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Abstract 

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 

guidelines. 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. 
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Life cycle assessment; Life cycle impact assessment; Safe operating space   
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1 Introduction 

Many companies have articulated targets and strategies for sustainable 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 environmental boundaries in their corporate reporting 

(Bjørn et al., 2016) and science strategies (Sim et al., 2016), perhaps indicating the beginning of a shift in 

emphasis from incremental, relative sustainability to absolute sustainability (Bjørn et al., 2015). Motivation for 

this may differ between companies but, broadly speaking, relates to three key areas: 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., 2015b) has emerged as a key 

framework for articulating environmental 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, Action2020, led by the World Business Council for Sustainable Development, 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., 2015b). Indeed, interdependencies between Earth System processes suggest that 

transgressing one boundary could threaten our ability 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 stay within all of the PBs as opposed to accepting 

substitutability and trade-offs between them. The specific measures and position of each boundary still require 
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additional work and validation (Clift et al., 2017; Steffen et al., 2015b). However, the PB-framework is an 

attractive proposition for decision-making because it captures multiple global environmental pressures within 

one integrated framework and offers quantitative targets (boundaries) to support decision-making and action 

(Galaz et al., 2012); moreover, the definitions of the PBs are science-based and in principle neutral towards 

human values and aspiration since the mechanisms for staying within 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 national and territorial scales (e.g. 

Dao et al., 2015; Fang et al., 2015; 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 similar products or services (i.e. internal normalization) or the ‘background’ impacts 

associated with a large anthropogenic system (i.e. external normalization) (ISO, 2006b; Laurent, 2015). LCA is 

thus a ‘relative’ sustainability assessment as the environmental performance of the system under study is 

evaluated by comparing the impacts with those of a reference system e.g., a product performing 

environmentally better than existing products are relatively more sustainable (Hauschild, 2015). Advocates of 

applying the PB-concept within the LCA framework argue that relating impact scores of products or services to 

absolute environmental boundaries offers an indication of the environmental sustainability 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 
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considered sustainable if it does not exceed its assigned share (Bjørn et al., 2015). Procedures for assigning a 

SoSOS to a specific product 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 sustainability and will influence the 

resulting decision-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 Supplementary 

material (SM) 1 Section S1 for an extended description of distributive 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. (2009). Bjørn and Hauschild (2015) 

developed carrying capacity 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. The NRs were 

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 estimated 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 recently, Ryberg et al. (2018) 

developed an LCIA methodology (referred to as PB-LCIA) which included the global and regional boundaries in 

the PB-framework by Steffen et al. (2015a). The results of the characterization models in the PB-LCIA method 



Ryberg MW, Owsianiak M, Clavreul J, et al. (2018) How to bring absolute sustainability into decision-making: An 
industry case study using a Planetary Boundary-based methodology. Sci Total Environ 634C:1406–1416. doi: 
https://doi.org/10.1016/j.scitotenv.2018.04.075 

6 
 

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 

sustainability of dwelling buildings; and Wolff et al. (2017) assessed the absolute sustainability of a company 

with a specific focus on biodiversity (see SM1 Section S2 for a more detailed description of the previously 

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 misalignment 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 to matching PBs with existing impact categories in LCA can be resolved by applying LCIA 

methods where the characterization 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 metrics of the PBs could ease communication of results to decision-makers who are 

already familiar with the PB-framework, but not necessarily familiar with the different impact categories that 

exist in LCA (Ryberg et al., 2018). In order to assess the feasibility and relevance of the PB-LCIA method, we 

conducted a hypothetical case study of laundry washing 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 the 

wide range of consumer 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 surfactant system). The specific objectives of the laundry case study were to:  
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1. Evaluate the application of the PB-LCIA methodology and the use of different sharing principles; 

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 sustainability assessment methods.  

 

2 Materials and methods 

2.1 Laundry washing case study 

A case study on laundry washing in the EU was 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 decision 

context for this study was 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 system was modeled 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 
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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), 

economic 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. (2015a) 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 ‘introduction 

of novel entities’ while ‘change in biosphere integrity’ was excluded due to insufficient knowledge about the 

effect of anthropogenic pressures on biodiversity, and a lack of models to adequately characterize 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 the mid- and end-point thinking 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 

categories 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 conventional LCIAs 
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where information is given as mass). This difference has several advantages compared to the other methods 

that have previously attempted to implement the PB-framework into LCA. First, by applying model inputs as 

mass 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 pressures 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 considered 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 activity has been made more 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 containing 100% bio-based surfactants. Simplified system boundaries are shown in 

Figure 1. They include the processes required for fulfilling the FU from extraction and supply of raw materials 

for producing the laundry detergent through the use phase to end-of-life (EoL), where washing water is treated 

in a wastewater treatment plant (WWTP). Default values (average or best-estimate) were used for modelling 

washing habits, electricity use, waste water treatment etc. Since Europe was selected 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).  
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Figure 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. 

 

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 produced 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 forest area, and three PBs related to biome specific forest area (i.e. 

tropic, temperate, and boreal). The ecoinvent LCI database does not differentiate 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 activities of the life-cycle occurring in the EU were assumed to affect 

temperate forest as this is the dominant forest biome in the EU (Olson et al., 2001; Ramankutty and Foley, 
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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 is made from plastic and board. 40% of the plastic and 84% of the 

board was modeled 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 activities 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 acts within its assigned 

operating space and cannot be considered responsible for potential exceedance of the full safe operating 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 activities 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 
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irreversible environmental 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 average 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 discourage 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 to maneuver within the total safe operating space. Instead, the 

definition is only relevant for showing if the introduction of a new activity will lead to exceedance of the PBs, 

assuming everything else remains the same. Use of the remaining safe operating space, essentially pre-assigns 

the already occupied share of the full safe operating space to existing activities according to a ‘status quo’ 

sharing principle, while new and perhaps environmentally better performing activities are left to distribute 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 technologies 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. 

 

Table 1. The Planetary Boundary value and the natural background levels as given from Steffen et al. (2015) and references therein. The 

full safe operating space for humanity estimated as the PB minus the natural background level is shown in the last column.  

  

Unit 

Planetary Boundary  

(Steffen et al. 2015) 

Natural background level  

(Steffen et al. 2015 and references therein) 

Full safe operating 

space Impact category 

Climate change - Energy imbalance Wm-2 1 0 1 

Climate change - CO2 concentration ppm CO2 350 278 72 
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Stratospheric ozone depletion DU 275 290 15 

Ocean acidification mol 2.75 3.44 0.69 

Biogeochemical flows – P, regional Tg P yr-1 26.2 20 6.2 

Biogeochemical flows – N, global Tg N yr-1 62 0 62 

Land-system change – Global % 75 100 25 

Land-system change – Boreal % 85 100 15 

Land-system change – Tropic % 85 100 15 

Land-system change – Temperate % 50 100 50 

Freshwater use – Global km3 yr-1 4000 0 4000 

Freshwater use - Basin dry - 1 0 1 

Freshwater use - Basin semidry - 1 0 1 

Freshwater use - Basin humid - 1 0 1 

Atmospheric aerosol loading - 0.25 0.14 0.11 

 

Four different principles for assigning the SoSOS were applied in the case study (Table 2). These approaches 

were chosen to illustrate the 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 determining 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 assumption 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 egalitarianism 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 consumer preferences for the activity under study. FCE was 

treated as a proxy for citizen preferences i.e., a preference for expenditure on laundry washing rather than 

other activities. 
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The first FCE-based sharing principle (called ‘FCE only’) related FCE on laundry washing in the EU to total global 

FCE. FCE on laundry washing 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 principle for assigning a share of the full safe operating space to the EU population, then FCE on 

laundry washing in the EU was 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 applied for assigning a share of the full safe operating space to the EU population 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 was used in the 

calculation because data on the GVA from electricity and water consumption specifically related to laundry 

washing were not 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 = 𝑆𝑂𝑆𝑃𝐵 × 𝑎𝑆𝑃𝐵,𝑆𝑃         Eq. 1 

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 =
𝐼𝑆𝑃𝐵

𝑆𝑜𝑆𝑂𝑆𝑃𝐵,𝑆𝑃
          Eq. 2 
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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 

sharing principle. Ideally occSoSOSPB,SP should be equal to or less than one across all PBs, to be fully 

environmentally sustainable and in compliance with a strong sustainability perspective. 
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Table 2. Principles for estimating the share of the safe operating space assigned to laundry washing in the EU. 1 

Sharing principle Equation Share of safe operating space assigned to the studied 

system (aSPB,SP) 

EU per cap & FCE 

(Egalitarian) 
𝑎𝑆𝑃𝐵,𝑆𝑃 =

𝑃𝐸𝑈

𝑃𝑊𝑜𝑟𝑙𝑑

×
𝐹𝐶𝐸𝐸𝑈,𝑤𝑎𝑠ℎ𝑖𝑛𝑔

𝐹𝐶𝐸𝐸𝑈

 

Where aSPB,AP is the share of the safe operating space assigned to the system under study. PEU is the 

population in the EU, PWorld is the World population, FCEEU, Washing
 is the amount spent by consumer on 

laundry washing (i.e. detergent product, electricity, water) in the EU, and FCEEU is the total final 

consumption expenditure of the EU. 

0.018% 

FCE only 

(Egalitarian) 
𝑎𝑆𝑃𝐵,𝑆𝑃 =

𝐹𝐶𝐸 𝐸𝑈,𝑤𝑎𝑠ℎ𝑖𝑛𝑔

𝐹𝐶𝐸𝑊𝑜𝑟𝑙𝑑

 

Where FCEWorld is the total global final consumption expenditure. 

0.039% 

EU per cap & GVA 

(Egalitarian) 
𝑎𝑆𝑃𝐵,𝑆𝑃 =

𝑃𝐸𝑈

𝑃𝑊𝑜𝑟𝑙𝑑

×
𝐺𝑉𝐴𝐸𝑈,𝑤𝑎𝑠ℎ𝑖𝑛𝑔

𝐺𝑉𝐴𝐸𝑈

 

Where GVAEU, washing
 is gross value added from laundry washing (detergent products only) in the EU, and 

GVAEU is the total gross value added in the EU. 

0.007% 

Status quo (Non-

egalitarian) 
𝑎𝑆𝑃𝐵,𝑆𝑃 =

𝐼𝐸𝑈,𝑤𝑎𝑠ℎ𝑖𝑛𝑔,𝑥

𝐼𝑊𝑜𝑟𝑙𝑑,𝑥

 

Where aSPBx,AP is the share of the safe operating space assigned to the system under study for Planetary 

Boundary x (PBx). IEU,washing,x
 is the impact on PBx from laundry washing in the EU, IWorld,x

 is the current global 

level of impact on PBx. 

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% 
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2.3 Scenario analysis 2 

Seven potential system improvement options were defined (see Table 3) to evaluate the sensitivity of the PB-3 

LCIA approach in capturing their potential effect on the environmental performance of laundry washing in 4 

Europe with current technologies. They are representative of the types of choices or options likely to be 5 

considered by business or policy decision-makers. A best-case scenario #8 was defined that combines all seven 6 

improvement options.  7 

Table 3. Overview of alternative scenarios for laundry washing in the EU 8 

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 

 

 9 

2.4 Sensitivity and uncertainty analyses 10 
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2.4.1 Sensitivity analysis 11 

Parameters for the foreground LCI which were not well known and thus uncertain, and parameters which are 12 

inherently variable (e.g. palm fruit bunch yield and detergent dosage) are listed in SM1 Table S3. The sensitivity 13 

of the LCA result to these parameters was evaluated through a perturbation analysis (Heijungs, 2010). 14 

Parameters to which the LCA results of the baseline scenario (scenario #1) were most sensitive were identified 15 

by calculating normalized sensitivity coefficients (Scoef), according to Eq. 3 (Heijungs, 2010; Yeh, 1986). 16 

0,0 k

k
coef

a

a

IS

IS
S


           Eq. 3 17 

where ak,0 is the default input parameter value, IS0 is the impact score calculated for the ak,0, ∆ak is the 18 

difference between the default input parameter and the perturbed input parameter, ∆IS is the difference 19 

between IS0 and the impact score calculated for the perturbed parameter value. All input parameters were 20 

perturbed by 10%. For this study, the result was found to be sensitive for parameters with |Scoef| >= 0.05 for at 21 

least one impact category, namely: palm replanting cycle, palm fruit bunch yield, washing temperature, 22 

detergent use per washing cycle, water use by washing machine per washing cycle, tropical forest carbon stock 23 

and oil palm carbon stock (SM1 Table S4).  24 

2.4.2 Uncertainty analysis 25 

For parameters with |Scoef| >= 0.05, specific details about realistic value ranges were identified (see SM1 Table 26 

S3) to more accurately determine the associated parameter uncertainty. For the other parameters, a wide 27 

uncertainty range which includes the possibility of extreme values was assumed (i.e. squared geometric 28 

standard deviation (GSD2) of 100). All parameters were assumed log-normally distributed to ensure parameters 29 

were zero or positive and to allow for extreme value cases. The only exception was the recycling rate, which 30 

can be between 0% and 100%; hence recycling was assigned a uniform probability distribution with a range 31 
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from 0% to 100%. Monte Carlo simulation was used to propagate uncertainty from the inventory results to the 32 

impact scores for each impact category and for each scenario.  33 

3 Results 34 

3.1 Environmental impacts of laundry washing in the EU 35 

Results of the case study show how the PB-LCIA method can be used to express characterized impact scores 36 

aligned to the PBs and their control variables (Table 4). The characterized impact scores for the baseline 37 

scenario indicate that annual laundry washing in the EU under the modelled conditions would, for instance, 38 

lead to an atmospheric CO2 concentration of 0.43 ppm which represents 0.6% of the safe operating space for 39 

climate change (Table 4). This is mainly due to emissions of fossil CO2, primarily from energy use during the use 40 

phase (65% of total impact), and CO2 emissions from land transformation (11% of total impact). Ocean 41 

acidification, biogeochemical flows – nitrogen, and tropical land-system change were also found to be 42 

important and all occupy more than 0.1% of the safe operating space. Ocean acidification is driven by CO2 43 

emissions, as is climate change. Biogeochemical flows – nitrogen is driven by nitrate emissions resulting from 44 

fertilizer use during palm oil production and from the disposal of waste from lignite used in energy generation. 45 

Tropical land-system change is driven by the historical and any on-going transformation of tropical forest into 46 

oil palm plantations. Across the life cycle the major drivers of impacts are from the use stage (electricity and 47 

water use) and in the production of surfactants (land use and land management) for the detergent (see SM1 48 

Figure S1). 49 

The seven alternative scenarios generally resulted in an improved overall environmental performance, yielding 50 

up to 75% reduction in impacts relative to the baseline scenario (for climate change in scenario #8 which 51 

combines all changes in scenarios 2-7). However, scenario #2 resulted in larger impact scores than the baseline 52 

scenario due to the projected larger share of hydropower and bio-based electricity in the EU grid mix in 2050 53 
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(see SM1 Table S1). The larger share of electricity from hydropower and wood biomass is associated with 54 

increased freshwater use and forest area for electricity production compared to the baseline scenario. In 55 

general, scenarios focusing on improved energy efficiency and increased electricity production from 56 

renewables were more beneficial for climate related impact categories while scenarios focusing on improving 57 

land use practice were more beneficial for reducing impacts related to land-system change and biogeochemical 58 

flows. Scenario #8 performed best for all impact categories, except ‘Land-system change’ where it ranked 3rd, 59 

after scenario #5 and #7, because it included the switch to more bio-based electricity in the EU 2050 grid mix. 60 

Overall, scenario #8 reduced impacts between 19% and 75% relative to the baseline scenario. (SM1 Figure S1). 61 
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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-62 

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 63 

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 64 

sub category. 65 

    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 

concentration 
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 
depletion 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 acidification 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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3.2 Relating impact scores to a share of the safe operating space 66 

By assigning shares of the safe operating space to the studied system it was possible to relate the impact scores 67 

to the PB and estimate the absolute sustainability of laundry washing in the EU. Figure 2 shows how the impact 68 

scores for the baseline scenario (scenario #1) of laundry washing today and for scenario #8, which includes all 69 

improvement options, are related to the SoSOS for laundry washing assigned by the four sharing principles. For 70 

impact categories where the impact scores exceed the assigned SoSOS, it was possible to quantify the 71 

‘sustainability gap’ (i.e. the distance between the impact scores and the assigned SoSOS) (Fang et al., 2015a), 72 

and the additional reductions required closing the gap to remain within the SoSOS. For example, scenario #8 73 

exceeded the assigned share for climate change for the three egalitarian approaches used to assign the SoSOS 74 

but not when using the status quo principle. For the cases where the SoSOS was exceeded, an impact reduction 75 

of a factor of 4 to 21 would be required to stay within the assigned share. Moreover, the results allow for the 76 

evaluation of the relative importance of the LCI uncertainty, uncertainty in the position of the PB (where the PB 77 

is positioned at the lower bound of the zone of uncertainty as described by Rockström et al., 2009b), and the 78 

uncertainty related to the choice of sharing principle. Generally, the assigned SoSOS varied by 2-3 orders of 79 

magnitude (although up to five orders of magnitude variation was found between sharing principles for some 80 

impact categories), whilst the LCI varied by about 1 order of magnitude, and the PB’s zone of uncertainty varied 81 

by less than 1 order of magnitude. Hence, the uncertainty related to the choice of sharing principle has a larger 82 

influence on conclusions than LCI uncertainty and uncertainty related to position of the PB. The choice of 83 

sharing principle had the largest influence on whether impact scores exceeded or stayed within the assigned 84 

SoSOS for the following impact categories: climate change, ozone depletion, global and tropical land-system 85 

change, global freshwater use, freshwater use in humid regions, and atmospheric aerosol loading.  86 

 87 
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  88 

Figure 2. Impact scores and their 95% confidence interval for laundry washing in the EU for scenario #1 (baseline) and scenario #8 89 

(includes all changes), shown relative to the assigned share of the safe operating space calculated based on the four sharing principles. 90 

Figure 2A shows Earth System processes with potential planetary thresholds that can affect sub-systems ‘top down’ (Rockström et al., 91 

2009b). Figure 2B and Figure 2C show Earth System processes where thresholds exceeded at local and regional scale can increase the 92 

likelihood of crossing planetary thresholds in other Earth System processes, thus, affecting the Earth System ‘bottom up’ (Rockström et 93 
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al., 2009b). The figure also includes the PBs’ zone of uncertainty where thresholds for the Earth Systems are potentially located and 94 

where PBs are positioned at the lower bound of these zones. Note that Land-system change for boreal forest is excluded as all impact 95 

scores were zero for this subcategory. 96 

4 Discussion 97 

4.1 Application of PB-LCIA methodology and approaches for sharing the safe operating space  98 

As shown in Table 4 and Figure 2, the results of the PB-LCIA methodology can be expressed either as 99 

characterized results or relative to an assigned SoSOS. The characterized results of the PB-LCIA can be used in 100 

the same way as characterized results in a conventional LCA, albeit they are not aligned to the current mid- and 101 

end-points used in impact assessment. The characterized results enable the evaluation of management choices 102 

or policy options in terms of their relative effect on the environmental performance. However, they do not 103 

provide an assessment of the absolute environmental sustainability of the system under study. By assigning a 104 

SoSOS and relating the impact scores to this share, it is possible to relate the impact scores to absolute limits 105 

and to identify whether any impacts exceed their assigned share. This capability provides the opportunity to 106 

devise reduction targets based on PBs and would help in the evaluation of reduction options based on their 107 

contribution to meeting sustainability goals at a societal level. However, it is clear from our case study that 108 

many levers for making environmental improvement in laundry washing lie outside the direct influence of 109 

individual producers or consumers. Many impacts of the laundry washing system were found to be associated 110 

with the wider production and consumption systems in the EU. Notably the current electricity grid mix which is 111 

heavily reliant on fossil fuels, resulting in relatively high contributions to the climate change boundary (Figure 112 

2). Indeed, it is likely that most energy-using products would exceed their share of the safe operating space, 113 

simply because they rely on an underlying system that is unsustainable and on which they have no direct 114 

influence. This is well known and not a new insight. However, the added value of applying the PB-LCIA 115 
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methodology is that it enables scaling or sizing of the necessary improvements required of the system by 116 

industry, governments and citizens against objectively defined targets.  117 

4.2 Implications for assigning a share of the safe operating space  118 

There are many implications related to assigning a SoSOS to a specific activity since different sharing principles 119 

will inevitably show a bias for different activities. Economic allocation will favor activities and sectors that 120 

generate high economic output, such as finance and banking activities; grandfathering or status quo 121 

approaches will favor established activities while new activities (with a potentially lower environmental impact) 122 

will be assigned a smaller, or even zero SoSOS. Sharing principles could also be devised to reflect the 123 

technological feasibility for operating within the assigned share, though we have not tested such principles in 124 

this study. Such approach was shown for industrial sectors with regards to greenhouse gas emissions where 125 

sectors with a technological potential for reducing greenhouse gas emissions were assigned a smaller share 126 

compared to sectors with a low potential for reducing their emissions (Krabbe et al., 2015). For these reasons, 127 

it is important to be transparent about the choice of sharing principle. In lieu of a general agreement on the 128 

sharing principles to be used, a framework for considering this uncertainty in PB-LCA studies is needed. An 129 

approach could be to quantify the uncertainty related to the choice of sharing principle by applying Monte 130 

Carlo simulation with sampling based on the preferred sharing principles of decision-makers. This could 131 

facilitate a consideration of uncertainty related to choice of sharing principle together with other sources of 132 

uncertainty, such as LCI-uncertainty. Here, a criterion for stating that an activity is ‘absolutely’ sustainable 133 

could be that at least four sharing principles are applied and that 95% of the iterations (as often applied in 134 

comparative LCAs (Huijbregts et al., 2003)) should not exceed the assigned SoSOS. 135 

4.3 Opportunities for further development of absolute sustainability assessment 136 



Ryberg MW, Owsianiak M, Clavreul J, et al. (2018) How to bring absolute sustainability into decision-making: An 
industry case study using a Planetary Boundary-based methodology. Sci Total Environ 634C:1406–1416. doi: 
https://doi.org/10.1016/j.scitotenv.2018.04.075 

26 
 

There are several areas where further research is still required. As in the work of Sandin et al. (2015), this case 137 

study also tested the sensitivity of the result to the choice of sharing principle for assigning a SoSOS. We also 138 

found that the choice of sharing principles was important. Our additional insight is that uncertainty of the 139 

result due to the choice of sharing principles exceeds uncertainty related to the LCI and the zone of uncertainty 140 

which related to the position of the PBs. Unless uncertainty related to LCI is extremely high, we see no reason 141 

why the choice of sharing principle would not also provide the largest source of uncertainty in other studies. 142 

Further research is, therefore, required to systematically identify and test a larger set of sharing principles and 143 

to provide recommendations for best practice. This should include identifying potential bias, and the 144 

availability of data to facilitate the application of the sharing principles in a way that is consistent with the 145 

physical system boundaries adopted for the study: e.g. economic information for all processes in the life cycle 146 

may be required if economic sharing principles are adopted. Given the normative nature of finding ways to 147 

share the safe operating space, we anticipate the need for interdisciplinary collaboration between researchers 148 

from natural science, social sciences, economics and humanities. In addition, when assigning a SoSOS, further 149 

consideration of the dynamic nature of production-consumption systems is required. The size of the assigned 150 

SoSOS will change over time, even if the PBs remain the same (which they will unless new scientific findings 151 

challenge their current placement), because the indicators used for assigning a SoSOS will change as a result of 152 

a continued development in population and anthropogenic activities over time. For instance, as the economy 153 

changes, e.g. through implementation of financial levers, technological development and demand trends, the 154 

size of the SoSOS that should be assigned to an activity will change. Such changes will require regular 155 

recalculation of the assigned SoSOS e.g., every fifth year as recommended for common NRs in LCA (Wenzel et 156 

al., 1997). Another option could be to derive the SoSOS based on external dynamic models that account for 157 

market mechanisms and consumer behavior. If such models were coupled with LCA, this would mean that 158 

assigned SoSOS were always up to date, reflecting the most recent developments in anthropogenic activities.  159 
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5 Conclusions 160 

In this study, we demonstrated the application of the PB-LCIA for absolute sustainability assessment of a 161 

laundry washing case study in the EU. We showed that the PB-LCIA can be used to assess the absolute 162 

sustainability of products and technologies, providing guidance on the size of improvements needed for 163 

activities to remain within the PBs. This presents a first step in operationalizing PBs in absolute sustainability 164 

assessments using LCA where results are expressed in the metrics of the PBs. It is clear that various levers of 165 

change, in both the fore- and background systems, are required to reduce environmental impact of activities to 166 

levels within the assigned SoSOS. The largest source of uncertainty in our case study was found to be the 167 

choice of sharing principles for assigning a SoSOS, followed by LCI uncertainty and then uncertainty related to 168 

the position of PBs. Hence, an important research challenge is highlighted in relation to the choice of sharing 169 

principles. Nevertheless, this study shows the great potential of relating impacts of human activities to 170 

environmental boundaries in metrics that are consistent with the PBs, so that strategic actions and initiatives 171 

can be evaluated rapidly and objectively against environmental limits. 172 

 173 

Notes 174 

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-175 

profit sectors. 176 

 177 

Supplementary material 178 

Further details on methods and results are provided in Supplementary material 1. A complete overview of the 179 

life cycle inventory for modelling the case study is given in Supplementary material 2. 180 
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