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The Planetary Boundaries concept has emerged as a framework for articulating environmental limits, gaining
traction as a basis for considering sustainability in business settings, government policy and international guide-
lines. There is emerging interest in using the Planetary Boundaries concept as part of life cycle assessment (LCA)
for gauging absolute environmental sustainability. We tested the applicability of a novel Planetary Boundaries-
based life cycle impact assessment methodology on a hypothetical laundry washing case study at the EU level.
We express the impacts corresponding to the control variables of the individual Planetary Boundaries together
with a measure of their respective uncertainties. We tested four sharing principles for assigning a share of the
safe operating space (SoSOS) to laundry washing and assessed if the impacts were within the assigned SoSOS.
The choice of sharing principle had the greatest influence on the outcome. We therefore highlight the need for
more research on the development and choice of sharing principles. Although further work is required to
operationalize Planetary Boundaries in LCA, this study shows the potential to relate impacts of human activities
to environmental boundaries using LCA, offering company and policy decision-makers information needed to
promote environmental sustainability.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Many companies have articulated targets and strategies for sustain-
able business in recent years, aware of environmental limits which
constrain resource use and Earth's capacity to assimilate emissions
and wastes. Indeed, companies are increasingly referencing these envi-
ronmental boundaries in their corporate reporting (Bjørn et al., 2016)
and science strategies (Sim et al., 2016), perhaps indicating the begin-
ning of a shift in emphasis from incremental, relative sustainability to
absolute sustainability (Bjørn et al., 2015).Motivation for thismaydiffer
between companies but, broadly speaking, relates to three key areas:
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facilitating sustained business growth in the context of environmental
limits, mitigating business risks (regulatory, reputational and resource)
associated with transgressing these limits and minimizing the costs of
doing business to ensure competitiveness (Bansal and Roth, 2000;
Bonini and Görner, 2010; Lingard, 2012; Windolph et al., 2014). The
Planetary Boundaries (PB) concept (Rockström et al., 2009a; Steffen
et al., 2015) has emerged as a key framework for articulating environ-
mental limits, gaining traction as a scientific basis for sustainability in
business settings, government policy and international guidelines
(Clift et al., 2017; Galaz et al., 2012; Sim et al., 2016). For example, Ac-
tion2020, led by the World Business Council for Sustainable Develop-
ment, a global, CEO-led organization of over 200 leading businesses,
has set a roadmap for sustainable business action based on the PB-
concept (WBCSD, 2010). The PB-framework proposes quantitative
boundaries for human pressures on key Earth System processes to
maintain the planet in a stable Holocene-like state. Respecting all PBs
would greatly reduce the risk of anthropogenic pressures pushing the
Earth System into a much less hospitable state for humans (Steffen
et al., 2015). Indeed, interdependencies between Earth System pro-
cesses suggest that transgressing one boundary could threaten our abil-
ity to stay within the safe operating space for others (Rockström et al.,
2009b). For this reason, the PB-framework takes a “strong” (Dobson,
1996) perspective on environmental sustainability, indicating the
need to staywithin all of the PBs as opposed to accepting substitutability
and trade-offs between them. The specific measures and position of
each boundary still require additional work and validation (Clift et al.,
2017; Steffen et al., 2015). However, the PB-framework is an attractive
proposition for decision-making because it captures multiple global en-
vironmental pressures within one integrated framework and offers
quantitative targets (boundaries) to support decision-making and ac-
tion (Galaz et al., 2012); moreover, the definitions of the PBs are
science-based and in principle neutral towards human values and aspi-
ration since themechanisms for stayingwithin the safe operating space
are not specified (Biermann, 2012). Where to set the PB limits within
their respective uncertainty ranges is a normative choice and the PB-
framework adopts a precautionary approach by setting the PBs at the
low end of the uncertainty range and thereby maximizes the chance
of respecting the Earth System (Rockström et al., 2009b). The PB-
concept has already been used to assess human activities at both na-
tional and territorial scales (e.g. Dao et al., 2015; Fang et al., 2015b;
Fanning and O'Neill, 2016; Nykvist et al., 2013; O'Neill et al., 2018;
Teah et al., 2016) and some LCA researchers have started to advocate
using the PB-concept in an LCA-context (Bjørn et al., 2015; Hauschild,
2015). LCA is a standardized method for quantifying the environmental
impacts of a product or service (EC-JRC, 2010; ISO, 2006a, 2006b). The
calculated environmental impacts are often compared to those of simi-
lar products or services (i.e. internal normalization) or the ‘background’
impacts associatedwith a large anthropogenic system (i.e. external nor-
malization) (ISO, 2006b; Laurent, 2015). LCA is thus a ‘relative’ sustain-
ability assessment as the environmental performance of the system
under study is evaluated by comparing the impacts with those of a ref-
erence system e.g., a product performing environmentally better than
existing products are relativelymore sustainable (Hauschild, 2015). Ad-
vocates of applying the PB-concept within the LCA framework argue
that relating impact scores of products or services to absolute environ-
mental boundaries offers an indication of the environmental sustain-
ability of the product or service, in absolute terms (Bjørn et al., 2015;
Hauschild, 2015).

In order to evaluate the absolute environmental sustainability of a
product or service, a share of the safe operating space (SoSOS) needs
to be defined and assigned to the product or service. An activity can
only be considered sustainable if it does not exceed its assigned share
(Bjørn et al., 2015). Procedures for assigning a SoSOS to a specific prod-
uct or service will be normative (Vanderheiden, 2009) and are key to
operationalizing the PB-concept for decision-making (Bjørn et al.,
2015; Häyhä et al., 2016; Ryberg et al., 2016). The choice of sharing
principle is a key determinant in the assessment of absolute sustainabil-
ity andwill influence the resultingdecision-making (Ryberg et al., 2016;
Sandin et al., 2015). Theories relating to distributive justice theory are
relevant in this context (e.g. Banuri et al., 1996; Caney, 2009;
Dworkin, 1981a, 1981b; Grasso, 2012; Moreno-Ternero and Roemer,
2012; Rawls, 1999; Rose et al., 1998; Vanderheiden, 2009; see Supple-
mentary material (SM) 1 Section S1 for an extended description of dis-
tributive justice theory on distribution of ecological spaces).

1.1. Methods for applying the planetary boundaries framework in life cycle
assessment

A number of LCA methods for implementing the PB-framework into
LCA have been developed. Tuomisto et al. (2012) developed weighting
factors based on the distance between the current position of the Earth
System process control variable and the PBs as defined by Rockström
et al. (2009a, 2009b). Bjørn andHauschild (2015) developed carrying ca-
pacity based normalization references (NRs) for the impact categories
recommended by ILCD (EC-JRC, 2011) expressed as an equal ‘per capita’
annual budget of the carrying capacity. TheNRswere partly based on the
PBs, but instead of using the PBs, the average of the lower and upper
bound of the ‘zone of uncertainty’ (Rockström et al., 2009b) was esti-
mated and assumed to express the carrying capacity of the Earth System
process (Bjørn and Hauschild, 2015). Doka (2016, 2015) developed a life
cycle impact assessment (LCIA) method (PBA’06) with characterization
factors (CFs) that expressed impacts as a fraction of the annual per capita
allowance for each of the eight implemented PBs (Doka, 2016). Most re-
cently, Ryberg et al. (2018) developed an LCIAmethodology (referred to
as PB-LCIA)which included the global and regional boundaries in the PB-
framework by Steffen et al. (2015). The results of the characterization
models in the PB-LCIA method are expressed directly in the metrics of
the PBs' control variables (e.g. ocean acidification is expressed as the
change in aragonite saturation state).

A number of LCA case studies have assessed anthropogenic activities
relative to the PBs. Sandin et al. (2015) derived reduction targets for a
country's textile sector; Brejnrod et al. (2017) assessed the absolute sus-
tainability of dwelling buildings; and Wolff et al. (2017) assessed the
absolute sustainability of a company with a specific focus on biodiver-
sity (see SM1 Section S2 for a more detailed description of the previ-
ously conducted studies). A common feature for all studies was that
they matched the metrics of the PBs with existing impact categories in
LCA. This approach can be problematic as there is a general misalign-
ment in the scope and impact pathways between existing LCA impact
category indicators and the control variables of the PB-framework
(Laurent and Owsianiak, 2017; Ryberg et al., 2016).

The problems related tomatching PBswith existing impact categories
in LCA can be resolved by applying LCIAmethodswhere the characteriza-
tion models are specifically developed to express impact scores in the
metrics of the PBs, such as the new PB-LCIA method developed by
Ryberg et al. (2018). Furthermore, directly expressing results in the met-
rics of the PBs could ease communication of results to decision-makers
who are already familiar with the PB-framework, but not necessarily fa-
miliar with the different impact categories that exist in LCA (Ryberg
et al., 2018). In order to assess the feasibility and relevance of the PB-
LCIAmethod,we conducted a hypothetical case study of laundrywashing
in the EU. The case study was considered hypothetical because laundry
washing at the EU scale was extrapolated from data relating to a single
‘model’ liquid detergent product with a bio-based surfactant system.
We did not consider other detergent products and thewide range of con-
sumer habits across the EU. This allowed us to simplify the assessment
whilst also investigating the sensitivity of the PB approach relating to
land-system change and biogeochemical flows (due to the bio-based sur-
factant system). The specific objectives of the laundry case studywere to:

1. Evaluate the application of the PB-LCIA methodology and the use of
different sharing principles;
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2. Test the sensitivity of the approach (PB-LCIA and assigning a SoSOS)
to capture effects of potential system changes;

3. Identify opportunities for further development of absolute sustain-
ability assessment methods.

2. Materials and methods

2.1. Laundry washing case study

A case study on laundrywashing in the EUwas defined based on the
current EU market where about 34.3 billion laundry washes are done
per year (A.I.S.E., 2014). The functional unit (FU) was defined as
“doing 34.3 billion washes per year of 4.5 kg of normally soiled dry fabric
at medium water hardness with a model liquid detergent”. The specific
FU was defined for several reasons: 1) the large scale allows for easier
interpretation of absolute results; 2) assigning a SoSOS can be done
more easily on a larger scale, rather than on the specific product level
where more choices are required for partitioning (Ryberg et al., 2016);
3) the PB-LCIA requires annual elementary flows in the inventory.

The LCA was conducted in accordance with the requirements of the
ISO standard and the guidelines of the International Reference Life
Cycle Data System (ILCD) handbook (EC-JRC, 2010; ISO, 2006b). The de-
cision context for this studywas defined as ‘accounting of environmental
impacts’ (referred to as situation C1 in the ILCD handbook); hence, the
life cycle inventory (LCI) was modelled using an attributional modelling
approach. Thus, processes representing the actual physical flows of the
activity were used. All background data were based on ecoinvent v3
(Weidema et al., 2013) and the product systemwasmodelled in SimaPro
version 8.2.3.0. A full overview of all unit processes used for modelling
the foreground system is found in SM2. Further, the default attributional
system model of ecoinvent v3 (Weidema et al., 2013) was used for
modelling the LCI. This includes using average supply of products rather
than supply of non-constrained products (e.g. average electricity was
used) and economic allocation was applied for converting multi-
product datasets to single-product datasets. For instance, as crude palm
oil production produces both palm oil and palm kernel oil (PKO), eco-
nomic allocation was used to determine the share of the impacts from
crude palm oil production that should be allocated to PKO production.

2.1.1. Life cycle impact assessment
The environmental impact scores for the case study were calculated

using the PB-LCIA method as described by Ryberg et al. (2018). The PB-
LCIA includes characterization models for the global and sub-global PBs
in Steffen et al. (2015) amounting to 15 impact categories in total (see
Table 1). Only the PBs ‘change in biosphere integrity’ and ‘introduction
of novel entities’were excluded because a PB is yet to be defined for ‘in-
troduction of novel entities’ while ‘change in biosphere integrity’ was
Table 1
The Planetary Boundary value and the natural background levels as given from Steffen et al. (20
minus the natural background level is shown in the last column.

Impact category Unit Planetary Boundary
(Steffen et al., 2015

Climate change - energy imbalance Wm−2 1
Climate change - CO2 concentration ppm CO2 350
Stratospheric ozone depletion DU 275
Ocean acidification mol 2.75
Biogeochemical flows – P, regional Tg P yr−1 26.2
Biogeochemical flows – N, global Tg N yr−1 62
Land-system change – global % 75
Land-system change – boreal % 85
Land-system change – tropic % 85
Land-system change – temperate % 50
Freshwater use – global km3 yr−1 4000
Freshwater use - basin dry – 1
Freshwater use - basin semidry – 1
Freshwater use - basin humid – 1
Atmospheric aerosol loading – 0.25
excluded due to insufficient knowledge about the effect of anthropo-
genic pressures on biodiversity, and a lack ofmodels to adequately char-
acterize the cause-effect relationship between anthropogenic pressures
and changes in biosphere integrity (Ryberg et al., 2018, 2016). It should
be noted that not all PBs are analogous to themid- and end-point think-
ing applied within LCA. For some PBs, e.g. land- system change, there
may be overlap with others in terms of protection goals e.g. change in
biosphere integrity and climate change. It is important to be aware of
such overlaps when interpreting the results and essentially treat each
impact category separately (Ryberg et al., 2016) as the overall goal is
that the assigned SoSOS is respected across all impact categories. Only
impact categories related to the Earth System components identified
in the PB-framework were included and other life cycle impact catego-
ries often used in traditional LCAs, such as human toxicity, that are not
linked to PBs are excluded.

The PB-LCIA method differs from traditional LCIA methodologies
since the life cycle inventory information on resource use and emissions
to the environment are given as mass per year (in contrast to conven-
tional LCIAswhere information is given asmass). This differencehas sev-
eral advantages compared to the other methods that have previously
attempted to implement the PB-framework into LCA. First, by applying
model inputs asmass per year, it is possible to express the results directly
in terms of the metrics of the PB's control variables, i.e. as annual pres-
sures or environmental states in a long-term (steady state) perspective
(Ryberg et al., 2018). As a result, an anthropogenic entity which is found
to be absolutely sustainable using the PB-LCIA method can be consid-
ered sustainable relative to the PBs over an infinite time-horizon and
will not threaten to destabilize the current Holocene-like state (Ryberg
et al., 2018). Second, by including the time perspective (i.e. per year)
in the input to the LCIA, the choice related to assigning a SoSOS to the ac-
tivity has beenmademore transparent and can be freely selected by the
LCA-practitioner. This is in contrast to the previous studies (Bjørn and
Hauschild, 2015; Doka, 2016) which only used mass as input to the
LCIA and, therefore, had to express results as annual personal shares in
order to account for the time perspective. Hence, the SoSOS was pre-
assigned using an equal per capita sharing principle which removed
the possibility for applying and testing other sharing principles.

2.1.2. System description
The laundry washing system was simplified by assuming European

average washing habits and the use of a single type of detergent con-
taining 100% bio-based surfactants. Simplified system boundaries are
shown in Fig. 1. They include the processes required for fulfilling the
FU from extraction and supply of rawmaterials for producing the laun-
dry detergent through the use phase to end-of-life (EoL), where wash-
ing water is treated in a wastewater treatment plant (WWTP). Default
values (average or best-estimate) were used for modelling washing
15) and references therein. The full safe operating space for humanity estimated as the PB

)
Natural background level (Steffen et al.,
2015 and references therein)

Full safe operating
space

0 1
278 72
290 15
3.44 0.69
20 6.2
0 62
100 25
100 15
100 15
100 50
0 4000
0 1
0 1
0 1
0.14 0.11
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Fig. 1. Simplified system boundaries for case study on laundry washing in the European Union. Solid lines are mass flows, dotted lines are flows of electricity and/or heat.
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habits, electricity use, waste water treatment etc. Since Europe was se-
lected as the primary geographical scope, a European average grid mix
was assumed for all electricity and heat used in Europe i.e. for detergent
production, laundry washing and EoL processes (see SM1 Table S1 and
Table S2).

Raw materials required to produce the detergent were assumed to
be globally traded and, therefore, modelled as global production. The
bio-based anionic and non-ionic surfactants were assumed to be pro-
duced from fatty alcohol based on PKO, equating to approximately
0.24 million tonnes PKO per year. This corresponds to approximately
4% of global annual PKO production (Palm Oil Research, 2014). The
PB-framework includes four PBs for land-system change, i.e. global for-
est area, and three PBs related to biome specific forest area (i.e. tropic,
temperate, and boreal). The ecoinvent LCI database does not differenti-
ate land transformation into forest biomes, however, information on the
biomes affected by land-transformation are needed for characterizing
impacts on the biome specific PBs. Hence the LCI foreground system
specifies which forest biomes would be affected based on knowledge
about the predominant forest biome in the affected locations. Tropical
forest is affected by palm oil related activities as these occur in tropical
forest areas (Olson et al., 2001; Ramankutty and Foley, 1999). Other ac-
tivities of the life-cycle occurring in the EUwere assumed to affect tem-
perate forest as this is the dominant forest biome in the EU (Olson et al.,
2001; Ramankutty and Foley, 1999). For the detergent use, all washes
were assumed to be done with a 4.5 kg load at 40 °C (A.I.S.E, 2015).
All wastewater, including detergent, was assumed to be discharged to
the sewer after each wash and treated in a WWTP where emissions to
the environment were estimated using the WWTP specific LCI model
‘WWTP LCI’ (Muñoz, 2015). The detergent packaging ismade fromplas-
tic and board. 40% of the plastic and 84% of the board was modelled as
recycled at EoL (Eurostat, 2014); the rest was assumed to be incinerated
(Eurostat, 2017).

2.2. Defining the share of the safe operating space

The first step in assessing the SoSOS is to define the size of the safe
operating space that should be distributed between all anthropogenic
activities. In this study, the size of safe operating space available for
human activities was defined as the value of the PB minus the ‘natural
background level’ (i.e. the value of the control variable before human ac-
tivities began affecting the Earth System process, referred to as the full
safe operating space) (see Table 1). This definition enables a consistent
approach to be applied when assigning a share of the full safe operating
space to existing or planned activities. If the SoSOS assigned to an activity
is not exceeded then it can be considered ‘absolutely sustainable’ in the
sense that the activity actswithin its assigned operating space and cannot
be considered responsible for potential exceedance of the full safe operat-
ing space which on the other hand is a result of other activities not acting
within their assigned operating space. In the case of the PBs which are
currently not exceeded, if all activities stay within their assigned share
of the full safe operating space this would ensure that the PBs would
not, at some point in the future, be exceeded. For the PBs where the
boundary has currently been exceeded (e.g. climate change) then if all ac-
tivities reduce their contribution to a level that does not exceed their
assigned share, it is possible to reduce and maintain pressures associated
with anthropogenic activities within the safe operating space, assuming
that previous boundary transgression has remained within the zone of
uncertainty and has not already generated abrupt or irreversible environ-
mental change. For instance, if all activities reduced their CO2 emissions
from current levels of about 36 Gt CO2 yr−1 (Rogelj et al., 2018) to an av-
erage annual global emission of 3.1 Gt CO2 yr−1 between 2000 and 2300,
this would reduce atmospheric CO2 concentrations to about 361 ppm by
2300 (Meinshausen et al., 2011; Ryberg et al., 2018),which is very close to
the PB of 350 ppm atmospheric CO2.

An alternative option for defining the safe operating space is to use
the remaining safe operating space (i.e. the PB minus the current
value of the control variable. This approach was not used as it suffers
from a number of fundamental flaws which, in the worst case, can dis-
courage a transition towards an environmentally sustainable society.
The remaining safe operating space is not relevant for evaluating how
an existing or planned activity can affect humanity's ability tomaneuver
within the total safe operating space. Instead, the definition is only rel-
evant for showing if the introduction of a new activity will lead to ex-
ceedance of the PBs, assuming everything else remains the same. Use
of the remaining safe operating space, essentially pre-assigns the al-
ready occupied share of the full safe operating space to existing activi-
ties according to a ‘status quo’ sharing principle, while new and
perhaps environmentally better performing activities are left to distrib-
ute the remaining share of the safe operating space. For PBs that have
already been exceeded, the situation is even more pronounced. Here,
the remaining safe operating space becomes negative and all new tech-
nologies with positive net-pressures on the environment would be
found to be absolutely unsustainable, even if these pressures are smaller
than those exerted by existing and equivalent technologies.

Four different principles for assigning the SoSOSwere applied in the
case study (Table 2). These approaches were chosen to illustrate the
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sensitivity of the PB-LCIA method and outcome to the choice of sharing
principle. A comparison was made between three egalitarian sharing
principles and one non-egalitarian sharing principle. The status quo
sharing principle in which the SoSOS for laundry washing in the EU is
proportional to its current contribution to environmental impacts was
selected as the non-egalitarian sharing principle (Grasso, 2012).

When applying an egalitarian sharing principle previous studies
have shown that a strict per capita approach is not sufficient for deter-
mining the SoSOS that should be assigned to a company or an activity
(Brejnrod et al., 2017; Sandin et al., 2015; Wolff et al., 2017). In line
with Brejnrod et al. (2017) and Wolff et al. (2017), we assigned a
SoSOS based on economic indicators. This was done under the assump-
tion that economic value can be considered a proxy for contribution to
human wellbeing, i.e. increased economic value leading to increased
wellbeing. The economic value is, thus, related to welfare-based egali-
tarianism as defined by Dworkin (1981a). In line with Brejnrod et al.
(2017) and Ryberg et al. (2016) two sharing principles were defined
based on final consumption expenditure (FCE) which expresses con-
sumer preferences for the activity under study. FCE was treated as a
proxy for citizen preferences i.e., a preference for expenditure on laun-
dry washing rather than other activities.

The first FCE-based sharing principle (called ‘FCE only’) related FCE
on laundry washing in the EU to total global FCE. FCE on laundry wash-
ing includes expenses for the detergent product, electricity, and water
used during laundry washing. The second FCE-based sharing principle
(called ‘EU per cap & FCE’), initially applied a per-capita sharing princi-
ple for assigning a share of the full safe operating space to the EU popu-
lation, then FCE on laundrywashing in the EUwas related to total FCE in
the EU. This allowed for an assessment of the effects of performing an
initial per-capita sharing principle. The third economic sharing principle
was based on the contribution to gross value added (GVA) (called ‘EU
per cap & GVA’). Again, an initial per-capita sharing principle was ap-
plied for assigning a share of the full safe operating space to the EU pop-
ulation and then a fraction was assigned to laundry washing reflecting
the ratio between GVA related to laundry washing in the EU with total
GVA in the EU. It should be noted that only GVA for washing detergents
wasused in the calculation because data on theGVA fromelectricity and
water consumption specifically related to laundry washing were not
Table 2
Principles for estimating the share of the safe operating space assigned to laundry washing in

Sharing principle Equation

EU per cap & FCE (egalitarian) aSPB;SP ¼ PEU
PWorld

� FCEEU;washing
FCEEU

Where aSPB,AP is the share of the safe operating space assi
is the population in the EU, PWorld is the World populatio
by consumer on laundry washing (i.e. detergent product,
FCEEU is the total final consumption expenditure of the E

FCE only (egalitarian) aSPB;SP ¼ FCEEU;washing
FCEWorld

Where FCEWorld is the total global final consumption exp
EU per cap & GVA (egalitarian) aSPB;SP ¼ PEU

PWorld
� GVAEU;washing

GVAEU

Where GVAEU, washing is gross value added from laundry w
the EU, and GVAEU is the total gross value added in the EU

Status quo (non-egalitarian) aSPB;SP ¼ IEU;washing;x
IWorld;x

Where aSPBx,AP is the share of the safe operating space ass
Planetary Boundary x (PBx). IEU,washing,x is the impact on P
IWorld,x is the current global level of impact on PBx
available. Sharing principles based on two different economic indicators
were applied to identify if there were differences in the assigned SoSOS,
or if different economic indicators could be expected to assign similar
SoSOS. Specific calculations for assigning the SoSOS are provided in
SM1 Section S5. The sharing of the safe operating space was calculated
according to Eq. (1).

SoSOSPB;SP ¼ SOSPB � aSPB;SP ð1Þ

where SoSOSPB is the share of the safe operating space assigned to the
studied system according to the chosen sharing principle (SP), SOSPB
is the full safe operating space delimited by the PB and aSPB,SP [%] is
the percentwise share assigned to the system under study according
to the chosen sharing principle. Absolute environmental sustainability
of a studied system can be assessed according to Eq. (2).

occSoSOSPB;SP ¼ ISPB
SoSOSPB;SP

ð2Þ

where occSoSOSPB,SP is the share of the assigned SoSOS occupied by the
studied system according to the chosen sharing principle. ISPB is the
characterized impact score for a PB in the PB-LCIA. If occSoSOSPB,SP is
equal to or less than one, then the studied system could be considered
sustainable for the particular PB, given the chosen sharingprinciple. Ide-
ally occSoSOSPB,SP should be equal to or less than one across all PBs, to be
fully environmentally sustainable and in compliance with a strong sus-
tainability perspective.

2.3. Scenario analysis

Seven potential system improvement options were defined (see
Table 3) to evaluate the sensitivity of the PB-LCIA approach in capturing
their potential effect on the environmental performance of laundry
washing in Europe with current technologies. They are representative
of the types of choices or options likely to be considered by business
or policy decision-makers. A best-case scenario #8 was defined that
combines all seven improvement options.
the EU.

Share of safe operating space assigned
to the studied system (aSPB,SP)

gned to the system under study. PEU
n, FCEEU, Washing is the amount spent
electricity, water) in the EU, and
U.

0.018%

enditure.

0.039%

ashing (detergent products only) in
.

0.007%

igned to the system under study for
Bx from laundry washing in the EU,

Climate change - energy imbalance 0.25%
Climate change - CO2 concentration 0.36%
Stratospheric ozone depletion 0.00001%
Ocean acidification 0.24%
Biogeochemical flows - Regional P 0.04%
Biogeochemical flows - N 0.09%
Land-system change - global 0.02%
Land-system change - boreal 0%
Land-system change - tropic 0.03%
Land-system change - temperate 0.00001%
Freshwater use - global 0.06%
Freshwater use - basin dry 0.002%
Freshwater use - basin semidry 0.0002%
Freshwater use - basin humid 0.70%
Atmospheric aerosol loading 0.05%



Table 3
Overview of alternative scenarios for laundry washing in the EU.

Scenario Scenario description Geographical
location affected

Change relative to baseline scenario parameters in Table S3

1 Baseline scenario No changes
2 EU low-carbon electricity mix based on higher share of renewable energy sources

(European Commission, 2011), giving a 75% reduction in emissions of CO2-eqs.
EU Current average EU electricity grid mix changed to projected

EU electricity grid mix in year 2050 (see SM1 Table S1)
3 Improvement in washing machine technology which reduces energy use by 10% EU Electricity use by washing machine per washing cycle,

changed from 0.44 kWh per cycle to 0.40 kWh per cycle.
4 Laundry washing done with cold water with an energy consumption of 0.15 kWh per

cycle (European Commission, 2002) instead of 0.44 kWh per cycle.
EU Corresponds to washing temperature of 15 °C instead of 40 °C

in the baseline scenario
5 Increase in palm fresh fruit bunch yield [t/ha/year] Indonesia and

Malaysia
Yield [t/ha/year] changed from 16.9 to 36 based on Hoffmann
et al. (Hoffmann et al., 2014)

6 Zero deforestation associated with palm oil and no greenhouse gas emissions
from land used change (LUC)

Indonesia and
Malaysia

Carbon emissions from land transformation are set to zero.

7 High yield and no deforestation for palm oil production (scenarios 5 and 6) Indonesia and
Malaysia

Yield equal to 36 t/ha/year
Zero carbon emission from land transformation

8 A best-case scenario (scenarios 2 to7 combined) EU and Indonesia
and Malaysia
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2.4. Sensitivity and uncertainty analyses

2.4.1. Sensitivity analysis
Parameters for the foreground LCI which were not well known and

thus uncertain, and parameters which are inherently variable (e.g.
palm fruit bunch yield and detergent dosage) are listed in SM1
Table S3. The sensitivity of the LCA result to these parameters was eval-
uated through a perturbation analysis (Heijungs, 2010). Parameters to
which the LCA results of the baseline scenario (scenario #1) were
most sensitive were identified by calculating normalized sensitivity co-
efficients (Scoef), according to Eq. (3) (Heijungs, 2010; Yeh, 1986).

Scoef ¼
ΔIS
IS0

=
Δak
ak;0

ð3Þ

where ak,0 is the default input parameter value, IS0 is the impact score
calculated for the ak,0, Δak is the difference between the default input
parameter and the perturbed input parameter, ΔIS is the difference be-
tween IS0 and the impact score calculated for the perturbed parameter
value. All input parameters were perturbed by 10%. For this study, the
result was found to be sensitive for parameters with |Scoef| ≥ 0.05 for
at least one impact category, namely: palm replanting cycle, palm fruit
bunch yield, washing temperature, detergent use per washing cycle,
water use bywashingmachine perwashing cycle, tropical forest carbon
stock and oil palm carbon stock (SM1 Table S4).

2.4.2. Uncertainty analysis
For parameters with |Scoef| ≥ 0.05, specific details about realistic

value ranges were identified (see SM1 Table S3) to more accurately de-
termine the associated parameter uncertainty. For the other parame-
ters, a wide uncertainty range which includes the possibility of
extreme valueswas assumed (i.e. squared geometric standard deviation
(GSD2) of 100). All parameters were assumed log-normally distributed
to ensure parameters were zero or positive and to allow for extreme
value cases. The only exceptionwas the recycling rate, which can be be-
tween 0% and 100%; hence recyclingwas assigned a uniform probability
distribution with a range from 0% to 100%. Monte Carlo simulation was
used to propagate uncertainty from the inventory results to the impact
scores for each impact category and for each scenario.

3. Results

3.1. Environmental impacts of laundry washing in the EU

Results of the case study show how the PB-LCIA method can be used
to express characterized impact scores aligned to the PBs and their con-
trol variables (Table 4). The characterized impact scores for the baseline
scenario indicate that annual laundry washing in the EU under the
modelled conditions would, for instance, lead to an atmospheric CO2

concentration of 0.43 ppm which represents 0.6% of the safe operating
space for climate change (Table 4). This ismainly due to emissions of fos-
sil CO2, primarily from energy use during the use phase (65% of total im-
pact), and CO2 emissions from land transformation (11% of total impact).
Ocean acidification, biogeochemical flows – nitrogen, and tropical land-
system change were also found to be important and all occupy more
than 0.1% of the safe operating space. Ocean acidification is driven by
CO2 emissions, as is climate change. Biogeochemical flows – nitrogen is
driven by nitrate emissions resulting from fertilizer use during palm oil
production and from the disposal of waste from lignite used in energy
generation. Tropical land-system change is driven by the historical and
any on-going transformation of tropical forest into oil palm plantations.
Across the life cycle the major drivers of impacts are from the use stage
(electricity andwater use) and in the production of surfactants (landuse
and land management) for the detergent (see SM1 Fig. S1).

The seven alternative scenarios generally resulted in an improved
overall environmental performance, yielding up to 75% reduction in im-
pacts relative to the baseline scenario (for climate change in scenario #8
which combines all changes in scenarios 2–7). However, scenario #2 re-
sulted in larger impact scores than the baseline scenario due to the
projected larger share of hydropower and bio-based electricity in the
EU grid mix in 2050 (see SM1 Table S1). The larger share of electricity
fromhydropower andwood biomass is associatedwith increased fresh-
water use and forest area for electricity production compared to the
baseline scenario. In general, scenarios focusing on improved energy ef-
ficiency and increased electricity production from renewables were
more beneficial for climate related impact categorieswhile scenarios fo-
cusing on improving land use practice were more beneficial for reduc-
ing impacts related to land-system change and biogeochemical flows.
Scenario #8 performed best for all impact categories, except ‘Land-sys-
tem change’where it ranked 3rd, after scenario #5 and#7, because it in-
cluded the switch tomore bio-based electricity in the EU 2050 gridmix.
Overall, scenario #8 reduced impacts between 19% and 75% relative to
the baseline scenario. (SM1 Fig. S1).

3.2. Relating impact scores to a share of the safe operating space

By assigning shares of the safe operating space to the studied system
it was possible to relate the impact scores to the PB and estimate the ab-
solute sustainability of laundry washing in the EU. Fig. 2 shows how the
impact scores for the baseline scenario (scenario #1) of laundry wash-
ing today and for scenario #8, which includes all improvement options,
are related to the SoSOS for laundry washing assigned by the four shar-
ing principles. For impact categories where the impact scores exceed
the assigned SoSOS, it was possible to quantify the ‘sustainability gap’



Table 4
Overview of characterized impact scores and the percentage share of the safe operating space for humanity that the activity occupies for all scenarios using the PB-LCIA. GSD2 is shown in
brackets. The relative magnitude of the impact score among the scenarios for each impact category is indicated with green shading. Light green indicates a low impact score while dark
green indicates a large impact score. Note that Land-system change boreal forest is excluded as all impact scores were zero for this sub category.

Scenarios

Impact category Unit #1 #2 #3 #4 #5 #6 #7 #8

Climate change - 

Energy imbalance

Wm-

2

5.8×10-

3/0.58%

(2.7)

3.1×10-

3/0.31%

(2.4)

5.4×10-

3/0.54%

(2.8)

3.0×10-

3/0.30%

(2.2)

5.3×10-

3/0.53%

(2.7)

5.1×10-

3/0.51%

(2.5)

5.0×10-

3/0.50%

(2.4)

1.5×10-

3/0.15%

(1.5)

Climate change - CO2

concentra�on

ppm

CO2

4.3×10-

1/0.60%

(2.8)

2.2×10-

1/0.30%

(2.5)

4.0×10-

1/0.55%

(2.9)

2.2×10-

1/0.30%

(2.2)

4.0×10-

1/0.55%

(2.7)

3.8×10-

1/0.53%

(2.6)

3.7×10-

1/0.52%

(2.4)

1.1×10-

1/0.15%

(1.5)

Stratospheric ozone

deple�on DU

9.4×10-

6/0.00%

(3.5)

7.0×10-

6/0.00%

(2.7)

8.6×10-

6/0.00%

(4.1)

3.9×10-

6/0.00%

(2.2)

9.3×10-

6/0.00%

(3.8)

9.4×10-

6/0.00%

(3.6)

9.3×10-

6/0.00%

(3.6)

3.1×10-

6/0.00%

(1.8)

Ocean acidifica�on mol

1.3×10-

3/0.19%

(2.8)

6.7×10-

4/0.10%

(2.5)

1.2×10-

3/0.18%

(2.9)

6.7×10-

4/0.10%

(2.2)

1.2×10-

3/0.18%

(2.7)

1.2×10-

3/0.17%

(2.6)

1.1×10-

3/0.17%

(2.4)

3.3×10-

4/0.05%

(1.5)

Biogeochemical

flows – P, regional

Tg P

yr-1

5.6×10-

3/0.09%

(3.9)

5.7×10-

3/0.09%

(2.1)

5.5×10-

3/0.09%

(3.1)

5.5×10-

3/0.09%

(2.2)

3.4×10-

3/0.05%

(2.4)

5.6×10-

3/0.09%

(4.9)

3.4×10-

3/0.05%

(2.3)

3.3×10-

3/0.05%

(2.0)

Biogeochemical

flows – N, global

Tg N

yr-1

1.3×10-

1/0.21%

(2.0)

8.7×10-

2/0.14%

(1.8)

1.2×10-

1/0.20%

(2.1)

8.6×10-

2/0.14%

(1.7)

1.1×10-

1/0.17%

(2.2)

1.3×10-

1/0.21%

(2.0)

1.1×10-

1/0.17%

(2.1)

5.1×10-

2/0.08%

(1.7)

Land-system change

– Global %

7.5×10-

3/0.03%

(2.1)

7.5×10-

3/0.03%

(2.1)

7.5×10-

3/0.03%

(2.1)

7.5×10-

3/0.03%

(2.1)

3.7×10-

3/0.01%

(2.1)

7.5×10-

3/0.03%

(2.1)

3.7×10-

3/0.01%

(2.0)

3.7×10-

3/0.01%

(2.1)

Land-system change

– Tropic %

2.1×10-

2/0.14%

(2.1)

2.1×10-

2/0.14%

(2.1)

2.1×10-

2/0.14%

(2.1)

2.1×10-

2/0.14%

(2.1)

1.0×10-

2/0.07%

(2.1)

2.1×10-

2/0.14%

(2.1)

1.0×10-

2/0.07%

(2.0)

1.1×10-

2/0.07%

(2.1)

Land-system change

– Temperate %

2.6×10-

6/0.00%

(2.1)

1.4×10-

6/0.00%

(2.1)

2.4×10-

6/0.00%

(2.1)

1.3×10-

6/0.00%

(2.1)

2.5×10-

6/0.00%

(2.1)

2.6×10-

6/0.00%

(2.1)

2.5×10-

6/0.00%

(2.0)

8.5×10-

7/0.00%

(2.1)

Freshwater use –

Global

km3

yr-1

1.5/0.04%

(1.5)

1.5/0.04%

(1.6)

1.4/0.04%

(1.5)

1.5/0.04%

(1.6)

1.4/0.04%

(1.6)

1.5/0.04%

(1.6)

1.4/0.04%

(1.6)

1.3/0.03%

(1.6)

Freshwater use - 

Basin dry - 

3.2×10-

6/0.00%

(1.8)

3.9×10-

6/0.00%

(1.9)

3.0×10-

6/0.00%

(1.9)

2.4×10-

6/0.00%

(1.6)

3.0×10-

6/0.00%

(1.8)

3.2×10-

6/0.00%

(1.8)

3.0×10-

6/0.00%

(1.8)

2.4×10-

6/0.00%

(1.5)

Freshwater use - 

Basin semidry - 

8.6×10-

7/0.00%

(1.7)

1.0×10-

6/0.00%

(1.8)

8.2×10-

7/0.00%

(1.8)

7.0×10-

7/0.00%

(1.6)

8.1×10-

7/0.00%

(1.9)

8.6×10-

7/0.00%

(1.8)

8.1×10-

7/0.00%

(1.7)

6.8×10-

7/0.00%

(1.5)

Freshwater use - 

Basin humid - 

2.0×10-

4/0.02%

(3.3)

1.5×10-

4/0.02%

(3.2)

1.8×10-

4/0.02%

(3.3)

1.3×10-

4/0.01%

(1.2)

1.9×10-

4/0.02%

(1.9)

2.0×10-

4/0.02%

(3.1)

1.9×10-

4/0.02%

(3.0)

1.1×10-

4/0.01%

(1.2)

Atmospheric aerosol

loading - 

7.3×10-

5/0.07%

(2.0)

5.2×10-

5/0.05%

(1.7)

6.8×10-

5/0.06%

(2.0)

4.6×10-

5/0.04%

(1.6)

6.2×10-

5/0.06%

(2.1)

7.3×10-

5/0.07%

(2.0)

6.2×10-

5/0.06%

(2.0)

3.0×10-

5/0.03%

(1.6)
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Climate change - Energy imbalance Climate change - CO2 concentra�on Stratospheric ozone deple�on Ocean acidifica�on

Biogeochemical flows -
Regional P

Biogeochemical flows - N Land-system change - Global Land-system change -
Temperate

Land-system change - Tropic

A

B

C
Freshwater use- Global Freshwater use - Basin, dry Freshwater use - Basin, 

semidry
Atmospheric aerosol loadingFreshwater use - Basin, 

humid

Zone of uncertainty related to the Planetary Boundary Occupied share of assigned safe opera�ng space
Planetary Boundary 95% conf. interval of impact scores

Fig. 2. Impact scores and their 95% confidence interval for laundrywashing in the EU for scenario #1 (baseline) and scenario #8 (includes all changes), shown relative to the assigned share
of the safe operating space calculated based on the four sharing principles. Fig. 2A shows Earth Systemprocesseswith potential planetary thresholds that can affect sub-systems ‘top down’
(Rockström et al., 2009b). Fig. 2B and Fig. 2C show Earth System processes where thresholds exceeded at local and regional scale can increase the likelihood of crossing planetary
thresholds in other Earth System processes, thus, affecting the Earth System ‘bottom up’ (Rockström et al., 2009b). The figure also includes the PBs' zone of uncertainty where
thresholds for the Earth Systems are potentially located and where PBs are positioned at the lower bound of these zones. Note that Land-system change for boreal forest is excluded as
all impact scores were zero for this subcategory.
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(i.e. the distance between the impact scores and the assigned SoSOS)
(Fang et al., 2015a), and the additional reductions required closing the
gap to remain within the SoSOS. For example, scenario #8 exceeded
the assigned share for climate change for the three egalitarian ap-
proaches used to assign the SoSOS but not when using the status quo
principle. For the cases where the SoSOS was exceeded, an impact re-
duction of a factor of 4 to 21 would be required to stay within the
assigned share. Moreover, the results allow for the evaluation of the
relative importance of the LCI uncertainty, uncertainty in the position
of the PB (where the PB is positioned at the lower bound of the zone
of uncertainty as described by Rockström et al., 2009b), and the uncer-
tainty related to the choice of sharing principle. Generally, the assigned
SoSOS varied by 2–3 orders of magnitude (although up to five orders of
magnitude variation was found between sharing principles for some
impact categories), whilst the LCI varied by about 1 order of magnitude,
and the PB's zone of uncertainty varied by less than 1 order of
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magnitude. Hence, the uncertainty related to the choice of sharing prin-
ciple has a larger influence on conclusions than LCI uncertainty and un-
certainty related to position of the PB. The choice of sharing principle
had the largest influence on whether impact scores exceeded or stayed
within the assigned SoSOS for the following impact categories: climate
change, ozone depletion, global and tropical land-system change, global
freshwater use, freshwater use in humid regions, and atmospheric aero-
sol loading.

4. Discussion

4.1. Application of PB-LCIA methodology and approaches for sharing the
safe operating space

As shown in Table 4 and Fig. 2, the results of the PB-LCIA methodol-
ogy can be expressed either as characterized results or relative to an
assigned SoSOS. The characterized results of the PB-LCIA can be used
in the same way as characterized results in a conventional LCA, albeit
they are not aligned to the current mid- and end-points used in impact
assessment. The characterized results enable the evaluation of manage-
ment choices or policy options in terms of their relative effect on the en-
vironmental performance. However, they do not provide an assessment
of the absolute environmental sustainability of the system under study.
By assigning a SoSOS and relating the impact scores to this share, it is
possible to relate the impact scores to absolute limits and to identify
whether any impacts exceed their assigned share. This capability pro-
vides the opportunity to devise reduction targets based on PBs and
would help in the evaluation of reduction options based on their contri-
bution to meeting sustainability goals at a societal level. However, it is
clear from our case study that many levers for making environmental
improvement in laundry washing lie outside the direct influence of in-
dividual producers or consumers.Many impacts of the laundry washing
systemwere found to be associatedwith thewider production and con-
sumption systems in the EU. Notably the current electricity grid mix
which is heavily reliant on fossil fuels, resulting in relatively high contri-
butions to the climate change boundary (Fig. 2). Indeed, it is likely that
most energy-using products would exceed their share of the safe oper-
ating space, simply because they rely on an underlying system that is
unsustainable and on which they have no direct influence. This is well
known and not a new insight. However, the added value of applying
the PB-LCIA methodology is that it enables scaling or sizing of the nec-
essary improvements required of the system by industry, governments
and citizens against objectively defined targets.

4.2. Implications for assigning a share of the safe operating space

There are many implications related to assigning a SoSOS to a spe-
cific activity since different sharing principles will inevitably show a
bias for different activities. Economic allocation will favor activities
and sectors that generate high economic output, such as finance and
banking activities; grandfathering or status quo approaches will favor
established activities while new activities (with a potentially lower en-
vironmental impact) will be assigned a smaller, or even zero SoSOS.
Sharing principles could also be devised to reflect the technological fea-
sibility for operating within the assigned share, though we have not
tested such principles in this study. Such approach was shown for in-
dustrial sectorswith regards to greenhouse gas emissionswhere sectors
with a technological potential for reducing greenhouse gas emissions
were assigned a smaller share compared to sectors with a low potential
for reducing their emissions (Krabbe et al., 2015). For these reasons, it is
important to be transparent about the choice of sharing principle. In lieu
of a general agreement on the sharing principles to be used, a frame-
work for considering this uncertainty in PB-LCA studies is needed. An
approach could be to quantify the uncertainty related to the choice of
sharing principle by applying Monte Carlo simulation with sampling
based on the preferred sharing principles of decision-makers. This
could facilitate a consideration of uncertainty related to choice of shar-
ing principle together with other sources of uncertainty, such as LCI-
uncertainty. Here, a criterion for stating that an activity is ‘absolutely’
sustainable could be that at least four sharing principles are applied
and that 95% of the iterations (as often applied in comparative LCAs
(Huijbregts et al., 2003)) should not exceed the assigned SoSOS.

4.3. Opportunities for further development of absolute sustainability
assessment

There are several areas where further research is still required. As in
the work of Sandin et al. (2015), this case study also tested the sensitiv-
ity of the result to the choice of sharing principle for assigning a SoSOS.
We also found that the choice of sharing principles was important. Our
additional insight is that uncertainty of the result due to the choice of
sharing principles exceeds uncertainty related to the LCI and the zone
of uncertainty which related to the position of the PBs. Unless uncer-
tainty related to LCI is extremely high, we see no reason why the choice
of sharing principle would not also provide the largest source of uncer-
tainty in other studies. Further research is, therefore, required to sys-
tematically identify and test a larger set of sharing principles and to
provide recommendations for best practice. This should include identi-
fying potential bias, and the availability of data to facilitate the applica-
tion of the sharing principles in a way that is consistent with the
physical system boundaries adopted for the study: e.g. economic infor-
mation for all processes in the life cycle may be required if economic
sharing principles are adopted. Given the normative nature of finding
ways to share the safe operating space, we anticipate the need for inter-
disciplinary collaboration between researchers fromnatural science, so-
cial sciences, economics and humanities. In addition, when assigning a
SoSOS, further consideration of the dynamic nature of production-
consumption systems is required. The size of the assigned SoSOS will
change over time, even if the PBs remain the same (which they will un-
less new scientific findings challenge their current placement), because
the indicators used for assigning a SoSOSwill change as a result of a con-
tinued development in population and anthropogenic activities over
time. For instance, as the economy changes, e.g. through implementa-
tion of financial levers, technological development and demand trends,
the size of the SoSOS that should be assigned to an activity will change.
Such changes will require regular recalculation of the assigned SoSOS
e.g., every fifth year as recommended for common NRs in LCA
(Wenzel et al., 1997). Another option could be to derive the SoSOS
based on external dynamicmodels that account formarketmechanisms
and consumer behavior. If such models were coupled with LCA, this
would mean that assigned SoSOS were always up to date, reflecting
the most recent developments in anthropogenic activities.

5. Conclusions

In this study, we demonstrated the application of the PB-LCIA for ab-
solute sustainability assessment of a laundry washing case study in the
EU.We showed that the PB-LCIA can be used to assess the absolute sus-
tainability of products and technologies, providing guidance on the size
of improvements needed for activities to remain within the PBs. This
presents a first step in operationalizing PBs in absolute sustainability as-
sessments using LCA where results are expressed in the metrics of the
PBs. It is clear that various levers of change, in both the fore- and back-
ground systems, are required to reduce environmental impact of activ-
ities to levels within the assigned SoSOS. The largest source of
uncertainty in our case studywas found to be the choice of sharing prin-
ciples for assigning a SoSOS, followed by LCI uncertainty and then un-
certainty related to the position of PBs. Hence, an important research
challenge is highlighted in relation to the choice of sharing principles.
Nevertheless, this study shows the great potential of relating impacts
of human activities to environmental boundaries in metrics that are
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consistent with the PBs, so that strategic actions and initiatives can be
evaluated rapidly and objectively against environmental limits.
Notes

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Supplementary data

Further details on methods and results are provided in Supplemen-
tary material 1. A complete overview of the life cycle inventory for
modelling the case study is given in Supplementary material 2. Supple-
mentary data to this article can be found online at https://doi.org/10.
1016/j.scitotenv.2018.04.075.
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