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ABSTRACT

Impacts on the environment from human activities are now threatening to exceed thresholds for central
Earth System processes, potentially moving the Earth System out of the Holocene state. To avoid such
consequences, the concept of Planetary Boundaries was defined in 2009, and updated in 2015, for a
number of processes which are essential for maintaining the Earth System in its present state. Life-Cycle
Assessment was identified as a suitable tool for linking human activities to the Planetary Boundaries.
However, to facilitate proper use of Life-Cycle Assessment for non-global environmental management
based on the Planetary Boundaries, there is a need for linking non-global activities to impacts on a
planetary level. In this study, challenges related to development and operationalization of a Planetary
Boundary based Life-Cycle Impact Assessment method are identified and the feasibility of resolving the
challenges and developing such methodology is discussed. The challenges are related to technical issues,
i.e., modelling and including the Earth System processes and their control variables as impact categories
in Life-Cycle Impact Assessment and to theoretical considerations with respect to the interpretation and
use of Life-Cycle Assessment results in accordance with the Planetary Boundary framework. The iden-
tified challenges require additional research before a Planetary Boundaries based Life-Cycle Impact
Assessment method can be developed. Research on modelling the impacts on Earth System processes
and on allocation of and entitlement to the ‘safe operating space’ appear to be most urgent for oper-
ationalizing a Planetary Boundaries based Life-Cycle Impact Assessment method. The results of a Plan-
etary Boundaries based Life-Cycle Impact Assessment would be highly relevant and could provide novel
insights on the environmental performance and sustainability of products and systems.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

defined, i.e. a level above which there is substantial and increasing
risk that perturbation of the process could lead to a change of ES

It is increasingly argued that the scale of human activities, and
their subsequent environmental impacts, now threaten to exceed
thresholds for central Earth System processes which could, in turn,
potentially destabilize ecological systems (Lenton et al., 2008;
Scheffer et al., 2001; Steffen et al., 2007). With the Planetary
Boundaries (PB) framework, a number of processes are identified
which are both essential for maintaining the Earth System (ES) in
its present Holocene-like state and heavily impacted by human
activities. For most of these processes, a “Planetary Boundary” is
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state.

The PB-framework has diffused into policy-making (Galaz et al.,
2012) and is also attracting strong interest from industry and in-
dustrial organizations (Bjern et al, 2016; Sim et al, 2016;
Stockholm Resilience Centre, 2015). The PB approach is attractive
as it provides a framework for managing environmental resources
at the global level. However, few of the environmental impacts
caused by human activities are actually introduced at the global
level, and most operate through local effects. Thus, it is the sum of
many local effects (land-use change, release of reactive N and P,
etc.) that accumulate to create concerns at the global level and
existing metrics developed to assess local environmental impact of
anthropogenic systems, such as products and processes, cannot
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directly upscale to consideration of global impacts of these activ-
ities. Given the growing interest, not least from industry, in the PB-
framework for assessing human impacts at the level of the ES, we
see a need for developing new or adapting existing methodologies
designed to assess environmental impact at the local level to pro-
vide results that can be linked to the PB-framework.

Life-Cycle Assessment (LCA) is a standardized method for
quantifying the environmental impacts of products and technolo-
gies (EC-JRC, 2010; ISO, 2006a, 2006b). LCA inventories all envi-
ronmental interventions, i.e. resource uses and emissions of
substances to the environment of a product or a service (hereafter
only referred to as product) throughout the product's entire life-
cycle. The inventoried environmental interventions are hereafter
in the Life-Cycle Impact Assessment (LCIA) classified and charac-
terized into potential environmental impacts (EC-JRC, 2010). The
primary strengths of LCA as an assessment tool lie in the inclusion
of the full life-cycle, preventing overlooking potentially significant
processes, and the coverage of all relevant environmental impacts
ranging from the local to global scale (Hauschild, 2005).

The use of LCA for assessing ‘absolute sustainability’ e.g. by using
the Planetary Boundaries as environmental sustainability refer-
ence, has already been called for by Bjern et al. (2015) as a way to
move beyond assessing an anthropogenic system's improvements
in eco-efficiency and to assess its impacts in relation to the actual
state of the environment. In this connection, the PB-framework has
been proposed to be included in LCA as part of the normalization
and weighting steps of the impact assessment. Bjorn and Hauschild
(2015) developed normalization references partly based on the PBs
which were matched with existing impact categories in LCA.
Tuomisto et al. (2012) attempted to weigh the severity of existing
LCA impact categories based on the distance between the PBs and
their current control variable value. Both attempts have limitations
owing to their lack of spatial differentiation for the non-global
Earth System processes (such as freshwater use) and both adapt
the Earth System processes to impact categories that are already
used in LCA, thereby creating questionable links between conven-
tional LCIA impact categories and the PBs.

A way to overcome these two limitations is to include the Earth
System processes and PBs as part of the LCIA. Firstly, this would
allow for spatially differentiated assessment of Earth System pro-
cesses that are not fully global, such as freshwater use, where local
to regional conditions may be significant. Secondly, the diffusion of
the PB-framework into policy and industry makes it a very strong
concept and means that it is recognized by people outside of the
LCA-community. Indeed, taking advantage of the already known
PB-framework could ease communication of recommendations to
industry and policy. Moreover, by presenting LCA results in the
same metrics as the Planetary Boundaries, questionable links be-
tween current impact categories in LCA and the control variables in
the PB-framework are avoided. For example, the LCIA impact
category land-use change was by Sandin et al. (2015) related to the
Planetary Boundary biosphere integrity. Indeed, this allowed for
relating the PB to the LCA results, however, because land-use
change is only one of many contributors to the overall effects on
biosphere integrity, this excludes potential contributions from

Table 1
Key challenges to including Planetary Boundaries in Life-Cycle Impact Assessment.
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other pressures, such as climate change, freshwater depletion and
pollution, thus, potentially creating a bias against products or
technologies with a higher land use.

Having a Planetary boundary-based LCIA-methodology (here-
after referred to as PB-LCIA-methodology) with impact categories
where the indicators correspond to the Earth System processes'
control variables would combine the decision-support strengths of
the PB-framework with the technology assessment strengths of
LCA. A PB-LCIA-methodology could help in the operationalization
of sustainability assessments as each PB can be assumed to delimit
a specific ‘safe operating space’ (SOS) that can be occupied by hu-
manity without risking destabilization of a Holocene-like state of
the ES. In essence, the human enterprise can be considered as being
sustainable, on a planetary level, if none of the PBs are exceeded.
While there are potential benefits in combining the strengths of
LCA with the strengths of the PB-framework to support decision-
making, a number of methodological differences exist between
the PB-framework and the LCIA-framework. These differences need
to be addressed before the PB-framework can be used as the basis
for a LCIA-methodology. During our work with LCA and the PBs, we
identified six key challenges for including the PB-framework in
LCIA (see Table 1). The challenges are related to technical issues in
modelling and including the Earth System processes and their
control variables as impact categories in LCIA and challenges with
respect to the interpretation and use of LCA results in accordance
with the PB-framework. This study provides an overview of the
challenges, discusses the feasibility of developing a PB-LCIA-
methodology, and proposes ways to proceed in including the PB-
framework in LCIA.

2. Key challenges

2.1. Introduction of a new area of protection: the Holocene state of
the Earth System

LCIA-methodologies are constructed to protect specific areas of
protection (AoP). The traditional AoP used in LCA is defined by
three intrinsic values i.e. human health, biotic natural environment
and abiotic natural environment (Jolliet et al., 2004). An over-
arching goal in LCA (and thus LCIA) is to assess all potential impacts
that are recognized to contribute to damage of the defined AoPs.

The PB-framework's AoP differs from the AoP in traditional LCA.
The AoP for the PB-framework is to keep the ES in a Holocene-like
state as this is considered to be a functional value for protecting
humanity (Rockstrom et al., 2009a). This rationale is based on the
definition of Earth as a system where humans are an embedded
part of the system. Given that everything that we associate with
modern humanity (development of agriculture, written language,
etc.) has developed while the ES was in the Holocene state, the PB-
Framework argues that this is the only ES state where we know for
certain that modern human societies can flourish (Rockstrom et al.,
2009a, 2009b; Steffen et al.,, 2015). The PB-framework argues,
therefore, that humanity should take a precautionary approach and
avoid impacting the ES to a degree that could potentially push the
system into a different state. The objective of an LCA using a PB-

e Introduction of a new area of protection: The Holocene state of the Earth System

Calculation of characterization factors for the Earth System processes’ control variables for use in Life-Cycle Impact Assessment

Identifying and dealing with Earth System processes where the impacts overlap

Applying the precautionary principle instead of best-estimates for defining the safe operating space
Inclusion of environmental constraints in Life-Cycle Assessment and how to allocate the ‘safe operating space’ in an operational way for sustainability assessments
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LCIA methodology will, thus, be to assess the magnitude of the
environmental impacts that contribute to destabilization of the
Holocene-like state and, thereby, assess to what extent the
analyzed product contributes to exceedance of the PBs. The chal-
lenge of using a new AoP is, therefore, theoretical in terms of how to
use and interpret LCA results with this new AoP. This single AoP is
narrower than the three AoPs traditionally applied in LCA and will,
therefore, result in the omission of some of the impact categories
that are normally included in LCA to cover the three traditional
AoPs. The narrow AoP in the PB-framework may lead to results
where potential environmental problems not related to the PB are

Impact pathwa

Changing nutrient distribution
and light availability
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overlooked. Hence, it is important to be aware of how the new AoP
will affect the questions that can be answered using the PB-LCIA-
methodology, and this should thus be taken into account when
defining the goal of the assessment.

2.2. Calculation of characterization factors for the Earth System
processes' control variables for use in Life-Cycle Impact Assessment

Most of the control variables for the Earth System processes
included in the PB-framework (yellow boxes in Fig. 1) differ from
the conventional impact indicators used in LCA e.g. the ILCD
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Fig. 1. Overview of the Earth System processes in the PB-framework. The control variables used in the PB-framework for expressing the Earth System processes are marked with
yellow. The different environmental drivers, states and impacts are linked with arrows and are divided into inventory, midpoint, endpoint and damage indicators based on their
location in the impact pathway. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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recommended impact categories for LCA (EC-JRC, 2011), even when
the impact categories cover the same type of environmental
problem. Fig. 1 illustrates the network of impact pathways under-
lying the PB-framework with the environmental mechanisms
linking the environmental exchanges to the impacts that may
contribute to exceedance of the PBs and destabilization of the ES.
Following LCIA principles, the impact pathways in Fig. 1 are divided
into “inventory” expressing the environmental interventions,
“midpoint” indicators, “endpoint” indicators and “damage” in-
dicators. Midpoint indicators are defined at an intermediary step in
the impact pathway; endpoint indicators are defined at the end
near the AoP in order to represent the whole impact pathway;
damage indicators are defined to reveal changes to the AoP. While
the modelling uncertainty increases with the length of the impact
pathway covered, the uncertainty in interpretation decreases as the
impact indicator becomes more concrete and immediately under-
standable (Hauschild, 2005). For a PB-LCIA-methodology, the
impact indicators should be expressed in the same metric as the
control variables of the Earth System processes. Earth System
processes not previously included in LCIA will have to be modelled
based on non-LCA based models which have to be adjusted to
comply with the framework of LCA. This entails that the propor-
tional change in environmental impact per change in quantity of
environmental interventions is expressed by a characterization
factor (Hauschild and Huijbregts, 2015a). Existing LCIA impact
characterization models that have the same impact indicators as
the Earth System processes' control variables can be applied in a
PB-LCIA. However, the control variables in the PB-framework either
express the state of the environment or an otherwise measurable
quantity, such as the amount of nitrogen fixed. This differs from
some LCIA-models, where the indicator scores express the time
integrated cumulative impacts from an emission. For example, the
global warming potential over 100 years (GWP100) is often used as
an indicator for climate change in LCA. The GWP100 expresses the
cumulative radiative forcing integrated over 100 years from a pulse
emission and is, therefore, not expressing an actual measurable
state in the environment. Hence, the GWP100 is not suitable for
relating to an environmental limit. Instead, to comply with the PB-
framework, it is suggested that impact models for a PB-LCIA are
based on steady state models where the input to these models is
continuous emission fluxes, thereby allowing for expressing im-
pacts in metrics that are measurable in the environment and which
correspond to the control variables in the PB-framework.

The control variables for the ‘Biogeochemical flows’ category
exemplified by the nitrogen (N) and phosphorus (P) cycles are
expressed at the level of environmental interventions and do not
include the subsequent fate, exposure and effects of the emitted
substance in the environment. Here, the control variables are
related to the fixation of N and the application of P as fertilizer.
Thus, the variables represent proxies of the real environmental
problem i.e. actual release of reactive N and P to the environment.
The choice of these proxies as control variables is pragmatic as
global data on the actual release of reactive N and P is lacking while
data on N fixation and P application are available. In addition, these
control variables easily translate to policy and management in-
terventions (Steffen et al., 2015). Given, however, that the control
variables for the regional P cycle and the N cycle do not address the
actual environmental problem, i.e. the direct release of reactive N
and P to the environment, it may be expected that the PB control
variables for biogeochemical flows will be further developed in the
future.

Because LCIA normally takes its starting point in environmental
interventions, i.e., releases to the environment, and because the
control variables in the PB-framework are expressed as application
of P and fixation of N, it is necessary to estimate what the releases of

P and N to the environment that are reported in life-cycle in-
ventories correspond to in terms of P applied and N fixed. This is
necessary to get a comprehensive overview of P and N driven im-
pacts because, although data on the use of fertilizer may be avail-
able for agricultural systems, similar information is lacking for
other systems. For instance, emissions of NOy from combustion
processes would not be included in the PB-LCIA since it is not a
direct use of fertilizer. Nevertheless, N emissions resulting from
combustion are highly relevant to include since fixation of Ny via
combustion processes accounts for ca. 14% of total anthropogenic
conversion of N, to reactive N (Ciais et al., 2013) and since it for
most non-agricultural product systems will be the dominating
contribution to the problems caused by nutrient releases. A way
forward is to translate emissions of N and P compounds to the
environment, back to an equivalent amount of hypothetically fixed
N and applied P as fertilizer. As an example, 1 kg of NO; emitted
from combustion processes would correspond to 0.3 kg of N fixed.

Characterization factors for the PBs ‘Change in biosphere
integrity’ and ‘Introduction of novel entities’ can, at present, not be
developed. ‘Change in biosphere integrity’ is, together with
‘Climate change’, characterized as a core boundary, i.e. PBs that, on
their own, are capable of changing the state of the ES (Steffen et al.,
2015). Moreover, biosphere and climate change provide the over-
arching ES framework through which the other Earth System pro-
cesses operate (Mace et al., 2014; Steffen et al., 2015). This is also
evident from Fig. 1 where all other Earth System processes are
shown to, either directly or indirectly, affect biosphere integrity.

Focus until now in biodiversity research and conservation has
been on species and extinctions. However, Steffen et al. (2015)
point out that it is the function of the biosphere in terms of
transporting and transforming elements and molecules in the ES
that makes the Earth different from all other known planets. Met-
rics for assessing the function of the biosphere and human impacts
on this functioning still need to be developed. Hence, ‘Change in
biosphere integrity’ is currently characterized by two interim
control variables, i.e., ‘Functional diversity’ expressing the current
ability of the ecosystem to maintain important ecosystem functions
and characterized by the biodiversity intactness index (BII) and
‘Genetic diversity’ expressing the long-term resilience of the
ecosystem which, in lack of better indicators, uses the global spe-
cies extinction rate as an interim control variable (Steffen et al.,
2015). In terms of including ‘Change in biosphere integrity’ in
LCIA, the problem is that cause-effect chains describing how hu-
man perturbations affect the control variables for biosphere
integrity are largely unknown. However, research on how different
impacts affect biosphere integrity is ongoing (see for instance
Brown et al., 2014; Mace et al, 2014; McMahon et al, 2011;
Newbold et al., 2016; Pauls et al., 2013; Purvis and Hector, 2000),
and it is expected that the understanding of the cause-effect chains
will be improved in the near future. A better understanding of the
cause-effect relationship between biosphere and all contributing
impacts is required to satisfactorily include ‘Change in biosphere
integrity’ in an LCA because if only a part of the contributing im-
pacts are included, e.g. climate change and land-use, this may
introduce a bias towards products or technologies focusing on
reducing the included impacts and potentially neglecting impacts
that are not yet included.

‘Introduction of novel entities’ covers the anthropogenic intro-
duction of new substances (i.e., chemicals, plastic, etc.), increases in
the mobilization of elements (i.e., increased release of heavy
metals), or physical processes (i.e., electromagnetic and radioactive
radiation). In some respects, the PBs overlap one another in that
‘Climate change’, for example, reflects changes in radiative forcing
which are primarily the result of an anthropogenically mediated
mobilization of reactive carbon in the ES and ‘Stratospheric ozone
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depletion’ results from the emission of new chemicals generated
through human innovation. However, control variables have yet to
be defined for the ‘Introduction of novel entities’, although we note
that exploratory work trying to establish one or more PBs and
control variables expressing the problems of emitting substances to
the environment is ongoing (e.g. Diamond et al., 2015; MacLeod
et al., 2014; Persson et al., 2013; Posthuma et al., 2014; Sala and
Goralczyk, 2013). While models for characterizing the fate and ef-
fect of chemicals released to the environment are already available
in LCIA (e.g. Hauschild et al., 2008; Rosenbaum et al., 2008), the
central question that needs to be answered is to what degree the
introduction of novel entities can lead to impacts at the global level
that potentially threaten to destabilize the Earth System.

2.3. Identifying and dealing with Earth System processes where the
impacts overlap

In traditional LCIA-methodologies, impact categories are
selected to ensure that they are mutually exclusive and collectively
exhaustive. This ensures that the LCIA meets the ISO standard's
requirement for coverage of all relevant environmental impacts
(ISO, 2006a) while also avoiding having indicators placed at
different locations on the impact pathway where the impact
coverage overlap. Having more than one impact indicator
expressing the same impact may result in “double counting” which
can introduce a bias towards studied systems with lower impact
scores for the “double counted” impacts compared to studied sys-
tems with lower impact scores for other impact categories. The
identification of overlapping impact coverage and the interactions
between Earth System processes can be identified in the PB-
framework (see Fig. 1). Here, overlaps with other indicators
located earlier in the impact pathway are found for “Change in
biosphere integrity”, “Ocean acidification” and “Flow of phosphorus
from freshwater to oceans”. Particularly, ‘Change in biosphere
integrity’ overlaps with all other Earth System processes because all
other Earth System processes in the PB-framework operate and
interact through the biosphere. Indeed, very few interventions (if
any) at the inventory level of an LCA contribute directly to changes
in biosphere integrity. Instead, the impacts would occur indirectly
through the other Earth System processes. As shown in Fig. 1,
‘Change in biosphere integrity’ can be considered an endpoint in-
dicator expressing the potential damage at ES level from the
combined impacts to the other Earth System processes. Thus, it
appears more practical to include ‘Change in biosphere integrity’ as
a separate endpoint indicator expressing the total effect of the
other Earth System processes.

Emissions that successively contribute to more than one impact
category are referred to as emissions with serial impacts and it is
generally recommended that such emissions are fully included for
all impact categories where they may contribute (Guinée, 2015).
This is the case for “Ocean acidification” and “Flow of phosphorus
from freshwater to the ocean”. For example, emissions of CO, will
initially increase the atmospheric CO, concentration and contribute
to climate change, however, a share of the emitted CO, will be taken
up by the oceans where it will lead to decreasing pH and, thereby,
contribute to ocean acidification. Hence, both climate change and
ocean acidification should be included as midpoint indicators in the
LCA because, even though both are a consequence of CO; emissions,
the impacts they express are different.

2.4. Facilitating spatial differentiation of control variables at sub-
global level

Spatial differentiation reflecting local or regional differences in
environmental sensitivities is often important when modelling

non-global impacts in LCIA (Potting and Hauschild, 2006) and is a
focus in current research into characterization modelling for many
non-global impact categories in LCIA (see examples in Hauschild
and Huijbregts, 2015b). The last decade has seen the develop-
ment of a number of regionalized impact assessment methods for
spatially differentiated characterization of impacts such as terres-
trial acidification, ecotoxicity of metals and water use (Humbert
et al., 2009; Owsianiak et al., 2013; Pfister et al., 2009; Potting
and Hauschild, 2006). The PB-framework includes a number of
regional (or sub-global) system processes because it was
acknowledged that changes in control variable values at the sub-
global level can transgress to ES level by affecting the functioning
of the core Earth System processes, i.e. ‘Climate change’ and
‘Change in biosphere integrity’ (Steffen et al., 2015). The Earth
System process ‘Freshwater use’ was, for example, defined at a river
basin level to illustrate that, while the global PB has not been
transgressed, the level of excessive water withdrawal in some river
basins can potentially lead to collapse of the regional ecosystem
and biosphere. ‘Freshwater use’ is highly spatially distributed and
the effects from water withdrawal may differ substantially between
river basins (Gerten et al., 2013). For these Earth System processes,
spatial differentiation in the impact modelling is important as
global averages may hide regional exceedances of the SOS. The
inclusion of spatially differentiated impacts is technically chal-
lenging in that it requires the incorporation of numerous spatially
differentiated impact scores into an aggregated set of impact
scores, and ideally one single score expressing the level of potential
impact. A way forward could be to show results for a set of arche-
types. An approach for ‘Freshwater use’ could, for example, be to
define archetypes based on the Aridity Index (UNEP, 1997) and
assigning river basins into: “arid”, “semi-arid” and “humid” cate-
gories. This approach would draw upon previous experience in LCA
(see Kounina et al., 2013 for recent review of existing methods)
where water has been categorized based on water scarcity and
weighted according to the water availability in the region. The re-
sults could then be shown for each archetype as well as an aggre-
gated single score where withdrawals are weighted based on the
archetype i.e. withdrawal in arid regions is weighted higher than
withdrawal in humid regions. This approach could solve the
problem where exceedances in arid regions are “hidden” by water
abundance in other regions, although it would not solve issues
where exceedances in one archetype region is “hidden” by water
abundance elsewhere in the same archetype region. The potential
need for weighting introduces a value-based assignment of weights
which needs to be further studied in order to come up with a
scientifically defendable and operational solution.

2.5. Applying the precautionary principle instead of best-estimates
for defining the safe operating space

A requirement in LCA is to ensure a fair and unbiased compar-
ison between the studied systems and give a realistic representa-
tion of which among the studied systems has the lowest
environmental impact. This is sought by aiming for best estimates
during characterization of potential impacts, which means that
precautionary principles and conservative estimates are avoided in
the LCIA phase (Hauschild, 2005). The PB-framework relies on the
precautionary principle and the PBs are defined as the lowest value
in the uncertainty range to maximize certainty that thresholds are
not exceeded (Rockstrom et al., 2009b), thereby, also giving soci-
eties time to react to early warning signs that they may be
approaching a threshold (Steffen et al., 2015). Hence, the uncer-
tainty about the location of the threshold for an Earth System
process will influence the size of the SOS. Earth System processes
with higher uncertainty about the location of the threshold will
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have a relatively smaller SOS compared to Earth System processes
with a low uncertainty about the threshold. This approach is in
contrast to the LCA approach and the challenge in using the PB-
approach in LCA is that a higher weight is implicitly assigned to
the most uncertain PBs, although this may not correctly reflect the
severity of the impact or the actual location of the threshold.

The use of best-estimates or a precautionary approach will have
a clear effect on the relative size of the SOS available for the studied
product or technology. This challenge is, therefore, whether the
best-estimate approach or the precautionary principle is most
applicable for use in a PB-LCIA methodology. The justification for
using the precautionary principle is that this is in line with the PB-
framework and the goal of staying in a Holocene-like state. More-
over, this would make LCA results directly comparable to the
boundaries in the PB-framework, while PBs defined based on best-
estimates cannot be directly related to the boundaries in the PB-
framework. A PB-LCIA based on best-estimates could, therefore,
only be used for ranking the relative environmental performance of
products and technologies and not for assessing the studied system
relative to the PBs as defined in the PB-framework. With regards to
the characterization models translating the environmental in-
terventions into potential impacts, these should still be based on
best-estimates to provide a realistic estimate of the potential im-
pacts associated with the studied system and to avoid bias in the
characterization of the environmental impact. Overall this would
give an assessment where best-estimate potential impacts are
related to the PBs, as defined in the PB-framework.

2.6. Inclusion of environmental constraints in Life-Cycle Assessment
and how to allocate the ‘safe operating space’ in an operational way
for sustainability assessments

The main objective of LCA is to minimize the total environ-
mental impact. Indeed, LCA is based on utilitarian ethics and the
product or technology having the lowest weighted total environ-
mental impact is preferred in a comparison between product and
technology. Hence, traditional LCA allows trade-off between im-
pacts, assessed systems with high impact scores for some impact
categories may be preferred if these are compensated by suffi-
ciently low impact scores for other impact categories. The PB-
framework does not accept trade-offs between PBs because each
PB should be respected and exceedance of one PB cannot be
compensated by reducing impacts contributing to other Earth
System processes (Rockstrom et al., 2009b). The inclusion of such
constraints shifts the assessment from utilitarian ethics towards
more traditional teleological ethics which seeks to maximize hu-
man wellbeing but without harming humans or lead to conse-
quences with potentially catastrophic events (Macdonald and Beck-
Dudley, 1994). The use of environmental constraints in LCA, thus,
expands the assessment to seek the minimum total environmental
impact without exceeding the SOS for any of the Earth System
processes instead of only seeking the minimum total environ-
mental impact.

The constraints introduced in a PB-LCIA-methodology can be
used to relate the impact scores of the studied system to the SOSs,
delimited by the PBs, to give an indication of the magnitude of each
impact category relative to the PBs. Relating the impact scores to
the SOS is similar to normalization in traditional LCAs, where
impact scores of the studied system are related to the impact of a
common reference to indicate the magnitude of each impact
category relative to the reference (ISO, 2006a; Ryberg et al., 2014).
However, such normalization will not show whether the studied
system actually can be considered environmentally sustainable
because the impact scores will, for all products in practice be below
the PBs. To facilitate assessment of the studied system's

environmental sustainability, the SOSs have to be allocated into
smaller portions which represent the share of the SOS that the
studied anthropogenic system can be considered entitled to
occupy. It is important to note that such a PB-LCIA methodology can
only be used for determining whether or not the studied system
exceeds its allocated SOSs and, thus, whether or not it can be
considered sustainable. Unless one system consistently show lower
scores in all impact categories, a PB-LCIA method cannot readily be
applied for identifying the environmentally speaking best anthro-
pogenic system as this would require either modelling of the full
impact pathway for all Earth System processes from environmental
intervention to destabilization of the Holocene or weighting of the
impacts of each Earth System process relative to its potential for
destabilizing the Holocene state.

There have been a number of attempts to allocate the SOS for
some of the boundaries in the PB-framework. Krabbe et al. (2015)
focused on climate change and staying within the 2 °C guardrail
and, therefore, estimated how much different industrial sectors
each should reduce their carbon emissions. The allocation of the
SOS between industrial sectors was based on the sectors' current
emissions and a predicted sectoral emission pathway expressing
each industrial sector's ability to reduce its carbon emissions.
Sandin et al. (2015) allocated the PBs to set reduction targets for the
textile sector on the basis of the share of the SOS the textile sector
could be considered entitled to. Here, the SOS was allocated in three
ways; first based on a ‘grandfathering’ approach, i.e. the allocated
share of the SOS correspond to the current share of environmental
impacts credited to the textile sector; the second and third
approach were to allocate half and double of the share estimated
using the grandfathering approach (Sandin et al., 2015). Further,
studies downscaling the SOS to a national level, primarily based on
a per capita approach have been made for Sweden and Switzerland
(Dao et al., 2015; Nykvist et al., 2013). In addition to these practical
examples, Hayha et al. (2016) proposed a theoretical framework for
translating the PBs to a national or regional scale for use in policy
targets; highlighting the need for taking biophysical, socio-
economic, and ethical dimensions into account.

As evidenced by the examples presented above, allocation of the
SOS is highly normative and can be impractical because the allo-
cation key will depend on value-based choices. To further illustrate
the number of value-based choices and data required for allocating
down to a product level, an example for a dining table sold in the
European Union (EU) is provided. First the share of the SOS allo-
cated to consumers in the EU is estimated as the percentage of
people living in EU relative to the World, i.e. 7% (Eurostat, 2016a;
United Nations, 2015). From this, final consumption expenditure
(FCE) data is used as a proxy for EU consumers' preference towards
certain products or services as the FCE provides information on the
share of income that consumers spend on different product and
services. The FCE spent on COICOP category CP051: ‘furnishings,
household equipment and routine household maintenance’ in EU is
5.6% (Eurostat, 2016b), thereby giving an entitlement of 0.4% of the
SOS for this category in EU. To scale to the table level, a price based
allocation is applied, thus, if the dining table costs 600 Euro this is
related to the total amount spent on category CP051, i.e. 1.4E + 11
Euro in 2012 (Eurostat, 2016b). The price based allocation assumes
that the price of the dining table reflects potential supply and de-
mand on such table, thus the share of the SOS allocated to the
dining table reflects the demand of the consumers. The final share
of the SOS which the dining table should not exceed is estimated to
be 5.7E-12. As stated above, this is only an example of how allo-
cation can be performed on a product level. The example includes
choices about the allocation of SOS between nations and regions
which in this case was based on an equal per capita assumption,
and the allocation of the SOS between products was in this case



Table 2

Overview of the key challenges per impact category for including the Planetary Boundaries framework in Life-Cycle Impact Assessment.

Earth System process

Challenge 1 — Introducing of a
new area of protection: The
Holocene state of the Earth

Challenge 2 — Calculation of
characterization factors for the
Earth System processes' control
variables for use in Life-Cycle
Impact Assessment

Challenge 3 — Identifying and
dealing with Earth System
processes where the impacts
overlap

Challenge 4 — Facilitating
spatial differentiation of control
variables at sub-global level

Challenge 5 — Applying the
precautionary principle
instead of best-estimates
for defining the safe
operating space

Challenge 6 - inclusion of
environmental constraints
in Life-Cycle Assessment
and how to allocate the
‘safe operating space’ in an
operational way for
sustainability assessments

Climate change

Change in biosphere
integrity

Stratospheric ozone
depletion

Ocean acidification

Biogeo-chemical flows:

(P and N cycles)

Land-system change

Freshwater use

Atmospheric aerosol

loading

Introduction of novel
entities

This challenge relates to general
differences between the PB-
framework and LCA-framework
The PB-framework only
considers the natural
environment i.e. staying in the
Holocene-like state.

Requires modelling from
emissions of CO, and other
GHGs to change in atmospheric
CO;, concentration and change
in energy imbalance

Cannot be modelled because
the cause-effect chains linking
human perturbations to change
in biosphere integrity are
largely unknown

Requires modelling from
emissions of ozone depletion
substances to change in ozone
concentration

Requires modelling from
emissions of CO, to change in
aragonite saturation state

Quantities of P and N releases to
the environment has to be
translated to quantities of P
application and fixation of N

Requires modelling of Land-
system change of forest as % of
potential forest area

Requires modelling of
freshwater use as % of mean
flow available for withdrawal

Requires modelling from
emissions of aerosols (e.g. black
carbon and sulfates) to change
in aerosol optical depth
Models for fate and exposure to
chemicals are defined. But the
‘Introduction of novel entities’
cannot be included as potential
planetary threats are yet to be
defined.

The climate change control
variable overlaps with ocean
acidification and change in
biosphere integrity

The Earth System process is a
consequence of changes other
Earth System processes

Stratospheric ozone depletion
overlaps with change in
biosphere integrity

Ocean acidification and climate
change are serial impacts both
stemming from CO, emissions

The Biogeochemical flows
overlapping with change in
biosphere integrity because
runoff of N and P affect aquatic
ecosystems

Land-system change is
overlapping with change in
biosphere integrity

Freshwater use is overlapping
with change in biosphere
integrity

Atmospheric aerosol loading is
overlapping with change in
biosphere integrity

Not entirely known at this
stage, but the control variable is
likely overlapping with change
in biosphere integrity

Global impact occurring
independent of where
emissions take place

A global average is applied
although the changes may be at
regional/local scale and can
cascade to a global level

Primarily a global impact
occurring independent of
where emissions take place

Atmospheric CO, concentration
is global and impacts on ocean
acidification should be treated
as a global impact.

Although the control variables
and PBs for biogeochemical
flows express a global average,
regional distribution is critical
for impacts (Steffen et al., 2015)
Spatially differentiated
between forest types.
Aggregation is problematic as a
summation of forest area as % of
potential forest may hide
regional exceedances of the PB
due to non-exceedance in other
regions

Spatially differentiated at river
basin level. Aggregation is
problematic as water stressed
regions may be hidden by water
abundance in others

Aerosol formation is linked to
the region of emission and
differentiation could be done
between geographical areas
Although changes may be at a
regional/local scale, these can
cascade to a global level

This challenge relates to
general differences
between the PB-framework
and LCA-framework

The precautionary principle
is maintained for defining
the PBs, where the larger
certainty on not exceeding
planetary thresholds
justifies this approach.

A best-estimate approach is
applied for the
characterization modelling
to calculate realistic impact
scores.

This challenge relates to
general differences
between the PB-framework
and LCA-framework
Exceedances of PBs cannot
be compensated by
reducing the control
variable value for other
Earth System processes

To facilitate sustainability
assessments, the SOS have
to be allocated to estimate
the share of the SOS that
the studied system can be
considered entitled to
occupy
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based on the consumption patterns of consumers in EU. However,
the allocation could have been performed in a different way which
would have yielded a different allocation factor, e.g. by not
assuming an equal per capita share and by using a different indi-
cator than FCE for allocating. Transparency about the allocation is,
therefore, important as this will significantly influence the size of
the SOS allocated to the studied system and, thus, be central when
assessing environmental sustainability.

Because requirements for more choices and data increase at
small scale, the uncertainty of the result also increases. As a
consequence of this, there is a need for investigating for which scale
of anthropogenic systems such allocation is meaningful and useful.
It is important to find a suitable compromise between the number
of value-based choices needed for allocating the SOS and the scale
of the assessed system. A way to resolve this could be to propose
and test different approaches and methods and on the basis of this
seek a consensus on which values and choices to apply for allo-
cating the SOS. However, the vested interests of central actors in
such a process will make this consensus seeking a difficult
endeavor, as specific choices will inevitably favor some systems and
disadvantage others. Further research is, therefore, required on
how to allocate the SOS in a practical and meaningful way, in order
to allocate the SOS to a product level, which is a requirement for
performing a Planetary Boundary based LCA on a product level. Due
to the knowledge-gap on product level allocation, it currently ap-
pears more practical to allocate the SOS on a larger scale such as
national, company, or industrial sector scale, rather than at the
product level. The larger scale requires fewer choices with regard to
defining the allocation key, thus keeping uncertainty low, while
also giving central actors involved in the studied system ample
room for making internal decisions and case-specific trade-offs
within the country, company or sector in order to stay within the
allocated SOS. In addition to allocation from a production
perspective, allocation of the SOS may be done on a personal citizen
scale taking a consumer perspective. For instance, by defining a
personal PB budget that each citizen is free to spend on consumer
goods and services, where the lifestyle of the citizen can be
considered as sustainable if the spending does not exceed the
allocated personal budget. An example of such approach has
already been shown for climate change as a means to increase
consumer awareness and encourage more sustainable consump-
tion (Carbon Trust Advisory and The Coca-Cola Company, 2012).

3. Discussion

The challenges identified above are summarized for all Earth
System processes in Table 2. They can be categorized as being either
technical challenges or more theoretical challenges in terms of how
fundamental assumptions forming the basis for the PB-framework
differ from the assumptions underlying LCA. The technical chal-
lenges, e.g. the development of new characterization models based
on the control variables in the PB-framework is regarded as a very
large task which will require increased research on characterization
modelling of the Earth System processes. A current limitation in
developing a PB-LCIA-methodology is that ‘Introduction of novel
entities’ and ‘Change in biosphere integrity’ cannot be included due
to the lack of well-defined control variables and boundaries.
Nevertheless, given the large ongoing research on the subject it
appears that it may be possible to include these Earth System
processes in the near future. It is in any case likely that a PB-LCIA-
methodology must be continuously refined according to advance-
ments in Planetary Boundaries research, as already observed in the
development of the Earth System processes' control variables and
PBs since presented by Rockstrom and colleagues (Rockstrom et al.,
2009b).

The more theoretical challenges, like addressing the use of a PB-
LCIA-methodology and the interpretation of the results introduced
changes that differ from the traditional assumptions upon which
LCA is based, and may potentially change the way LCA results can
be used and interpreted. The change in fundamental principles,
such as the changed AoP and the introduction of the precautionary
principle, is in accordance with the PB-framework where they are
crucial assumptions and a prerequisite to avoid unacceptable global
environmental shifts. As such, a PB-LCIA method will serve the
purpose of aligning the management of product and technology
portfolios and the general (environmental) management for com-
panies that orient their management towards the PBs. However,
these differences may significantly change the result of LCAs and it
is important for the development of a PB-LCIA-methodology to
address the theoretical differences to avoid misapplication due to a
lack of understanding of the underlying assumptions. Furthermore,
it is at present, unknown whether the recommendations to
decision-makers will be contradictory between traditional LCA and
LCA using a PB-LCIA-methodology. It is likely that the results from
the two approaches will answer different questions and a recom-
mendation might be to use them in a complementary manner to
obtain more insightful results and better recommendations to
decision-makers. The challenges related to the allocation of the SOS
are important for operationalizing assessments of environmental
sustainability. It is important to look further into this issue to be
able to assess whether or not a studied system can be considered
environmentally sustainable. In relation to this, there is a require-
ment for further investigating methods for allocating the SOS to a
product level. Hence, at this point, until further research has been
conducted in this field, it is suggested to restrict the allocation of
the SOS to a larger scale, such as a national, company or sector level.

4. Conclusion

It is clear that the identified challenges in linking the LCA and PB
approaches all require additional research before a PB-LCIA-
methodology can be developed. Research into the modelling of
the new impact categories using the Earth System process control
variables, and research on allocation of the SOS appear to be the
most urgent for operationalizing a PB-LCIA-methodology and
facilitating sustainability assessments. Moreover, research into how
a new PB-LCIA-methodology would compare to the results of a
conventional LCIA-methodology is required to identify the differ-
ence in results about the environmentally best performing product
or technology. The development of a PB-LCIA-methodology, which
seems to be something desired by companies in order to allow
assessments of products and technologies using the PB-indicators,
appears relevant and the results of such LCIA-methodology would,
hopefully, provide interesting and novel insights on the environ-
mental performance and environmental sustainability of products
and technologies.

Acknowledgments

The authors would like to thank Anders Bjarn for helpful com-
ments on the manuscript. We would also like to thank the five
anonymous referees for their valuable comments and suggestions.

References

Bjorn, A., Bey, N., Georg, S., Repke, 1., Hauschild, M.Z., 2016. Is Earth recognized as a
finite system in corporate responsibility reporting? J. Clean. Prod. http://
dx.doi.org/10.1016/j.jclepro.2015.12.095.

Bjern, A., Diamond, M., Owsianiak, M., Verzat, B., Hauschild, M.Z., 2015. Strength-
ening the link between Life Cycle Assessment and Indicators for absolute sus-
tainability to support development within Planetary Boundaries. Environ. Sci.


http://dx.doi.org/10.1016/j.jclepro.2015.12.095
http://dx.doi.org/10.1016/j.jclepro.2015.12.095
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref2
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref2
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref2
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref2

458 M.W. Ryberg et al. / Journal of Cleaner Production 139 (2016) 450—459

Technol. 49, 6370—6371.

Bjern, A., Hauschild, M.Z., 2015. Introducing carrying capacity based normalization
in LCA: framework and development of references at midpoint level. Int. J. Life
Cycle Assess. 20, 1005—1018.

Brown, C., Reyers, B., Ingwall-King, L., Mapendembe, A. Nel, J., O'Farrell, P,
Dixon, M., Bowles-Newark, N.J., 2014. Measuring Ecosystem Services: Guidance
on Developing Ecosystem Service Indicators. UNEP-WCMC, Cambridge, UK.

Carbon Trust Advisory and The Coca-Cola Company, 2012. Personal Carbon Al-
lowances White Paper — How to Help Consumers Make Informed Choices.

Ciais, P, Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R.,
Galloway, J., Heimann, M., Jones, C., Le Quéré, C., Myneni, R.B. Piao, S.,
Thornton, P., 2013. Carbon and other biogeochemical cycles. In: Stocker, T.F,
Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, ]J., Nauels, A., Xia, Y.,
Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: the Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, pp. 465—570.

Dao, H., Peduzzi, P, Chatenoux, B., De Bono, A., Schwarzer, S., Friot, D., 2015.
Environmental Limits and Swiss Footprints Based on Planetary Boundaries
(Geneva, Switzerland).

Diamond, M.L., de Wit, C.A., Molander, S., Scheringer, M., Backhaus, T., Lohmann, R.,
Arvidsson, R., Bergman, A., Hauschild, M., Holoubek, I, Persson, L., Suzuki, N.,
Vighi, M., Zetzsch, C., 2015. Exploring the planetary boundary for chemical
pollution. Environ. Int. 78, 8—15.

EC-JRC, 2010. General Guide for Life Cycle Assessment—detailed Guidance. ILCD
Handbook—International Reference Life Cycle Data System, First. ed. Publica-
tions Office of the European Union, Luxembourg. JRC, IES. European Union EUR
24708 EN. http://Ict.jrc.ec.europa.eu/.

EC-JRC, 2011. ILCD Handbook- Recommendations for Life Cycle Impact Assessment
in the European Context, First. ed. European Commission — Joint Research
Centre - Institute for Environment and Sustainability, Luxembourg.

Eurostat, 2016a. Eurostat Statistics Database. Population Change — Demographic
Balance and Crude Rates at National Level. European Commission.

Eurostat, 2016b. Eurostat Statistics Database. Final Consumption Expenditure of
Households by Consumption Purpose (COICOP 3 Digit). European Commission.

Galaz, V., Biermann, F,, Folke, C., Nilsson, M., Olsson, P., 2012. Global environmental
governance and planetary boundaries: an introduction. Ecol. Econ. 81, 1-3.

Gerten, D., Hoff, H., Rockstrom, J., Jigermeyr, J., Kummu, M., Pastor, A.V., 2013. To-
wards a revised planetary boundary for consumptive freshwater use: role of
environmental flow requirements. Curr. Opin. Environ. Sustain 5, 551—558.

Guinée, ].B., 2015. Selection of Impact categories and classification of LCI results to
Impact Categories. In: Hauschild, M.Z., Huijbregts, M.AJ. (Eds.), Life Cycle
Impact Assessment, LCA Compendium — the Complete World of Life Cycle
Assessment. Springer-Science+Business Media, BV, Dordrecht, pp. 17—37.

Hauschild, M.Z., 2005. Assessing environmental Impacts in a Life-Cycle perspective.
Environ. Sci. Technol. 39, 81A—88A.

Hauschild, M.Z., Huijbregts, M.A]., 2015a. Introducing Life Cycle Impact Assessment.
In: Hauschild, M.Z., Huijbregts, M.A.J. (Eds.), Life Cycle Impact Assessment, LCA
Compendium — the Complete World of Life Cycle Assessment. Springer-Sci-
ence+Business Media, BV, Dordrecht, pp. 1-16.

Hauschild, M.Z., Huijbregts, M.AJ., 2015b. Life Cycle Impact Assessment, LCA
Compendium — the Complete World of Life Cycle Assessment. Springer-Sci-
ence+Business Media, BV, Dordrecht.

Hauschild, M.Z., Huijbregts, M., Jolliet, O., MacLeod, M., Margni, M., van de
Meent, D., Rosenbaum, RK., McKone, T.E., 2008. Building a model based on
scientific consensus for Life Cycle Impact Assessment of chemicals: the search
for harmony and parsimony. Environ. Sci. Technol. 42, 7032—7037.

Hayhd, T., Lucas, P.L,, van Vuuren, D.P,, Cornell, S.E., Hoff, H., 2016. From Planetary
Boundaries to national fair shares of the global safe operating space — How can
the scales be bridged? Glob. Environ. Chang. 40, 60—72.

Humbert, S., Manneh, R. Shaked, S., Wannaz, C., Horvath, A., Deschénes, L.,
Jolliet, 0., Margni, M., 2009. Assessing regional intake fractions in North
America. Sci. Total Environ. 407, 4812—4820.

ISO, 2006a. ISO 14044: Environmental Management—Life Cycle Asses-
sment—Requirements and Guidelines, International Organization for Stan-
dardization. International Organization for Standardization.

ISO, 2006b. ISO 14040: Environmental Management — Life Cycle Assessment —
Principles and Framework. International Organization for Standardization.
Jolliet, O., Miiller-Wenk, R, Bare, ], Brent, A., Goedkoop, M., Heijungs, R., Itsubo, N.,
Pena, C., Pennington, D., Potting, ]., Rebitzer, G., Stewart, M. Haes, H.,
Weidema, B., 2004. The LCIA midpoint-damage framework of the UNEP/SETAC

life cycle initiative. Int. J. Life Cycle Assess. 9, 394—404.

Kounina, A., Margni, M., Bayart, J.-B., Boulay, A.-M., Berger, M., Bulle, C,
Frischknecht, R., Koehler, A., Mila i Canals, L, Motoshita, M., Ninez, M.,
Peters, G., Pfister, S., Ridoutt, B., van Zelm, R., Verones, F,, Humbert, S., 2013.
Review of methods addressing freshwater use in life cycle inventory and impact
assessment. Int. ]. Life Cycle Assess. 18, 707—721.

Krabbe, O., Linthorst, G., Blok, K., Crijns-Graus, W., van Vuuren, D.P,, Hohne, N.,
Faria, P, Aden, N., Pineda, A.C., 2015. Aligning corporate greenhouse-gas
emissions targets with climate goals. Nat. Clim. Chang. 5, 1057—1060.

Lenton, TM. Held, H. Kriegler, E., Hall, JW., Lucht, W, Rahmstorf, S.,
Schellnhuber, H.J., 2008. Tipping elements in the Earth's climate system. Proc.
Natl. Acad. Sci. U. S. A. 105, 1786—1793.

Macdonald, J.E., Beck-Dudley, C.L., 1994. Are deontology and teleology mutually
exclusive? J. Bus. Ethics 13, 615—623.

Mace, G.M., Reyers, B., Alkemade, R., Biggs, R., Stuart IIl Chapin, F,, Cornell, S.E.,
Diaz, S. Jennings, S., Leadley, P, Mumby, PJ., Purvis, A. Scholes, RJ.,
Seddon, A\W.R,, Solan, M., Steffen, W., Woodward, G., 2014. Approaches to
defining a planetary boundary for biodiversity. Glob. Environ. Chang. 28,
289-297.

MacLeod, M., Breitholtz, M., Cousins, L.T., de Wit, C.A., Persson, LM., Rudén, C.,
McLachlan, M.S., 2014. Identifying Chemicals that Are Planetary Boundary
Threats.

McMahon, S.M., Harrison, S.P, Armbruster, W.S., Bartlein, PJ., Beale, C.M.,
Edwards, M.E., Kattge, J., Midgley, G., Morin, X., Prentice, 1.C., 2011. Improving
assessment and modelling of climate change impacts on global terrestrial
biodiversity. Trends Ecol. Evol. 26, 249—259.

Newbold, T., Hudson, L.N., Arnell, A.P,, Contu, S., De Palma, A., Ferrier, S., Hill, S.L.L.,
Hoskins, AJ., Lysenko, I., Phillips, H.R.P., Burton, VJ., Chng, CW.T., Emerson, S.,
Gao, D., Pask-Hale, G., Hutton, ]., Jung, M., Sanchez-Ortiz, K., Simmons, B.I,
Whitmee, S., Zhang, H., Scharlemann, J.P.W., Purvis, A., 2016. Has land use
pushed terrestrial biodiversity beyond the planetary boundary? a global
assessment. Science 353, 288—291.

Nykvist, B., Persson, A., Moberg, F., Persson, L., Cornell, S., Rockstrom, J., 2013. Na-
tional Environmental Performance on Planetary Boundaries.

Owsianiak, M., Rosenbaum, RK., Huijbregts, M.AJ., Hauschild, M.Z, 2013.
Addressing geographic variability in the comparative toxicity potential of
copper and nickel in soils. Environ. Sci. Technol. 47, 3241-3250.

Pauls, S.U., Nowak, C., Balint, M., Pfenninger, M., 2013. The impact of global climate
change on genetic diversity within populations and species. Mol. Ecol. 22,
925-946.

Persson, LM., Breitholtz, M. Cousins, LT, de Wit, CA., MacLeod, M.,
McLachlan, M.S., 2013. Confronting unknown planetary boundary threats from
chemical pollution. Environ. Sci. Technol. 47, 12619—12622.

Pfister, S., Koehler, A., Hellweg, S., 2009. Assessing the environmental impact of
freshwater consumption in Life Cycle Assessment. Environ. Sci. Technol. 43,
4098—-4104.

Posthuma, L., Bjern, A., Zijp, M.C,, Birkved, M., Diamond, M.L,, Hauschild, M.Z.,
Huijbregts, M.AJ., Mulder, C., Van de Meent, D., 2014. Beyond safe operating
space: finding chemical footprinting feasible. Environ. Sci. Technol. 48,
6057—-6059.

Potting, J., Hauschild, M., 2006. Spatial differentiation in life cycle impact assess-
ment: a decade of method development to increase the environmental realism
of LCIA. Int. ]. Life Cycle Assess. 11, 11-13.

Purvis, A., Hector, A., 2000. Getting the measure of biodiversity. Nature 405,
212—-219.

Rockstrom, J., Steffen, W., Noone, K., Persson, A., Stuart Il Chapin, F,, Lambin, E.F,
Lenton, T.M., Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit, CA.,
Hughes, T., van der Leeuw, S., Rodhe, H., Sorlin, S., Snyder, PK., Costanza, R.,
Svedin, U., Falkenmark, M., Karlberg, L., Corell, RW.,, Fabry, V], Hansen, J.,
Walker, B., Liverman, D., Richardson, K., Crutzen, P., Foley, ].A., 2009a. A safe
operating space for humanity. Nature 461, 472—475.

Rockstrom, J., Steffen, W., Noone, K., Persson, A., Stuart IIl Chapin, F,, Lambin, E.F,
Lenton, T.M., Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit, CA.,
Hughes, T., van der Leeuw, S., Rodhe, H., Sorlin, S., Snyder, PK., Costanza, R.,
Svedin, U., Falkenmark, M., Karlberg, L., Corell, RW., Fabry, V], Hansen, J.,
Walker, B., Liverman, D., Richardson, K., Crutzen, P., Foley, ].A., 2009b. Planetary
boundaries: exploring the safe operating space for humanity. Ecol. Soc. 14, 32.

Rosenbaum, R.K., Bachmann, T.M,, Gold, L.S., Huijbregts, M.A.]., Jolliet, O., Juraske, R.,
Koehler, A, Larsen, H.F, MacLeod, M., Margni, M., McKone, TE., Payet, ],
Schuhmacher, M., van de Meent, D., Hauschild, M.Z., 2008. USEtox—the UNEP-
SETAC toxicity model: recommended characterisation factors for human
toxicity and freshwater ecotoxicity in life cycle impact assessment. Int. J. Life
Cycle Assess. 13, 532—546.

Ryberg, M., Vieira, M.D.M., Zgola, M., Bare, ]., Rosenbaum, R.K., 2014. Updated US
and Canadian normalization factors for TRACI 2.1. Clean. Technol. Environ.
Policy 16, 329—-339.

Sala, S., Goralczyk, M., 2013. Chemical footprint: a methodological framework for
bridging life cycle assessment and planetary boundaries for chemical pollution.
Integr. Environ. Assess. Manag. 9, 623—632.

Sandin, G., Peters, G.M., Svanstrom, M., 2015. Using the planetary boundaries
framework for setting impact-reduction targets in LCA contexts. Int. ]. Life Cycle
Assess. 20, 1684—1700.

Scheffer, M., Carpenter, S., Foley, ].A., Folke, C., Walker, B., 2001. Catastrophic shifts
in ecosystems. Nature 413, 591-596.

Sim, S., King, H., Price, E., 2016. The role of science in shaping sustainable business:
unilever case study. In: Clift, R., Druckman, A. (Eds.), Taking Stock of Industrial
Ecology. Springer International Publishing, Heidelberg, New York, Dordrecht,
London, pp. 291-302.

Steffen, W., Crutzen, J., McNeill, J.R,, 2007. The Anthropocene: are humans now
overwhelming the great forces of Nature? Ambio 36, 614—621.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, 1., Bennett, E.M.,
Biggs, R., Carpenter, S.R., de Vries, W., de Wit, CA., Folke, C, Gerten, D.,
Heinke, J., Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S., 2015.
Planetary boundaries: guiding human development on a changing planet.
Science 347.

Stockholm Resilience Centre, 2015. New Partnership — Bridging the Business-
science Gap [WWW Document]. URL. http://www.stockholmresilience.org/
research/research-news/2012-09-08-bridging-the-business-science-gap.html
(accessed 06.25.16).


http://refhub.elsevier.com/S0959-6526(16)31222-7/sref2
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref2
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref3
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref3
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref3
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref3
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref3
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref4
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref4
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref4
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref5
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref5
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref5
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref6
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref7
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref7
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref7
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref8
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref8
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref8
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref8
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref8
http://lct.jrc.ec.europa.eu/
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref10
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref10
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref10
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref10
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref11
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref11
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref11
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref12
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref12
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref13
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref13
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref13
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref14
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref14
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref14
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref14
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref14
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref14
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref15
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref16
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref16
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref16
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref17
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref18
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref18
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref18
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref18
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref18
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref19
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref19
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref19
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref19
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref19
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref20
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref21
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref21
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref21
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref21
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref21
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref22
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref22
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref22
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref22
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref22
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref23
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref23
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref23
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref24
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref24
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref24
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref24
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref24
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref24
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref25
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref26
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref26
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref26
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref26
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref26
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref27
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref27
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref27
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref27
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref28
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref28
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref28
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref29
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref29
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref29
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref29
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref29
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref29
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref30
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref30
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref30
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref30
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref31
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref31
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref31
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref31
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref31
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref32
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref33
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref33
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref33
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref34
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref34
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref34
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref34
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref35
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref35
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref35
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref35
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref35
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref36
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref36
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref36
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref36
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref37
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref37
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref37
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref37
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref38
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref38
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref38
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref38
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref38
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref38
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref39
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref39
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref39
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref39
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref40
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref40
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref40
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref41
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref42
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref43
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref44
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref44
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref44
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref44
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref45
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref45
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref45
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref45
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref46
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref46
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref46
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref46
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref46
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref47
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref47
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref47
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref48
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref48
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref48
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref48
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref48
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref49
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref49
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref49
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref50
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref50
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref50
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref50
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref50
http://www.stockholmresilience.org/research/research-news/2012-09-08-bridging-the-business-science-gap.html
http://www.stockholmresilience.org/research/research-news/2012-09-08-bridging-the-business-science-gap.html

M.W. Ryberg et al. / Journal of Cleaner Production 139 (2016) 450—459 459

Tuomisto, H.L., Hodge, L.D., Riordan, P., MacDonald, D.W., 2012. Exploring a safe UNEP, 1997. World Atlas of Desertification, second ed. United Nations Environment
operating approach to weighting in life cycle impact assessment — a case study Programme, London.
of organic, conventional and integrated farming systems. J. Clean. Prod. 37, United Nations, 2015. World Population Prospects: the 2015 Revision, DVD Edition.
147—-153. Department of Economic and Social Affairs, Population Division.


http://refhub.elsevier.com/S0959-6526(16)31222-7/sref52
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref52
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref52
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref52
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref52
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref52
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref53
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref53
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref54
http://refhub.elsevier.com/S0959-6526(16)31222-7/sref54

	Challenges in implementing a Planetary Boundaries based Life-Cycle Impact Assessment methodology
	1. Introduction
	2. Key challenges
	2.1. Introduction of a new area of protection: the Holocene state of the Earth System
	2.2. Calculation of characterization factors for the Earth System processes' control variables for use in Life-Cycle Impact Asse ...
	2.3. Identifying and dealing with Earth System processes where the impacts overlap
	2.4. Facilitating spatial differentiation of control variables at sub-global level
	2.5. Applying the precautionary principle instead of best-estimates for defining the safe operating space
	2.6. Inclusion of environmental constraints in Life-Cycle Assessment and how to allocate the ‘safe operating space’ in an operat ...

	3. Discussion
	4. Conclusion
	Acknowledgments
	References


