make them available to the general public. These plans may include
mapping applications such as CAMEO (CAMEO website, 2020) which show the expected (and/or worst case
scenario) vulnerability zone in case of a release. First responders may have real-time air dispersion models,
which will estimate the extent of the air dispersion and/or water dispersion so that community decisions
may be made to alert the public in case of the need for shelter-in-place or do-not-drink recommendations.
For Life Cycle Assessment of products and services, accidental releases occur all along the supply chain both
on a regular and on a rare but large scale basis, from mining to waste disposal, for transportation-related
accidents and also during the use stage. If risk statistics are available at the facility level, these numbers
should be used (especially for foreground data). If these numbers are not available, accident statistics may
be considered as a proxy, but individual facility risk is highly variable and these proxies may not be very
representative of individual facilities. For some countries, statistics are available at national level for work
and transportation-related accidents. At a global level statistics are available for less frequent accidental
releases such as large scale but rare nuclear power plant melt down (Chernobyl and Fukushima) or
chemical accidents (like Seveso, Bhopal or Ciba-Geigy Basel releases). These could be used as proxies for
rare accidents. It should be noted, however, that many countries do not keep and/or publish detailed data
about accidental releases and the variability between facilities, sectors, and countries accidental release
rates may be highly variable.
The relevance for LCA might in general be low, but could be high for very particular accidental chemical
release events.
State-of-the art, gaps, and existing starting points
Two different approaches could be followed, the first one relying on risk prediction, the second relying on
accident statistics.
For the modeling approach (Approach A), fate, transport, exposure, and toxicity could be characterized
using these detailed air and water dispersion models at each location, or they could be calculated in a more
generic sense similar to other health impact categories within LCIA, possibly using archetypes to account
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for population density around the accident location. In either case, the toxicity would be based upon the
acute toxicity information (generally inhalation or ingestion) instead of chronic health metrics. An
additional factor accounting for the probability of release is expected to be the dominating factor in
determining the potential impacts. Human and environmental impacts (e.g., oil spills in aquatic
environments) can be evaluated with a similar method.
Therefore, the over-arching equation is expected to be:
Potential Impacts = Probability of Accident x Consequences of Accident
where, Consequences of Accident = Emission x Fate x Exposure x Acute Toxicity
Similar to the characterization of occupational impacts, the potential for impacts is expected to be highly
correlated within sectors, but characterization may be even more variable when comparing facilities within
each sector.
Since the probability of an accidental release is expected to be the dominating factor, it will be important to
characterize the probability for each facility independently. Probability can be difficult to quantify, but
some estimates exist for failure rates for mechanical equipment and vessels and human error. Since it is
difficult to represent all potential scenarios for accidental releases, modelers have often focused on
developing worst-case scenarios to determine those events and populations most at risk and allow a more
focused reduction of potential risk. Similar to the assessment of impacts of toxic releases, such worst-case
scenario or conservative assumptions are not adequate for LCA and other comparative assessments, aiming
at realistic best estimates of damage in order to be compared across sectors, for which broad distributions
of accident frequency, intake fractions and exposure concentrations could be considered.
Although fate, transport, exposure and acute toxicity could be characterized in a generic sense, a more
accurate representation of the potential for impacts could be calculated if site-specific information is taken
into consideration. For human health impacts, inhalation would be expected to be the primary pathway of
concern, and air dispersion modeling with local weather patterns could allow more site-specific
characterization. Ingestion of local water resources could also be considered an important pathway of
concern, and localized water transport modeling could provide more accuracy if available.
As mentioned above, there is value in incorporating facility specific input parameters (especially in the
determination of probability of release) into accidental release modeling, but will require to develop
realistic scenarios and related ranges for probability distributions.
The strength of Approach A is that it can be customized to allow the consideration of safety measures
which may have been taken to reduce risks and thus allow individual facilities to more appropriately reflect
their true risk potential as opposed to the risk of the entire sector or even global statistics. The main
difficulty with Approach A is that it is time-consuming to determine the risk at each and every facility. Since
LCA is focused on entire supply chains, it may not be possible to utilize Approach A at every facility. Instead
Approach B may be considered for facilities in the background.
A second approach (Approach B) relies on accident statistics, and could be applied to frequent small
accidents (see unintentional injuries below), and possibly in a generic way to large rare accidents with large
consequences. For large accidents, like nuclear (Chernobyl, Fukushima) or chemical accidents (Bopal,
Seveso), a pragmatic approach to estimate the orders of magnitude of the impacts of such accidents on
human health would be to use DALYs or number of deaths that have been estimated for each of these
accidents, and then relate it to total kWh produced by the nuclear industry worldwide, to get a long-term
damage in DALYs/kWh associated with nuclear power. Though extremely uncertain for a given facility, this
estimate is likely to be several orders of magnitude lower than the damage in DALY/kWh from the fine
particulate associated with coal-based electricity production.
Approach B is directly usable for the frequent accidents for countries like US for which data are reported on
a regular basis. The problem with the Approach B is that risk and accident data are not available
consistently for all sectors and countries around the world. It is known that some countries have stronger
environmental, health, and safety regulations and expectations for operation of industry. Some countries
also have better statistical databases of risk, risk management, and accidental releases. If Approach B were
to be utilized along the entire supply chain, it would be needed to differentiate and possibly adapt
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probabilities of injuries for countries and industries that have taken extreme measures to reduce risk as
well as those which have not provided any protection from the consequences of accidental releases.
In the future, it may be recommended that a combination of Approach A for foreground facilities and
operations – or adapted probability from Approach B applying reduction factors from default national
statistics. Approach B for background facilities and operations may provide the best solution to
appropriately characterizing accidental releases. In order to operationalize this method, it is necessary to
overcome the challenge of inadequate statistics in emerging countries, for which it would be key to identify
representative countries with data.
Implementation plan (for next 2 years)
Steps needed to operationalize the approach:
Explore the possibility to perform B approach for nuclear accidents:
• Review existing statistics and burden of disease associated with Chernobyl and Fukushima (lead: T.
McKone; contributor: P. Fantke): 6-9 months
• Estimate the total electricity production from nuclear energy (lead: will be identified when
additional resources become available): 9-15 months
• Estimate the DALY/kWh produced and compare with other technologies (lead: will be identified
when additional resources become available): 12-18 months
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Scoping Document for Ecosystem Quality
Authors: F.Verones, A.Marques, A.M. Boulay, A.Hélias, A.Link, D. Maia de Souza, E.Pierrat,
F.Biganzoli, F.Rosa, I. Vázquez-Rowe, L.Golsteijn, L.Scherer, M. Dorber, M.Damiani, M.Owsianiak,
M. Núñez, N.Crespo Mendes, O.Michelsen, R.van Zelm, S.Fabbri, S.Pfister, V.Barbarossa
In previous GLAM phases recommendations have been made for land use impacts, ecotoxicity,
eutrophication and acidification that are directly relevant to the Area of Protection (AoP) ecocystem quality.
In addition, climate change has been dealt with at a midpoint level in the first phase of the GLAM project.

The current task force on ecosystem quality has three overarching tasks, namely 1) harmonization
of existing impact categories, 2) development of relevant new impact categories and 3) including
extinction probabilities into the assessment.
1. Harmonization of existing impact categories.

Land use impacts have been recommended for “hotspot analysis” on an endpoint basis in the first
GLAM part. We will review this, in order to see whether the approach needs updating and how to
make it compatible with including for example the aspects of scale.
Ecotoxicity, eutrophication and acidification have been part of the second GLAM phase, on a
midpoint level though. The task here is to further develop all three of them to arrive at endpoints
and also include the aspects of scale.
Chosen endpoint metric for all impact categories within the AoP are the potentially disappeared
fractions of species (PDF).
2. New impact categories

Within the task force we have had a thorough discussion about relevant and feasible impact
categories that can be further developed and included in a consistent manner together with the
impact categories from the first task.
While of course many relevant impacts exist, we were required to make pragmatic choices for which
impact categories should be included. This decision is based on the relevance of the impact, but
also, very importantly, on the available manpower to actually put efforts into further developments.
All the impact categories that are included in this scoping document are planned to lead to models
on endpoint level that can be recommended within GLAM. Impact categories with no available
manpower (e.g. noise impacts bon ecosystems) were shelfed for the time-being.
We will work on the following impact categories
- Climate change
- Water consumption
- Marine plastic pollution
- Biomass removal by fisheries
Climate change impacts are planned to model impacts to an endpoint level starting from the Global
Warming Potentials. This is planned to be done for freshwater (fish), marine (mammals, fish, corals)
and terrestrial (birds, mammals, reptiles, amphibians) ecosystems. In addition, work on climate
tipping points is planned.
Water consumption impacts are planned to focus first and foremost on developing effect factors
based on species-discharge relationships, in order to assess the impacts on freshwater species. In
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addition, impacts on terrestrial species are investigated through links with the groundwater. Fate
factors are planned to be developed with reservation regarding timing: existing fate factors will be
used until new ones might be finished (unclear at this point in time whether this will be within the
timeframe of GLAM).
Marine plastic pollution is a very hot topic. The marine system is receiving direct plastic input (e.g.
from fisheries and aquaculture), as well as plastic that is transported through wind and water. The
marine ecosystem is in that respect the final receiver of that waste and plastic waste is
accumulating. In addition, a working group for Marine impacts in LCA (Marilca) already exists. These
were the reasons for focusing on marine impacts rather than freshwater impacts. Both impacts from
macro- and microplastic will be addressed.
Biomass removal by fisheries is a specialized impact category, which is relevant for seafood LCAs.
Still, due to the importance of fish for feeding humans, this is an important category in its niche.
We will take care to develop all of these categories in a dialogue with the other tasks, in order to
ensure that they are indeed harmonized and compatible with each other.
3. Extinction probabilities

Finally, the task force aims to add extinction probabilities. This has also been referred to as
“vulnerability” of species previously.
Species have very different habitat ranges and very different existing threat situations and resilience
to human pressures.
Species are often lost on a local or regional level first, if they are subject to impacts. However, if
species are endemic to a region, this may mean tat they are globally extinct. On the other hand,
widespread species may be able to later recolonize a certain habitat and an impact on these species
has therefore no irreversible damages.
We aim to take this into account for all impact categories with the same approach, in order to ensure
compatibility. This is an approach that is based on species specific data and is able to calculate the
global extinction probability
This approach will be adapted and further developed for an existing approach in tight
collaboration between all other impact categories, i.e. taking into account all the needs and
requirements of each impact category.
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Land Use

[Authors: Laura Scherer, Danielle Maia de Souza, Alexandra Marques, Ottar Michelsen, Stephan Pfister,
Francesca Rosa, Benedetto Rugani]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to the development of
harmonized life cycle impact assessment (LCIA) characterization factors for land use at damage level.

Land Use

Framing of the impact category
Land use is the main direct driver of biodiversity loss in terrestrial and freshwater ecosystems (IPBES 2019)
and it can affect biodiversity through habitat loss, habitat degradation, and habitat fragmentation. In this
task, we will focus on the impacts of habitat loss on terrestrial biodiversity.
The impact category of land use encompasses two pressures: land occupation and land transformation. The
latter takes into account the regeneration time of biodiversity in the calculation of impacts. The life cycle
inventory flows consist of the land area and occupation time for land occupation, and only the land area for
land transformation. This inventory is typically directly translated to impacts on biodiversity at the endpoint
level, i.e. the damage level (Figure 1). When focusing on species richness, as currently done, such damages
on biodiversity can be expressed as the potentially disappeared fraction (PDF) of species at the local level,
number of regional species lost, number of global species-eq. lost, and global PDF..
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Figure 1: Pathway of land use impacts on ecosystems. The diagram follows the indications in Verones et al. (2017).
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State-of-the art, gaps, and existing starting points
In previous GLAM phases, experts gave an interim recommendation for an indicator of the impacts of land
use on ecosystem quality (Jolliet et al. 2018). The recommended method was developed by Chaudhary et
al. (2016) as part of the LC-Impact methodology and uses the countryside species-area relationship to
model the impacts of habitat loss on terrestrial species loss. It builds upon local PDF from Baan et al. (2013),
regional loss and global loss for animals from Chaudhary et al. (2015), and the approach to scale the
regional loss of vascular plants to global loss from Verones et al. (2017). According to the interim
recommendation, the method can be applied in hotspot analysis but not in more detailed comparisons
(Jolliet et al. 2018). The recommended method and some opportunity areas for improvement are outlined
in Table 1.
The experts pointed to the importance of considering land use intensity levels (Jolliet et al. 2018). In the
following, Chaudhary and Brooks (2018) built on the recommended method and included three intensity
levels (minimal, light, and intense).
Besides species richness, it is recommended to develop and use an indicator more closely related to
ecosystem functioning (Woods et al. 2018). While this applies to any impact category going to the endpoint
of ecosystem quality, it is most likely that the first global method will be developed for land use.
Characterization factors (CFs) at smaller scales have been developed for land use impacts on functional
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diversity in the Americas (Souza et al. 2013) and Germany (Scherer et al. 2020).
While CFs are available for both land occupation and transformation, no guidance is given for their use and
interpretation. This is especially relevant for land transformation, where the direct use of the CFs could lead
to double counting (Alejandre et al. submitted). Since the transformation only occurs once, but the land can
subsequently be used for multiple production cycles, care must be taken that transformation impacts are
properly allocated among them. Moreover, land use classifications need to be harmonized to make them
compatible with available inventory data.
Given the available data, methods, and capacity within GLAM phase 3, we propose the following steps to
be undertaken to update the current recommendation for the land use impact category:
• Review the model by Chaudhary and Brooks (2018) as a potential candidate for an updated
recommendation (also paying attention to high uncertainties, coarse resolution of space and land
use classes, and small differences between intensity levels), while keeping an eye on alternative
developments during this phase of GLAM.
• The model chosen may require an update of the vulnerability scores and the taxa aggregation in
line with the recommendations of the vulnerability subtask. If improved regeneration times are
available, we will update these as well.
• Observe further developments regarding a global model for impacts on functional diversity and
reassess the possibility of recommending a model at a later stage.
• Provide guidance on best practices for the use and interpretation of land use CFs concerning land
use transformation and land use classifications.
• Test the applicability of the CFs in a rice case study.
Table 1: Current GLAM recommendations for the land use impact category listed together with the requirements for an ideal
damage method and the steps planned to be achieved for an updated damage method by the end of 2022.

Criterion

Current GLAM
recommendations

Ideal damage method

Endpoint reached

yes

yes

Sufficiently sound
damage method to
be delivered by end
of 2022
as current

Local/global PDF used?

local PDF, regional species
lost, global species-eq. lost,
and global PDF

local, regional, global

as current

Marginal/average/linea
r mid- to endpoint

marginal and average
assessment, no midpoint,
from inventory to endpoint
not linear (exponent in
cSAR)
(semi-)natural reference
habitat (current, latesuccession habitat stages),
site-specific (13 out of 14
biomes) (from Baan et al.
2013)

marginal and average

as current

site-specific for
ecoregions

as current

Reference situation
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Spatial configuration

Taxa included

Number of species
included
Taxonomic ranks

Taxa aggregation

Vulnerability

Time aspect included

Data sources used

804 terrestrial ecoregions
(covering all biomes
despite the missing local CF
for one biome), six land use
types (annual crops,
permanent crops, pastures,
urban, extensive forestry
and intensive forestry)
mammals, birds, reptiles,
amphibians, and vascular
plants

consideration of land
use intensities
more land use classes

consideration of
land use intensities
(potentially based
on Chaudhary and
Brooks 2018)

more taxa  inclusion
of invertebrates, fungi,
and prokaryotes

as current

5,490 mammals, 6,433
amphibians, 9,084 reptiles,
10,104 birds, and 321,212
plants
4 classes in the subphylum
vertebrata of the animal
kingdom and 1 subkingdom
of the plant kingdom

as many as possible

depends on data
availability

coverage / distinction
of multiple phyla
within a kingdom

as current

taxa aggregation based on
species number per taxon
and vulnerability score
(option 3 from Verones et
al. 2015) and equal weight
among animal and plant
taxa, multiplication with 40
for compatibility with other
impact categories that only
consider regional loss
based on fraction of each
species’ geographic range
(endemic richness) hosted
by the ecoregion and the
IUCN assigned threat level
of each species
regeneration time for
transformation impacts in
characterization model
(linear recovery assumed),
occupation time for
occupation impacts as part
of inventory; time horizon
for transformation impacts
can be chosen as cut-off at
100 years or considering
the total recovery times
species richness per
ecoregion from the WWF
Wildfinder database for
vertebrates and from Kier
et al. (2005) for plants,

option 3

in line with
vulnerability subtask

based on geographic
range and threat level

in line with
vulnerability subtask

non-linear
regeneration time

as current

most complete,
recent, and reliable
data

depends on data
availability
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species-specific
vulnerability scores for
vertebrates based on data
from IUCN and Birdlife and
for plants based on data
from Kreft and Jetz (2007)
and Kier et al. (2009) and
the assumption that the
threat level is 1, local CFs
based on GLOBIO3
database and national
biodiversity monitoring
data of Switzerland, land
use from LADA and
anthropogenic biomes (Ellis
and Ramankutty 2008)

consideration of
functional diversity

at the species level
for the purpose of
harmonization with
other impact
categories

Implementation plan (for next 2 years)
The actions to be undertaken until the end of 2022 to provide an updated recommendation for the land
use impact category were selected under the assumption that no funding will be available. The expected
timeline is shown in Table 2. All members of the subtask force will be involved in the various tasks.
Table 2: Tasks identified to deliver the “sufficiently sound” damage method by the end of 2022.

Task

Description

Deadline

1

Provide guidance on best practices for the use and interpretation of 09/2021
land use CFs.

All

2

Review the model by Chaudhary and Brooks (2018) as a potential 12/2021
candidate for an updated recommendation, while keeping an eye on
alternative developments during this phase of GLAM.

All

3

If necessary, update vulnerability scores and aggregated taxa as 06/2022
recommended by the vulnerability subtask. Possibly, also update the
regeneration times.

All

4

Reassess the possibility of recommending a functional diversity 06/2022
approach.

All

5

Test the applicability of the CFs in a rice case study.

All

12/2022

Responsible
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Ecotoxicity

[Authors: Mélanie Douziech, Fabrizio Biganzoli, Peter Fantke, Laura Golsteijn, Leo Posthuma, Rosalie van
Zelm, Mikolaj Owsianiak]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to the development of
harmonized life cycle impact assessment (LCIA) characterization factors for ecotoxicity at damage level.

Ecotoxicity

Framing of the impact category
Chemicals released into the different compartments of the environment can affect various ecosystems. The
ecotoxicity impact category is a method describing these potential impacts. The ecotoxicological impacts of
chemicals in LCA are modelled in a four-steps approach, namely (Hauschild and Huijbregts, 2015):
1. The fate modelling step estimates the steady-state mass in a given compartment per emission flow
unit, which can also be expressed as time-integrated mass per emission mass unit in a given
environmental compartment;
2. The ecosystem exposure modelling step determines the bioavailability of the chemical mass in a
given environmental compartment;
3. The effect modelling step links potential ecotoxicological effects to the chemical’s bioavailable
fraction in a given environmental compartment; and
4. The effects on a specific ecosystem are finally translated into an ecosystem species loss using an
effect severity factor. This corresponds to the transition from midpoint to damage (endpoint) level.
These four steps can be summarized with Equation (1) to arrive at damage-level characterization factors CF:
𝐶𝐶𝐶𝐶 = 𝐹𝐹𝐹𝐹 × 𝑋𝑋𝑋𝑋 × 𝐸𝐸𝐸𝐸 × 𝑆𝑆𝑆𝑆
Where FF is the fate factor, XF the exposure factor, EF the effect factor, and SF the severity factor.

(1)

Figure 1 shows the impact-pathway diagram described following indications in Verones et al. (2017) and
adapted further from (Fantke et al., 2018). The calculation of the midpoint level starts from the measured
or estimated inventory flow describing the chemical amount emitted until estimating the potentially
affected fraction of species (PAF).

Figure 14 – Pathway of ecotoxicological impacts on ecosystems. The diagram follows the indications in Verones et al., 2017 and
was adapted from (Fantke et al., 2018)
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Until the midpoint level (i.e. step 1-3 in the above mentioned four-step approach), the impact category
determines potentially affected fractions (PAF) of species, integrated over the exposed compartment
volume and time. At the damage level, the fraction of potentially affected species has been extrapolated to
the potentially disappeared fraction (PDF) of species with use of a severity factor (SF).
State-of-the art, gaps, and existing starting points
Based on an initial scoping phase in GLAM Phase 2 (Fantke et al., 2018), recommendations concerning
different aspects of the ecotoxicity impact category have been proposed in the report “Global Guidance for
Life Cycle Impact Assessment Indicators, Volume 2” (Life Cycle Initiative, 2019). These recommendations
are summarized in Table 1.
Research since 2019 led to the development of new databases for measured effect data (Posthuma et al.,
2019), and to recommendations for deriving ecotoxicity effect data (Aurisano et al., 2019; Douziech et al.,
2020; Hoondert et al., 2019; Hou et al., 2020; King et al., 2017; Länge et al., 1998; Posthuma et al., 2019;
Warne et al., 2018).
Building on this new research and considering the gaps already identified in the report of 2019 on “Global
Guidance for Life Cycle Impact Assessment Indicators, Volume 2”, we outline in Table 1 aspects of
characterizing ecotoxicity-related damages on ecosystem quality under ideal conditions (i.e. if data,
methods and capacity were sufficiently available).
The development of this ‘ideal’ damage method cannot be achieved with the currently available tools and
the two years’ timeframe of the GLAM Phase 3 execution. The background concentrations of all chemicals
in the environment necessary for the estimation of all exposure levels could for example not realistically be
estimated. In line with the data, methods and capacity available under GLAM Phase 3, we therefore
propose a “sufficiently sound” damage method to be delivered by the end of 2021 (Table 1). The main gaps
addressed by this method are listed below. This list is not comprehensive but reflects the main gaps the
present task force will focus on.
- Deriving Species Sensitivity Distributions can prove difficult especially for data poor chemicals. The
choice, curation, and selection of input data is therefore essential but guidance on appropriate
extrapolation procedures to derive EC10-equivalents from existing data, as well as from
Quantitative Structure-Activity Relationships (QSARs) or Interspecies Correlation Equations (ICE) is
not sufficient.
- The currently available severity factor linking PAF to PDF of 0.5 (Life Cycle Initiative, 2019) applies to
HC50 of EC50-equivalents based on evaluating a limited number of chemicals, and needs to be
adapted for HC20 of EC10-equivalents applied to thousands of chemicals.
- Bioaccumulation has so far been shown to be most important for organic chemicals and warmblooded predatory species (Golsteijn et al., 2012). A thorough understanding of the process for
metals is however lacking (Fantke et al., 2018).
- Characterization factors are currently only available for a limited number of chemicals.
- Ecotoxicological impacts for organisms in (coastal) marine water, terrestrial (incl. pollinating insects),
and sediment environments (freshwater and coastal) require further research to be incorporated in
the current assessment framework.
Part of these gaps will be addressed during the ongoing work carried out by the task force of the GLAM
2019 initiative giving recommendations on the LCIA method to use. The focus of this group will be on the
development of a set of recommendations in the form of a decision tree which will be part of an upcoming
article on the description of the current GLAM recommendations. This article will include characterization
factors for the chemicals of the Rice Case Study and provide a first version of the decision tree with focus
on extrapolation factors towards chronic EC10-equivalents and the derivation of SSD shapes from chemicals
with similar modes of action. The task force of the GLAM Phase 3 initiative will continue this work and focus
on data poor chemicals and how QSARs and interspecies extrapolation approaches can be used as well as
on the severity factors to allow extrapolation from PAF to PDF extrapolation for the P20 of the SSD of EC10
equivalents”. This work will lead to an update of the decision tree.
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Table 1 – Current GLAM recommendations for the ecotoxicity impact category listed together with the requirements for an ideal damage method and the steps planned to be achieved for an updated
damage method by the end of 2021.

Ecotoxicity

Current
GLAM Ideal damage method
recommendations
Local
Global PDF that considers extinction threats and
level of endemism of the species considered.

Sufficiently sound damage method to be delivered by
end of 2021
Local PDF derived basing on available data, without
considering the level of endemism of the species
considered and while extinction threats are considered
Include freshwater, coastal (marine) water, in another approach.
terrestrial (including pollinating insects),
freshwater sediment and coastal sediment.
Include freshwater, coastal water, terrestrial
(potentially including pollinating insects) and sediment
GLAM:
Linear approach, with effect factors derived See “ideal” damage method
EF
=
0.2/HC20 using HC20 based on EC10-eq
Linear
approach
HC20 from PAF-EC10 Choose best extrapolation procedures for
equivalents
derivation of EC10-eq from existing data
No pollution
Background contamination is considered in fate Background contamination is considered in the fate
and exposure factors (through distribution and exposure factors for metals only but not for
coefficients for metals), but not in the effect organic compounds and neither for the effect factor
factor

1

Local/global PDF used?

2

Marginal/average/linear
mid- to endpoint

3

Reference situation

4

Endpoint reached

Severity factor to go Use a severity factor linking PAF-EC10- Use a severity factor linking PAF-EC10- equivalents and
from PAF to PDF of 0.5 equivalents and species extinction (with PDF as species PDF in the environment.
preferred endpoint) in the environment

5

Spatial configuration

Four
environmental
compartments:
freshwater, seawater,
freshwater sediment,
soil
Two soil compartments
(archetypes): pH 5 or 7

Assemble spatially-resolved multimedia fate Use current version of USEtox, spatially resolved at the
model, like Pangea, with spatially resolved level of fate modelling into 24 regions, two soil
exposure and effect factors (Wannaz et al., archetypes:
2018).
For freshwater: As currently done in USEtox, use CFs
For spatially-generic assessment, develop recalculated for 7 freshwater archetypes to derive new
generic CFs from spatially-resolved factors (e.g. generic (i.e., independent of the region) CF for metallic
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and 2% organic carbon using weighting procedures like in Dong et al. elements.
Continents
2014)
For coastal seawater: As currently done in the LCimpact version of USEtox, use CFs recalculated for 64
large marine ecosystems (LME) to derive new generic
CF for metallic elements. In addition, develop regionspecific CF based on LMEs that are relevant for that
region.

6

Vulnerability

Not accounted for

Account for the fact that some species and
ecosystems are more globally threatened with
extinction than other species and ecosystem.

7

Taxa included

When possible, specific Use effect data for the taxa living in the
to the environmental compartment and region of interest.
compartment
As many as possible

8

Species groups included

Three major ones as a Include minimum three species groups per
minimum
per exposure compartment
compartment
Soil: microbes, plants,
vertebrates
Freshwater
and
seawater: fish, daphnia,
algae
Sediment:

For soils: As currently done in the LC-impact version of
USEtox, use CFs recalculated for 436 soils to derive CFs
specific to the two USEtox soil archetypes (agricultural
and natural).
Considered in another group of the ecosystem quality
task force which plans on providing an approach to
upscale regional or local losses (PDF) to global
extinctions in a comparable and consistent manner.
Develop procedure for calculation of effect factors in
the absence of effect data for organisms living in the
compartment and region of interest (that is, develop
extrapolations procedures from freshwater effect data
potentially using ICE equations)
Include minimum three species groups per exposure
compartment
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9

Number of species included As many as possible

10 Time relevant?

Interim
recommendation:
present time integrated
impact
scores
differentiated for time
horizon periods, e.g., for
the first 100 years, and
beyond 100 years,
which can be summed
up to a total score.
11 How is aggregation over the SSD curve to estimate
species made?
the HC20, shape of the
curve
not
recommended
HC20 are added to
estimate the toxicity of
a chemical mixture
12 Data sources used
REACH

Use at least 5 data points (5 different species
from at least 3 species groups) to construct an
SSD curve for all substances. Whenever multiple
points are available for the same species; it is
recommended to use the average. This method
should also give indications as to the
implications of the underrepresentation of
species from one species group when
constructing the SSD.

Develop a procedure for the calculation of effect
factors in the absence of sufficient data points to
construct an SSD curve. Potentially in combination with
QSARs, thus increasing the minimum number of data
points for the SSD construction.

Calculate impact scores for infinite time horizon. Calculate impact scores for infinite time horizon.
Present impact scores separately for different Present impact scores separately for different time
time horizons if relevant (maybe 4).
horizons if relevant (metals).

Use HC20 derived from SSD.

Use the HC20 derived from the SSD.

Recommendations for the shape of the SSD Recommendations for the shape of the SSD curve
curve depending on the Mode of Action of the depending on the Mode of Action of the chemicals
chemicals when too few data points are when too few data points are available.
available.
Use a database that provides raw data (that is, Use a database that provides raw data (that is, the data
the data underlying effect factors) (US EPA, underlying effect factors)
SOLUTIONS project (Posthuma et al., 2019),
REACH)
In case of missing data; recommend the use of QSARs
where possible
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13 Other recommendations

14 Chemicals to include

Bioaccumulation
not Have a good understanding of the relevance of Have a good understanding to make an informed
included
in
the bioaccumulation (ideally distinguishing groups decision.
exposure
factor of chemicals with a different MoA and groups of
calculation
species)
Follow other GLAM recommendations (incl.
consideration of speciation and use of ecotoxicity
Follow other GLAM recommendations (incl. models for metals)
consideration of speciation and use of
ecotoxicity models for metals)
Current
approach All available
Rice Case Study Data
suitable for organic
Other publications (Douziech et al 2019, … )
Updates in USEtox
substances and metal
ions
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Implementation plan (for next 2 years)
The “sufficiently sound” damage assessment approach to be delivered by end of 2021 requires the fulfilling of
the Tasks listed in Table 2. All members of the task force will be involved in the different tasks. Additional
experts might be contacted during the course of executing these tasks, and some names are already listed.
Some of these tasks will be addressed by the work of the previous GLAM task force on ecotoxicity.
Table 2 – Tasks identified to deliver the “sufficiently sound damage method” by the end of 2021 together with the task force
members involved; the experts whose contributions would be appreciated, and the resources/ funding necessary.

Task Description

Deadline Expert

1

Guidance on intraspecies extrapolation procedure 01.2021
between effect data (e.g. from EC50 to EC10 for one
specific species if EC50 available)

2

Guidance on assuming a shape for the SSD curve using the 01.2021
Mode of Action of the chemical

Leo Posthuma

3

Guidance on QSARs to estimate effect data in case of 02.2021
missing data (e.g. EC10 from physico-chemical properties).

Paola Gramatica?
Ester Papa?

4

Guidance on interspecies extrapolation procedure 02.2021
between effect data (e.g. from EC10 for one species to the
EC10 for another species)

Sandy
Raimondo?

5

Review of the recently developed method quantifying 02.2021
impacts on pollinators associated with agrifood systems
(Crenna et al., 2020) for its potential inclusion in the set of
recommendations.

6

Adaptation of soil terrestrial ecotoxicity to consider 04.2021
terrestrial species effect data given in mg chemical per kg
dry matter soil, which is currently not consistent with units
in current eco-exposure and effect factor calculations,
which are all based on water phase effect data.

7

Decision tree summarizing Tasks 1-4 (A first version of the 06.2021
decision tree will most likely be complemented)

8

Understanding of the bioaccumulation

06.2021

9

Severity factor

11.2021

10

Derivation of additional characterization factors applying 11.2021
the decision tree.

Peter Fantke
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Acidification and Eutrophication Potentials

[Authors: Rosalie van Zelm, Briana Niblick, Andrew Henderson, Alexis Laurent et al.]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing harmonized
life cycle impact assessment (LCIA) characterization factors for terrestrial acidification, freshwater
eutrophication, and marine eutrophication potentials at the endpoint level.
Status
The GLAM 2 effort addressed terrestrial acidification, freshwater eutrophication, and marine eutrophication
characterization factors at the midpoint and damage/endpoint level. These impact categories were judged
mature enough for global consensus; other, relevant categories such as terrestrial eutrophication or aquatic
acidification are not yet included. In addition, the marine eutrophication endpoint characterization factors
were recommended at the interim level, with further study needed.
Three overarching recommendations were issued for all three categories, as follows:
Use spatially explicit models with global coverage;
Aggregate characterization factors to the country or global level using agricultural, non-agricultural, or overall
emissions weighting schemes as appropriate; and
Use existing environmental concentrations for effect modeling.
The GLAM 3 effort will build upon these recommendations and draw from the state of the science to update
the characterization factors at both midpoint and endpoint levels, ensuring harmonization with the other
ecosystem quality impact categories.

Terrestrial Acidification Potential

[Authors: Rosalie van Zelm, Briana Niblick, Alexis Laurent, Stephan Pfister, Andrew Henderson]
Purpose
The purpose of this section is to provide a brief summary of the issues relevant to developing harmonized life
cycle impact assessment (LCIA) characterization factors for terrestrial acidification potential at the endpoint
level.

Terrestrial Acidification Impacts on Ecosystems

Framing of the impact category
Acidification results when substances with acid-base chemistry reduce cation supply or increase proton (H+)
supply in an environmental compartment (Norton and Vesely 2003). This can affect both terrestrial and aquatic
ecosystems; the work here focuses on terrestrial systems. The emissions inventory under consideration
includes sulfur oxides, nitrogen oxides, and ammonia emissions to air as the most common and relevant
emissions to include (van Zelm 2015). Figure 1 shows the potential impact pathway from emission to midpoint
to endpoint.
The GLAM 2 effort modeled both midpoint and endpoint characterization factors for terrestrial acidification
(UNEP 2019). The midpoint CFs included soil sensitivity (Roy 2014) with units of kg-SO2 equivalents (kgSO2eq/kg-substance), following common practice outlined in Roy et al. (2012). The endpoint CFs included
effect modeling according to Azevedo et al. (2013), with units of potentially disappeared fraction (PDF) per year
(PDF.m2.yr) for vascular plants across 13 biomes.
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[CO2 not included]

[aquatic environments not included]

[aquatic environments not included]

[aquatic damages not included]

Figure 15. Potential impact pathways for terrestrial acidification (adapted from UNEP 2019).

State-of-the art, gaps, and existing starting points
The GLAM 2 effort (UNEP 2019) laid the foundation for global consensus and expansion of the terrestrial
acidification impact category. The atmospheric fate modeling (Roy 2012) and soil sensitivity modeling (Roy
2014) recommended in GLAM 2 is still the most current such model in the LCIA literature, and it provides an
adequate degree of spatial resolution. Nonetheless, other fields will continue to be surveyed to make sure that
these models up to date, reflecting current modeling approaches and input data. While GLAM 2 focused on
the reduction of plant species richness as the end effect, GLAM 3 could extend this pathway from relative (PDF)
to absolute metrics (e.g., disappearance of species), backed by open-access databases, such as the Global
Biodiversity Information Facility (GBIF) (GBIF 2020), in coordination with the vulnerability group. Any endpoint
metric would need to be harmonized with other impact category endpoints to ensure consistency across the
categories.
Recent research focused on expanding the species dataset to be used for effect modelling, to obtain more
representative and spatially-resolved characterization factors (Gade et al. 2020). Compared to the
recommended factors based on the effect assessment work of Azevedo et al. (2013), the new work now
includes factors on ecoregion level (825) besides biome level (14), based on 189,671 vascular plant species
(coverage of 49% of reported known vascular plant species, as opposed to previous 0.6% coverage). They
combined GBIF with soil database with data on acidic levels (ISRIC).
Here, we will build on this research and the present task force will focus on the following. The implementation
plan and schedule will be finalized shortly:
 Harmonizing the work of Gade et al. (2020), or other similar work, with the GLAM2 work
 Harmonize the endpoint reached with ecotoxicity to obtain consistent metrics (e.g. PDF)
 Harmonize the concept of the reference situation with the land use category
 Check whether and how to include soil archetypes
 Determine the best achievable way of effect aggregation, e.g. based on vascular plant richness or weighted
marginal by using area per acidic level
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Eutrophication Potential: Freshwater and Marine

[Authors: Rosalie van Zelm, Briana Niblick, Andrew Henderson, Alexis Laurent et al.]
Purpose
The purpose of this section is to provide a brief summary of the issues relevant to developing harmonized life
cycle impact assessment (LCIA) characterization factors for freshwater and marine eutrophication potential at
the endpoint level.

Eutrophication impacts on Ecosystems

Framing of the impact category
Eutrophication is typically the result of excess nutrient (nitrogen and phosphorus) input into a body of water.
The imbalance can contribute to harmful algal blooms (HABs) and the loss of dissolved oxygen, known as
hypoxia. Freshwater systems are assumed to be limited by P whereas marine systems are assumed to be
limited by N. In reality, the limiting nutrients in aquatic environments occur across a spectrum, however this
simplifying assumption has been useful in past modeling. Figure 2 shows the potential impact pathway from
emission to midpoint to endpoint.

[organic matter
not included]

[primary production
not included]

[terrestrial damage
not included]

[organic matter
not included]

[terrestrial damage
not included]

Figure 2. Potential impact pathways for freshwater and marine eutrophication (adapted from UNEP 2019), which will be
amended to include N and P emissions to soil

State-of-the art, gaps, and existing starting points
The GLAM 2 effort (UNEP 2019) laid the foundation for global consensus and expansion of the eutrophication
potential impact category. At the midpoint level, freshwater eutrophication potential was measured in
phosphorus equivalents (kg-Peq/kg), based on Helmes et al. (2012), while marine eutrophication potential was
measured in nitrogen equivalents (kg-Neq/kg), based on Cosme et al. (2017). Both endpoint characterization
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factors were measured in potentially disappeared fraction (PDF) per year (PDF.m3.yr), including damage to
autotrophs, aquatic invertebrates and fish for freshwater environments (Azevedo et al. 2013) and damages
across six heterotrophic taxonomic groups and five climate zones for marine environments (Cosme et al. 2017).
In both cases, the endpoint metric will need to be harmonized with other impact category endpoints to ensure
consistency across the categories.
Here, we will build on this research and the present task force will focus on the following. The implementation
plan and schedule will be finalized shortly:
•

Implement the endpoint recommendations of GLAM 2

•

Consider updating transport models. In particular, the Helmes (2012) model is spatially coarse (relative
to current data), does not differentiate the bioavailable fraction of P, does not consider transient flows
in arid/semi-arid regions, and may need to updated to reflect major hydrological work (e.g., the Southto-North Water Diversion Project in northern China)

•

Consider adding a soil compartment to the phosphorus transport model

•

Evaluate the potential to include co-limitation, as multiple nutrients may contribute to marine and
freshwater eutrophication (Payen and Ledgard 2017; Sterner 2008).
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Climate change

[Authors: Valerio Barbarossa, Mélanie Douziech, Danielle Maia de Souza, Francesca Verones, Serena Fabbri]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for climate change.

Climate change impacts on ecosystems

Framing of the impact category
Climate change poses a significant threat to global ecosystems. As already highlighted by the latest IPCC report
on climate change, terrestrial, marine, and freshwater ecosystems will experience fundamental disruptions at
forecasted levels of global warming higher than 1.5°C. Developing effective impact assessment methodologies
is therefore fundamental to inform policy-makers and practitioners on how to adopt sustainability strategies
that can mitigate climate change and therefore reduce future impacts on ecosystems.
This chapter aims at assessing the state-of-the-art and future developments/recommendations of life cycle
impact assessment (LCIA) characterization factors (CFs) that translate impacts of climate change from midpoint
to endpoint level (Figure 1). To this end, we assessed existing methods, undergoing efforts and future
developments, and provide a proposal of how to develop adequate recommendations to characterize impacts
of climate change on ecosystems consistent across realms and in line with other impact categories endpoints
(e.g., by quantifying biodiversity loss in terms of potentially disappeared fractions, PDFs).

Figure 1. Pathway of climate-change impacts on ecosystems. The diagram was drawn following guidelines in
Verones et al., 2017. AoP stands for Area of Protection. Lines that connect midpoint-level (1) with Damage level
were dashed for simplicity of visualization.
State-of-the art, gaps, and existing starting points
In GLAM (volume 1, chapter 3), it is acknowledged that to represent the multifaceted nature of climate change
impacts at the midpoint level, only one pathway is not sufficient. Specifically, the authors suggest to use both a
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long-term and a short-term indicator of impacts, global temperature potential (GTP) and global warming
potential (GWP), respectively, both with a 100 years’ time horizon.
Acknowledging not only long-term impacts (GTP), but also the rate at which the climate is changing (GWP), is
also key to fully represent the complexity of climate change impacts on ecosystems. Depending on the rate of
change, ecosystems might be able to either adapt to altered environmental conditions (i.e., adaptation) or shift
their habitat to areas that offer more favorable environmental conditions (i.e., dispersal) (Thompson &
Fronhofer, 2019) or they will not be able to keep up with the change and will consequently suffer. Yet, in the
LCIA literature no specific recommendations are available on how to incorporate these aspects when
characterizing impacts from midpoint to endpoint (ecosystem damage).
Existing LCIA CFs (midpoint to endpoint) available:
- Hanafiah et al., 2011: generic CF based on species-discharge relationships for climate change impacts
on freshwater ecosystems (EF = Potentially Disappeared Fraction (PDF)*oC-1)
- Recipe 2016 (Huijbregts et al., 2016) and LC-IMPACT (Verones et al. 2020): CF based on extinction risk
rates (Urban, 2015) for CC impacts on terrestrial ecosystems (EF = PDF*oC-1)
New data that can be used to develop CFs:
- CFs for impacts on freshwater ecosystems (related to GWP)
Barbarossa et al., (in review), provide estimates of climate change impacts on the geographic range of
freshwater fish species. The data (soon to be) released with the publication include species-specific
percentages of geographic range threatened for 11,500 riverine freshwater fishes at four global
warming levels (1.5oC, 2oC, 3.2oC and 4.5oC). Output data are based on spatially-explicit modelling of
future geographic ranges based on species-specific water temperature and flow niches at 5 arcminutes
resolution. Future flow and water temperature projections are obtained by forcing the global
hydrological model PCR-GLOBWB (Sutanudjaja et al., 2018) with a combination of five global climate
models and four representative concentration pathways. These results can be translated to a PDFbased CF.
- CFs for impacts on terrestrial ecosystems (related to GWP)
Climate change-driven change in surface air and sea surface temperature will lead to impacts on
terrestrial and marine ecosystems. Based on four climate models and thermal niche limits, for three
scenarios (RCPs 2.6, 4.5 and 8.5), impacts on specific taxa (anticipated: mammals, birds, reptiles,
amphibians, marine fish, sea grasses, benthic marine invertebrates, habitat-forming corals) are
calculated in a regionalized way, but then aggregated to global values due to the global nature of the
emission pathways.
-

CFs for impacts on terrestrial ecosystems (related to the climate tipping potential (CTP))
The CTP developed in (Jørgensen et al., 2014) and Fabbri et al. (in review) is a midpoint indicator
measuring the impacts of GHG emissions based on their potential contribution to trigger the crossing
of climatic tipping points, which are potentially irreversible and abrupt climatic processes, such as
Arctic sea ice loss. This potential contribution to tipping can be translated to potential surface
temperature increase and, thus, potential loss of species (in PDF-based CFs), considering that the
crossing of climatic tipping points is expected to further increase warming, through e.g. reduction of
sea-ice albedo due to loss of sea-ice. Global extinction rates and local species loss as a function of
temperature increase are based on (Urban, 2015) and (Newbold, 2018), respectively.

Implementation plan (for next 2 years)
- CFs for impacts on freshwater ecosystems
The members of this sub-task will work towards developing and testing CFs for freshwater ecosystems
based on the work of Barbarossa et al. (in review).
Baseline data: available (publication of the source paper expected within 6 months)
Expected commencement of development phase: End 2020
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-

-

Expected delivery of CF method + publication: Early 2022
CFs for impacts on terrestrial ecosystems
Two PhD students are currently working on this within the group of Francesca Verones. Sub-task
members of this impact category will then work on adjusting/harmonizing the CF.
Expected delivery of CF method + publication: Spring 2021, planned work on adjustments can thus
start in Summer 2021 (anticipated until early 2022)
CFs for impacts on terrestrial ecosystems (related to the climate tipping potential (CTP))
CFs are currently under development by the PhD student Serena Fabbri starting from the midpoint
characterization method and CFs available in Fabbri et al. (in review).
Expected delivery of CF method + publication: Autumn 2021
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Biomass removal by fisheries

[Authors: A. Hélias, I. Vázquez-Rowe, L. Scherer, F. Verones]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for fisheries.

Fisheries impacts on ecosystems

Framing of the impact category
Fisheries play a major role in human nutrition and the last century has seen the industrialization of this activity
in all the oceans of the world. Many impacts result from fisheries such as the destruction of the seabed (Woods
and Verones 2019) or noise pollution of the oceans. The focus here is on the removal of biomass. Marine
ecosystems are exploited, often overexploited, which leads to a reduction in fish biomass and thus a decrease
in biodiversity. The use of this biotic resource is a direct threat to the quality of the ecosystem. Today, the LCIA
framework does not allow representing the impact of biomass removal, which is problematic for the
assessment of the environmental impacts of seafood products. The aim is to focus on (1) the consequences of
the removal of the target species and the by-catches that are reported (these two categories are identified in
the inventory) and (2) discards that are not recorded. Figure 1 presents the impact pathway for fisheries
impacts on ecosystems.

Figure 1 – Impact pathway diagram for fisheries impacts on ecosystems.
State-of-the art, gaps, and existing starting points
Biomass removal influences two AoPs: natural (biotic) resources and ecosystem quality (Langlois et al. 2014b).
The resource AoP is mainly assessed through the human appropriation of the net primary production (Cashion
et al. 2016). The same descriptor was used by Langlois et al. (2015) for defining a pathway towards ecosystem
quality. Other approaches dedicated to the resource AoP have been proposed, with characterisation factors
(CFs) (Langlois et al. 2014a) or indicators (Emanuelsson et al. 2014) based on fishery management parameters,
or characterization factors (CFs) derived from stock dynamic models (Emanuelsson et al. 2014; Hélias et al.
2018). Farmery et al. (2017)suggested the naturalness or hemeroby concept for the ecosystem quality AoP. In a
related field to LCA, input-output analysis, West et al. (2019) also assessed impacts of fisheries on fish species.
They did so at the global scale and considered the vulnerability of fish species to fishing pressure and rough
discard estimates. None of these approaches provides an endpoint compliant approach.
Ongoing work is proposing characterization factors to quantify the impact of fish harvesting on ecosystems
(Hélias and Bach 2020). The structure of the model used to calculate marginal and average CFs is based on:
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a fate factor designed according to the intrinsic growth rate of the species
an effect factor representing the proportion of the fish population that is depleted
conversion of data from population to the ecosystem level according to species richness
the vulnerability for the transition from a regional PDF unit to a global PDF determined at the species
level according to endemicity.
CF values are given for 5000 fisheries (the catch of a species in a given FAO area), default values are proposed
for non-identified species or area catches.





To provide operational recommendations, the remaining tasks to address are:
 Use this approach on a larger number of case studies and confront this approach with the opinion of
other experts in the field.
 Take into account discard in the characterization factors. This implies to distinguish the bycatch, which
would be filled in at the inventory level, from the discard which is not reported.
 Consider whether other data sources are available for greater precision at the biome level (as ICES data
for Northeast Atlantic).
 Question the validity of the CFs over time and the need to update them given the evolution of the
ecosystems subject to the actions of fisheries management and abiotic parameters.
 Consider food web interactions, as the depletion of target species affects the abundance of other
species. Taking these side effects into account in modelling involves working at the level of ecosystem
dynamics rather than species dynamics. This would be an improvement of the causal chain and should
be investigated in more detail.
Implementation plan (for next 2 years)
The work to be done will be addressed in the following way:
 Use on case studies: A first published version of the approach should be available in early 2021 and a
review of its potential uses by the whole community will be carried out. This will allow the relevance of
the approach to be assessed and guide developments over the next two years. (mid-term evaluation
September 2021, deadline summer 2022)
 Discard: The integration of discards in the calculation of CFs is to be done according to the data
available on the quantities and species concerned, probably based on FAO data (deadline end 2021).
 Other data sources for fish stock descriptors: In the absence of dedicated resources for this item in the
Task Force, this item would be addressed subject to related projects.
 Time validity of the CFs: The work related to the first steps of the following point should indirectly
provide elements of response on this point (deadline end 2021).
 Consideration of ecosystem dynamics: This very ambitious point (there is no consensus today on how
to consider the ecosystem among fisheries managers) will be addressed with a PhD focused on the
consideration of ecosystem dynamics in the construction of characterization factors and will begin in
October 2020 (deadline end 2022).
References
Cashion T, Hornborg S, Ziegler F, et al (2016) Review and advancement of the marine biotic resource use metric
in seafood LCAs: a case study of Norwegian salmon feed. Int J Life Cycle Assess 21:1106–1120.
https://doi.org/10.1007/s11367-016-1092-y
Emanuelsson A, Ziegler F, Pihl L, et al (2014) Accounting for overfishing in life cycle assessment: new impact
categories for biotic resource use. Int J Life Cycle Assess 19:1156–1168. https://doi.org/10.1007/s1136786

Global LCIA Guidance (GLAM) Phase 3
Scoping document
013-0684-z
Farmery AK, Jennings S, Gardner C, et al (2017) Naturalness as a basis for incorporating marine biodiversity into
life cycle assessment of seafood. Int J Life Cycle Assess 22:1571–1587. https://doi.org/10.1007/s11367017-1274-2
Hélias A, Bach V (2020) A New Impact Pathway towards Ecosystem Quality in Life Cycle Assessment:
Characterisation Factors for Fisheries. submitted:
Hélias A, Langlois J, Fréon P (2018) Fisheries in life cycle assessment: Operational factors for biotic resources
depletion. Fish Fish 19:951–963. https://doi.org/10.1111/faf.12299
Langlois J, Fréon P, Delgenes J-P, et al (2014a) New methods for impact assessment of biotic-resource
depletion in life cycle assessment of fisheries: theory and application. J Clean Prod 73:63–71.
https://doi.org/10.1016/j.jclepro.2014.01.087
Langlois J, Fréon P, Steyer J-P, et al (2014b) Sea-use impact category in life cycle assessment: state of the art
and perspectives. Int J Life Cycle Assess 19:994–1006. https://doi.org/10.1007/s11367-014-0700-y
Langlois J, Fréon P, Steyer J-P, et al (2015) Sea use impact category in life cycle assessment: characterization
factors for life support functions. Int J Life Cycle Assess 20:970–981. https://doi.org/10.1007/s11367-0150886-7
West CD, Hobbs E, Croft SA, et al (2019) Improving consumption based accounting for global capture fisheries. J
Clean Prod 212:1396–1408. https://doi.org/10.1016/j.jclepro.2018.11.298
Woods JS, Verones F (2019) Ecosystem damage from anthropogenic seabed disturbance: A life cycle impact
assessment characterisation model. Sci Total Environ 649:1481–1490.
https://doi.org/10.1016/j.scitotenv.2018.08.304

87

Global LCIA Guidance (GLAM) Phase 3
Scoping document

Marine plastics

Authors: Francesca Verones, Anne-Marie Boulay, Ian Vázquez-Rowe
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for marine plastics.

Physical effect on biota

Framing of the impact category
Marine plastics are abundant and posing a hazard to marine biota which is yet to be quantified. Plastic can be
present both as macro- and as microplastics, or even nanoplastics, yielding different impacts for the marine
ecosystems. While some of the impacts from plastic debris can be characterized within existing impact categories
such as ecotoxicity, the impacts associated with the physical effect of the plastic on the biota belongs to a new
impact category, as proposed by Woods et al. (submitted). This category, called “physical effects on biota”,
characterizes effects such as entanglement, ingestion and related loss of food intake, etc. and includes effects
from macro-, micro- and potentially nano plastics, with each their own characterization. More details are
provided for macro- and microplastics below, whereas nano plastics is considered not sufficiently mature to be
included at this stage. In addition, while (human)toxic and ecotoxic impacts may be resulting from micro- and
nanoplastic exposure of humans and ecosystems, this is not yet sufficiently explored. Ecotoxicity associated with
plastic emissions should be modeled by considering the leaching of plastic additives into the environment as well
as the species exposed, followed by a traditional (eco)toxicity assessment following a methodology such as
USEtox. While a project is planned to start in January 2021 on this topic, it is unlikely that the readiness will be
sufficient for integration into this project, and hence the present work focuses on the impact category “physical
effect on biota” (see Fig.1).
Macroplastic
We define macroplastics as plastics with a diameter > 5mm. Macroplastic poses a threat to species because they
can get entangled in it and may ingest it. That depends on the species (size of the species, species behaviour)
and may include age-related aspects (e.g. curious juveniles, young individuals who can get entangled in smaller
pieces). On the other hand, it depends on the type of plastic (size, material, shape) if individuals can get
entangled. Entanglement is a serious issue, affecting all sea turtle species, two thirds of all seals, a third of all
whales and a quarter of all seabird species (Kühn et al. 2015). Based on species-specific data, their ranges and
plastic concentrations, we believe that it is possible to get to a PDF. Together with the vulnerability this can end
up in a consistent endpoint factor.
Microplastic
MPs are defined as plastic particles encompassing sizes from 1 µm to 5 mm. These pieces are divided into two
categories, primary and secondary particles. The latter originate from larger polymers and come from the
degradation and fragmentation caused by physical and photo-chemical mechanisms (Andrady, 2011). Primary
particles include polymers directly manufactured as MPs and used especially in personal care products as
exfoliating agents (Fendall & Sewell, 2009; Leslie, 2014) or released as such, for example via tyre abrasion. One
particularity of MPs comes from their small size, which allows an increased bioavailability via ingestion as their
size range matches the prey size of many organisms (Botterell et al., 2019; Galloway et al., 2017) and can effect
growth, immobilization, reproduction, energy balance, metabolic activity and behavior and cause mortality.
State-of-the art, gaps, and existing starting points.
The Medellin declaration (Sonnemann and Valdivia, 2017) pointed to the gap of plastic impacts not being covered
in LCA. Currently no recommendations or mature characterization factors exist for this impact to the
environment. The idea of generating an impact category or impact categories for marine plastics is new and a
large community effort is being made to get to thorough models, which is facilitated by the MarILCA group. This
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group recently presented and submitted a publication describing the framework for the inclusion of plastic litter
impacts in LCA, with a primary focus on marine impacts (Woods et al., submitted).
A simplified version of this framework is shown below, where multiple projects currently running regarding
plastic impacts are identified. However, not all of them will be resulting in finalized characterization factors within
two years. It is however realistic to expect that the impact category “physical effect on biota”, leading to damages
on ecosystems, will be operational.

Fig.1: Simplified framework for impact assessment inclusion of plastic emissions into LCA (Adapted from Woods et al,
submitted)

Macroplastics
Macroplastic impacts include impacts from entanglement and potentially impacts from ingestion. Due to time
constraints, we focus on entanglement first. If there is time, we can add ingestion as an additional impact
pathway.

Fig.2: Impact pathway for impacts from macroplastics on species

The release of macroplastic can happen either at sea (e.g. ghost gear) or on land, with subsequent transport to
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the ocean. In addition, we need to distinguish between plastic that is floating and plastic that is sinking. It is
estimated that up to 94% of plastic is sinking (Miljødirektoratet 2020). The transport to the ocean and
subsequent spread of plastic particles within the oceans are being modelled with oceanographic models and will
lead to the fate factor (in 2021).
Work is currently ongoing for the exposure to entanglement. Currently, we have collected data for 11 species
for different colonies around the world. We estimate the exposure areas of species during breeding and nonbreeding season, in order to estimate how large the potential contact with plastic particles can be (see Fig.3 for
an example). We are currently working on a publication for this.

Figure 3: Potential exposure area for Northern Gannets in wintering areas in Spain and Mauritania (Høiberg 2020).

For the effect factor for entanglement, data is collected on the rate of entanglement that is observed for different
species. We are currently working to expand our database on this. Ultimately, the idea is to derive SSD-like
models for regionalized impacts (see example in Figure 3).

Figure 4: Preliminary example SSD for species entanglement (McHardy 2019).

Microplastics MPs (and nanoplastics NPs)
Microplastics can affect terrestrial, marine and aquatic ecosystems via emissions to any compartment. Fig.5
below shows the simplified impact pathway, with the focus of the current work being via the freshwater and
marine exposition and effect on biota.
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Fig.5: Impact pathway for impacts from microplastics on species (boxes in grey and dashed lines are out of scope of the
present work description).
An effect factor for physical effects of microplastics on aquatic biota was derived and presented at SETAC Europe
2020 as well as submitted in a paper (Lavoie et al., submitted). The data regarding MPs and NPs’ ecotoxicity was
extracted from the academic literature. This data was then explored and analysed to bring to light the
possibilities in terms of EF developments and the existing relations between toxicity and different parameters
such as particle size, polymer type and shape. No significant difference could be observed between the toxicity
of the different subgroups of MPs and NPs tested when considering a single species (MPs, NPs, polystyrene,
polyethylene, other polymer types, spherical and other shapes). However, when including many species in the
analysis, differences could be noted in the toxicity of different polymer types. Furthermore, the high uncertainty
on the developed EFs combined with this lack of statistical difference among subgroups at the single species level
suggest that the use of a single generic EF could be appropriate for now. This EF is provided along with Species
Sensivity Distributions (SSD) which are developed to allow for a quick visualization of the gathered data used to
generate the EFs (See Fig.6). This EF can now be used (together with an appropriate fate model) to quantify the
impact of all MPs and NPs in life cycle impact assessment.
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Fig.6: Species sensivity distribution for MPs and NPs combined. Error bars represent maximum and minimum toxicity
values for each species. When no error bar appears, only one value was available (n = 36 species). (Lavoie et al, submitted)

A fate model for MPs emissions to the marine compartment is currently under development, the framework of
which was also presented at SETAC Europe 2020 (See Fig.7, Hajjar et al). This framework will be operationalized
and will lead to the development of fate factors, which will serve as a link between the quantity released into
the marine compartment to the quantities in the different sub-compartments, to be used with the previously
described effect factor may be applied to marine MP emissions.

Al Chahir Bel Hajjar, 2020
Fig.7: Fate framework for microplastic emissions into the marine compartment, to be operationalized to provide
quantified fate factors (Hajjar et al, 2020)

A complementary fate model for freshwater microplastic emissions is also planned to start in January 2021 (Elena
Corella Puertas, Polytechnique Montreal), and will allow the use of the aquatic effect factor above with
freshwater emissions as well.

92

Global LCIA Guidance (GLAM) Phase 3
Scoping document

Fragmentation of Macroplastics to Microplastics:
In order to include the effect of secondary microplastics, the modeling of the fragmentation of macroplastic into
microplastics considering different environmental conditions is necessary. A project to provide this model is
starting as of January 2021 (Usama Tanveer, Polytechnique Montreal), and will allow the connection of
macroplastic emissions with the microplastic effect factor described above.
Implementation plan (for next 2 years)
The result of the projects mentioned above is expected to be sufficiently advanced for the recommendation of
the impact category “physical effects on biota”, including contribution of macroplastics and (primary and
secondary) microplastics emissions to freshwater (for micro) and marine compartments. The work of the
different projects above will be coordinated by MarILCA, with monthly scientific committee meetings, and
punctual consultation with the Technical Advisory Committee, already formed under the MarILCA activities.
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Water consumption

[Authors: Pierrat E., Scherer L., Link A., Boulay A.M., Damiani M., Barbarossa V., Núñez M., Verones F., Dorber
M.]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for water consumption.

Impacts of freshwater consumption on in stream ecosystem quality

Framing of the impact category
Freshwater represents 2.5% of the total amount of available water on earth, and is used by both humans and
ecosystems to subsist. Because water resources are unequally distributed on earth, conflicts may occur for its
fruition at local scale (Pfister, 2015). Moreover, pressure on water resources may rise in the next decades as
human population and affluence grow, and spatio-temporal supply patterns are altered by climate change (IPCC,
2014). For these reasons, human consumption of freshwater may deprive dependent aquatic and terrestrial
ecosystems and cause biodiversity losses regionally through complex mechanisms as described by Damiani et al.
(2019) and Núñez et al. (2018). Freshwater ecosystems comprise springs, rivers, streams, lakes and aquifer
systems, whereas terrestrial ecosystems refer to all land ecosystems (e.g. grassland, forests, deserts, etc.). Some
ecosystem types are, in current LCA literature, not consistently allocated to either freshwater or terrestrial
ecosystems. These refer to ecosystems, which are located at intersections of freshwater and terrestrial systems,
such as wetlands. In order to provide a clear terminology within this scoping document, wetlands are neither
considered as aquatic nor as terrestrial but instead termed as transitional ecosystems.
One of the objectives of GLAM 3 is to improve the coverage of freshwater consumption impacts on ecosystem
quality in the LCA framework (Figure 1). More specifically, we aim at developing regionalized characterization
factors at global scale to represent freshwater instream ecosystem damages. To do so, fate and effect modelling
aspects need to be addressed. Effect factors will be developed to represent mid point or end-point damages (in
terms of potentially disappeared fractions of species - PDF), following the recommendations of Verones et al.
(2017b). In the latter case, conversion of local PDF to global PDF will be done in communication with the GLAM
3 vulnerability group.
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Figure 1: Freshwater consumption impact pathway to ecosystem quality.
State-of-the art, gaps, and existing starting points
GLAM 3 task force will build up on the guidelines established by the WULCA group (Núñez et al., 2018) for the
development of characterization factors modelling the effect of water consumption on ecosystem quality. In
particular, the impacts on freshwater in stream ecosystems will be our main focus.
Fate modelling
Seasonality and water transfers across compartments is paramount to freshwater dependent ecosystems. To
date, most LCIA methods disregard flow seasonality, consider that water withdrawal directly result in a reduction
of water availability in the same compartment, or consider a reduced number of compartments. Núñez et al.
(2018) proposed a multimedia fate model to account for the transport of water across compartments of the
hydrosphere: e.g. atmosphere, soil, vegetation, surface water, glaciers, ocean and ground water. Based on effect
modelling strategies for freshwater (e.g. discharge flow) and terrestrial ecosystem (e.g. ground water
drawdown), the minimum number of water compartments should be defined as well as relevant metrics for the
fate. The development of a new fate factors is beyond the scope of GLAM task force, but different options will
be considered to develop operational characterization factors:
- Strategy 1: use fate factors proposed by existing LCIA methods and potential starting points (see Table
1). The fate is modelled considering that 1 m3 of water consumed equals 1 m3/s streamflow discharge
reduction.
- Strategy 2: ongoing research is working towards new multifate-models, covering the change in water
availability in the different compartments (e.g. groundwater and surface water bodies, groundwater
bodies and soil moisture) due to water consumption. If these new fate models are operational and
available during the task force work (2020-2022), they might be adopted to derive updated fate factors.
Fate and effect modelling on freshwater in stream biodiversity.
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Damiani (2018) reviewed existing approaches to model the environmental flow requirements of aquatic and
terrestrial ecosystems and pointed out several approaches used in LCA. Most existing LCIA methods focus on
freshwater in stream species richness modelling, used as a proxy for freshwater ecosystem quality. The AWARE
method considers a minimum flow requirement for sustaining aquatic life depending on seasonal flow regime
(Boulay et al., 2017). Hanafiah et al. (2011) investigated how climate change and water consumption both
influence discharge flows and then damage freshwater ecosystems. Characterization factors were developed for
surface water consumption effect on freshwater fish species richness at end-point (expressed in PDF). The effect
modelling relies on generic species – discharge relationship (SDR), which follows an equation in the form of:
SR = aQb, with SR the species richness, Q the surface water discharge, a and b regression parameters. Building
on this approach, Tendall (2014) improved the effect modelling by regionalizing the SDR for fish species, including
macro-invertebrate to the taxonomic coverage, using a different regression function and accounting for species
threat status and rarity. However, as the authors and Dorber et al. (2019) point out, the developed SDRs are valid
for regions between 42° north and south and for Europe with a focus on Switzerland. Dorber et al. (2019)
developed SDRs and CFs for Norway which account for post-glacial fish migration history and thus provide
relevant data to expand the SDR approach to northern regions like Northern Europe, Northern America, and
Canada. Moreover, new datasets covering more fish species and measured discharge flows are being developed
(Barbarossa et al., 2020) that would allow to regionalize the characterization factors based on sub-basin SDRs,
increase species coverage, and reach global coverage (Schipper & Barbarossa, in preparation).
Approaches taking into account river discharge changes are being developed to model impacts of climate change
on the geographic range of freshwater fish species (Barbarossa et al, under review). This ecological niche
approach could be adapted to assess water consumption impacts on freshwater ecosystem quality. In this
species-specific approach, changes in the geographic range of a species occur when the flow of the stream are
above/below empirically-determined species-specific thresholds. Thresholds are available for ~11,500 riverine
fish species and the modelled geographic ranges can be aggregated to species richness indicators.
Nevertheless, species-discharge relationships may not be the most environmentally relevant approach to impact
assessment of water consumption on riverine ecosystems (Damiani et al., 2018). Damiani et al. (2019) has
developed a mid-point, mechanistic Habitat Change Potential indicator using habitat modelling. Such an
approach characterizes how the physical habitat of fish and benthic species changes due to water consumption,
rather than directly linking water availability to biodiversity. CF have been developed at mid-point for France and
at different levels of aggregation. Future studies could adopt the same method to develop CF at world scale.
However, research is needed to bring this midpoint approach to end-point (convert HCP to PDF). Furthermore,
simplified habitat modelling equations might be needed to reduce data requirements, and verifying that the
species coverage is representative for other biomes.
GLAM 3 would use one or more of the starting points to model the effect of freshwater consumption on aquatic
biodiversity and propose global regionalized characterization factors.
- Strategy 1: model the effect at end-point building on the method proposed by Barbarossa et al (under
review) that could be adapted to model species-specific changes in geographic ranges due to water
consumption.
- Strategy 2: model the effect at end-point using species-discharge relationships for freshwater ecosystem
species. Schipper & Barbarossa (in prep.) could already provide novel global SDRs for riverine fish species
based on recently developed datasets of ~11,500 freshwater fish and measured discharge values at
~4,000 sub-basins’ mouths.
- Strategy 3: model the effect using a habitat modelling approach as suggested in Damiani (2019). Ways
to extend the model at the global level and convert the habitat change potential indicator into an endpoint indicator would be part of the tasks.
Table 1 below compiles the different characteristics of strategies and compares advantages and drawbacks.
Table 1: Comparison of the characteristics of the impacts of water consumption on freshwater biodiversity
strategies, advantages and drawbacks.
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Assumptions

Strategy 1 – Ecological Strategy 2 – Species Strategy 3 - Habitat
niche
discharge relationship
change modeling

References

Barbarossa et al. (under Hanafiah et al. (2011)
Damiani et al. (2019)
review)
Tendall et al. (2014)
Schipper & Barbarossa
(in prep.)
Dorber et al. (2019)

Fate modeling

1 m3 of water consumed 1 m3 of water consumed 1
m3
of
water
3
3
equals 1 m /s discharge equals 1 m /s discharge consumption,
reduction
reduction
equals 1 m3/s discharge
reduction

Effect modeling

Maximum and minimum
weekly
water
temperature
and
streamflow
are
combined with speciesspecific
geographic
ranges to derive speciesspecific
ecological
niches. The niches are
then used to evaluate
the effect of streamflow
and water temperature
changes
on
the
geographic range of the
species. Streamflow and
water temperature are
modelled using PCRGLOBWB 2 (Sutanudjaja
et al, 2017)

Midpoint / Endpoint

Empirical
end-point Empirical
end-point Bottom-up, mechanistic,
(Empirical
(empirical
mid-point
indicator
determination
of determination of SDRs) based on habitat change
ecological niches)

Local / Global PDF

Local PDF. PDF can be
also
calculated for
specific
clades
or
relevant categories (e.g.,
fish of commercial
importance)

Spatial coverage and Global, PDFs can be
resolution
calculated
at
5
arcminutes
grid-cell
resolution

Effect of reduced flow
rates on the number of
fish species is quantified
with
the
species
discharge model

Habitat
quantity
changes due to water
consumption (m2 s/m3),
based
on
physical
habitat preference of
instream
fish
and
invertebrate species

In Hanafiah (2011), local NA
PDF. In Tendall (2014),
global PDF (takes into
account vulnerability).
Schipper & Barbarossa
(in prep) provide only
SDRs
Hanafiah presented CF
for 214 river basins
across the world. The
SDR is not spatially
differentiated. Tendall
et al. (2014) presented

River
reaches
and
watersheds in France.
Global
coverage
following
model
simplification is possible
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regionalized SDR in
Europe.
SDR applicable for
basins above 42° lat
(glaciation)
was
developed by Dorber et
al. (2019). New datasets
would permit increase
global
coverage
(Schipper & Barbarossa,
in prep.) and detail
(~4,000 sub-basins)
Temporal resolution

Niches are based on
weekly metrics. Impact
resolution in the present
framework is annual

Annual characterization
factors.
More research is needed
to investigate how
seasonality
influence
SDR (Tendall et al., 2014)
In new dataset (Schipper
& Barbarossa, in prep.)
streamflow
metrics
based on daily or weekly
observations relating to
magnitude, timing and
seasonality of the flow
are included

Taxa
and
number

species 11,500 riverine fish Fish species. New SDRs
species. Bony fish, would permit increase
mainly Actinopterygii
coverage
(~11,500)
(Schipper & Barbarossa,
in prep.).

Advantages

Global coverage
Global coverage
Species-specific
framework allows a
flexible
impacts
differentiation among
important categories.

Seasonal
(median
discharge and low flow
season).
Monthly
resolution is possible

8 fish species at
different
ontogenetic
stages.
4 guilds of 11 fish
species at different
ontogenetic
stages,
based
on
shared
habitat
3 Macro-invertebrate
taxa (Tendall et al., preferences.
2014)
1
equation
for
invertebrate
biomass
production.
Guilds
can
be
considered archetypes
to extend the model
globally
Ecological relevance of
habitat
modelling
approach
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Drawbacks

Improvement needed to
More appropriate for Ecological relevance of link habitat surface to
studying impacts from SDR has been criticized PDF or abundance
indicators (i.e. develop
climate change (long- (Damiani et al., 2018).
end-point method).
term changes).
European
coverage
(global
coverage
requires
extensive
work).
Research is needed to
simplify
habitat
modelling equations.
Few
species
are
included.
Attributing
more species to fish
guilds (the species
archetypes) would be
based on literature
rather
than
field
sampling

Effect modelling on transitional and terrestrial biodiversity.
Other methods covered more ecosystems than strictly freshwater stream habitat. Verones (2013) proposed a
method to model the effect of water consumption on wetland biodiversity with species – area curves. The
approach to model the impact on wetlands used the groundwater compartment, showing the importance of
modelling the fate (water distribution change across the compartments).
Methods focusing on vascular plant biodiversity used mainly two different approaches in LCIA: groundwater
level – vascular plant species (Van Zelm, 2011) and net primary production relationship with ground water depth
(Pfister, 2009). The former method is difficult to upscale to the world due to the lack of global hydrogeological
and biodiversity data to model statistically the effect factor. The latter method does not model directly terrestrial
ecosystem damage (PDF) but uses NPP as a proxy for terrestrial biodiversity. It was improved by Verones et al.
(2017a) including species richness and vulnerability aspects to the damage assessment. These methods
considered that all water (independently of its compartment of origin) is equally important for plant growth,
even though the mechanism explaining how terrestrial ecosystem in general, and plants in particular, react to
surface or groundwater depletion (Eamus and Froend, 2006) is not yet clear. Due extent of the research required
to characterize fate and effect for terrestrial ecosystems, it may not be possible to propose new CF within GLAM
task force timeframe. Consequently, the GLAM task force will focus in priority on new characterization factors
for freshwater in-stream species richness.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to:
⮚ Derive new global characterization factors for water consumption on freshwater stream biodiversity by
improving existing methods.
● Evaluate the best strategy to model the effect on freshwater biodiversity and choose one or
more starting points to calculate effect factors (e.g. complementary top-down SDR approach
and bottom-up habitat modelling approach).
● Calculate global characterization factors for each taxonomic group accordingly with the main
impact pathway.
● Evaluate uncertainty on the characterization factors.
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The preliminary implementation plan:
2020
Tasks

Milestone

Scoping document

09/2020

Starting points methods comparison and selection

12/2020

Method(s) adaptation and EF development

06/2022

Integration with existing FF

06/2022

Integration of vulnerability aspects

06/2022

Case study

12/2022

White paper with recommendations and preliminary CF

06/2022

Draft of LCIA method with CF

12/2022

Final LCIA consensus method and CF

2021

2022

2023

Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3

Pellston workshop
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Vulnerability

[Authors: Francesca Verones, Stephan Pfister, Laura Scherer, Francesca Rosa, Andreas Link, Danielle Maia de
Souza, Ottar Michelsen, Alexandra Marques, Natalia Crespo Mendes, Martin Dorber, Montse Núñez]
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) factors for scaling local/regional to global damages.

Vulnerability aspects

Framing of the impact category
The term “vulnerability” has been used in the Ecosystem Quality Area of Protection to describe the fact that
some species and ecosystems are more globally threatened with extinction (e.g. endemic species, small-ranged
species/ecosystems, critically endangered species) than other species and ecosystem (e.g. widespread species
and ecosystems, least concern species). We are aware that the term “vulnerability” may not be the most
appropriate one and are studying other naming possibilities. In addition, we are aware that “vulnerability” is
not only relevant on a species level, but also on an ecosystem level. This will however not be the primary focus
of this task.
The current options to include the “vulnerability” is the concept of “Global/local Extinction Potential”. The
concept of “endemism”, used to refer to the range of a species, is also used by IUCN in their “range-size rarity”
assessment in addition to their threat level assessment.
Essentially, what we plan to provide is an approach that applies to all impact categories, in order to upscale
regional or local losses (PDF) to global extinctions in a comparable and consistent manner.
State-of-the-art, gaps, and existing starting points
There may be different options for scaling. After discussing this issue, we decided that the best strategy is to
pragmatically follow the Global Extinction Probabilities (GEP) suggested by Kuipers et al. (2019). This method is
in accordance with the recommendations made in the land use CF chapter of the first phase for hot-spot
analyses.
The method of Kuipers et al. (2019) is based on range map and threat level data of the IUCN and therefore
currently available for the following taxa taxon:
•

Chondrichthyes (1,088 species), corals (1,476 species), marine bony fishes (2,562 species), marine
mammals (125 species), and seagrasses (6,365 species) for the marine environment;

•

amphibians (6,490 species), birds (11,120 species), terrestrial mammals (5,303 species), and reptiles
(4,923 species) for the terrestrial environment;

crabs (1,257 species), crayfish (498 species), freshwater fishes (6,410 species), mollusks (1,406 species),
freshwater plants (1,323 species), Odonata (1,476 species), and freshwater shrimps (699 species) for
freshwater environments.
Here, the method is primarily intended for assessment at the taxonomic level (not species level) and its primary
spatial units of choice are ecoregions, but can be adapted if other spatial resolution is required.
•

On the basis of the gaps identified, the following steps should be taken:
•

Check, by impact category, whether the current method sufficiently covers the species. Extend
taxonomic coverage if necessary and feasible.

•

Include terrestrial plant species in the method (e.g. based on 30’000+ range maps that are currently
prepared by Borgelt et al.) Alternatively use the ER maps of vascular plants used for land use in phase 1
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•

Widen species coverage in taxonomic groups, if possible (e.g. fish species in Amazon with data from V.
Barbarossa

•

Define how to adapt the method to fit all impact categories. Especially toxicity might pose a problem.
Maybe, using specific-species range maps?

•

Discuss inconsistency issues among impact categories due to the different level of integration attainable

•

Discuss and decide on one of the three schemes proposed in Kuipers et al. (2019) for threat level
integration (categorical, linear or logarithmic)

•

Discuss comparability of marine, freshwater and terrestrial scaling in terms of representativeness of taxa
coverage

Implementation plan (for next 2 years)
1. Check each impact category where a recommendation exists for fit and issues (e.g. coverage of species,
spatial resolution). Until February 2021. Responsible: all
2. Include terrestrial plants (until May 2021). Responsible: Francesca/Koen/Martin
3. Decide on a threat level integration scheme (until March 2021) Responsible: all
4.Include and expand to other species if necessary and possible (until summer 2021). Responsible: all for
decisions, Francesca/Koen/Martin for implementation
5. Adapt for toxicity (2020 -2021). Responsible: all
6. Test the applicability (late 2021). Responsible: all, coordinated by Francesca
No substantial funding is needed, as most of the work is well underway. If additional funding is available, it
could be used for paying person hours for the toxicity adaptation and testing the applicability.
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Scoping Document for Natural Resources

[Authors: Masaharu Motoshita, Rodrigo Alvarenga, Alexandre Poncelet Charpentier, Johannes Drielsma,
Titouan Greffe, Kevin Harding, Joni Jupesta, Ottar Michelsen, Stephen Northey, Mikolaj Owsianiak, Stephan
Pfister, Charlotte Pradinaud, Anna Schomberg, Rita Schulze, Timothy Grant]
Purpose
The purpose of this document is to summarize the relevant scope to provide recommended life-cycle impact
assessment (LCIA) characterization factors for natural resources (including new development and
modification/adoption of existing methods), as part of the area of protection “Natural Resources”.

Short summary
According to the guidance developed in the 1st and 2nd phase of GLAM project, natural resources are defined
as the Area of Protection (AoP) that represents instrumental values for human well-being in the technosphere.
Natural resources are used in different ways and provide diverse values that benefit human life. Many previous
studies have developed methods to assess the impacts of natural resources use (in particular, minerals,
freshwater, soils, and land), while a generic method applicable to different natural resources is not developed
yet. The aim of this task force (TF) is to provide recommended LCIA characterization factors for the assessment
of the impacts on natural resources. We plan five steps to achieve the goal of this TF; 1) the selection and
definition of the AoP, 2) framing the impact pathways, 3) review of the latest advances in LCIA methods, 4)
validation of the LCIA methods in case studies, 5) evaluation/recommendation of the characterization factors.
We will promote the development by properly referring the results and recommendations in previous works
(including previous GLAM project works and outputs of relevant other initiatives) and ongoing relevant projects
(e.g. Abiotic Resources in PEF Project (ARP), CyVi group (University of Bordeaux) and the French geological survey
(BRGM), the International Life Cycle Chair of CIRAIG).

Framing of the impact category
UNEP (2016; 2019) defined natural resources as the Area of Protection (AoP), representing instrumental value
for human well-being in the technosphere. Humans make use of the values of natural resources in value chains,
which may in turn temporarily restrict the access to values from natural resource use for other (current and
future) users or result in the permanent loss of the values of natural resources. The values of natural resources
that we benefit from differ depending on the types of resources and the way they are used. Therefore, the
damage mechanisms of natural resource use are very complex, which may also be a reason why the question of
whether natural resources should be regarded as AoP at all has been the subject of controversial debate for
decades (Drielsma et al. 2016).
In previous studies, the impact pathways of natural resource use were identified and described for the cases of
mineral resources (De Bruille 2014; Dewulf et al. 2015; Drielsma et al. 2016; Sonderegger et al. 2020), freshwater
(Kounina et al. 2013; Pradinaud et al. 2019) and natural resources in general (Sonderegger et al. 2017).
Particularly, Sonderegger et al. (2017) framed the generic impact pathways applicable to various natural
resources. This was the first ambitious attempt to define the framework of the impact pathways that cover
various natural resources based on an extensive review of existing methods (Fig.1). The authors point out the
importance of a method that consistently assesses the impacts of all natural resource use on the AoP “Natural
Resources”. The challenges for developing a consistent method for the impact assessment of all natural
resources include the different ways of use, different availability and the specific renewability (including the time
frame of the impacts) of natural resources. The detailed impact pathways from the inventory to the AoP that fit
all natural resources and also represent resource-specific cause-effect chains need to be appropriately
structured.
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Fig.1 Impact pathways of natural resource use defined by Sonderegger et al. (2017).
The impact pathways diagram defined by Sonderegger et al. (2017) is a good basis for developing more
detailed impact pathways that can apply to all natural resources. The aspects of the timeframe of damage, the
ways of use (quantity/quality change, occupation, translocation etc.), and the quantification of the lost value
seem to be the keys to developing the generic impact pathways for all natural resources.
Presently, we started categorizing the pressure (e.g. transformation/occupation/translocation) that are
defining the change (e.g. accretion/dissipation/depletion/degradation/deposition) and can be a trigger of the
impacts at midpoint (deprivation of valued function) and damages at endpoint (e.g. increasing efforts for
substitution/non-substitutable damage). Fig.2 represents the draft of the overall impact pathways diagram that
are currently under discussion in the TF. This work aims to specify impact mechanisms so that the overall
impact pathways can cover all the cause-effect chains that lead to impacts upon the value of natural resources
for human well-being in the technosphere. Note that current definition of the contents in the pathways is still
under discussion, and we do not yet reach at any consensus on the current draft impact pathways including the
definition and relations of pressure/change/impact/damage. These will be consolidated during the work of this
taskforce in GLAM3.
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Fig.2 Current draft of the overall impact pathways diagram of natural resource use (under discussion in the TF)
Resources do however provide values in both the technosphere and the natural environment (e.g. in-situ life
supporting functions). Some ecosystem services can be defined as a part of natural resources that provide the
values in the natural environment that support human well-being (e.g., coastal protection by natural sand dunes
(regulation service), wild food provision by natural landscapes (provisioning service), etc.), whereas not all of the
values directly serve human well-being. The impact pathways of relevant ecosystem services to the values for
human well-being can be discussed together with the AoP natural resources, which are discussed in detail in the
respective scoping document (see Section “Problem Scope for Ecosystem Services”).

State-of-the art, gaps, and existing starting points

Existing methods for the impact assessment of natural resources use at the endpoint level
There are many methods that assess the potential impacts of natural resource use in LCA (Sonderegger et al.
2017), whereas the methods assessing the potential impacts on the “natural resources” themselves at
endpoint level are limited to abiotic resources (minerals and fossil fuels) and freshwater.
For abiotic resources, the existing methods assess the potential impacts of abiotic resource use. The Eco-cost
(Vogtländer et al. 2001) and ESP (Steen 1999; Steen 2016) quantify the potential impacts on the basis of cost
for restoration or replacement. Additional efforts that are required to substitute the loss of abiotic resources
are also assessed as the surplus energy/cost requirement associated with an assumed quality change due to
abiotic resource use (Goedkoop et al. 2001; Goedkoop et al .2009; Vieira et al. 2016). These methods estimate
purported consequences of abiotic resource use that can be compensated in the market, while some methods
focus on economic externalities of abiotic resource use by assessing how the values of abiotic resources are
underestimated in the market. Overuse of abiotic resources beyond a level of sustainable use has been
assessed by monetary valuation methods as social welfare loss (Huppertz et al. 2019) and as user cost (Itsubo
et al. 2014).
For freshwater, only Pfister et al. (2009) developed a method to assess the potential impacts of freshwater use
on “natural resources”. They adopted a backup technology approach to assess the potential impact; i.e., they
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used required energy for compensation of lost freshwater by desalination to represent the potential impacts of
freshwater consumption.
These approaches have different features depending on the nature of the approaches: Restoration/replacement
cost approaches assess the potential impacts on the current users, while additional efforts/economic externality
approaches cover the potential impacts on the current and future users of abiotic resources. The additional
efforts approach quantifies specific assumed consequences of natural resource use, while the economic
externality approach assesses more generic impacts that implicitly cover all kinds of consequences of natural
resource use. These approaches including the adopted metrics can be the options for the development of CFs in
this TF, while the selection of the options should be carefully done by considering the differences in their features
in terms of timeframe and coverage of consequences, validity of mechanisms and correspondence with the
frame of the impact pathways.
Existing recommendations for the impact assessment of natural resources use
Recommendations for the assessment of impacts associated with natural resource use have been given for
each type of natural resource separately. For mineral resources, the mineral resource TF of GLAM 2nd phase
defined relevant questions to the impacts of mineral resource use, categorized existing methods into the
defined questions along with the mapping of the methods in the resource stock/flows between ecosphere and
technosphere, and recommended existing methods based on extensive literature review (UNEP 2016;
Sonderegger et al. 2020; Berger et al. 2020). Although a clear distinction between midpoint and endpoint
approaches was not made there, the definition of relevant questions for the assessment of impacts by mineral
resource use will serve as the basis for the development of overarching impact pathways for all natural
resources. For freshwater, Pradinaud et al. (2019) frame the impact assessment of freshwater use by defining it
as a natural resource. No direct recommendations were made but some critical points were discussed
(quantity, quality, timeframe of the impacts, and overlaps with other impact categories), including a definition
of the relevant question to answer by assessing the impacts of freshwater use as a natural resource.
Key developments and challenges of LCIA method development for each natural resource
Mineral resources
Regarding mineral resources, in GLAM 2 the recommendations were focused on the available operational LCIA
methods. Nevertheless, a relevant outlook pointed out was the inclusion of dissipation concepts to handle
mineral resources in LCIA, including the challenges it would bring (e.g., the dissipation threshold). (UNEP, 2019).
Several initiatives on dissipation were ongoing during the GLAM 2 phase.
Based on a review of 45 publications, Beylot et al. (2020a) show that most life-cycle based studies account more
or less explicitly for dissipative flows to (or within) at least one of the three following compartments:
environment (which relates to what is usually called “emissions to the environment” in MFA and LCA studies),
final waste disposal facilities (in technosphere), and products in use (in technosphere). Moreover, Beylot et al.
(2020a, 2020b) propose a comprehensive definition of abiotic resource dissipation and provide an approach on
how to deal with resource dissipation at the LCI and LCIA levels. Considering a short-term perspective (25 years),
any flow of resources to i) environment, ii) final waste disposal facilities and iii) products in use in the
technosphere (with low functionality) is suggested to be reported as dissipative at the level of unit processes.
Such an approach first requires mapping the flows of mineral resources into and out of the unit processes under
study (“resource flow analysis”), before identifying the dissipative flows and reporting them in LCI datasets. The
proposed approaches were tested in case studies (Beylot et al., 2020b).
Moreover, the SUPRIM project (Schulze et al., 2020a, Schulze et al., 2020b, van Oers et al., 2020) proposed a
dissipation-related approach and, on top of that, provided an operational LCIA method on (long term
environmental) dissipation, where emission-related elementary flows are multiplied by characterization factors
(instead of extraction-related elementary flows) (van Oers et al, 2020). This approach characterizes the potential
impact of the change in accessibility of resources over the long term (>100 years). De Bruille (2014) made an
explorative attempt to assess functional resource depletion by evaluating the share of unadapted users once
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resources are depleted, accounting for adaptability. The dissipation concept is being further operationalised in
the ongoing Abiotic Resources Project (ARP), launched by the International Council on Mining and Methods
(ICMM), which has selected the SUPRIM proposal as being currently the most “ready to use” (Drielsma, 2020).
Another on-going project addressing the dissipation of metals is being led by the CyVi group (University of
Bordeaux) and the French geological survey (BRGM) as part of a thesis research project. A conceptual framework
to integrate global dynamic material flow analysis (dMFA) data into characterization factors or to fill data gaps
on dissipative flows including those occurring within the technosphere was proposed (Charpentier Poncelet et
al., 2019). Current developments in this project aim at providing characterization factors that indicate global
dissipation trends for metallic elements. These characterization factors are meant to be applied directly to
extraction flows, thereby making up for the limited information in life cycle inventories on the dissipative losses
of metals within the technosphere.
CIRAIG’s team (UQAM and Polytechnique Montreal) aims at characterizing the potential impact of occupation
and dissipation of minerals and fossils on the depletion of functions. Key properties regarding the use of abiotic
resources in the technosphere will be identified through a thorough literature review and discussions with
experts of the fields. It will then allow to calculate equivalence factors between resources for each function.
Freshwater
Freshwater provides both intrinsic and instrumental values. At the endpoint level assessment, the loss of intrinsic
values of freshwater due to consumption is assessed in the existing models for the case of domestic use and food
production (e.g. Pfister et al. 2009, Boulay et al. 2011, Motoshita et al. 2011, UNEP 2016, Motoshita et al. 2018),
while the instrumental values of freshwater have not yet been explicitly assessed in existing LCIA methods.
Midpoint assessment models (e.g. Boulay et al. 2017) implicitly cover the instrumental values of freshwater,
however, they do not distinguish them with the impacts on other potential impacts (e.g. impacts on human
health, ecosystem quality). Thus, a framework of assessing the impacts of freshwater as part of the AoP natural
resources was defined by Pradinaud et al. (2019). Challenges in assessing the impacts of freshwater use in an
overarching framework with other natural resources arise from the fact that it exists in the forms with different
time frame of availability (a flow, fund or stock) and that water consumption as well as emissions to water can
be related to the impacts on human well-being. Difference of freshwater sources in the time frame of availability
is not yet considered in the existing LCIA methods (Pfister et al. 2009, Boulay et al. 2011, Motoshita et al. 2011,
Verones et al. 2013, Berger et al. 2014, Verones et al. 2015, UNEP 2016, Boulay et al. 2017, Motoshita et al.
2018). This does not refer to classical sources of freshwater such as surface water or groundwater since such a
distinction is not relevant to existing impact assessment methods (Schomberg et al. 2020) that assess water use
with respect to regional water availability (e.g. Pfister et al. 2009, Berger et al. 2014, Boulay et al. 2017). Since
water is a regional resource and there is no water scarcity from a global perspective, this approach is supported
by many authors and will be pursued by the TF. However, the time frame of availability is of great importance
for regional availability. Therefore, the TF aims to 1) differentiate between the different types of water (flow,
fund, stock) and 2) adapt existing assessment methods accordingly.
A second challenge is, that water consumption as well as emissions to water can be related to the impacts on
human well-being. The impacts of emissions to freshwater sources are traditionally assessed in the impact
category of toxicity as the impacts by direct/indirect intake of polluted water (Fantke et al. 2017). Such an
assessment is based on the assumption that polluted water will be used on the current distribution rate for each
purpose. However, polluted water may not be used for the current purpose (e.g. drinking water, irrigation for
food production) in some cases, which leads to the loss of instrumental values of freshwater for humans. The
latter pathways are not well described in the existing methods, therefore, the systematization of the impact
pathways on the AoP natural resources including the relations to other AoPs is one of the main aims of this task
force.
Biotic resources
Another type of resource that is gaining more and more attention from the LCA community is the biotic resources
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used for feeding humans or for their well-being. Abiotic resources are extracted from nature (lithosphere) by
mining and quarrying, transferred and further processed in the technosphere. Biotic resources are harvested or
caught in the biosphere by agriculture, forestry or fishery. The LCIA of biotic resources is a special challenge to
consistently define the system boundary for the following reason. Biotic resources are growing in nature without
human intervention or are the targeted result of human activities such as field cultivation, plantation or fish
farming. In the first case, the (natural) biotic resources are extracted from the environment, transferred and
processed in the technosphere. In the second case, the biotic resources are cultivated or bred by humans and
already a product of the technosphere.
On a global scale, one of these major resources is marine biotic resources, especially fish. Helias et al. (2018) list
different approaches to address the issue of assessing impacts on biotic resources. They underline the
particularity of biotic resources: unlike abiotic resources, their regeneration rate is intrinsically linked to the state
of the stock. They propose the first operational assessment method for the biotic depletion of all fisheries in LCA.
This method is also one of the first assessments of biotic depletion in LCA, based on a model of population
dynamics and is compatible with the “Abiotic Potential depletion” (Helias & Heijungs, 2019). Terrestrial biotic
resources are also important for humans. Bach et al. (2017) proposed a method for assessing their availability by
integrating economic, social and environmental constraints. Recently Garcia de Lima et al. (2019) also suggested
a functional approach to assess wood depletion accounting for substitutability between types of wood and other
functionally equivalent resources.
For biotic products grown in human-made systems, e.g. agricultural or timber products, soil is the natural
resource needed for production. Methods assessing impacts on soil have, for example, been compiled in VidalLegaz et al. (2016) and Sonderegger et al. (2017). Most of these methods are midpoint methods as they describe
impacts on the soil but no further consequences and they are designed to be used with broad land use classes,
e.g. “agriculture, intensive”. Recent methods suggest the use of detailed information of agricultural practices
instead of these broad land use categories to assess impacts of agriculture in LCA (Núñez and Finkbeiner 2020;
Sonderegger et al. 2020). Furthermore, they aim to assess productivity losses related to damages to the natural
resource soil.
Land
Next to soil, land in the general sense is a rare resource, especially all other resource uses require land as well.
Recently, studies have for example focused on the land needs of the mining industry (e. g. Maus et al. 2020). This
is another challenge for the TF, to consider and clarify the interconnection of the different impact categories.
While LCIA methods do exist, the implementation of land use assessment can be further developed in LCA. The
values of soils and lands include ecosystem services provided by them; therefore, the organization of the values
of soils and lands will help to clarify the differences and overlaps between natural resources and ecosystem
services.

Implementation plan

Task 1 - The selection and definition of the AoP
It would be the initial aim to find a common AoP for both natural resources and ecosystem services. An
examination of valuation approaches should be undertaken by a task group covering both the abiotic and biotic
resources. If this cannot be done, as much consistency as possible should be aimed for.
Natural resources provide various functional values in both the technosphere and the environment. Therefore,
we first define the relevant question to the assessment of the damage on the values provided by natural
resources; what we want to protect as the AoP. Based on this, more detailed pathways from inventory to the
damage on the AoP will be determined. For the definition of the relevant question, the previous definitions for
mineral resources (Sonderegger et al. 2020, Berger et al. 2020, UNEP 2019) and freshwater (Pradinaud et al.
2019) can be the basis for discussion, however, new definition of the relevant question including modification
of the existing definitions should be done to cover all types of natural resources in addition to mineral
resources and freshwater.
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Regarding the metrics that represent the AoP, economic valuation may enable to directly compare and possibly
integrate the damage on different natural resources and can be a promising option as a candidate metric. On the
other hand, some natural resources (e.g. minerals) are evaluated and traded in the markets, while others (e.g.
freshwater, soil) are traded in markets that function very differently. Thus, the economic valuation of the natural
resources usually includes different scopes in the valuation (e.g. use value and nonuse value) depending on the
adopted approaches. There are various economic valuation approaches that can be adopted for natural
resources use (ISO 14008:2019). When the economic valuation approaches are considered as an option, the
differences among the approaches should be explored in terms of suitability for the assessment of various
natural resources. The economic valuation approaches should be carefully discussed, and other metrics are not
excluded from the selection of the most relevant metrics to the damage on natural resources.
Task 2 Framing the impact pathways
Task 2a Determination of the impact mechanisms for major natural resources
This task will identify the impact pathways from inventory to the damage on natural resources as the AoP.
Different natural resources may have their specific pathways. Therefore, each impact pathway will be identified
based on showing specific example(s) that represent each of the pathways. This will help to share the common
understanding on the complicated impact pathways of natural resources. The impact pathways are determined
corresponding to each natural resource. Although we focus mainly on minerals, freshwater, land use and biotic
resources due to the limitation of time and human resources, the potential development for other natural
resources is not excluded and will be kept in mind.
This task will examine key parameters of existing LCIA methods and examine how applicable they are in different
geographies. This will then look to potentially improve these or at minimum to be aware of any limitations. This
is important as the environmental conditions and management factors will vary dramatically from cold climate
in deep soils to arid environments compared again to tropical areas. What is most important is to ensure as much
as possible that impact mechanisms are based on fundamental laws (i.e., the laws of thermodynamics and
quantum mechanics) as is mostly the case in environmental and human health impact categories - not on
correlations between limited data sets and/or speculative theories of cause and effect.
Task 2b Identification of overlaps between natural resources and ecosystem services
The overlaps in the impact pathways between natural resources and ecosystem services are explored, and this
task should identify the potential to harmonize and/or clear distinction between them.
Task 3. Review of the latest advances in LCIA methods
Task 3a Identification of the gaps of existing methods and the potential to close them
This task will examine how applicable they are in the developed impact pathways and explore key parameters
and meaning of the values of natural resources in the methods, based on review of existing methods. This will
then look to potentially improve these or at minimum to be aware of any limitations. The existing results of the
method reviews will be utilized to reduce the workloads of review and avoid repetition of review work, and only
the methods that suit for the developed framework in this task force will be scrutinized.
Task 3b Selection/development of promising endpoint indicators
This task selects the promising endpoint indicators of the existing methods that well represent the developed
impact pathways, including the aspects of relevance and feasibility of the AoP metrics. This task would include
modification of the existing methods based on the results of Task 3a, and new development of the methods, if
feasible.
Task 4. Validation of the LCIA methods in case studies
This task checks the validity of the candidate indicators through the application to case studies, as it has been
done in GLAM 1 and 2. The case studies should be selected to cover the diversity of natural resources and
demonstrate the significance of the damage on the AoP, and should be mutual for the other AoPs to discuss the
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consistency and inconsistency between the AoPs.
Task 5. Evaluation/recommendation of the characterization factors
This work evaluates the candidate methods (characterization factors) and makes recommendations of the
methods and the application based on the validation in case studies. The evaluation criteria will be determined
from both scientific perspectives and practical feasibility.
The landscape of teams working
In parallel to this TF, there are several ongoing projects/groups that focus on the development of the methods
on different types of natural resources (Abiotic Resources Project (ARP), CyVi group (University of Bordeaux) and
the French geological survey (BRGM), the International Life Cycle Chair of CIRAIG). The outputs from these
projects/groups will be utilized to facilitate the development of the recommended methods for the assessment
of the damage on natural resources.
Gantt chart of implementation plan
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Scoping Document for Ecosystem Services

Authors: Tim Grant, Masharu Motoshita, Benedetto Rugani, Stephan Pfister, Ana Laura Raymundo Pavan,
Stephanie Maier, Johannes Drielsma, Rafael Horn, Valeria De Laurentiis
Purpose
The purpose of this document is to provide a brief summary of the issues relevant to developing life-cycle
impact assessment (LCIA) characterization factors for ecosystem services.
Summary
The impact method which are proposed for inclusion in the ecosystem services group of impact category(ies)
can be broken up into three categories. Those currently operationalised, those which are recently proposed
but not tested and those which represent gaps in the coverage of ecosystem service impacts.
Currently operationalised models are
•
Biotic Production – (SOC deficit potential/BPP/HANPP)
•
Soil Erosion potential
•
Groundwater Regeneration Reduction Potential
•
Infiltration Reduction Potential
•
Physicochemical Filtration Reduction Potential
•
Mechanical Filtration potential
Recently published models still to be evaluated
•
Soil Compaction
•
Soil Salinization
Areas where significant gaps are known
•
Climate regulation potential via Albedo effect
•
Pollination
•
Cultural/aesthetic ecosystem damage potential.
In addition to the review and further development of these methods two main activities are required to
•
Make decisions on how the technosphere/ecosphere boundary is managed with many ES being
functional unit in LCA as well as different perspectives between the ES research community and the
goal and structure of LCA.
•
Elaboration of the impact pathway taking the above decisions into account.
•
Identification and evaluation of the AoP and linking this to the available methods.
The priorities set for the taskforce are in order of most important to less are
1.
Formulate endpoint indicator & link models
2.
Quality of parameters and global applicability of published methods.
3.
Operationalize newer methods which have been published
4.
Tackle major gaps such as local climate, pollinators
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Ecosystem services and frameworks
Ecosystem services (ES) represent “the benefits” (i.e. clean water, food, energy), in terms of ecological
characteristics, functions, or processes, that human-beings obtain directly and indirectly from functioning
ecosystems (Costanza et al. 2017, Daily 1997, Díaz, Demissew et al. 2015). The concept links ecosystem
functions to the ecosystem services provided to human health and wellbeing, such as those shown in Figure 1
The ES are grouped into supporting, provisioning, regulating and cultural, and are directly and indirectly linked
to the constituents of wellbeing.

Figure 16 Ecosystems services and the role they play for constituents of human well-being (Recreated from
World Resources Institute 2005)
Numerous other classification frameworks exist to classify, map and assess ES (e.g. (World Resources Institute
2005, Sukhdev, Wittmer et al. 2010) (Maes, Liquete et al. 2016), Liquete et al. 2016, La Notte et al. 2017,
(Haines-Young and Potschin 2018)
Ecosystem service frameworks differentiate between intermediate and final ES. While final ES represent the
direct contributions of ecosystems to human well-being, intermediate ES underpin final ecosystem services,
but do not provide direct benefits to people (US EPA 2015). This distinction is essentially introduced to focus on
the values that ecosystems deliver to society, and hence avoid the potential for double counting of
intermediate and final ES.
Several definitions are useful for describing soil ecosystem services and how they can be integrated into the
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LCIA framework. In LCA, impacts on final ES can be defined as the changes in final ES (e.g. roundwood
provision, hunting, recreation, cultural experiences) resulting from anthropogenic activities/pressures.
Similarly, impacts on intermediate ES can be defined as the changes in intermediate ES (e.g. water regulation
capacity) due to anthropogenic activities. The notions of intermediate and final ecosystem services can be
interpreted similarly to some concepts of midpoint/impacts and endpoint/damages used in LCIA, e.g. for global
warming or water scarcity.
A final set of relevant definitions that are similar but distinct from the intermediate/final ES definitions are the
terms potential ecosystem service values and actual ecosystem service values (Villa, Bagstad et al. 2014).
Potential ecosystem service values represent the potential supply of final ES, while actual ecosystem service
values represent the final ecosystem outputs that benefit people. For example, Cao, Margni et al. (2015) have
already implemented the distinction between potential and actual ecosystem services in LCIA modelling of soil
ES using an exposure factor.
In order to build ES impacts into life cycle impact assessment frameworks, an ecological production function
can be used to model how changes in human stressors result in a change in final ecosystem services (e.g. a
change in biotic production that affects people). It has to be noted that ES also include direct benefits from
ecosystem use, e.g. crops from agriculture, which in LCA are part of the output and therefore covered by the
functional unit

[1]

This is similar to the NESCS (US EPA, 2015) definition of ‘marginal analysis’ which aims to analyze “human welfare

impacts of policy-induced changes to ecosystems”, and equivalent to how ecosystem services are represented in life cycle
impact assessment Cao (2015)

State-of-the art, gaps, and existing starting points
The release of the Millennium Ecosystem Assessment (MEA, 2005), where ecosystem services were
harmonized into an internationally acknowledged classification system, was one of the drivers for the LCA
community to start working on the combination between LCA and the assessment of ES approximately fifteen
years ago. Essentially, three schools of thought have been developing during this time. These have brought to
the publications of several studies, which have been recently grouped in three main branches within the last
GLAM Phase 2 (see Rugani et al., 2019, for more details):
1. The UNEP/SETAC branch of frameworks and methods for land use impact assessment (LULCIA), which
represented a first large-scale initiative specifically oriented to develop new characterization factors
(CFs) for land use impacts on Biodiversity and Ecosystem Services in the Life Cycle Impact Assessment
(LCIA). The rationale common to studies in this group was to quantify and deliver CFs compatible with
existing life cycle inventory (LCI) datasets including information on land use and land use change. This
brought to the implementation of CFs for assessing impacts on a few provisioning and regulation and
maintenance services (Koellner et al., 2013), namely biotic production potential (BPP), climate
regulation potential (CRP), freshwater regulation potential (FWRP), erosion regulation potential (ERP),
water purification potential (WPP), and biodiversity damage potential (BDP) (de Souza et al., 2013).
The CFs were developed for midpoint impact assessment using physical units, but some additional
effort to bring to an endpoint characterisation in monetary terms was done (Cao et al., 2015).
Moreover, an indicator on functional diversity, which had the potential to link impacts on ecosystems,
biodiversity and ecosystem services was developed (de Souza et al., 2013). While CFs developed within
and in accordance with the LULCIA initiative still represent the most compatible values to perform
analyses of ES in LCA, their implementation in LCA practice is very limited. Most probably the main
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reason is due to the inability of this impact characterisation approach to link ES with their final values
and actual benefits to humans.
2. Studies analysing ES in the framework of LCIA but proposing alternative approaches to those framed
within the UNEP/SETAC LULCIA initiative (e.g. Schaubroeck et al. (2013) and Bruel et al. (2016)). This
group collects methodologies, applications and tools developed ad hoc to assess the impact of life cycle
activities on the provision of specific ES, using different models and impact drivers, usually not
comparable among each other and certainly not harmonized in one or another umbrella approach like
the LULCIA. A common goal of these studies is that they typically quantify CFs for possible application
in existing LCIA frameworks or develop new impact characterisation solutions that well-match the
current LCA calculation structure. These approaches might be considered “2.0” when compared to
those developed by the UNEP/SETAC LULCIA initiative, since they bring more sophistication and
diversity in the calculation of CFs (e.g. higher spatial resolution, and/or time-dependency and/or wider
and deeper geographical distribution) and the choice of the impact drivers (not only the land use is
considered, but also other stressors such as the extraction of natural resources in some cases) (Rugani
et al. 2019). Despite these improvements, as for the previous group of studies the application of one or
another of those models remains very limited and punctual, most probably because of the lack of
harmonisation into one or another methodological solution (e.g. monetary valuation techniques; use of
ecosystem assessment tools in combination with LCA, such as LANCA or CENTURY tools, etc.).
Alejandre, van Bodegom et al. (2019) provides an overview of new and existing method which should
be included in LCIA. The paper provides a distinction between ecosystem service supply to
technosphere and the damage to the environmental capacity to deliver ecosystem services. It also
make recommendations for the optimal mix of ecosystem services withing LCA.
3. The third group encompasses a few proposals of LCA-ES integration developed outside the typical LCIA
framework (e.g. Liu and Bakshi (2018) and Chaplin-Kramer et al. (2017)). A commonality between
these studies concerns their goal of using existing ES modelling and assessment tools to account for
damages on ES using specific life cycle data or inventory models, or trying to apply a life cycle thinking,
without however reaching a state of full operability in LCA (i.e. without developing CFs that could be
directly implemented and used in LCIA). Such studies cannot be regarded to be “3.0” approaches, since
their applicability in LCA is far from being operational at the current stage of development. However,
some insights from the development of new computational frameworks for LCA-ES integration, which
make use for example of integrated system dynamics-based models or other deterministic tools, can
inspire the future development of a new generation of impact characterisation models to assess ES in
LCA.
As outlined in Rugani et al. (2019), the following challenges should be faced in order to address the
methodological and conceptual issues emerging from the analysis of the above state-of-the-art:
a. current impact characterization models in LCIA are not encompassing the whole range of ES
potentially damaged by life cycle systems, but only a few specific ES are tackled and without
considering their interconnections in the cause-effect chain;
b. the choice of assessing intermediate or final ES 4 is still controversial, or dependent upon the goal

As distinguished in Rugani et al. (2019), intermediate ES are those not directly enjoyed or used by
beneficiaries but underpinning the output(s) of final ES, which instead represent the end products of
ecosystems having a direct relevance for beneficiaries. For instance, while clean water can be a flow of a
final ecosystem service to one beneficiary (e.g. a person who needs drinking water), for a recreational or
commercial fisher, clean water is an intermediate ES providing habitat for the productive fishery that is the

4
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of the study and the final beneficiaries;
c. the use of integrated assessment models, as suggested by Costanza et al. (2017), has been
proposed or showcased, but not in a sufficient manner to establish a consistent and reliable LCIA
framework that can capture complex and non-linear ecosystem functions.
On top of these conclusions, which after about one year from the publication of Rugani et al. (2019) can still be
considered valid, the latest studies published afterwards suggest that:
· No operational endpoint method has been developed so far, apart from some punctual examples
such as Cao, Margni et al. (2015) and Bruel, Troussier et al. (2016) where monetary units have been
used and that can be regarded, to some extent, as producing damages to one or another area of
protection.

Framing of the impact category
Figure 2 outlines the impact pathways and currently available and proposed models for assessment in the
project. Currently all impacts are driven by land occupation and transformation however the land occupation
and transformation definitions include spatial information (e.g. country or possibly ecoregion or biome), land
use (e.g. irrigated cropping) and land cover information (e.g. sparsely vegetated areas, steppe, tundra,
badlands) and finally information on land management practices (e.g. pasture, manmade, organic). The
impact pathway includes soil loss and changes in soil properties, water loss and changes in water quality and
above ground biomass loss and change in the quality of above ground biomass. The loss and degradation of
soil, water and biomass is linked a series of changes in ecosystem processes. The main impact pathways are
shown however impact important to note that there are many linkages between different ecosystem changes
such as change is water quality and volume effecting soil processes and the reverse.

final ES for recreational fishing and commercial food production.
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Figure 17 Schematic impact pathway proposition of land using interventions in the context of ecosystem
services showing existing pathways and links to proposal Area of Protection.
Figure 2 focuses on the provisioning services which are most directly linked to the human use from ecosystems.
Changes in regulating services and supporting services are linked all three areas of protection including human
health and ecosystem quality however these pathways either not include or are covered by the human health
and ecosystem quality working groups.

Current Methods
Biotic Production - SOC deficit potential

Description
Brandao & Mila-i-Canals (2013) published a method which estimates the impact of different land uses on the
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long-term ability of land to produce biomass (referred to as biotic production potential [BPP]).
In the GLAM2 process the method is used as a midpoint to represent soil quality, and was referred to as “SOC
Deficit Potential” as it assesses the change in soil organic carbon (ΔSOC) over a period of time relative to a
potential natural vegetation (PNV) reference state. The ΔSOC was recommended as a midpoint impact
indicator with further investigation required to link this to related AoPs.

Figure 18 Structure of SOC deficit potential impact pathway in context of overall ecosystem services impact
assessment framework
Characterization factors for land occupation are defined as the ΔSOC between the reference situation and the
current land use over the occupation time (kg C * m-2 ). Characterization factors for reversible land
transformation represent the time-integrated ΔSOC during the regeneration time between the previous land
use and the new land use in kg SOC (kg SOC * m-2 * yr).
Current status & future development
Current CFs published are based on default SOC data for climate regions and soil types and under different land
use and management conditions reported by the IPCC (2006). This IPCC estimates are based on soil data from
the National Soil Characterization Database (USDA 1994), the World Inventory of Soil Emission Potential
Database (International Soil Reference and Information Centre), and data on SOC compiled by (Bernoux, da
Conceição Santana Carvalho et al. 2002).
The characterization factors are recalculated as part of an update to the LANCA method with factors being
calculated through a new averaging approach taking into account current land use maps to calculate the
country average CFs for the actual land use situation.
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LANCA - Biotic Production, soil Erosion, groundwater regeneration, physicochemical
and mechanical filtration
Description

The LANCA framework in its most recent version provides three types of characterization factors
(transformation to, transformation from and occupation) on country level for all terrestrial flows as suggested
within the UNEP SETAC guideline (Köllner et al 2013a, Köllner et al 2013b, Bos, Horn et al. 2016, Horn and
Maier 2018). The characterisation factors provide ecosystem impact values and do not include a temporal
dimension. This makes them in principle applicable to both reversible and permanent transformation, whereas
for the reversible transformation impact regeneration time information has to be separately specified. The
reference state in LANCA is the potential natural vegetation, and the characterization factors on country level
are calculated through an area weighted averaging of the biomes in the country as proposed by De Laurentiis
et al (2019). Rather than taking the reference state from the largest Biome in each country as was done in
LANCA 2.3 (Bos 2016), the reference state is assessed at the biome ecoregion level and then aggregated to the
national. For agriculture and forestry land uses, the reference state excludes contributions from “boreal tundra
woodland”, “polar”, “subtropical desert”, “temperate desert” and “tropical desert”, on the basis that these
lands are not typically converted for agricultural or forestry purposes. For all other land uses the reference
system is an average of all biomes ecoregion PNV.
LANCA includes 5 impact pathways which are based on many common parameters including climate, soil types,
and ground cover. The five pathways included are:
•
Biotic Production Potential
•
Soil Erosion potential
•
Groundwater Regeneration Reduction Potential
•
Physicochemical Filtration Reduction Potential
•
Mechanical Filtration potential
Figure 4 shows the structure of the 5 pathways included LANCA method how far along the environmental
mechanism the modelling has progressed.
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Figure 19 Structure of LANCA impact method pathways in context of overall ecosystem service impact
assessment framework
Biological production potential
In the LANCA© model, Biotic Production Potential is modelled as the difference in net primary production
between the current land use and a reference land use (reference state). The biotic production potential is
affected by natural factors such as climate and soil type, but also by anthropogenic influences such as land use
and land management. It is this change in land use and land management which is measured by this model.
NPP is calculated for different land use types are based on: Lieth and Whittaker (1975), Schultz (1988), Bick
(1993), Kalusche (1996) and Weidema and Lindeijer (2001).
Soil Erosion Potential
The erosion model used in LANCA is based on the revised universal soil loss equation (RUSLE) shown in
Equation 3. Characterization factors describe the time integrated difference in erosion potential between a
reference state and the current land use. Regarding the reference state adopted in LANCA, the same
considerations presented for biotic production are valid.
The calculation for the potential erosion rate for each land use, and region is given by revised universal soil loss
equation (RUSLE). The equation is shown below:
𝐴𝐴 = 𝑅𝑅 ∗ 𝐾𝐾 ∗ 𝐿𝐿𝐿𝐿 ∗ 𝐶𝐶 ∗ 𝑃𝑃
Equation 1 Soil erosion
Where:
A is the predicted annual soil erosion rate by rainfall
R is rainfall erosivity factor (MJ mm ha-1 hr-1 y-1)
K is the erodibility factor (t ha hr ha-1 MJ-1 mm-1)
LS is the slope length factor
C is the land cover factor
P is the support practice factor.
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Saad et al (2013) uses the 2010 LANCA method (Beck, Bos et al. 2010) for soil erosion but relies on different
background data for some parameters and it also uses a different reference state to the LANCA model. These
are calculated for 14 terrestrial biomes 5. Sonderegger et al. (2020) use also the RUSLE equation and model the
results on high spatial resolution. In a second step, the impact on the agricultural production potential is
assessed as a function of water erosion.
Groundwater Regeneration Reduction Potential
The groundwater regeneration pathway is linked to land use parameters surface flow and evapotranspiration.
The indicator midpoint is the change in groundwater regeneration. To calculate groundwater regeneration the
LANCA uses the following equation, in order to show the potential of a land area to regenerate groundwater
under various anthropogenic influences such as altered sealing and vegetation cover.
𝐺𝐺𝐺𝐺 = (𝑁𝑁 − 𝐸𝐸 ∗ (1 − 𝑆𝑆𝑆𝑆))
Equation 2
Where
GR: Groundwater regeneration [mm/(m²*a)]
N: Precipitation [mm/(m²*a)]
E: Evapotranspiration [mm/(m²*a)]
SC: Surface Flow Coefficient
The main data sources used for model include Hijmans et al. (2005) and Hijmans et al. (2015), Allen (1998) and
Mu, Zhao and Running (2011), HWSD (Nachtergaele et al., 2012), Jarvis et al., 2008, McCuen (1998).
Infiltration Reduction Potential
Infiltration reduction potential is the indicator of a loss of mechanical filtration is described through
permeability in [cm/(d*m²)]. According to Beck et al (2010) and Bos et al (2016), permeability depends on: soil
type, distribution of pores, depth to groundwater table and land use type.
First, the soil types are divided into soil type classes according to Leser and Klink (1988). Baitz (2002) and Beck,
Bos et al. (2010) have further developed the soil type classification into permeability classes based on the Adhoc-Arbeitsgruppe (1996) and Arbeitsgruppe Bodenkunde (2013). Finally, the permeability class is corrected by
the depth to groundwater table and the sealing factor.
The larger the depth to groundwater table, the higher the permeability class and filter performance. If the
sealing factor increases, the filter performance decreases.
Physicochemical Filtration Reduction Potential
The physicochemical filtration is calculated by means of the effective cation exchange capacity which depends
on the soil type, in particular the clay content, the proportion of organic soil substance and the pH value.
Cation exchange capacity is the capacity of soil to hold exchangeable ions which influence "soil’s ability to hold
onto essential nutrients and provides a buffer against soil acidification" (“Cations and Cation Exchange
Capacity,” n.d.).
First, the share of organic soil substance and the clay and silt content of the soil are determined. Subsequently,
the potential cation exchange capacity is determined depending on the share of organic soil substance and the
5

A biome is an area of the planet that can be classified according to the plants and animals that live in
it.Temperature soil, and the amount of light and water help determine what life exists in a biome.
https://www.nationalgeographic.org/encyclopedia/biome/
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effective cation exchange capacity depending on the clay content. The pH value is also determined. This is
classified into various factors and corrects the potential cation exchange capacity to the effective cation
exchange capacity depending on the share of organic soil substance. Next, the two cation exchange capacities
are added and corrected by the sealing factor. Finally, the result is related to the topsoil with a thickness of one
meter.
The main data sources for this model is the Harmonized World Soil Database (Nachtergaele, van Velthuizen et
al. 2012), Ad-hoc-Arbeitsgruppe Bodenkunde (1996) and Arbeitsgruppe Bodenkunde (2013)
Current status & Future development
Updates to the LANCA method have been proposed in De Laurentiis et al (2019) which change the way the
reference state are calculated. Rather than taking the reference state from the largest Biome in each country
as was done in LANCA 2.3 (Bos 2016), the reference state is assessed at the biome level and then aggregated to
the national. For agriculture and forestry land uses, the reference state excludes contributions from “boreal
tundra woodland”, “polar”, “subtropical desert”, “temperate desert” and “tropical desert”, on the basis that
these lands are not typically converted for agricultural or forestry purposes. For all other land uses the
reference system is an average of all biomes PNV. These updates have been implemented in the latest version
of the LANCA characterization factors (2.5), provided by Horn and Maier (2018).
Additionally, it proposed that regeneration times will be included so that land transformation impacts can been
added to land occupation and not be modelled as separate indicators, as is currently the case in the LANCA
model.
LANCA are planning to shift from the Biological Production Potential calculation to Human Appropriation of Net
Primary Productivity. (HANPP) which is discussion below.

Human Appropriation of Net Primary Productivity. (HANPP)

Description
Alvarenga et al. (2015) used biotic production as the impact indicator, referred to as Human Appropriation of
Net Primary Productivity (HANPP). HANPP and defines this as the NPP not available for ecosystems to use as a
result of human land use activities and can be disaggregated into HANPPLUC and HANPPharvest (Haas, Jit Singh, &
Musel, n.d.).
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Figure 20 Structure of HANNP impact method pathways in context of overall ecosystem service impacts
assessment framework.
The HANPP LUC method estimates the change in NPP from current land use relative to the NPP of potential natural
vegetation. HANPPharvest represents NPP that is harvested for use by people. . (Alvarenga, Erb et al. 2015)

Equation 3
●
●
●
●
●

NPP: net primary production [kg DM/m2a or kg C/m2a]
Actual NPP: “the NPP of the currently prevailing vegetation under current land use with or without
human intervention”
natural potential NPP: “the NPP that would occur on the land in the hypothetical absence of direct
human intervention but under current climate”
i: location
j: land use

For the HANPP method, a decrease in NPP for current land use relative to potential natural vegetation represents
an impact whereas an increase in NPP represents a benefit.
The HANPP method proposed by Alvarenga et al. does not consider the effects of stressors on final ecosystem
services (human benefits) as the approach estimates the potential change in NPP available for use by ecosystems
when comparing potential natural vegetation to current NPP (NPPLUC = NPPpnv – NPPcurrent). The perspective is
therefore one of ecosystem beneficiaries rather than human beneficiaries and so HANPPLUC can be interpreted
as the change in intermediate ecosystem services and considered in LCIA at the midpoint level. Since the
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potential natural vegetation may not have had any human uses, this method does not address questions about
the change in final ecosystem services (e.g. food, fibre, cultural, etc. benefiting people).
In fact, it could also be possible that land use change decreases HANPPLUC, but increases benefits for people by
providing resources for food and shelter. In other words, land use change may also potentially contribute to
increasing ecosystem services by increasing actual ecosystem services even when there might be a decrease in
potential ecosystem services.

Climate regulation potential (CRP)

Description
Muller-Wenk and Brandão (2010) focused on the impact of land use on climate, based on CO2 transfers between
vegetation/soil and atmosphere. To address biogenic carbon emissions, the model calculates a duration factor
by taking the mean fraction in the atmosphere of 1 tCO2 emission from fossil fuel combustion over 500 years.
So the atmospheric lifetime of carbon released from biogenic sources is calculated, resulting in fossil‐
combustion‐equivalents. Current practice in LCA has been to incorporate emissions from land use change into
the inventory and not to link climate impacts directly to land use inventory.
Another link between ES and climate change is the albedo effect. Albedo is the share of solar radiation reflected
back off the earth surface and this can be affected by changes in land cover. Sieber et al., (2019) shows that
Abledo effects can be of a similar magnitude as greenhouse gases when assessed for specific products such as
cropping and forestry. The models are however highly spatially dependent which are well aligned to other
ecosystem service impact categories and are linked primarily to land occupation types and land use change.

Soil Compaction

Description
Sonderegger et al (2020) builds on previous work by Stoessel et al (2018) to calculate the productivity loss from
both soil compact and erosion. The method utilises established models for soil compaction from machinery
operation and intersects this with spatial data on soil properties in particular clay contents. The
characterisation factors rely on data on the land use type and location and also inventory on machinery
operation measure in a modified tonne.kilometer unit.
In a second step, the impact on the agricultural production potential is assessed as a function of compaction in
different soil layers. The units for the CF are in percentage productivity loss ha-yr tkm−1.
Current status and future development
The method may present challenges for implementation due to the complexity of the inventory data required
which may not be readily available in LCA databases and therefore might be generalized in the impact
assessment.

Soil Salinization

Description
Salinization is a major threat to specific land productivity in many parts of the world. There are two main types
of salinisation, dryland and irrigation salinity. Most methods addressing salinity have focused on irrigation
salinity (Feitz, A. J. and S. Lundie, 2002), (Núñez, M. and M. Finkbeiner, 2020)
The most recent publication by Nunez (2020) models salt additions to land with irrigation water and the effect
on long-term soil quality. The model also accounts regional variation including background salt levels, soil
removal through leaching. The model is based on a calculator called “SaltLCI”.
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Current Status and future development
The model by nunez requires significant foreground data input which may not be available in current LCI
models. Future development of the method may be required before it can be included as a recommended
impact method.

Recommendations and implementation
Recommendation for endpoints

The endpoints for ecosystem services are potentially split between the value lost/gained to society from a
change in the availability of the provisions from ecosystems which are compensated for with a change in
societies’ investment in making up the shortfall (increasing efforts for securing substitutions) and loss of well
being potentially affecting human health and ecosystem health, where the value is not substituted either
because if can’t be, or society chooses not to.
Ecosystem services, as a group of impact categories, can contribute to several Intrinsic and instrumental areas
of protection::
● Linking to intrinsic ecosystem damage and human health endpoints. This has most commonly been
done with water resources (Boulay, et al 2011). It has the advantage of relevance - to link to the
existing area or protection, but the disadvantage there is significant uncertainty regarding how human
beings will manage constraints of ecosystem services and how strong the link between the supply of
these services and effects on human health.
● Net Primary Production (NPP) have been used by Nunez et al (2013) as a pathway to assess impact of
soil loss through erosion (although the paper identified multiple AoPs linking to the change in NPP).
NPP may form a good metric to coalesce different impact pathways with as a final areas of protection
or as part of the monetisation of ecosystem services.
● Final ecosystem services (those used directly by human beings) has been proposed and represents the
a promising candidate. To avoid double counting or overlap with ecosystem quality or human health
the focus for ecosystem services should explicitly instrumental value to human beings. This would
certainly include some form of biotic production but may include other provisioning services as well.
Chapter 5 of TEEB (2010) provides an excellent overview of different approaches to ecosystem service
economic valuation with many different options available including direct market valuation, revealed
preference, stated preference, and providing also options for including the insurance value of resilient
ecosystems. It will be necessary to determine which costing is most well suited to the LCIA.
There are a range of other initiatives currently underway in this area including:
● The United Nations Statistics Division, the United Nations Environment Programme, the Secretariat of
the Convention on Biological Diversity, and the European Union which is call the “Natural Capital
Accounting and Valuation of Ecosystem Services” (NCAVES).
● Knowledge Innovation Project on an Integrated system of Natural Capital and ecosystem services
Accounting for the European Union (INCA)
● Ecosystem Service Valuation Database (ESVD) which initially came out of the TEEB project and is now
part of the Ecosystem Service Partnership
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Identification of gaps in LCIA of ecosystem services

Quality of parameters and global applicability of published methods.
The SOC deficit, BPP/ HANNP, Soil Erosion Potential, Physical & Physiochemical Filtration, Groundwater
Replenishment methods have been available for almost 10 year and country level factors (and lower) are
produced by a mix of GIS layers and other physical parameters. However, these methods have not been widely
applied outside Europe and have limited different land practices included. There is a need to be able to represent
good practice in agriculture and forestry which may affect the different indicators.
Operationalise newer methods which have been published
Soil salinization and soil compaction methods have only recently been published so there is a need to test these
methods in different product systems and geographies. There is also a need to align these methods with the
existing, more mature methods, with regard to reference systems, regeneration times, input data sources.
Incorporate new methods
The current ecosystem service impacts proposed for inclusion in this scoping study are based on a collection of
existing methods which are labeled as being ecosystem services and have not been derived from a systematic
evaluation and prioritisation of ecosystem services and how they might be represented in LCA. More efforts are
therefore needed to understand and prioritize the type of ES that should be accounted for and/or assessed in
LCA, and then how related damage assessment methods can be designed and incorporated in LCIA. This task
will begin with such as assessment (or review or prior assessment efforts). This will be used to identify potentially
relevant ES that are not well covered in LCA impact assessment methods. This may include methods linked to
pollination services (Crenna et al. 2017, Crenna et al. 2020, Othoniel et al. 2019).
Formulate endpoint indicator & link models
Most of the models identified only generate mid-point indicators but many conceptually link to common parts
of the impact pathway. Establishing a workable definition and calculation approach for the Area of Protection is
needed. This should, if possible be linked to the approach used for mineral resource valuation.

Prioritization

The priorities for addressing gaps was assessed by the group as follows with strong ranking for the first three
items below and lesser support for the 4th item tacking new gaps
1. Formulate endpoint indicator & link models
2. Quality of parameters and global applicability of published methods.
3. Operationalise newer methods which have been published
4. Tackle big gaps such as as local climate, pollinators

Implementation Plan
The implementation plan below outlines tasks relevant to ecosystem services - Figure 5 shows the full list of
task for both sub-task groups
Task 1 Examination of AoP options including NPP and economic valuation options
This task would be to undertake an examination of valuation approaches should be undertaken by a task group
covering both the mineral resource and ecosystem services sub-tasks. It would be the initial aim to find a
common AoP for both abiotic resources and biotic resources. If this cannot be found, as much consistency as
possible should be the aim. The task should focus on the most appropriate economic valuation approaches.
This may begin with collection of actual valuation case studies from TEEB and similar initiatives to determine
which are more favours and which fit in with the LCA framework.
Task 2 Clarification of scope between ES and LCA communities.
This task will be clarifying where the different disciplines draw the system boundary between the product
system (economic activity) and the surrounding environment (ecosystems). Clarification and consistency of
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approach is particularly needed when it comes to the main primary production activities (agriculture,
aquaculture, forestry, mining and oil & gas extraction). The direct value of the functional flow will be
separately identified from the damage to future supply of resources and ecosystem services.
Task 3 Review of data inputs to current ecosystem service and assess local applicability of factors
Many of the current methods are based on common data sets relating to soil, land cover and climate. A careful
consideration of the best source, time series, aggregation and format for these layers should be found. This
task will examine key parameters of the methods and examine how applicable they are in different
geographies. This will then look to potentially improve these or at minimum to be aware of any limitations.
This is important as the environmental conditions and management factors will vary dramatically from cold
climate in deep soils to arid environments compared again to tropical areas.
Task 4 Applying valuation method to main impact methods.
Assuming the one valuation method is chosen it will need to be applied to each of the main ecosystem service
methods being careful to avoid overlap or double counting. The valuation process may need to include
consideration of time frame and different geographic and socio-economic situations.
Task 5 Examine additional ES methods for inclusion
This task would involve examination of newly published methods dealing with compaction and salinity (and any
other methods of interest) within the framework established in the existing methods.
Task 6 Nomenclature
Apply correct nomenclature guide to the land use and any other relevant flows in the chosen method to enable
accurate and easy implementation of methods.
Task 7 Validation of the LCIA methods in case studies
The characterization factors from the developed method will be consolidated though case studies is a range of
production sectors to test the applicability and usability of the models selected/developed.
Task 8 Evaluation and recommendation of characterization factors
This final task will summarize and consolidate the learnings from the cases studies to recommend the
appropriate method and characterization factors to be including the in the UNEP method
Timing of Tasks
The timing of the task are presented below and include both task from the Natural resources sub group and the
ecosystem services sub-group. Some tasks are combined between the two subtask while others are specific to
one or the other task group.
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Figure 21 Implementation timeline for Natural Resource and Ecosystem Services
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Purpose
The purpose of this document is to provide a brief summary of the issues relevant to the addressing of crosscutting issues, with emphasis on the currently-framed four subtasks: Normalization, Weighting, GLAM
methodology implementation & LCI-LCIA connection issues, and Consistency issues. Within the subtask on
consistency issues, a working group un uncertainty assessment has been established, aimed at developing a
consistent approach for incorporating estimates for variability and uncertainty as part of life-cycle impact
assessment.

Summary of relevant cross-cutting issues
Positioning of cross-cutting issues with LCI and LCIA phases
Figure 1 provides an overview of the different cross-cutting issues considered for inclusion within the GLAM
project (cf. green markings on the figure). Taking an overarching perspective, they cover all aspects relevant to
LCIA from the consideration of elementary flows as outputs from the LCI phase to the LCIA results in
characterized, normalized and/or weighted forms. Aspects relating to characterization step are considered in the
other TFs. This led to identifying four distinct subtasks: (i) normalization, (ii) weighting, (iii) LCI-LCIA connection,
and (iv) cross-cutting consistency issues (directly relevant to LCIA phase only).
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Figure 1. Positioning of cross-cutting issues within the LCI and LCIA phases. Aspects circled in green are
encompassed within the GLAM project. Implementation of the GLAM LCIA methodology is also considered,
although not represented on the figure.
Overview of ambitions per identified subtask
Each of the subtasks has been scoped with a specific level of ambitions within the GLAM project. A summary of
the main objectives for each, building on existing knowledge and previous recommendations (i.e. through Phases
1 and 2 of the GLAM project), is reported below:
Normalisation subtask:
•

Develop and apply a calculation framework for arriving at a global normalization inventory enabling to
determine a set of global normalization references, incl. uncertainty evaluation

Develop a guidance document (i) for practitioners on the appropriate application of normalization in LCA
(consistent with, e.g. goal definition, weighting, etc.), and (ii) for method developers on further research
needs
Weighting subtask:
•

•

Develop guidelines to select the most relevant methodologies to determine weights for individual impact
categories (and possibly aggregate results) under different decision contexts and, if possible, for different
regions as specified in the intended uses of the LCA within the goal definition of a given study.

Build a consistent set of deterministic weights covering all impact categories of the GLAM LCIA methodology,
incl. quantitative uncertainty evaluation, with main focus on determining weights at endpoint/damage level.
LCI-LCIA connection subtask:
•

•

Identify all sources of inconsistencies and provide recommendations and mitigation measures for a coherent
connection between LCI and LCIA, accepted by all different stakeholders.

•

Apply recommendations to the GLAM LCIA methodology to ensure consistent LCI-LCIA linkage

•

Prepare the support and format ensuring direct implementation of the GLAM LCIA methodology in LCA
software
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Consistency issues:
•

Map current practice and where relevant harmonize choices/guidance for other TFs on issues addressed in
earlier phases of GLAM project, incl. (i) spatial differentiation and aggregation, (ii) time frames, (iii) reference
states, (iv) provision of average and marginal CF, and (v) consideration of positive effects, as well as on new
issues, incl. (vi) consistency between indicators at midpoint and endpoint levels, (vii) harmonized modelling
for impacts contributing to several AoP (and hence different TFs), (viii) alignment in cause-effect chain
modelling (choices, assumptions) across damage results and when aggregating at AoP level.

•

Coordinate continued refinement and consensus finding on LCIA framework

•

Developing a catalogue of recommendations and guidance for uncertainty evaluation, targeted to (i) how
to assess, report, interpret and use uncertainty information for characterization results in LCA studies, and
(ii) how to ensure consistency in uncertainty estimates across characterization, normalization and weighting
steps within the LCIA phase (coordinating with other subtasks).
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The purpose of this document is to provide a brief summary of the issues relevant to normalization in LCIA.

Normalization

Framing of the aspect
Normalisation is an optional step within LCIA and has two main purposes: (i) providing further inputs to the
interpretation phase by putting the characterized results in perspective with a reference situation, thus enabling
to better gauge the magnitude of the impacts, check the consistency of the results, etc., and (ii) where relevant,
prepare the ground for weighting by bringing the characterized scores on a compatible scale supporting
additional valuation and comparisons across impact categories (Laurent & Hauschild, 2015; Pizzol et al. 2017).
In practice, normalization consists in dividing the characterized impact indicator scores of the analysed system
by those of a reference situation –see Equation 1 (extracted from Laurent & Hauschild, 2015):

NS

sys
i

=

sys

CS i
ref
CS i

(Eq. 1)

Where:
sys

NS i : Normalised impact indicator score for impact category i of the system (sys) under study
sys
CS i : Characterised impact indicator score for impact category i of the system (sys) under study
ref

CS i : Characterised impact indicator score for impact category i of the reference system (ref), also called
the normalisation reference for the impact category i.

It is important to note that normalized impact indicator scores do not allow for comparing across impact
categories, but only in relation to the reference system considered at individual impact category level. To
compare across impact categories, the damage characterization can be used within a same AoP (thus the interest
to perform normalization at damage level), or, for comparison of results across AoPs, a weighting step is required
(see next section on Weighting).
The reference situation (or reference system) can either be closely dependent/contained within the case study
assessed or be an entity independent of the object of the LCA (e.g. an entire sector, a country, the world). The
former case relates to internal normalization, while the latter case refers to external normalization.
Both internal and external normalization approaches embed several different methods. Unlike internal
normalization references, which are specific to each case study and are calculated by the LCA analyst of the study
under focus, external normalization references can be calculated regardless of the case study at hand, and be
made available to LCA practitioners, e.g. via embedment in LCA software.
State-of-the art (SOTA), gaps, and existing starting points
Reviews within normalization approaches have been made earlier, e.g. Laurent and Hauschild (2015) and Pizzol
et al. (2017). An overview adapted from Pizzol et al. (2017) is provided in Table 1.
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Table 3: Overview of normalization approaches and methods (adapted/updated from Pizzol et al. 2017)

Normalisation
approach
Internal
normalisation

External
normalisation

Method

Brief description of the reference system

Division
by
Baseline/
Maximum/ Sum

Reference system is a function of the alternatives
compared (e.g. one used as baseline). Can only be
applied in comparative assessments

Outranking
normalisation

Pair-wise comparisons to highlight significant
differences between compared alternatives

Global
normalisation

Reference system is the world

Productionbased, territorial
systems
(incl.
organisations)

Reference system is the background load of a given
territorial system (country, region), for which all
environmental interventions from/to ecosphere
within that system are accounted for.

Consumptionbased, territorial
systems
(incl.
organisations)

Reference system is the background load triggered
by the consumption activities within a given
territorial system (country, region), for which all
environmental interventions from/to ecosphere are
accounted for. Essentially: consumption =
production + imports – exports, hence activities
beyond the territorial system itself may be included.

“Status quo”
normalisation

The reference system is a prevailing current reality
of the system under study

LCI-database
based
Carrying-capacity
-based (Planetary
boundaries)

The reference system is expressed as the geometric
means of the datasets of the LCI database used for
assessing the studied systems
Absolute ecological limits (currently limited to
ecosystems-related impacts). The approach falls
within the scope of absolute environmental
sustainability assessment

References
exhaustive)

(non-

Norris (2001)
Examples: Prado-Lopez
et al. (2014), Prado et
al. (2017)
Examples: Crenna et al.
(2019); Itsubo et al.
(2015); Sleeswijk et al.
(2008); Oers et al.
(2019)
Examples: Cucurachi et
al. (2014); Dahlbo et al.
(2013); Itsubo et al.
(2012); Laurent et al.
(2011a, 2011b); Foley
and Lant (2009),etc.

Breedveld et al. (1999);
Dahlbo et al. (2013);

Domingues et al.
(2015); Dias et al.
(2016)
Helias et al. (2020)
Bjørn et al. (2015),
Bjørn et al. (2020)

The different methods are at different levels of development and use in LCA practice. They also retain different
advantages and limitations (Laurent and Hauschild, 2015; Pizzol et al. 2017), including the following ones:
• Internal normalization (excl. outranking method): relevant to facilitate communication and interpretation of
the results. Can only be used in comparative studies (with several alternatives) and does not allow perspective
on impact magnitude (see above purposes). Prone to important biases when associated with weighting step.
• Internal normalization – outranking method: enable robust assessment of compared alternatives. Relatively
complex to apply in practice and does not allow perspective on impact magnitude. It is closely related to
multi-criteria decision analysis (MCDA) methods and a strong linkage with the weighting step is therefore
necessary to consider
•

External normalization – global, territorial systems and LCI-database (all excl. carrying capacity-based): enable
to fulfill all purposes of normalization (see above). Important uncertainties in coverage of all environmental
interventions (e.g. pesticides), typology of emission source (e.g. height of the stack) and geographical location
(Benini and Sala, 2015), with discrepancies across impact categories (toxicity-related vs. non-toxicity-related
impact categories), and lack of consistency in the scoping, LCI and LCIA modelling between the studied system
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and the normalization reference system. The latter problem can be mitigated by the recently suggested LCI
database-based method (Helias et al. 2020) or by the selection of specific reference systems (e.g. “status quo”
normalisation; e.g. Dias et al. 2016). Global normalization is currently deemed the most relevant method
(owing to global value chains of most products/services assessed in LCA), while consumption-based methods
at regional scale, could be relevant alternative (albeit in needs of development) –Pizzol et al. (2017). Yet,
external normalization may lead to systematic biases in reason of the above inconsistencies (Heijungs et al.
2007; Prado et al., 2017). A number of initiatives, published (e.g. Crenna et al. 2019) and unpublished, have
been started in recent years to build inventories of environmental interventions at global scale that are as
detailed as possible.
• External normalization (carrying capacity-based): enables to perform absolute environmental sustainability
assessment. Most studies build upon the Planetary Boundaries framework (Rockström et al 2009; Steffen et
al. 2015). The method is still relatively recent and in needs of development, addressing specific
uncertainties/limitations, e.g. robustness of the defined planetary boundaries and lack of quantified
boundaries for some problems, linkage to LCIA framework, lack of coverage of damages to human health and
natural resources, etc.
Implementation plan (for next 2 years)
In GLAM Phase 3, we propose to:
• Perform a literature review on existing internal and external normalization approaches, including for the latter
external normalization inventories and inventorying methods (already started in the scoping phase) to
identify inventory blocks that can be retained (provided updating of the data) as well as specific gaps or
improvement needs, e.g. for covering yet-unmapped specific groups of flows (emissions or resources)
 Foreseen to be completed by end February 2021.
• Develop a detailed framework for arriving at a global normalization inventory (supporting global external
normalization) that (i) increase the coverage of environmental interventions, particularly of relevant groups
of flows/substances (i.e. typical large contributors to impacts, e.g. pesticides, metals, resources), (ii) reduce
the uncertainties in the evaluated impacts, and (iii) reduce the inconsistencies between the scoping and LCI
modelling behind the studied system and those of the normalization references. Exploration of combining
LCI-database methods and global/territorial systems methods will be explored.
 Framework to be agreed by March 2021. This will also include mapping out the flow requirements
to match the development of LCIA methods in the other 3 TFs (special focus on new impacts but
check of existing ones too).
 Development/building of inventories by end February 2022. This task will also characterize
uncertainties associated with the different inventory flows being quantified.
 Implementation of the resulting global normalization inventory in LCA software to facilitate
calculation of global normalization references. Foreseen to be ready end February 2022.
• Calculate a set of global normalization references for June 2022 for all LCIA methods proposed for the GLAM
LCIA methodology (midpoint and endpoint level).
 Foreseen to be completed by April 2022
• Evaluate the uncertainties associated with the developed normalization references, in line with the
recommendations from the subtask directed to that topic (see below).
 Foreseen to be completed by April 2022
• Utilize the set of global normalization references to check the consistency of the different LCIA methods
developed in the GLAM Phase 3 as well as gauge the global environmental impacts/damages.
 Foreseen to be completed by June 2022
• Develop a guidance document (i) for practitioners on the appropriate application of normalization in LCA
studies, covering internal and external normalization methods, including the global external normalization
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references recommended under GLAM Phase 3, and specifying the relevance of their utilization, and how to
apply them according to goal and scope settings, and (ii) for method developers on the further research needs
to improve application of normalization in LCA, including increasing its reliability and robustness. This
guidance will be aligned with the guidelines developed within the weighting subtask.
 Foreseen to be completed by June 2022
Gantt chart & task leaders
Leaders/Coordinators

Conduct literature review

Alexis Laurent

Develop a global
normalization inventory
Calculate global normalization
references (NFs)
Evaluate the uncertainties of
the developed NFs
Utilize the NFs for consistency
check

Andrea Martino Amadei, Serenella
Sala, Yi Yang, Alexis Laurent

20-11 20-12 21-01 21-02 21-03 21-04 21-05 21-06 21-07 21-08 21-09 21-10 21-11 21-12 22-01 22-02 22-03 22-04 22-05 22-06

Yi Yang & Alexis Laurent
Yi Yang & Alexis Laurent
Alexis Laurent

Develop a guidance document Alexis Laurent
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The purpose of this document is to provide a brief summary of the issues relevant to weighting in LCIA.

Weighting

Framing of the aspect
Weighting is an optional step within LCIA which enables accounting for the significance or seriousness of an
impact or damage category relative to other categories (ISO 2006). It is therefore the step in LCA which enables
comparisons across impact categories to consider potential trade-offs. A possible further use of weighting is the
ability to aggregate weighted impact scores into a decision recommendation, which can be a ranking, a scoring
or a sorting of the alternatives under study (Zanghelini et al. 2018).
Most commonly, the weighting step consists of multiplying impact indicator results by so-called weights, which
are specific to each impact or damage category. Depending on the weighting method, there can be strong links
between normalization and weighting, requiring consistency between the two (as well as consistency with the
characterization step) (Norris 2001).
State-of-the art (SOTA), gaps, and existing starting points
Recommendations have been given on the use of normalization and weighting in LCA separately. These two steps
are connected and interdependent (Dias et al. 2019), and as indicated above, weighting often requires
normalization as a preparatory step. Therefore, recommendations that link the two steps are important to
guarantee consistency. The connection between the two steps will be addressed in the current subtask.
Pizzol et al. (2017) provides the most recent review of normalization and weighting methods in LCA, but it does
not define the dependencies between these two steps. Recent guidelines additionally proposed to look at the
components of the decision-making process to support the selection of the normalization and weighting
method(s) (Carrino 2017, Gan et al. 2017, Cinelli et al. 2020). Weighting is indeed strongly related to the field of
Multiple Criteria Decision Analysis (MCDA), where its theoretical background is nested (Zanghelini et al. 2018).
In order to frame the subtask activities, an internal survey for the scoping of the subtask was carried out in June
and July 2020. 20 members out of a total of 31 in the subtask replied. The results are summarized in Table 2.

Table 2: Summary of replies received on the possible outcomes of the subtask

Topic 1: Framing the subtask -> Possible outcomes
Guidelines to select the most relevant Discrete
weighting Probability distribution of
N. replies = 20/31 methodology to elicit weights and factor(s) per midpoint weighting factor(s) per
aggregate results for different LCIA and/or
endpoint midpoint and/or endpoint
decision contexts
indicator
indicator
Support (explicitly
stated or no 19
comment added)
No support
1

20

20

0

0

Based on the feedback, and building upon existing literature, a number of gaps could be identified:
1. Lack of common nomenclature and definitions between the fields of LCA and MCDA
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Several concepts used in LCA and GLAM Phase 3 are related to the area of MCDA, which names and
defines them in different ways. There is therefore a need to establish a common vocabulary for the
normalization and weighting subtasks.
2. Lack of guidelines to select a normalization and weighting method for the LCIA decision context
The choice of normalization and weighting methods has a direct relationship with the type of decision
context of an LCA study. This can include a ranking based on a compensatory aggregation algorithm, a
ranking driven by a non-compensatory algorithm, a sorting driven by a set of classes delimited by
boundary profiles, or the choice of a preferred alternative according to a set of constraints (Belton and
Stewart 2010, Roy 2016). In addition, some methods provide rankings driven by a single score, while
others still rank alternatives but do not use any score to reach the recommendation (Greco et al. 2016).
These decision recommendations are some of the different decision contexts that the GLAM Phase 3
could foresee in the development of its methodology.
A guidance document is needed to provide an indication of the normalization and weighting methods
that should be used for to each specific decision context. This requires an assessment of the weighting
(and normalization) methods according to an agreed set of criteria.
3. Uncertainty characterization in the weighting step
It is necessary to address characterization of uncertainty for the weights used in LCA and subsequent
aggregation step. This is because it can greatly increase the acceptance of the LCA results and better
support decision making by including the level of certainty.
Implementation plan (for next 2 years)
In GLAM Phase 3, the weighting subtask proposes to:
•

Develop a glossary of terms covering definitions from the LCA and MCDA domains for similar concepts related
to normalization and weighting. Based on the glossary, working definitions of these terms that experts from
both areas (i.e., LCA and MCDA) can agree to will be proposed for use in the GLAM Phase 3 6.
 Foreseen to be finalized by end of November 2020 (with potential for future updates). A current draft
has already been established and is being commented/complemented by the subtask members, and
activities are coordinated with the normalization subtask.

•

Develop guidelines to select the most relevant methodologies to determine weights for individual impact
categories (and possibly aggregate results) under different decision contexts and, if possible, for different
regions as specified in the intended uses of the LCA within the goal definition of a given study.
 Review of weighting methods based on a set of criteria - Foreseen to be completed by February 2021.
 Operational rules and choice dependencies between weighting methods and different LCIA decision
contexts, with full alignment/consistency between characterization, normalization and weighting
Foreseen to be defined by July 2021.

•

Build a consistent set of deterministic weights covering all impact categories of the GLAM LCIA methodology.
The primary focus will be to derive such weights at endpoint/damage level. Weights at midpoint level can be
derived from the weights at damage level and mid-to-endpoint modelling. Ways to weigh impact indicators
at midpoint level, for which there is no immediate link to indicators at endpoint level, will be addressed, if
relevant.
 Select a decision context for which the weights will be determined. This should consider the generic
applicability of the GLAM LCIA methodology and the resources available within the subtask Foreseen to be completed by September 2021.
 Use the guidelines to determine which weighting method to use, adapt or develop within the GLAM

This common terminology and operational basis for all the GLAM members is not intended to replace or modify ISO
definitions.

6
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Phase 3 Initiative - Foreseen to be completed by October 2021.
 Apply the weighting methodology to determine the weights - Foreseen to be completed by May 2022.
Additional resources and potential consultation (e.g., panel survey) may be set up, if relevant.
•

Characterize uncertainties of the proposed weights by deriving probability distributions for each weight. This
will also be aligned with the recommendations from the uncertainty subtask (see dedicated section on
uncertainty below).
 Foreseen to be completed by May 2022.

Gantt chart & Responsible leaders:
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GLAM implementation & LCI-LCIA connection issues

[Authors: Xun Liao, Roland Hischier, Martin Baitz, Jane Bare, Anne-Marie Boulay, Guillaume Bourgault, Salwa
Burhan, Katarzyna (Kasia) Cenian, Andreas Ciroth, Arjan de Koning, Peter Fantke, Simone Fazio, Miguel Fernández
Astudillo, Tim Grant, Christian Hasenstab, Alexis Laurent, Dingsheng Li, Danielle Maia de Souza, Chris Mutel,
Christopher Oberschelp, Andrea Paulillo, Stephan Pfister,Hua Qian, Serenella Sala, Bo Weidema, Yi Yang, and
Alessandra Zamagni]

LCI-LCIA connection issues
Framing of the aspect

 Short description and importance of the aspect

As stipulated in Liao et al. upcoming, one of the longstanding problems, yet receiving little attention within the
LCA community, lies in the connection issues between LCI and LCIA. For a long time, inventory modelling and
impact assessment have been seen as two independent issues within LCA, dealt with by two, in large parts
distinct, communities.
In the phase 2 of the Global Guidance on Environmental Life Cycle Impact Assessment Indicators (GLAM) Phase
3, a dedicated subtask group has started looking on the interface between LCI and LCIA. Its aim was to perform
a comprehensive review of key issues and gaps and analyse the feasibility for harmonization in order to provide
recommendations to different stakeholders on future improvements (see below SOTA).
State-of-the art (SOTA), gaps, and existing starting points





Have recommendations already been made that should be taken as a starting point for implementation?
Are there existing methods (and factors) that can be used or adapted?
What are the additional newest data from broader field that need to be considered?
If recommendation have not yet been made or need to be updated, perform a short review of available methods and level of convergence
between methods. What are data, models and approaches that can serve as best possible starting point (existing approaches, possible
cross-approach comparison)?
 General identification of all gaps and highlighting of those that can be addressed within 2 years: What are remaining gaps in data and
method?

The starting point and SOTA have been established in Phase 2 and are reported in Liao et al. upcoming (see below
summary). A further starting point constitute the LCIA factors, for which a consensus has been found in the past
phases of the GLAM project, such as e.g. climate change or ecotoxicity (Frischknecht and Jolliet 2016, 2019), as
well as parallel initiatives and activities in the area of inventory modelling, such as GLAD
(https://www.globallcadataaccess.org/).
In Phase 2, as reported e.g. in Liao et al. upcoming, 15 key LCI-LCIA connection issues were identified and
classified in four different domains (see Figure 2).
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Figure 2. Key issues in connecting LCI and LCIA (Figure extracted from Liao et al. upcoming)
Short-term recommendations were developed to address these issues (details, see Section 2 of Frischknecht and
Jolliet 2019):
•

Strengthen the international, multi-stakeholder collaborative governance entity;

•

Provide guidance and support implementation of LCI-LCIA connection;

•

Enhance the interoperability effort of reference nomenclature and data format;

•

Identifying and harmonizing most relevant elementary flows;

•

Handling of group emissions;

•

Spatiotemporal differentiation and archetypes;

• Clear interface and complete coverage between LCI and LCIA model.
The first recommendation – i.e. to strengthen an international, multi-stakeholder collaborative structure – could
engage an open dialogue among relevant stakeholders (such as LCIA method developers, LCI database providers,
LCA software developers, etc.) to co-develop a coherent and consistent implementation of LCIA CFs that is
independent from individual software systems and/or LCA databases, enhancing robustness and reliability of
LCA results. Such a structure – once established in a permanent manner and generally accepted – will facilitate
collaboration, implementation and maintenance of the recommended practice and provide feedback for all
further developments. In other terms, such a structure is a necessary starting point to be able to treat successfully
the remaining list of recommendations listed above.
Implementation plan (for next 2 years)

 Establish a precise list of specific objectives, building on the outcome of the SOTA and prioritizing actions
 Establish the landscape of teams working on the identified gaps and the ongoing research efforts and projects, and what
resources/experts are required to be included/invited

 If relevant: Indicate the topics for which substantial funding would be needed for targeted projects and potential national, international
or business sponsors that might be interested by the research topic.

The current subtask is formed by stakeholders from LCI database developers, LCA software developers and LCIA
method developers and range stakeholders in academia, industry and authorities, thus conferring the necessary
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multi-stakeholder perspective to this working group.
Building on the recommendations from Phase 2, we propose to:
•

Create an international, multi-stakeholder collaborative governance body. Until it is created, the present
subtask members will assume all responsibilities of such a governance body. Governance modalities will
have to be defined. This effort will be coordinated with the GLAD initiative, of which some members are
also part of the present GLAM subtask.
 Modalities to be agreed by End of 2021. This will also include the respective coordination with the
activities of the GLAD initiative.

•

Build a "one-stop shop" for all information related to the LCI-LCIA connection topic. This shall be made as
a unique, open-access and traceable system allowing then to register all related information and data in
a single place, allowing keeping trace of any versioning and allowing an easy and clearly identifiable
maintenance and/or updating. Coordination with other international efforts (e.g. GLAD) will also be
ensured to avoid duplication and the governance/maintenance setup of the system will also be planned
and ensured, e.g. in terms of resources, etc.
 Traceable system established by beginning 2021. This will also include the execution of a first test
case (using factor of acidification) in order to better define the requirements and the specifications
of such a traceable system

•

Identify all sources of inconsistencies and provide recommendations and mitigation measures for a
coherent connection between LCI and LCIA, accepted by all different stakeholders. This will build on the
recommendations and detailed work performed in Phase 2 (e.g. see Figure 2) and their addressing will
take into account their relevance (e.g. influence on LCA results) and the resources available in the subtask.
An objective is to find the «ideal» way of linking LCI and LCIA in form of a “decision-tree”, allowing to
achieve (if not all, but a minimum of) common rules/results for consistency and quality standards. In
addition, uncertainties associated to those inconsistencies will be evaluated, in line with the
recommendations on uncertainty assessment defined in the dedicated working group.
 Decision-tree foreseen to be completed by March 2022.

•

Operationalize these recommendations by applying them to the implementation of the GLAM LCIA
methodology developed in Phase 3. This will also include the provision of the GLAM LCIA methodology in
a format that can be easily implemented in LCA software and used by practitioners without consistency
problems across LCI-LCIA.
 Basis and requirements for the GLAM methodology format: foreseen to be completed by June 2021
 Implementation: foreseen to be completed by June 2022

Gantt chart & Responsible leaders: under development
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Consistency issues

[Authors: Alexis Laurent, Alessandra Zamagni]
The purpose of this document is to provide a brief summary of consistency issues relevant to relevant to LCIA
(and other than normalization, weighting, LCI-LCIA connection aspects).

Topics Covered and Proposed Actions

This subtask will include topics, which will require guidance for and harmonization across all task forces to ensure
consistency across all impact/damage categories. As part of the scoping phase of GLAM Phase 3, a number of
such topics have been identified. However, the scoping is not intended to be closed with this phase, and the
subtask will remain open to inclusion of more relevant topics as they become identified through GLAM Phase 3.
Dedicated working groups may also be created to address specific topics. One of them is already being formed
to focus on uncertainty aspects in LCIA (see below).
Topics addressed under Phases 1 and 2:
1. Harmonized rules and guidance for addressing and reporting spatial differentiation and aggregation
(aggregation at AoP level needs to be addressed within each TF 1 and 2) (Section 2.4.1 in Verones et al.
2017; Muttel et al. 2018)
2. Definition and alignment of time frames for relevant impact categories / LCIA methods (Section 2.4.2 in
Verones et al. 2017)
3. Reference states, which may require harmonization (Section 2.4.3 in Verones et al. 2017)
4. Provision of marginal and average CFs to ensure application of the GLAM LCIA methodology to a variety of
cases (Section 2.4.3 in Verones et al. 2017)
5. Explicit consideration of positive effects with justifications and reporting of inclusion/exclusion in
modelling (Section 2.7.1 in Verones et al. 2019)
For each of the above topics, we propose to:
• Map out the current practice in each of the TFs.
• Harmonize choices made across TF and subtasks, according to prior recommendations from Phases 1
and 2
• Provide additional guidance to method developers (where relevant) for implementation of the
recommendations from Phases 1 and 2
Additional topics to be covered (with proposed actions):
6. LCIA framework
 Coordinate continued refinement, discussion and consensus finding on LCIA framework (e.g.
positioning of ecosystem services, etc.)
7. Consistency between impact categories at midpoint and endpoint level
 Map ambitions within each TF to identify where consistency issues may arise
 Coordinate with impacted subtasks (e.g. weighting, etc.)
8. Consistency for modelling of impact categories/problems falling under several TFs (e.g. impact
contribution to ecosystems quality and human health damages)
 Check and enforce where relevant communication and alignment between the relevant subtasks
9. Alignment of cause-effect chain modelling between impact categories to enable consistency in
comparisons across damage results (per impact category or at AoP level) and when aggregating within a
given AoP (e.g. obvious example would be aggregating damages to human health from a cause-effect chain
using marginal modelling approach with another one relying on average modelling)
 Identify potential sources of inconsistencies preventing consistent comparisons or aggregation of
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damage results
 Map these inconsistencies within the GLAM LCIA methodology to anticipate potential mitigation
measures
 Coordinate with relevant TF and subtasks to implement these recommendations
10. Uncertainty evaluation
 Focus of a dedicated Working Group; see detailed scoping below
A detailed action plan for the implementation of the above tasks/activities will be developed as soon as all TFs
have been scoped.
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Uncertainty assessment

[Authors: Peter Fantke, Stephan Pfister, Cecilia Askham, Miguel Astudillo, Lorenzo Benini, Melanie Douziech,
Alexis Laurent, Samuele Lo Piano, Brad Ridoutt, Francesca Verones, Alessandra Zamagni]
Purpose
The purpose of this document is to provide a summary of the issues relevant to developing a consistent approach
for incorporating estimates for variability and uncertainty (while referring to different aspects, both terms are
hereafter summarized under the term ‘uncertainty’ for simplicity) as part of characterization results in life-cycle
impact assessment (LCIA) across impact categories. To ensure wider consistency when including uncertainty
estimates for characterization results in LCA studies, the scope for including aspects and guidance related to
uncertainty evaluation associated with life cycle inventory (LCI) analysis, and with LCIA normalization and
weighting steps will be discussed, in close collaboration with the related sub-taskforces.
Framing of the cross-cutting aspect
Information on uncertainty of LCIA characterization results is largely missing in current LCA practice. This poses
challenges on reliable interpretation of characterization results, especially when comparing and combining
results from various impact categories with different levels of uncertainty. The lack of consistent application of
uncertainty assessment can lead to some decision makers having a low level of confidence in LCIA results as LCIA
models are often poorly understood, leading some decision makers to rely more heavily on inventory-level
results, even when LCIA is critical to reliable environmental performance assessment. Consistently applied
uncertainty assessment can therefore improve the credibility and use of LCA results for decision making. More
specifically, ignoring available information on uncertainty of characterization results may lead to the risk of overinterpreting the significance of differences in life cycle impact profiles within or across compared products or
services, or may lead to prioritizing the wrong key issues in impact profiles to be addressed in a given LCA study.
At the same time, uncertainty approaches applied and results produced need to be well-documented and
justified.
All LCIA characterization models and related results contain multiple sources of uncertainty, which are to be
considered in an LCA study (see Figure 3 for an illustrative overview of uncertainty aspects relevant for LCA).
These sources need to be evaluated (e.g. quantitatively or qualitatively) in terms of their influence on the
reliability and interpretability of characterization results.

Figure 3. Relevant aspects related to variability and uncertainty when translating real world information into
outcomes of LCA studies (adapted from Huijbregts 1998).
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The ambition for considering uncertainty in characterization results within Phase 3 of the GLAM project is to
systematically incorporate and combine uncertainty estimates as part of characterization results across all
impact categories in an operational way, in order to allow a more appropriate interpretation of LCIA results.
However, tasks for addressing several challenges need to be implemented to achieve this level of consideration
of uncertainty in LCIA characterization results. These include the following:
• Scope the main focus of the uncertainty working group by clarifying the different levels of LCIA results at
which uncertainty information is required and will have to be propagated. This includes the choice of the
LCIA model, inconsistencies between LCI and LCIA (e.g. non-matching coverage of substances) and the
uncertainty cascade across these stages, characterization factors at midpoint level (where available),
characterization factors at damage level that include additionally uncertainty related to translating midpoint
results into damage results, normalized LCIA results that include additional uncertainty related to
normalization of results, and weighted LCIA results that include additional uncertainty related to weighting
methods.
• Evaluate soundness and applicability of expert-driven approaches for the characterization of stochastic and
epistemic uncertainty and provide recommendations for practical application. Define requirements for the
level of uncertainty (e.g. qualitative vs. quantitative), level of disaggregation of uncertainty within an impact
category (e.g. generic vs. characterization factor-specific), and list of relevant aspects (e.g. sources of
uncertainty covered) to be reported by characterization models and LCIA method developers. To this
purpose, a reference glossary with definitions regarding uncertainty types, sources and levels would possibly
be needed.
• Develop a tiered system of determining and reporting uncertainty estimates associated with
characterization factors (at the minimum at damage level) across all GLAM-relevant LCIA impact categories
that allows consistent aggregation and comparison of uncertainty sources and magnitudes across impact
categories as per the weighting criteria agreed.
• Provide guidance and recommendations on how to assess, report, store interpret and use LCIA uncertainty
information in LCA studies (stochastic and epistemic); including guidance on how to interpret LCA results
when no uncertainty information is available, how to address correlations in characterization results.
• Align reported uncertainty results with requirements for the implementation of LCIA uncertainty
information in LCA software environments, consistent with how uncertainty is currently considered for the
life cycle inventory (LCI) phase. Supporting eventual combination of different types of uncertainty
information (both stochastic and epistemic) associated with both LCI and LCIA. This requires establishing a
viable exchange with the ‘LCI-LCIA’ working group of the cross-cutting issues taskforce.
• Facilitate the operational implementation into LCA software, develop uncertainty reporting guidance for
method developers and LCA practitioners, and enable a consistent and clear communication of uncertainty
estimates.
State-of-the art, gaps, and existing starting points
Information on different uncertainty aspects is increasingly included in individual LCIA models. Examples of
reported uncertainty aspects in LCIA models/results are:
• Generic model uncertainty factors reported in Rosenbaum et al. (2008) for USEtox based on a systematic
model comparison,
• Substance-specific parameter uncertainty ranges reported in Fantke & Jolliet (2016) for a specific human
toxicity impact pathway based on analytical uncertainty methods,
• Assessing model and parameter uncertainty for water scarcity, including aspects of variability induced
uncertainty in aggregated results (Pfister and Hellweg 2011, Scherer and Pfister 2016)
• Propagating parameter uncertainty using a Monte Carlo approach and spatial variability using a regression
analysis method for aquatic acidification (Roy et al. 2014), and
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Combining parameter uncertainty and spatial variability for water use impacts using a matrix-based
approach (Henderson et al. 2017).
However, there are several reasons why such information is not yet used operationally and consistently in LCA
studies. Some of these reasons are listed in the following:
• Lack of uncertainty considerations and background information: Information on uncertainty is still missing
in most existing LCIA models even on a qualitative level, in part due to the scarcity of uncertainty information
in the underlying data.
• Partial characterization of uncertainty sources: Available information on uncertainty in selected LCIA models
and characterization results is usually reported for selected uncertainty aspects only (e.g. input
data/parameter uncertainty vs. spatial variability vs. model uncertainty, etc.).
• Partial characterization of the cause-effect chain: Information on uncertainty should include both aspects in
modeling the impact pathway from source to midpoint, and aspects in translating the midpoint into a
damage/endpoint indicator, of which the latter is currently largely missing and difficult to obtain, since
midpoints across impact categories are located at different points along the impact pathway.
• Lack of consistency: When information on uncertainty is reported, it is not reported in a way that it can be
easily combined across models or characterization results (e.g. some models report ranges for spatial
variability, while other models discuss qualitatively uncertainty aspects, while yet other models combine
semi-quantitative and quantitative uncertainty information).
• Lack of comparability: Aspects and magnitude of uncertainty and variability that are relevant or that are
reported for a given impact category may vary considerably for any other impact category, which renders a
straightforward combination of uncertainty results across impact categories difficult or even impossible.
• Lack of agreement for requirements for exchanging and storing uncertainty information (e.g. Cooper et al.
2012, Mutel 2018, Mutel et al. 2019).
Different methods for uncertainty appraisal are available, including methods for qualitative, semi-quantitative
and quantitative uncertainty analysis (see e.g. Morgan & Henrion 1990). However, not all of them are equally
applied or applicable to LCIA. One of the main tasks in Phase 3 of the GLAM project will be to explore the
applicability of uncertainty appraisal methods for use in LCIA, including those applied in LCI. This includes, for
example, the Pedigree matrix approach that is commonly applied in LCI (Weidema & Wesnæs 1996), but to date
has not been systematically explored for application in LCIA to e.g. provide uncertainty estimates on
characterization results in cases where fully quantifiable uncertainty information is lacking. However, the
Pedigree matrix approach has already been applied in an adapted version in specific LCIA contexts, e.g. by Fantke
et al. (2012) for estimating input data uncertainty in human toxicity characterization (see Figure 4). Along these
lines, Qin et al. (2020) recently proposed a theoretical set of criteria for evaluating the uncertainty in the
characterization stage.
•
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Figure 4. Semi-quantitative Pedigree matrix defining squared Geometric Standard Deviations (GSD²) of input
variables based on data-related ‘base uncertainty’ in columns and spatiotemporal data ‘variability’ in rows
(adapted from Fantke et al. 2012).
The Pedigree matrix approach used in the present document for illustrative purposes, along with other
qualitative and semi-quantitative approaches, should be systematically explored for their potential use in LCIA
in order to provide a consistent set of uncertainty estimates that accommodates the current level of information
available to characterize and – wherever possible – quantify uncertainty, and report it along with the respective
characterization results. In order to avoid LCIA uncertainty assessments to be satisfied with the application of a
Pedigree matrix approach as proxy for more reliable uncertainty information, it is important to choose
conservative uncertainty factors (i.e. rather high). This way, additional uncertainty information might lead to
reduced uncertainty of the characterization results. We propose to explore the usefulness of this (and possibly
other) approach for complementing uncertainty analysis and also discuss relevant critique points (Ciroth et al.
2016; Heijungs 2020).
Finally, gaps, possible ways forward and approaches available should be discussed (but not necessarily developed
or fully included in the present work) to go beyond the evaluation of uncertainty associated with characterization
results and enable the evaluation of uncertainty at the level of LCIA results, thereby considering the boundary
conditions and possible constraints of comparative LCA (Henriksson et al. 2015; Heijungs et al. 2019; von
Brömssen and Röös 2020). This includes discussing consistency with uncertainty evaluation of LCI results, LCILCIA mismatches, and normalization and weighting of characterization results (the latter two will most likely be
considered already in the respective working groups under the GLAM Phase 3 cross-cutting issues taskforce).
Implementation plan (for next 2 years)
In GLAM Phases 1 and 2, a set of initial recommendations has been already compiled for addressing uncertainty
in LCIA (see Verones et al. 2019 for details). However, the ambition in Phase 3 is to fully operationalize the
characterization of uncertainty across impact categories and provide a harmonized approach that allows
combining (e.g. aggregating and comparing at the same scale) uncertainty information across impact categories.
To meet the ambition set for Phase 3 of the GLAM project, the following tasks need to be carried out over the
next 1.5 to 2 years:
• Completion and submission of the two initial uncertainty guidance documents, whose preparation had
already started under GLAM Phase 2 (one document outlines initial recommendation for a general approach
that may be followed to evaluate uncertainty in LCIA characterization results, and one document provides
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•

•

•

•

more specific initial recommendations and guidance for LCIA method developers).
[Timeframe: 2020]
Review and map the current status of GLAM-relevant LCIA characterization models and impact categories
regarding uncertainty. Prioritize key knowledge gaps and required actions to ensure a first consistent
integration of uncertainty in LCIA characterization results at LCIA method level (i.e. in a harmonized way for
all impact categories that will be operationally included in the final GLAM methodology).
[Timeframe: 1st half of 2021]
Identification of gaps that can be filled with data or additional analysis and where semi-quantitative
approaches are needed. For quantitative and semi-quantitative estimates, an expert panel needs to be
established.
[Timeframe: 2nd half of 2021/1st half of 2022]
Developing a catalogue of recommendations and guidance on how to assess, report, interpret and use
uncertainty information for characterization results in LCA studies. This should include guidance on how to
interpret LCA results when no uncertainty information is available, and how to allow uncertainty evaluation
at LCIA results level (which includes the need for uncertainty estimates of LCI results, LCI-LCIA mismatches,
LCIA model choices, characterization results, normalization and weighting results).
[Timeframe: 1st half of 2022]
Provide recommendations to ensure consistency in uncertainty estimates across all 3 steps within the LCIA
phase with references to the other 2 subtasks for details.
[Timeframe: 2nd half of 2021]
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Appendix 1 - Summary of results of the survey for the scoping of the weighting
subtask
[Authors Marco Cinelli, Christoph Koffler]
As the chairs of the weighting subtask, we are both very pleased to lead this diverse and knowledgeable pool of
researchers and practitioners. If you are interested, you can find the profiles of the members of this subtask here.
In case yours is missing, please send it to us or upload it directly to the shared drive.
We are very thankful for the time each of you spent responding to the survey. It helped us a lot in understanding
the main lines of thought of the members of the subtask and shape the planning of the future work.
Purpose
This document provides a summary of the responses that we obtained from the internal survey for the scoping
of the subtask. We received 20 replies out of a total of 31 members in the subtask. It is organized according to
the questions that composed the survey. The main findings and takeaways are included in the main text. Specific
remarks by Marco and Christoph as replies to the answers and/or as proposed work are reported using the bullet
“->” with text in blue
All the results from the survey can be found in the Excel appendix available here.

Topic 1: Framing the subtask

Question
In the figure below you can see the proposed scope, objectives and outcomes of the subtask. In case you think
they should be different, propose your changes and your reasons. Please include relevant references.

Main trends in the answers
The respondents focused their feedback on the possible outcomes and for this reason the summary of the
results is tailored to those.
Topic 1: Framing the subtask -> Possible outcomes
Guidelines to select the most relevant Discrete weighting
N. replies = 20/31 methodology to elicit weights and
factor(s) per midpoint
aggregate results for different LCIA and/or endpoint
decision contexts
indicator

Probability distribution of
weighting factor(s) per
midpoint and/or endpoint
indicator
156

Global LCIA Guidance (GLAM) Phase 3
Scoping document
Support (explicitly
stated or no
comment added)
No support

19

20

20

1

0

0

The respondents that provided written input mostly focused on the following aspects reported in the table
below:
Topic 1: Framing the subtask -> Most frequent comments on the proposed outcomes
Guidelines to select the most relevant
methodology to elicit weights and aggregate
results for different LCIA decision contexts

Probability distribution
Discrete weighting factor(s) per
of weighting factor(s)
midpoint and/or endpoint indicator per midpoint and/or
endpoint indicator

The proposed objective (2) looks
more like a straightforward
Deliverable 1 (the guidelines) should be a
calculation task than a
definite target, and could include some
development task
recommendations or "non-recommendations"
➢ This will depend on the chosen
of some approaches in specific contexts...
approach to calculate the
weights.

Replace aggregate by compare
➢ See discussion in the Glossary for
LCA/MCDA.

As for all the other
factors in the GLAM
method the weighting
factors should come
with uncertainty
distributions.

The focus for weighting factors
should be primarily at
endpoint/damage level accounting
for uncertainties
➢ This was agreed and “backcalculation” to the midpoint
level should be ensured.

We would need an LCIA
methodology that indeed is
constructed in a way such that the
The dependencies between normalisation,
endpoint/damage level indicators
weighting and aggregation was already
build on midpoint indicators. To the
formalised in previous work, it should not be
best of my knowledge this has only
an objective (1) again.
been achieved by Recipe. So, if we
➢ Such guidelines were actually not
want to go for midpoint weighting,
provided. An overview of the available
the choice is already made as to
normalization and weighting methods was which LCIA methods and indicators
given, without showing the links and
to use.
dependencies between these steps.
➢ The workgroup is limited to the
LCIA indicators developed
under the GLAM initiative.
I don't understand the relations between the
proposed objectives and the assessment of
weighting methods (because the assessment
criteria is also under survey by subtask
members).
➢ The review of the available weighting
methods is key background work to
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develop the guidelines to drive the
selection of normalization, weighting and
aggregation methods according to the
problem context. Consideration added in
the revised proposed outcomes. See
“Main considerations” below.
In guiding the choice, it is important to link to
the intended use of the LCA study (e.g. for
assessing the environmental profile of a
product and highlighting hotspot for reducing
specific burdens or for comparing
options/products for which then integrating
elements of uncertainty may become more
controversial, namely if we need to come up
with a single score to be used in a label or with
the most important impact categories to be
communicated).
➢ This will have to be a key consideration to
be included in the development of the
guidelines.
Guidelines should also include
recommendations for both further research
needs as well as for utilization of the
developed set(s) of WFs by practitioners.
Besides, I feel that it is important to consider at
best the ongoing discussion on planetary
boundaries (being at characterisation,
normalisation or weighting step)
➢ This is included in the list of weighting
methods to be reviewed.
Key takeaways
Based on the feedback received so far, the following revised outcomes are proposed for the subtask (in yellow
the changes compared to the original proposal):
1. Guidelines to select the most relevant methodologies to determine weights and possibly aggregate
results for different LCIA decision contexts regarding the intended use of the LCA study*
2. Discrete weight per damage as well as midpoint indicator within the GLAM LCIA method
3. Probability distribution of weight per damage as well as midpoint indicator within the GLAM LCIA
method
* Includes survey of weighting methods
The focus of the subtask work has thus to be placed firstly on the development of the guidelines (point 1
above) which will then inform the approach to be used for the selection/development of the weights at the
endpoint level. The development of the guidelines requires as a first step the review of the weighting methods
based on an agreed set of criteria.

➢ The review of the weighting methods according to the set of criteria is thus the focus on the next phase
of the subtask work.
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Topic 2: Decision Analysis in LCA

Question
Did you use any Multiple Criteria Decision Analysis (MCDA) tools/methods in your LCA research that you
consider to be relevant to this group? If yes, how did you apply them? Please add references to published
work.
Answers from the respondents
8/20 respondents stated that they used MCDA in their LCA research.
These respondents gave the following answers:
Topic 2: Decision Analysis in LCA
https://link.springer.com/article/10.1007/s11367-008-0019-7
https://issuu.com/peinternational/docs/presentation_quick_but_clean
I have been using mainly additive aggregation and Electre methods, and I was particularly in charge of the
following MCDA:
[1] Dias, L.C., C. Passeira, J. Malça, F. Freire, Integrating Life-Cycle Assessment and Multi-Criteria Decision
Analysis to compare alternative biodiesel chains, Annals of Operations Research (forthcoming)
[2] Domingues, A.R., P. Marques, R. Garcia, F. Freire, L.C. Dias, Applying Multi-Criteria Decision Analysis to
the Life-Cycle Assessment of Vehicles, Journal of Cleaner Production, Vol. 107, 749–759, November 2015.
[3] Du C., L.C. Dias, F. Freire, Robust multi-criteria weighting in comparative LCA and S-LCA: A case study of
sugarcane production in Brazil, Journal of Cleaner Production, 218, May 2019, 708-717.
[4] Gwerder, Y. V., P. Marques, L. C. Dias, F. Freire, “Life beyond the grid: a life-cycle sustainability
assessment of household energy needs”, Applied Energy, 255, December 2019, 113881
An overall reflection on this topic is:
Dias, L.C., F. Freire, J. Geldermann, Perspectives on Multi-Criteria Decision Analysis and Life-Cycle
Assessment, in: M. Doumpos, J.R. Figueira, S. Greco, C. Zopounidis (eds), New Perspectives in Multiple
Criteria Decision Making. Springer, Cham, 2019, pp. 315-329.
I applied TOPSIS in a framework of a sustainability assessment, for prioritizing choices among the
environmental, economic and social outcomes of the study. The work is under review for publication:
Zanchi L, CA D'Attilo, Zamagni A, M De Logu, F De Pero (2020) Integrating Life Cycle Sustainability
Assessment results using fuzzy-topsis in automotive leightweighting. Under review.
Other applications have been related to the Environmental Footprint weighting methods applied in PEF and
OEF studies: in these cases, the weighting has been applied for identifying relevant aspects and for
prioritizing options - when the comparison among different alternatives was analysed - for internal use by
the commissioner of the study.
Yes - Rochat et al, 2013. (Rochat D, Binder CR, Diaz J, Jolliet O, 2013. Combining Material Flow Analysis, Life
Cycle Assessment, and Multiattribute Utility Theory: Assessment of End-of-Life Scenarios for Polyethylene
Terephthalate in Tunja, Colombia Rochat et al. Combining MFA, LCA, and MAUT. Journal of Industrial
Ecology, 17 (5), 642-655 (http://dx.doi.org/10.1111/jiec.12025).). Study in interaction with colleagues from
MCDA But more generally - I always keep results separate (without aggregating to single score) to enable a
discussion of trade-off among most contributing categories - see below topic 3
The goal and scope of the study are vital. Moral choices often underpin the choices made. Conciousness
about these is vital for decision-makers to understand. I have often used mid-point results and made
decisions-makers aware of the fact that they need to be aware of the moral choices inherrant in the
decisions they make. However, weighting work has been funded in the case of carbon capture (as global
warming reduction is often at the expense of increases in other impacts). See the next question for the
relevant references. I have not specifically called / used MCDA tools/ methods. However S-LCA and
environmental LCA as well as LCC have been used in several studies during my 23 years experience as an
LCA practioner.
I have used SMAA-PROMETHEE and compared it with SMAA-weighted sum:
159

Global LCIA Guidance (GLAM) Phase 3
Scoping document
Prado V, Cinelli M, Ter Haar SF, Ravikumar D, Heijungs R, Guinée J and Seager TP. Sensitivity to weighting in
life cycle impact assessment (LCIA). Int J Life Cycle Assess. 2019; https://doi.org/10.1007/s11367-01901718-3.
The main purpose of this work was to study the effect of the weighting on different MCDA methods, one
using externally normalized indicators (weighted sum) and one not using any normalization (PROMETHEE),
even if in the paper it is stated that internal normalization was used (referring to the fact that no explicit
normalization is required by the method).
I have worked with colleagues in decision theory to implement LCA within a structured decision making
framework. The effort used utility theory to blend environmental concerns of stakeholders with product
performance criteria, such as technical feasibility and design adoption rate. We found the emphasis on SDM
made LCA more useful for the decision makers in our case study.
I have used different MCDA methods in my LCA research. The most used are: entropy, AHP based on
surveys, equal weighting.
https://doi.org/10.1016/j.jclepro.2018.08.308
https://doi.org/10.1016/j.resconrec.2016.08.025
Recently, I supervised a MSc student that developed a weighting methodology that uses a weighted
interval-valued intuitionistic fuzzy Bonferroni mean to account for the performance of each impact
indicator in the criteria "Completeness of scope", "Environmental relevance", "Scientific robustness &
Certainty", "Documentation & Transparency", Reproducibility", "Applicability", "Overall evaluation of
science-based criteria", "Overall evaluation of stakeholder acceptance". A manuscript describing the
development and application of this methodology is under development at this moment.
There was only one respondent that did not use MCDA and also provided written feedback, stating that “I do
not regard MCDA to constitute scientifically valid weighting methods, due to the many options for introducing
unnecessary bias.”
➢ This consideration will be included in the assessment of the weighting methods.
Key takeaways
MCDA methods mostly used are additive aggregation and outranking. As far as additive aggregation is
concerned, there seems to be a mix of data-driven normalization (e.g., min-max, target) and
experts/stakeholders’-driven normalization (e.g., value functions). As far as the outranking methods is
concerned, ELECTRE- and PROMETHEE-based methods seem to be the ones mostly used by the respondents.
With a few exceptions (e.g., Domingues et al. (2015)), most of this research is devoted to the development of
rankings of the alternatives, possibly driven by a single score.
➢ It should be stressed that the goal and scope of the LCA can require different decision
recommendations other than a ranking of the alternatives, like sorting and choice. MCDA methods are
equipped to provide these types of recommendations as well. This aspect should be included in the
development of the guidelines as discussed in topic 1.
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Topic 3: Weighting method choice in LCA

Question
In your LCA studies, how did you choose the weighting method/factors? If this task was also related/influenced
by the normalization method, please state how. Please add references to published work.
Answers from the respondents
17/20 respondents described how they chose/used weighting in their LCA research.
These respondents gave the following answers:
Topic 3: Weighting method choice in LCA
Weighting was only done at damage level, where individual trade-offs for the unnormalised damages (e.g. X
hectares of nature, Y species extinctions, Z human life years) could be measured and statistically related as
relative values using choice modelling methods. Main publications: https://lca-net.com/p/194 ,
https://doi.org/10.1007/s11367-015-0881-z , https://lca-net.com/p/2347
Have not developed a unique weighting model, have used Recipe weighting factors
I use conjoint analysis based on LIME3 method and also for normalization based on LIME3 too.
Modified SWING method: assign a score of 10 to the most important impact category and a score of 1 to 10
to all others; most people did not assign scores lower than 5 to any impact category. Weighting factors from
above conference presentation have been part of the GaBi software since 2013.
(See comment 2 in Topic 2) There were some important differences:
[1] and [2]: no weights were elicited, the aim being to uncover which conclusions were robust to the choice
of weighting vectors;
[3] a panel of experts was consulted using a survey;
[4] study done for decision makers whose preferences were elicited in interviews.
The choice as based on i) tested applicability in the scientific literature; ii) practicability.
First as four general criteria/rules for the specific case of developing weight for a midpoint/damage LCIA
method (criteria 4 is under topic 4), that I would like to submit - and refine - to the subtask force:
1. Aggregation of inventory flows and midpoint LCIA scores shall be performed using natural science as a
priority prior to weighting.
➢ See endpoint weighting focus agreed above.
2. Weighting factors shall be value-based and refer to explicitly stated reference amounts used as a basis for
comparing LCI or LCIA results, that should be independent of the considered study."
3. The monetary or panel-based method should be preferably based on an explicit amount of damages or
globally normalized (in an LCA sense damage value if the implicit reference ).
use of "off-the shelf" methods: https://link.springer.com/article/10.1007/s11367-012-0421-z
Developed own weighting method, including Normalisation, in collaboration with colleagues. Focus on
decision-making in the arctic region (CCS). THe method is published in an open report:
https://norsus.no/publikasjon/the-edecide-lcia-method-a-tool-for-evaluation-of-ccs-in-the-arctic-region/
➢ Good input for the review of the weighting methods.
No weights were elicited, the aim being to study how influential the same set of weights was on the
different aggregation methods.
Weighted sum: normalization based on external references
PROMETHEE: no explicit normalization
I generally use the weighting approach of LIME2 and LIME3 methods, conjoint analysis. Because it reflects
the preference of general public. The normalization results were shown in LIME methods for respondents to
understand the current state of the four AoPs (human health, social asset, biodiversity, primary
production), therefore, it will control the results of weighting on each AoP.
The JRC has developed a set of weighting factors and has collated different sets available in literature for
sensitivity purposes. Sala S., Cerutti A.K., Pant R., Development of a weighting approach for the
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Environmental Footprint,Publications Office of the European Union,Luxembourg, 2018, ISBN 978-92-7968042-7,EUR28562,doi10.2760/945290
➢ Good input for the review of the weighting methods.
We typically don't apply weighting (at the midpoint) in our studies because my organization considers it
subjective. In a case where we applied weighting at the request of our internal clients , we were asked to
"treat everything with equal importance" (i.e., equal weighting). This is the default approach in USEPA's
Sustainable Materials Management (SMM) Tool. Furthermore, we used external normalization (LCA
context) based on national totals for impact categories as calculated by our EEIO model. Our internal clients
asked us to perform aggregation and ranking based on a method they had developed by a contractor that
uses "distance to the population mean" as a basis. In the clients' minds, this whole approach to
normalization/weighting/aggregation is a scientific and "non-subjective approach, even though there is
subjectivity.
(Note that much of this is limited by what is available in commercial software, because it is more
convenient to use a LCAI methods implemented in a software). Usually not doing weighting, discouraged by
unclear meaning of the weights and unclear how they are derived. Tried monetary weighting that I am
more familiar with, although the methods implemented in software are limited. Trying to avoid
normalisation as I find it a completely arbitrary process, as the refernece values can be chosen very
arbitrarily and this choice can have substantial influence on the ranking. Strong preference for endpoint
weighting and for modelling midpoint-endpoint relations even though there are uncertainties.
main criteria is availability in LCA software, where I do the study. also depending on the LCIA methodology.
My main experience is with ReCiPe and the set of WFs (panel weighting from late 90s -I could retrieve the
reference if you do not already have it)
We went for the panel method. Yes, we applied normalization references first. <Yang, Yi, et al. "Replacing
gasoline with corn ethanol results in significant environmental problem-shifting." Environmental science &
technology 46.7 (2012): 3671-3678.>
The choice of the weighting methodology is mainly driven by the goal and scope of the study and
stakeholders involved.
I give preference to weighting factors at damage level. If I have to discuss the relative importance of
midpoint indicators, I tend to back-calculate the relative midpoint-to-damage contribution of each midpoint
to a damage category
Key takeaways
There is a split between respondents that used available weights and those that developed them by
themselves. Regarding the available used weights, Recipe, LIME2 and LIME3 have been specifically mentioned
by the respondents. The methods that have been explicitly mentioned as used by the respondents include
conjoint analysis and modified SWING. Endpoint modeling emerges as the focus on the experience of the
respondents, with back-calculation of the weights to the midpoints.
Choice modeling is a widely used approach, focused primarily on endpoint modeling. The main advantage is
that it requires limited cognitive effort for the respondents who have to provide a comprehensive judgement
as their preference input (e.g., choice of the preferred alternative when comparing a set of 3 to 5). This can be
seen as preference disaggregation approaches in MCDA (Jacquet-Lagrèze and Siskos 2001).
➢ If the development of the weights for the GLAM project will involve a survey of the population, indirect
elicitation methods could be a very promising option to consider.
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Topic 4: Uncertainties in weighting for LCA

Question
When applying weighting in LCAs, did you account for uncertainties and include them in your analysis? If yes,
how? Please add references to published work.
Answers from the respondents
11/20 respondents stated that they considered/handled uncertainty in their LCA research.
These respondents gave the following answers:
Topic 4: Uncertainty in weighting for LCA
Yes, by collecting calculating the statistical probability distribution from the raw data samples. Currently,
these are not published in scientific publications.
https://link.springer.com/article/10.1007/s11367-008-0019-7 : tested robustness of final ranking of
alternatives using Monte Carlo simulation for step-wise increase of uncertainty (10,000 runs each for a total
of 240,000).
(See comment 2 in Topic 2) Yes, in all the works mentioned above, via exact robustness analysis (seeking
extreme results) and stochastic analyses (probability of obtaining each conclusion): [1] and [2] explore a
space of bounded weights; [3] explores convex combinations of different weights provided by experts; [4]
explores ordinal information provided by the decision makers.
I did not account for them (from a quantitative point of view), but usually I take into account for uncertainty
by performing several sensitivity analyses.
Yes this is crucial - this is where we can use potentially compensatory weights in a non-compensatory
manner. The goal of obtaining weighted damage score is not to sum then into a single score but to make
then comparable and bring them on a common scale. As I like to say - LCIA is the art to comapre things that
are hard to compare.
➢ See discussion on normalization/weighting in the Glossary for LCA/MCDA.
My criteria/rule 4: To Account for high uncertainty-high variability scores across categories at damage level
or for high uncertainty-high variability scores within impact categories like toxicity (uncertainty of a factor
100, though very discriminant compared to variability of 12 orders of magnitudes), resulting scores should
be presented separately for each impact category and visualized on a log scale (even at damage or at
weighted level)
➢ Interesting point to be discussed for the criteria to assess the weighting methods.
Sensitivity analyses have been used, rather than statistical uncertainty analysis. I would argue that much
more research on the latter is needed. Funding is often an issue for practioners.
Yes, via stochastic analysis (probability of obtaining each conclusion) -> explore a space of bounded weights
In LIME2 method, yes, they provided uncertainty information (variables of probability distribution). In
LIME3 method, we don't because such information is not publicly available. But I think it must be technically
possible to get such uncertainty information because conjoin analysis uses statistical analysis for the
questionnaire results.
We applied Monte Carlo to the robustness of results to potential variation in weighting factors. <Yang, Yi, et
al. "Replacing gasoline with corn ethanol results in significant environmental problem-shifting."
Environmental science & technology 46.7 (2012): 3671-3678.>
Yes, I do account for uncertainties. I either do an "one-factor-at-a-time" sensitivity analysis or a stochastic
exploration of weights. The most recent application of both approaches is documented in a publication that
is under review at this moment.
As a principle uncertainty should be propagated also through the normalization and weighting step, and
including the uncertainty of these latter. We did such an attempt developing an approach to systematically
address uncertain scoring and weighting factors in SLCA (Carmo et al. 2017)
➢ Interesting point to be discussed for the criteria to assess the weighting methods.
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Key takeaways
One of the strategies mentioned several times by the respondents to assess the variability of the results is
stochastic simulation (e.g., Monte-Carlo), which allows deriving a probabilistic distribution of the outcomes.
This is a useful approach as it also provides a strategy for considering a multitude of perspectives of the
DMs/stakeholders, who might not agree on a specific value of the weights.
Sensitivity analysis (i.e., evaluation of the variability of the outcome by changing the input sequentially) has
also been used by some of the respondents.
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Topic 5: New members

Question
If you have any new members to recommend, please add their names and details here.
Answers from the respondents
3/20 respondents gave the following answers:
Topic 4: Uncertainty in weighting for LCA
Dr.Seksan Papong/seksan.p@mtec.or.th,
https://www2.mtec.or.th/researcher/researcher.php?PID=MDAxOTY3
The person I was going to suggest is already part of the weighting subtask (Luis Dias)
Breno Barros brenobarros@ufersa.edu.br,
https://sigaa.ufersa.edu.br/sigaa/public/docente/portal.jsf?siape=1750073
Key takeaways
We will invite the two new researchers mentioned by the respondents.

Additional input from the respondents

Question
If you have any other considerations and feedback, you can write them here.
Answers from the respondents
4/20 respondents gave the following answers:
Additional input from the respondents
Acceptability of data for each level of decision-making, based on an appropriate
level of quality/uncertainty is crucially important. Normalisation, weighting & aggregation come at the
expense of transparency, but they also significantly increase uncertainty. When highly uncertain data is
combined, attention can be diverted to false priorities. Is there any statistical difference between the
weighted results? GLAM guidance should address this and how to communicate about it.
➢ Interesting point to be discussed during the development of the guidelines.
Regarding the scoping phase, I think it is important to define clearly the uses of the weighting (we started
the discussion during the last meeting, but we did not come to a final conclusion), and to clearly point out
the main differences and consequences of the approaches chosen (E.g., compensatory vs noncompensatory). It is also important to define how the different choices impact on the normalisation
activities , and from my point of view, it is important to ensure the availability of weighting factors also at
midpoint level. In this regard, a structured overview of the approaches, filtered with these "lens" for their
analysis, might be useful, in this scoping phase.
➢ This is essentially what the guidelines would aim to achieve.
Thanks for doing this survey and getting our input
I think that working early enough on the rice case study results (see Jolliet et al, 2018 fig. 1 will be
complemented with Pellston workshop 2) and the global normalized scores (see enclose publi from Bulle et
al. 2019, fig. 2) that we obtained from the ongoing method comparison would be a good basis to test
different approaches and to understand what we respectively mean when we apply MDCA to an LCA
method, what are our respective good practices - beyond dogma. Then we ill have better understanding of
each others.
➢ This discussion has been started with the LCA/MCDA glossary and will help framing the guidelines.
As I commented on the meeting, we should try to avoid reinventing the wheel. We have done a review
already, let's not repeat that. OK to do soem review, but we should use new criteria not the old ones. Based
on the discussion the relevant criteria that we should consider are the last four listed int he document:
Potential for consensus (Stakeholder acceptance); Level of applicability ; Meaning of weights; Dependency
on normalization + I would add a criteria about the global scope of the method. I would also add the fact
that we are already constrained by a set of midpoint and endpoint categories settled in previous iterations
of GLAM so the weights should fit these…. Then important points that we should discuss (and hopefully
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agree on?) in a structured way are: how do we account for uncertainties in weighting and what are those
uncertainties; does single score make any sense at all form a scientific perspective. I see these points are in
your slides (good!) but I feel the discussion has not been focused much on these issues, and it is not clear
how the group will address them. Based on today's discussion on the online meeting I would also say that it
is relevant to have a common language between LCA and MCDA background because clearly this is a source
of misunderstanding. Last, in the last meeting I got the impression that we have the "resources" to generate
new weights ex-novo, e.g. via a global survey as Istubo et al. did, I think it should be clarified if these
resources are actually there ( i doubt it) and if the scope of the task is to generate new weights or "choose"
among existing ones. The approached to the two objectives are quite different.
➢ The mentioned review did not provide guidelines with respect to normalization, weighting and
aggregation, as discussed several times during the meetings and emails.
➢ Good input that will be used to shape the review of the weighting methods.
➢ We should discuss again the resources available to the task force, especially for the possible
development of a survey.
Key takeaways
The glossary on LCA/MCDA and the guidelines for normalization, weighting and aggregation will be key
documents to make sure that there is (i) consistency of terminology and (ii) operational guidance on using
these approaches for researchers and practitioners in the GLAM project and beyond.
The resources available for the weighting subtask and more generally the task force should be shared with the
members so that the objectives of the research can be shaped more realistically.
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