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Preface  

This PhD thesis presents the work conducted and the results obtained during the PhD 
project “Putting life-cycle indicators on an absolute scale – Integrating Planetary 
Boundaries into Life-Cycle Assessment”. The research work was completed at the Division 
for Quantitative Sustainability Assessment (QSA) at the Department of Management 
Engineering at the Technical University of Denmark (DTU) from December 2014 to May 
2018The project was internally funded and supervised by Professor Michael Zwicky 
Hauschild (DTU), as main supervisor, Senior Researcher Mikołaj Owsianiak (DTU), and 
Professor Katherine Richardson from University of Copenhagen. A four month external 
stay was done in 2016 at CIRAIG (Centre international de référence sur le cycle de vie des 
produits, procédés et services) in Montreal, Canada, under supervision of Professor 
Manuele Margni (École polytechnique de Montréal) and Professor Cécile Bulle (Université 
du Québec à Montréal).  

This thesis is a synopsis of six scientific articles of original research which are included as 
appendices to the thesis. Four of the articles have been published while two articles are 
included as advanced manuscripts. The articles are in the thesis referred to by the roman 
numerals as indicated in the list of articles given below: 

Article I: Ryberg, M.W., Owsianiak, M., Richardson, K., Hauschild, M.Z., 2016. 
Challenges in implementing a Planetary Boundaries based Life-Cycle Impact 
Assessment Methodology. J. Clean. Prod. 139, 450–459. – published, 
manuscript in post-print version. 

Article II: Ryberg, M.W., Owsianiak, M., Richardson, K., Hauschild, M.Z., 2018. 
Development of a life-cycle impact assessment methodology linked to the 
Planetary Boundaries framework. Ecol. Indic. 88, 250–262. – published, 
manuscript in post-print version. 

Article III: Ryberg, M.W., Owsianiak, M., Clavreul, J., Mueller, C., Sim, S., King, H., 
Hauschild, M.Z., 2018. How to bring absolute sustainability into decision-
making: An industry case study using a Planetary Boundary-based 
methodology. Sci. Total Environ. 634, 1406–1416. – published, manuscript in 
post-print version. 
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Article IV: Ryberg, M.W., Wang, P., Kara, S., Hauschild, M.Z., 2018. Prospective 
assessment of steel manufacturing relative to Planetary Boundaries: Calling 
for life cycle solution. Procedia CIRP 69, 451–456. – published, manuscript in 
post-print version. 

Article V:  Ryberg, M.W., Owsianiak, M., Hauschild, M.Z., 2018. Review of principles for 
assigning shares of the safe operating space to anthropogenic activities for 
absolute sustainability assessments in an LCA-context. – Advanced 
manuscript intended for submission to The International Journal of Life Cycle 
Assessment 

Article VI: Ryberg, M.W., Bjørn, A., Bulle, C., Margni, M., 2018. How much damage do 
we accept? Development of normalization references based on tolerable 
levels of damage on human health. – Advanced manuscript intended for 
submission to The International Journal of Life Cycle Assessment 
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Summary  

The effects of human activities have been shown across all parts of the Earth System. The 
concern is that the pressures of human activities will push the current Earth System state 
into a state less suited for humans. To avoid such shift in the Earth System, absolute 
Planetary Boundaries (PBs) were defined for nine Earth System processes which are 
considered essential for maintaining the Earth System’s stability. Thus, the PBs delimit a 
safe operating space for humanity to maneuver within. However, for humanity to govern 
and act within the safe operating space there is a need for enabling a disaggregation of 
the various drivers of pressures on the Earth System processes at the relevant scales (e.g. 
people, companies, industry sector, and countries). Thus, there is a requirement for 
operational methods that can enable decision-makers in e.g., industry and public policy, to 
apply PB thinking and take into account the need for staying within the safe operating 
space as part of strategic planning. In recognition of this requirement, the objective of this 
PhD-project was to develop operational Absolute Environmental Sustainability 
Assessment (AESA) methods using Life-cycle assessment (LCA). The intention was to 
enable decision-makers to apply PB thinking as part of strategic planning by allowing for 
quantifying impacts of an activity in the metrics of the PBs’ control variables and relate the 
quantified impacts to an assigned share of the safe operating space. Moreover, this 
project also sought to develop absolute sustainability references for human health which 
could be used in combination with the environmentally focused AESAs. This was needed 
as a one-sided focus on the natural environment could potentially lead to overlooking of 
important impacts on human health. The thesis summarizes in four core chapters the 
research that was carried out and described in six scientific articles. 

Chapter 2 described the development of an operational Planetary Boundaries based life-
cycle impact assessment (PB-LCIA) methodology for charactering results in the metrics of 
the PBs’ control variables. This included modifying the existing LCA framework to allow 
estimation of impact scores expressed as environmental states or as annual drivers or 
pressures. To enable this, it was specified that the functional unit should be defined as 
continuously providing a specific function. The result is that the life-cycle inventory (LCI) 
could be constructed to express the annual elementary flows associated with continuously 
fulfilling the function. The LCI which express annual elementary flows then feeds into the 
developed characterization models in the PB-LCIA in order to express impact scores in the 
metrics of the PBs’ control variables. The characterization models in the PB-LCIA were 
developed for all Earth System processes in the PB-framework, except for ‘Change in 
biosphere integrity’ and ‘Introduction of novel entities’. The characterization models 
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provide a link between emissions of elementary flows and subsequent impacts expressed 
in the metrics of the PBs’ control variables. The applicability of the PB-LCIA was shown in a 
case study. This showed that the PB-LCIA methodology could be applied in a conventional 
LCA and results could be expressed in the metrics of the PBs’ control variables which could 
be related to the safe operating space.  

Chapter 3 investigated how to distribute the safe operating space among anthropogenic 
activities. A review of sharing principles used in previous AESA studies using the PBs was 
conducted. The sharing principles retrieved from the reviewed studies were categorized 
according to sharing principle categories founded in distributional justice theory. The 
review showed that the most applied sharing principle for studies at country and person 
scale was an egalitarian equal per capita sharing principle. Application of single stand-
alone egalitarian sharing principles were from a people-perspective not sufficient for 
studies at company and industry sector scale where an additional sharing principle was 
needed. This should either be based on value (i.e. utility) or contribution to environmental 
impacts (i.e. principles of acquired rights). A case study showed that choice of sharing 
principle was a large source of uncertainty to the LCA-result compared to LCI uncertainty 
and uncertainty in the positioning of the PB in the zone of uncertainty. Because the choice 
of sharing principle is subjective, a single universal sharing principle for use AESAs could 
not be identified. Instead, transparency in the choice of sharing principle was 
recommended and it was recommended to apply different sharing principles to test the 
sensitivity of the results to choice of sharing principle. Moreover, it was recommended to 
quantify the uncertainty related to choice of sharing principle together with other sources 
of uncertainty e.g., by Monte Carlo simulation. 

Chapter 4 looked into added value that AESAs using the PBs, such as PB-LCIA, can bring 
decision-makers. Key differences between AESAs using the PBs and traditional LCAs were 
described. Firstly, this included a new and different area of protection i.e., to protect the 
Holocene state. Secondly, the introduction of environmental constraints extends the 
objective of an AESA using the PBs to seek to minimize overall impacts while staying 
within the assigned share of the safe operating space. Thirdly, a precautionary principle 
was applied for defining the PBs which is a requirement if the results of an AESA using the 
PBs should align with the PB-framework. Added value to decision-makers from performing 
AESAs using the PBs was shown in two case studies. The first case study showed that it 
was possible to provide results which related impact scores of an activity to an assigned 
share of the safe operating space. This allowed for evaluating whether or not impact 
scores for any of the impact categories exceeded the assigned share of the safe operating 
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space and whether this was dependent on the choice of sharing principle. It was found 
that the choice of sharing principle could influence if an activity is found to be absolutely 
sustainable or not. Thus, it was possible to indicate if the assessed activity could be 
considered absolutely sustainably and, if this was not the case, indicate the reductions 
required for the activity to become absolutely sustainable. This can be used to derive 
sufficiently ambitious science-based reduction targets. Moreover, the ability to assess a 
suite of impacts can reduce the risk of burden shifting from one impact to another. The 
second case study showed how an extended version of the PB-LCIA methodology could be 
used to express the development in pressures over time which can allow decision-makers 
to make more informed decisions e.g., on the urgency of taking actions towards reducing 
pressures for different impact categories.  

Chapter 5 described the development of a set of normalization references (NRs) which 
express tolerable damage levels (TDLs) on human health. The TDLs were derived by 
identifying socially determined guardrails for impacts on human health for the relevant 
impact categories in IMPACT World+. Characterization models were used for translating 
the guardrails into TDLs. The TDLs can be used as NRs to indicate the magnitude of the 
impacts associated with an activity relative to socially determined guardrails for impacts 
on human health. This can allow for identifying impact category impact scores which are 
uncharacteristically large relative to the tolerable damage levels and, thus, should be the 
focus of reduction to a level which is more in line with the TDLs. The TDL based NRs are 
intended for use in combination with AESA based NRs to facilitate absolute sustainability 
assessments (ASAs) which cover both the natural environment and human health.  

In conclusion, this PhD-project has contributed to taking major steps towards 
operationalizing AESAs using the PBs and ASAs in general. This project has helped satisfy 
the demand for operational methods that make the ‘conceptual’ PB-framework applicable 
at the relevant levels where decisions occurs and which can enable decision-makers to 
apply PB thinking. Indeed, the application of AESAs and ASAs appears promising and such 
assessments can potentially provide an important contribution to science-based 
sustainability oriented decision-making. Still, further research is required on this topic. 
Particularly on the distribution of the safe operating space which require inputs from 
different scientific disciplines and other societal actors. Moreover, the developed PB-LCIA 
methodology is considered a proof-of-concept methodology. Thus, further development 
of the characterization models is recommended to increase their validity and predictive 
accuracy with regards to quantification of environmental impacts.  
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Resumé  

Effekten af menneskets aktiviteter er blevet påvist for alle dele af kloden. Bekymringen er, 
at belastningen fra menneskelige aktiviteter vil skubbe Jorden ud af sin nuværende stabile 
tilstand til en tilstand, som er mindre egnet til mennesker. For at undgå et sådant skift i 
Jordens tilstand blev absolutte planetære grænser defineret for ni jordsystemprocesser, 
der blev anset for væsentlige for at opretholde Jordens stabilitet. De planetære grænser 
afgrænser dermed et sikkert driftsrum for menneskeheden at manøvrere i. For at 
menneskeheden skal kunne styre og handle inden for det sikre driftsrum er der imidlertid 
behov for disaggregering af de forskellige drivkræfter som belaster jordsystemprocesserne 
på de relevante niveauer (f.eks. mennesker, virksomheder, industrisektorer og lande). Der 
er derfor et behov for operationelle metoder, der gør det muligt for beslutningstagere 
inden for f.eks. Industri og offentlig politik at anvende PB-tænkning, og dermed tage 
behovet for at opholde sig inden for det sikre driftsrum i betragtning, som led i strategisk 
planlægning. I erkendelse af dette behov var formålet med dette ph.d.-projekt at udvikle 
operationelle metoder til absolut miljømæssig bæredygtighedsvurdering (AESA) ved brug 
af livscyklusvurdering (LCA). Formålet var dermed at sætte beslutningstagere i stand til at 
anvende PB-tænkning som led i strategisk planlægning. Dette udførtes ved at tillade 
kvantificering af en aktivitets miljøpåvirkninger i samme enheder som de planetære 
grænser og relatere de kvantificerede miljøpåvirkninger til en tildelt andel af det sikre 
driftsrum. Desuden forsøgte dette projekt at udvikle absolutte bæredygtighedsreferencer 
for menneskers helbred, som kunne bruges i kombination med de miljømæssigt 
fokuserede AESA'er. Dette var nødvendigt, fordi et ensidigt fokus på det naturlige miljø 
potentielt kunne resultere i at vigtige effekter på menneskers helbred bliver overset. 
Afhandlingen opsummerer i fire kernekapitler den forskning, der blev udført og beskrevet 
i seks videnskabelige artikler. 

Kapitel 2 beskrev udviklingen af en operationel livscykluspåvirkningsmetode baseret på de 
planetære grænser (PB-LCIA) til karakterisering af miljøpåvirkninger i samme enheder som 
de planetære grænser. Udviklingen inkluderede ændringer af den eksisterende LCA-
ramme for at muliggøre, estimere og udtrykke påvirkninger som miljøtilstande eller som 
årlige drivkræfter, der kan påvirke miljøet eller årlige belastninger i forhold til 
ressourcetræk og emissioner af stoffer til miljøet. For at muliggøre dette, blev det 
specificeret, at den funktionelle enhed skulle defineres som en kontinuerlig 
tilvejebringelse af en specifik funktion. Resultatet af dette er, at livscyklusopgørelsen 
(LCI’en) kan konstrueres til at udtrykke de årlige elementære strømme, der er forbundet 
med kontinuerlig tilvejebringelse af den funktionelle enhed. LCI'en, som udtrykker årlige 

 
VIII 

 



Ryberg MW. 2018. Putting life-cycle indicators on an absolute scale –Integrating Planetary 
Boundaries into Life-Cycle Assessment. PhD Thesis. Technical University of Denmark  

 

elementære strømme, kan derefter bruges som input til de udviklede 
karakteriseringsmodeller i PB-LCIA for at udtrykke miljøpåvirkningerne i samme enheder 
som de planetære grænser. Karakteriseringsmodellerne i PB-LCIA blev udviklet for alle de 
identificerede jordsystemprocesser, bortset fra ’ændringer i biosfærens integritet’ og 
’introduktion af nye enheder’ så som giftige kemikalier. Karakteriseringsmodellerne giver 
en forbindelse mellem emissioner af elementære strømme og efterfølgende påvirkninger 
udtrykt i de planetære grænsers enheder. Den operationelle anvendelse af PB-LCIA blev 
vist i et casestudie. Dette viste, at PB-LCIA-metoden kunne anvendes i en konventionelt 
LCA, hvor resultater kunne udtrykkes i de planetære grænsers enheder og kunne relateres 
til det sikre driftsrum. 

Kapitel 3 undersøgte, hvordan man distribuerer det sikre driftsrum mellem 
menneskeskabte aktiviteter. Der blev udført en gennemgang af fordelingsprincipper som 
blev brugt i tidligere AESA-studier som brugte de planetære grænser. De tidligere brugte 
fordelingsprincipper blev kategoriseret i henhold til fordelingsprincipkategorier som blev 
defineret på baggrund af teorier om fordelingsmæssig retfærdighed. Undersøgelsen viste, 
at det mest anvendte fordelingsprincip for studier på lande- og personniveau var et 
egalitært princip om lige fordeling mellem individer. Et enkelt egalitært fordelingsprincip 
var fra et personsynspunkt ikke tilstrækkeligt til studier på virksomheds- og 
industrisektorniveau, hvor der var behov for et yderligere fordelingsprincip; enten baseret 
på værdi eller bidrag til miljøpåvirkninger. Et casestudie viste, at valg af fordelingsprincip 
var en stor kilde til usikkerhed på LCA-resultatet i forhold til usikkerheden i LCI og 
usikkerheden om de planetære grænsers placering inden for usikkerhedszonen. Fordi 
valget af fordelingsprincipper er subjektivt, kunne et enkelt universelt fordelingsprincip 
ikke identificeres. I stedet blev gennemsigtighed i valget af fordelingsprincip anbefalet, og 
det blev anbefalet at anvende forskellige fordelingsprincipper for at teste følsomheden af 
resultaterne til valg af fordelingsprincip. Desuden blev det anbefalet at kvantificere 
usikkerheden i forbindelse med valg af fordelingsprincip sammen med andre 
usikkerhedskilder, f.eks. gennem Monte Carlo-simulering. 

Kapitel 4 undersøger hvilken merværdi, som AESA'er der bruger de planetære grænser, så 
som PB-LCIA, kan bringe beslutningstagere. Nøgleforskelle mellem AESA'er, der bruger de 
planetære grænser og traditionelle LCA'er, indbefattede for det først et andet 
beskyttelsesområde, dvs. at holde Jorden i den Holocene tilstand. For det andet 
anvendelse af miljømæssige begrænsninger, som udvider målsætningen til at minimere de 
samlede konsekvenser samtidig med at holde påvirkninger inden for den tildelte andel af 
det sikre driftsrum. For det tredje anvendelse af et forsigtighedsprincip ved definitionen af 
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planetære grænser, hvilket er et krav, hvis resultaterne af en AESA skal sammenlignes 
med de planetære grænser. Merværdien til beslutningstagere fra at udføre AESA'er, der 
bruger de planetære grænser, blev vist gennem to casestudier. Det første casestudie viste, 
at det var muligt at tilvejebringe resultater, som relaterede miljøpåvirkninger af en 
aktivitet til en tildelt andel af det sikre driftsrum. Dette gjorde det muligt at evaluere, 
hvorvidt miljøpåvirkninger for nogle af miljøpåvirkningskategorierne oversteg den tildelte 
andel af det sikre driftsrum, og om dette afhang af valget af fordelingsprincip. Det viste 
sig, at valget af fordelingsprincip kunne afgøre om en aktivitet blev fundet absolut 
bæredygtig eller ej. Det var således muligt at angive, om den vurderede aktivitet kunne 
betragtes som værende absolut bæredygtig. Hvis dette ikke var tilfældet, kunne metoden 
angive de nødvendige reduktioner i påvirkninger for at gøre aktiviteten absolut 
bæredygtig. Dette kan bruges til at definere tilstrækkeligt ambitiøse videnskabsbaserede 
reduktionsmål. Desuden kan evnen til at lave en vurdering af flere forskellige 
miljøpåvirkningskategorier reducere risikoen for byrdeforskydning fra en 
miljøpåvirkningskategori til en anden. Det andet casestudie viste, hvordan en udvidet 
version af PB-LCIA-metoden kunne bruges til at udtrykke udviklingen i miljøbelastninger 
over tid. Dette kan give beslutningstagerne en mulighed for at træffe mere 
velinformerede beslutninger. For eksempel ved at indikere hvor presserende det er at 
handle i forhold til at mindske belastningen fra forskellige miljøpåvirkninger. 

Kapitel 5 beskrev udviklingen af et sæt normaliseringsreferencer (NR’er), der udtrykker 
tolerable skadeniveauer (TDL'er) på menneskers helbred. TDL'erne blev bestemt ved at 
identificere socialt definerede grænser for påvirkninger af menneskers helbred for 
relevante påvirkningskategorier i IMPACT World+. De definerede grænser blev oversat til 
TDL’er ved brug af karakteriseringsmodeller. TDL'erne kan bruges som NR'er for at angive 
størrelsen af de påvirkninger, der er forbundet med en aktivitet i forhold til socialt 
definerede grænser for påvirkninger af menneskers helbred. Dette kan gøre det muligt at 
identificere påvirkningskategorier, hvis påvirkninger er ukarakteristisk store i forhold til 
TDL’erne. Der bør derfor fokuseres på at reducere disse til et niveau, der er mere i 
overensstemmelse med TDL'erne. De TDL-baserede NR'er er beregnet til brug i 
kombination med AESA-baserede NR’er for at muliggøre ASA'er, som tager hensyn til både 
det naturlige miljø og menneskers helbred. 

Dette ph.d.-projekt har bidraget til at tage store skridt i retning af at operationalisere 
AESA'er som bruger de planetære grænser samt ASA’er i det hele taget. Dette projekt har 
bidraget til at tilfredsstille et behov for operationelle metoder, som gør de ’konceptuelle’ 
planetære grænser anvendelige på de relevante niveauer, hvor beslutninger finder sted, 
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og som kan sætte beslutningstagere i stand til at anvende PB-tænkning. I det hele taget 
synes anvendelsen af AESA’er og ASA'er lovende og sådanne vurderinger kan potentielt 
yde et vigtigt bidrag til videnskabsbaseret bæredygtighedsorienteret beslutningstagning. 
Der er dog stadig behov for yderligere forskning indenfor dette felt. Især omkring 
fordelingen af det sikre driftsrum, som kræver bidrag fra forskellige videnskabelige 
discipliner og andre samfundsmæssige aktører. Desuden betragtes den udviklede PB-LCIA-
metode som en ’proof-of-concept’-metode. Det anbefales derfor at udvikle 
karakteriseringsmodellerne yderligere for at øge deres validitet og nøjagtighed i forhold til 
kvantificering af miljøpåvirkninger.  
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Chapter 1 – Introduction and motivation 
1.1 Fitting an increasing population and economy into a finite Earth 

The size of the human enterprise has reached a level where it is starting to dominate and 
affect the Earth System (Vitousek 1997). The effect of human activities have been shown 
across all parts of the Earth System e.g., the atmosphere, freshwater and marine waters, 
and terrestrial land (Steffen et al. 2004). In fact, since the beginning of the industrial 
revolution in the second half of the 18th century, the development in global population 
and global economy have shown a near exponential increase (Steffen et al. 2015a). This 
increase is mirrored by increasing pressures on environmental systems, such as the 
climate system, the land system, and the aquatic environment (Millennium Ecosystem 
Assessment 2005; Steffen et al. 2015a).  

The concern about the general state of the Earth System and the risks that human 
activities pose to the Earth System is not new. These issues were already raised by The 
Club of Rome in the Limits to Growth report from 1972 (Meadows et al. 1972). The report 
presented how unmanaged increases in population and economy could, in spite of 
technological advances, lead to unsustainable pressures on the environment. Here, 
environmental sustainability can be defined by the ‘output/input rule‘ which require that 
wastes are kept within the environment’s assimilative capacity; harvest rates are kept 
within re-generative capacities of renewable resources; and non-renewables are depleted 
at the rate at which renewable substitutes are developed (Goodland and Daly 1996). The 
results of the Limits to Growth report highlighted the paradox in trying to fit an increasing 
population and economy into a finite Earth. Indeed, about the same time, the relationship 
between environment, population, economy, and technology was elegantly expressed in 
the so called IPAT equation (Commoner 1971; Ehrlich and Holdren 1971; Holdren and 
Ehrlich 1974). Here, environmental impact (I) can be expressed as a function of population 
(P), affluence (A) as consumption per person, and technology (T) as environmental impact 
per unit of consumption.  

1.2 Development of the Planetary Boundaries framework 

Indeed, discussions about the sustainability of the environment, the problematic of 
human induced pressures on the environment as a result of both increasing population 
and affluence, and potential ability of technological development to counteract these 
pressures have been ongoing since the Limits to Growth report with involvement from 
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industries, governments, civic society, and academia. With the publication of the 
Planetary Boundaries (PB) framework (Rockström et al. 2009b; Rockström et al. 2009a), 
the question on how the human population could operate safely within a finite operating 
space re-emerged. The PB-framework, which was updated in 2015 based on feedback 
from the scientific community (Steffen et al. 2015b), identified nine Earth System 
processes and expressed the state of these by one or two control variables e.g., 
consumptive blue water use [km3 yr-1] is used as control variable for the Earth System 
process for freshwater use (Steffen et al. 2015b).  

The identified Earth System processes were considered essential for maintaining the 
stability of the Earth System state (see Figure 1) which has remained remarkably stable 
over the last 12,000 years (Ganopolski and Rahmstorf 2001). This stability is considered 
essential for the development and prosperity of humanity and the Holocene state is, in 
fact, the only Earth System state where we know that modern human societies can 
flourish (Rockström et al. 2009b). Thus, a key goal of the PB-framework is to protect 
humanity by maintaining the Earth System in a Holocene-like state. Therefore, the PB-
framework, not only identified the essential Earth System processes, but also proposed 
absolute boundaries for the Earth System processes (i.e. Planetary Boundaries) which 
delimit a ‘safe operating space’ for humanity to maneuver within.  

The PBs are located at specific control variable values which allows for evaluating the 
performance of the Earth System processes relative to the PBs. As shown in Figure 1, the 
PB-framework distinguishes between three levels, i.e. ‘below planetary boundary; safe 
operating space’, ‘zone of uncertainty’, and ‘beyond zone of uncertainty’. The zone of 
uncertainty indicates that there is an increasing risk of crossing tipping points for the Earth 
System process but the exact location of the tipping point is not known due to insufficient 
knowledge about “gaps and weaknesses in the scientific knowledge base and intrinsic 
uncertainties in the functioning of the Earth System” (Steffen et al. 2015b). Control 
variables which are beyond the zone of uncertainty indicate “a much higher risk of a 
change to the functioning of the Earth System that could potentially be devastating for 
human societies” (Steffen et al. 2015b). The PB is located at lower boundary of the zone of 
uncertainty and control variable values which are below the PB value are in the safe 
operating space where “current scientific knowledge suggests that there is very low 
probability of crossing a critical threshold or significantly eroding the resilience of the 
Earth System” (Steffen et al. 2015b). 
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Figure 1. The current status of the control variables for seven of the nine planetary boundaries. Green 
zone is the safe operating space (i.e. below boundary), yellow represents the zone of uncertainty 
(increasing risk), and red represents a high-risk zone. Adapted from Steffen et al. (2015b). 

These aspects are further illustrated in Figure 2 where the Earth System processes are 
differentiated into those operating at planetary scale and those operating at a sub-
planetary scale. Indeed, in spite of the ‘Planetary Boundary’ naming, only the Earth 
System processes for climate, ocean acidification, and stratospheric ozone depletion 
operate at planetary scale while the remaining Earth System processes operate at a sub-
planetary scale without known global scale thresholds (Rockström et al. 2009b). Thus, the 
PBs in the PB-framework distinguish between sharp continental or planetary thresholds 
which can affect the Earth System through systemic top-down processes, and “boundaries 
based on ‘slow’ planetary processes with no current evidence of planetary scale threshold 
behavior but which provide the underlying resilience of the Earth System by functioning as 
sinks and sources of carbon and by regulating water, nutrient, and mineral fluxes” 
(Rockström et al. 2009b) (see Figure 2). The concern for the slow planetary boundaries is 

Below planetary boundary; 
Safe operating space

Zone of uncertainty; increasing risk of crossing 
tipping points for Earth System processes

Beyond zone of uncertainty; High 
risk of a change to the Earth System Boundary not yet quantified
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that local to regional scale thresholds are exceeded which can become a global concern if 
these thresholds are exceeded in multiple locations simultaneously or if the gradual 
aggregate impacts may add up and affect other Earth System processes and, thereby, the 
general stability of the Earth System (Rockström et al. 2009b). Indeed, transgression of 
any of the PBs should be avoided due to interdependencies between the Earth System 
processes which suggest that transgressing one PB may shift the position of other 
boundaries or cause them to be transgressed which can lead to unacceptable global 
environmental change defined in relation to the risks humanity faces in the transition of 
the planet from the Holocene state to a new Earth System state (Rockström et al. 2009b; 
Steffen et al. 2015b). 

 

Figure 2. The conceptual framework for the planetary boundary approach, showing the safe operating 
space, the zone of uncertainty, and the beyond zone of uncertainty. The left figure shows Earth System 
processes operating at planetary scale where the boundary is defined to avoid crossing critical continental 
to global scale tipping points. The right figure shows Earth System processes operating at sub-planetary 
scale with no known planetary thresholds, but where exceedance of local/regional boundaries can 
aggregate and add up to affect other Earth System processes and, thus, the general stability of the Earth 
System. Figure is adapted from Steffen et al. (2015b). 

  

Earth System process operating at 
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1.3 How to maneuver within the safe operating space? 

As presented above, the PBs delimit a safe operating space for humanity to maneuver 
within. However, for humanity to govern and act within the safe operating space there is a 
need for better understanding the disaggregated drivers of pressures on the Earth System 
processes. Indeed, a key challenge is to enable such disaggregation of the various drivers 
of pressures on the Earth System processes at different relevant scales (e.g. people, 
companies, industry sector, and countries) (Whiteman et al. 2013). Thus, operational 
methods are needed for making the ‘conceptual’ PB-framework applicable at the relevant 
levels where decisions occurs (e.g. at industry and national/international policy level) (Sim 
et al. 2016). This is needed to enable decision-makers in industry and public policy to 
apply ‘PB thinking’ and take into account the need for staying within the safe operating 
space as part of strategic planning (Biermann 2012; Whiteman et al. 2013; Sim et al. 2016; 
Clift et al. 2017).  

Such operational methods should be able to disaggregate pressures on the Earth Systems 
to identify the contribution of different activities and should also be able to indicate which 
human activities that should be allowed to occupy the safe operating space. This is 
particularly important for the PBs that are already exceeded (as shown in Figure 1) as this 
will also indicate which activities that should reduce their environmental pressures in 
order for humanity to stay within the safe operating space. Being able to indicate this 
requires comprehensive and holistic methods that can: 

• Indicate the share of the safe operating space that a single anthropogenic activity can 
be considered entitled to and, thereby, distribute the safe operating space among 
activities; 

• Link single anthropogenic activities to pressures on the Earth System processes in the 
PB-framework to determine the share of the full safe operating that a single activity is 
responsible for in order to evaluate whether the assigned share of the safe operating 
space is exceeded. 

The former point relates to general principles of distribution among different actors where 
related questions have previously been investigated in the context of distributive justice 
theory (e.g. Dworkin 1981a; Rawls 1999; Meyer and Roser 2006; Vanderheiden 2009), 
climate change (e.g. Banuri et al. 1996; Rose et al. 1998; Caney 2009; Grasso 2012), and 
even the PBs (Nilsson and Persson 2012; Häyhä et al. 2016). However, distributive justice 
theory has primarily focused on the general underlying theories and to a lesser extent on 
application of these; studies related to climate change and the PBs have focused on 
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application, but primarily from a country/territory perspective and less from a company 
and industry perspective. The study by Nilsson and Persson (2012) mainly focused on 
scaling the PBs in terms of governance and did not focus on scaling of the PBs for setting 
environmental sustainability targets to support decisions for operating within a share of 
the safe operating space. Indeed, to operationalize the PBs to support decision-making at 
the relevant levels where decisions occurs, the boundaries needs to be translated into and 
aligned with targets at the relevant decision-making levels (Häyhä et al. 2016). Thus, 
further scrutiny of the principles for sharing and distributing the safe operating space 
among activities, the potential biases introduced, and the sensitivity of assessments to 
choice of sharing principles are needed to better understand how this can affect decision-
making. 

The “linking single anthropogenic activities to pressures on the Earth System processes in 
the PB-framework” is an important task. Indeed, Haffar and Searcy (2018), found that 
companies referred to the PB-framework in relation to setting environmental 
sustainability targets, but the targets lacked a quantitative connection to the PB-
framework. Indeed, quantitative environmental assessment methods with a particular 
focus on assessing impacts from anthropogenic activities are needed to create such 
connection to the PB. Here, a relevant starting point is Life-Cycle Assessment (LCA) with its 
specific focus on assessments of anthropogenic activities. A strength of LCA is that it 
includes the full life-cycle of an activity and covers all relevant environmental impacts such 
as all Earth System processes in the PB-framework (Hauschild 2005; Article I). 

1.4 Life-Cycle Assessment  

LCA is a standardized decision-support method (ISO 2006a; ISO 2006b; EC-JRC 2011) which 
consists of 4 phases, i.e. the goal and scope definition, the life-cycle inventory (LCI) 
analysis, the life-cycle impact assessment (LCIA) phase, and the interpretation phase 
(Figure 3) (ISO 2006a). An LCA can be used to quantify the environmental performance of 
an activity (e.g. a technology, service, product, company, etc.) across its entire life-cycle 
starting from raw material extraction, through production and use to final disposal (i.e. 
from cradle to grave). This can be used to compare the environmental performance of two 
or more activities which fulfill the same function or indicate the life-cycle stages in an 
activity’s life-cycle that contribute most to environmental impacts. The results of an LCA 
for an activity can also be used as a benchmark for other activities or for comparison 
against environmental targets. 
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Figure 3. General LCA framework and the phases of an LCA. Arrows indicate the iterative nature of LCA 
where outputs from one phase are used for refining the other phases. 

During the goal and scope phase, the overall context and objective of the LCA is defined. 
This includes defining the functional unit (FU) which specifies the primary function that 
the assessed activity is required to fulfill and on which the assessment and comparison is 
hinged. The FU definition should include information on the function provided, its 
quantity, the duration, and to what quality the function is provided (EC-JRC 2010). All 
subsequent analysis is then relative to the FU as all inputs, outputs, and impacts are 
related to the FU (ISO 2006a). The scope definition also includes setting the system 
boundaries of the LCA (i.e. which activities and processes belong to the life-cycle of the 
activity that is studied), selecting which impacts categories to evaluate, and selecting the 
perspective of the assessment i.e., to quantify the potential environmental impacts that 
can be attributed to an activity over its life-cycle (attributional LCA) or to assess changes in 
potential environmental impacts as a consequence of certain decisions (consequential 
LCA) (EC-JRC 2010). 

The LCI phase, covers inventorying the quantity (e.g. mass or volume) of all emissions and 
resource uses (collectively termed ‘elementary flows’) throughout the full life-cycle of an 
activity fulfilling the FU (ISO 2006a). The LCI can be spatially differentiated if information 
about where the elementary flows are emitted is available. Moreover, depending on the 
object of study, the life-cycle can span over several years (e.g. between initial material 
extraction to final disposal) where elementary flows are being emitted at different times. 
In traditional LCAs, the elementary flows are integrated over time, thus the LCI treats all 
elementary flows as being emitted instantaneously as a single pulse emission. Although, 
research addressing and evaluating the effects of temporal differentiation as part of both 
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the inventory phase and the impact assessment phase has been on-going over the last 10-
15 years (Beloin-Saint-Pierre et al. 2014), in particular for climate change (see e.g., 
Levasseur et al. 2010; Schwietzke et al. 2011; Jørgensen and Hauschild 2012). However, 
temporal differentiation is still far from the norm in LCA. Thus, in this thesis the 
elementary flow Qi,j [quantity] express the time integrated pulse emission of an 
elementary flow i emitted at spatial location j associated with fulfilling the FU as given 
from the LCI. Once compiled, the LCI with the quantified of all elementary flows feeds into 
the LCIA phase in which the elementary flows are characterized into potential impacts. 

1.4.1 Life-Cycle Impact Assessment  

During the LCIA phase, a classification of the elementary flows according to the impact 
categories they contribute to is performed (as illustrated in Figure 4). The impact 
categories used for expressing impact scores during the LCIA can be divided into midpoint 
and endpoint impact categories. Endpoint (or damage level) impact categories are defined 
based on the Areas of Protection (AoP) which are sought protected in an LCA. In 
traditional LCAs, the AoPs are defined as human health, ecosystem quality, and natural 
resources (Jolliet et al. 2004). The traditional AoPs have recently been complemented by a 
set of additional AoPs (see Figure 4) which are yet to be operationalized (Verones et al. 
2017). The midpoint impact categories all contribute to one of the AoPs but are located 
earlier in the impact pathway. The location of the midpoint impact category indicator is 
normally at the point where impact pathways for different elementary flows contributing 
to the same midpoint impact category converge after which the environmental 
mechanism is the same (Bare and Gloria 2006; Goedkoop et al. 2013).  
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Figure 4. Schematic overview of life-cycle impact assessment framework going from classification of 
elementary flows according to contribution to impacts at midpoint level, through characterization of 
potential impacts at midpoint and damage (endpoint) level expressed as damage to the AoP. Figure is 
from Verones et al. (2017). 

After classifying the elementary flows according to the impact categories they contribute 
to, the relative importance of each elementary flow contributing to an impact category is 
characterized by a characterization factor (CFx,i,j; impact quantity-1) which express the 
change in impact score for impact category x per unit change in elementary flow i emitted 
at spatial location j. The characterization of the relative importance of elementary flows is 
important to understand the potency of different elementary flows where quantity is an 
inadequate indicator. For instance, the effect on the climate over 100 years from emission 
of 1 kg of CO2 is not as problematic as an emission of 1 kg of CH4 because CH4 is a more 
potent greenhouse gas (GHG) (Rosenbaum et al. 2018).  

CFs are traditionally derived based on environmental cause-effect models where e.g. 
environmental fate of an emitted substance and subsequent exposure of humans or 
ecosystems are being modelled [impact quantity-1]. Here, the impact pathway is modelled 
from emission of elementary flow to the point where the mid- or endpoint indicator is 
located on the impact pathway. The cause-effect models can be derived as a function of 
time, but are often based on simpler steady-state models which represent the 
environment as a system in steady state where all parameters which define its behavior 
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are not changing over time (Rosenbaum et al. 2018). Hereby, the general mathematical 
framework of LCA is given in Eq. 1. 

𝐼𝐼𝐼𝐼𝑥𝑥 = 𝑄𝑄𝑖𝑖,𝑗𝑗 × 𝐶𝐶𝐹𝐹𝑥𝑥,𝑖𝑖,𝑗𝑗         Eq. 1 

Where ISx [impact] express the time integrated impact from a time integrated pulse 
emission of an elementary flow (Qi,j) superimposed on a steady-state background impact 
level for impact category x (Heijungs 1995; Huijbregts et al. 2001) as shown in Figure 5.  

 

Figure 5. Graphical interpretation of the time integrated impact score (IS) from an incremental emission 
pulse released at t = 0 superimposed on a steady-state background impact level. Figure is adapted from 
Heijungs (1995). 

Thus, the characterized result of the LCA includes an impact score for each impact 
category. LCA results are referred to as ‘potential’ impacts and cannot be used for 
predicting actual impacts or relating the impacts to environmental boundaries because 
they are: 

• Relative expressions of impacts relative to the defined FU 
• Based on life-cycle inventory data which is integrated over time and often space, 

and thus often occurring at different locations and over different time horizons 
• Based on impact assessment data which lack information about the specific 

conditions of the exposed environment (e.g. the concomitant exposure to 
substances from other product systems) (Rosenbaum et al. 2018) 

After estimating the potential impacts, an optional part of the LCIA is to perform 
normalization and weighting of the characterized results (ISO 2006a). In normalization the 
characterized results are normalized against a reference system and all impact categories 
are converted to the same metric. In a comparative LCA, the characterized results can be 
internally normalized and the reference system is often a function of the impact indicator 
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scores or one of the assessed alternatives (Laurent 2015). Alternatively the LCA results can 
be externally normalized where the impact scores of the assessed activity are compared 
to the ‘background’ impacts of a reference system, e.g. compared to impacts associated 
with a global inventory of elementary flows (Laurent 2015). Normalization can allow for 
identifying the magnitude of the impact scores for the assessed activity relative to the 
reference system. This can be used to indicate which impact scores appears substantial 
relative to the reference system and can also be used as a reality check (Laurent 2015). 
For instance, the estimated impacts from a single activity should not be larger than 
impacts estimated from a global inventory of elementary flows. Although having the same 
metrics, a comparison of normalized results across impact categories cannot be done. This 
requires weighting where the severity of each impact category is weighted using 
numerical factors based on value-choices (ISO 2006b). After the weighting step, it is 
possible to compare potential impacts impact categories and aggregation of impact 
categories into a single score is possible to enable a direct comparison between activities 
fulfilling the same FU. 

1.5 Absolute environmental sustainability assessments 

A misconception of LCA is that it can be used as a sustainability assessment (Heijungs 
2013). However, traditional LCAs cannot directly be used for making conclusions about the 
sustainability of the assessed activity and such conclusions are likely a result of eco-
efficiency being mistaken for environmentally sustainability. For instance, if an LCA finds 
that Activity A can provide the same function as Activity B but with a lower environmental 
impact, then Activity A has higher eco-efficiency than Activity B. To assess whether or not 
any of the activities can be regarded as being environmentally sustainable, their impact 
scores must be related to an absolute environmental sustainability reference (AESR) 
where an activity can be regarded as being environmentally sustainability if its impact is 
smaller than the AESR (Fang et al. 2015b).  

AESRs can either be based on subjective human values or principles (e.g. legislation or 
guidance documents), more objective scientifically determined environmental boundaries 
(e.g. environmental carrying capacities), or a combination of the two. For instance, the 
definition of the PBs are a combination of objective natural science based knowledge 
about the location of potential tipping points in the environment and subjective value-
based choices in defining the PBs at a precautionary level to avoid risk of exceeding the 
potential tipping points (Rockström et al. 2009b). Moreover, the scale of the AESR should 
be specific to the assessed activity. For instance, the PBs which delimit all human activities 
can only be used as AESRs for the aggregated pressures from all human activities. 
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Application of the PBs as AESR at the scale of individual activities requires the PBs to be 
downscaled to the scale of the activity. Unscaled absolute boundaries can still be used to 
express the size of the total boundary that an activity occupies but cannot be used for 
assessing whether the activity can be considered environmentally sustainable in an 
absolute sense. 

Assessments where the impacts or pressures exerted on the environment by an 
anthropogenic activity are compared to an AESR can be referred to as Absolute 
Environmental Sustainability Assessments (AESAs). AESAs can potentially be valuable for 
decision-making. Being able to evaluate about whether an activity exceeds an AESR can be 
valuable information for supporting sustainability oriented decisions in public policy and 
industry. AESA are still in an early developing phase and are not yet widely used to 
support decision-making. Indeed, according to Fang et al. (2015b) “There have been a 
considerable number of studies that deal with either environmental footprints or 
planetary boundaries, and only very few that discuss both topics within one study. 
Moreover, the papers that address environmental footprints together with planetary 
boundaries employ different principles, frameworks, and terminologies.” (Fang et al. 
2015b).  

Nevertheless, a number of environmental assessments have compared the impacts of the 
assessed activity to an absolute environmental boundary. This practice is common in 
environmental footprint assessments, such as the ecological footprint (Wackernagel and 
Rees 1996; Borucke et al. 2013) and the blue water footprint (Hoekstra et al. 2012). For 
instance, the blue water footprint is expressed as blue water consumption which can be 
compared to the actual blue freshwater availability to evaluate whether the aggregated 
water consumption associated with the human activities occurring within an area (either 
globally or within a territory) is excessive. Similar approaches have also been applied in a 
PB-context where the environmental pressures exerted by different countries have been 
related to the PBs (Nykvist et al. 2013; Hoff et al. 2014; Dao et al. 2015; Fang et al. 2015a; 
O’Neill et al. 2018). Here, the safe operating space was downscaled to country scale based 
on population. A common feature for these studies is that AESAs using the PBs was done 
on an aggregated country level and the applied methods are not directly applicable for 
assessments at activity level related to a company or industry sector. This require new 
characterization models for estimating impacts (such as LCA) and other approaches for 
scaling the safe operating space where the life-cycle of an activity often span across 
territorial boundaries.  
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There have also been examples of use of absolute boundaries (or targets) in LCA. For 
instance, absolute targets (such as political reduction targets) have commonly been used 
for deriving weighting factors e.g., Wenzel and Hauschild (1998) and Castellani et al. 
(2016). However, the weighting factors have mainly been used for facilitating a 
comparison of impact scores across impact categories. There are also examples of LCA-
based studies that have evaluated the performance of an activity to an absolute boundary 
(e.g. Weiss et al. 2007; Milford et al. 2013; Heijungs et al. 2014) or have developed 
methods for assessing activities’ performance relative to absolute boundaries in an LCA 
(e.g. Bjørn et al. 2014; Jørgensen et al. 2014; Kerkhof et al. 2015; Bjørn et al. 2016b). 
However, the absolute boundaries have primarily been based on subjective political 
targets and the developed methods have primarily been restricted to one or a few 
number of impact categories (primarily climate change).  

1.5.1 AESAs using the Planetary Boundaries  

Indeed, the publication of the PB-framework in 2009 acted as a catalyst for developing 
AESAs in LCA. Indeed, the PBs served as a perfect starting point for defining AESRs which 
could be applied in LCAs. First there was a call for development of methods which could 
enable PB thinking as part of decision-making (Chapter 1.3). Second, the PB-framework 
provided a set of science-based absolute boundaries which covered multiple impacts 
which aligned well with LCA in terms of covering multiple impact categories. This resulted 
in a number of studies that sought to integrate the PB-framework into LCA at various 
stages of the LCIA-framework (i.e. impact characterization, normalization, and weighting). 

First 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. (2009b). Later, Bjørn and Hauschild (2015) developed carrying capacity 
based normalization references (NRs) for the impact categories recommended by the ILCD 
(EC-JRC 2011). The NRs were partly based on the PBs, but instead of using the PBs the 
tipping point of the Earth System process was assumed to be in the middle of the zone of 
uncertainty (Figure 1) (Bjørn and Hauschild 2015). The carrying capacity based NRs 
expressed an annual personal budget of the carrying capacities which was distributed 
equally among people. 

Sandin et al. (2015) developed a four step procedure for deriving reduction targets 
relative to the PBs and applied it to a case study for the Swedish textile sector. The 
procedure involved matching the PBs with existing impact categories in LCA and setting 
global reductions targets for the matched LCA impact categories based on the distance 
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between the PB and the current control variable value in the PB-framework. Hereafter, 
the derived global reduction-targets were translated into reductions for a global market 
segment (in this case, textiles for clothing). Lastly the reduction targets derived for global 
the global textile market were distributed geographically and a share of the reduction 
targets for textiles were assigned to Sweden. This allowed for indicating the reductions 
required by the textile sector in Sweden in order to stay within their assigned share of the 
safe operating space. Doka (2016, 2015) developed an LCIA methodology (PBA’06) with 
CFs for each of the PBs (Doka 2016). Only ‘Ocean acidification’ and ‘Introduction of novel 
entities’ were not operationalized because a characterization model was lacking for the 
former while boundaries are yet to be defined for the latter. Similar to the annual 
personal budget approach used by Bjørn and Hauschild (2015), the CFs express impacts as 
a fraction of an annual equal per capita allowance (Doka 2016). 

Along with the developed methodologies, a few LCA case studies assessing anthropogenic 
activities relative to the PBs were published. Brejnrod et al. (2017) assessed the absolute 
sustainability of dwelling buildings in Denmark by directly applying the carrying capacity 
based NRs (Bjørn and Hauschild 2015) to express the share of a Danish citizen’s annual 
personal budget of the carrying capacities that dwelling takes up. Subsequently, Brejnrod 
et al. (2017) determined the share of the annual personal budget that dwelling should be 
assigned using two approaches: (i) based on the relative share of a person's total direct 
and indirect expenditure on construction, operation, and maintenance of buildings for 
accommodation; and (ii) based on the dwelling building's contribution to environmental 
impacts relative to the total environmental impacts resulting from a person's total direct 
and indirect expenditure (Brejnrod et al. 2017). Via this approach, Brejnrod et al. (2017) 
estimated the absolute sustainability of different dwelling options and indicated a path for 
reducing the environmental impacts of dwellings in Denmark to within its assigned share 
of the annual personal budget. 

Wolff et al. (2017) assessed the environmental impacts related to the food portfolio of a 
French retail company with a specific focus on biodiversity. Carrying capacities for 
midpoint impact categories contributing to impacts on biodiversity were derived and a 
specific carrying capacity for biodiversity loss (as species loss) was also derived. The 
carrying capacities were primarily derived from the aforementioned studies by Bjørn and 
Hauschild (2015), and Doka (2016), but complemented with updated values from Sala et 
al. (2016). Wolff et al. (2017) applied a single sharing principle for assigning a share of the 
carrying capacities to the assessed company which was defined using a three step 
approach. First, a share of the safe operating space was assigned to the retail industry 
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sector based on its contribution to environmental impact, where the assigned share was 
proportional to contribution to environmental impact. Second, a share of the retail 
industry sector share was assigned to the assessed company based on the company’s 
market share in terms of the number of persons they serve relative to global population 
(Wolff et al. 2017). 

A common feature for both the developed methodologies and the case studies is that the 
metrics of the PBs have been converted to match existing LCA impact categories and/or 
express impacts as a share of an equally distributed personal budget. The use of existing 
LCA impact categories can be problematic as there can be a general misalignment in the 
scope and impact pathways between existing LCA impact category indicators and the 
control variables of the PB-framework (Article I; Laurent and Owsianiak 2017). The 
reporting of impact as a share of a personal budget is problematic as this pre-distributes 
the safe operating space (in this case, using a strict per capita sharing principle) based on 
the value-judgement of the researchers. This approach can potentially bias assessments 
towards certain political or social standpoints in a non-transparent manner (Edenhofer 
and Kowarsch 2015). In addition, the previous studies have relied on the traditional LCA-
framework where all elementary flows, independent of when they are emitted, are 
assumed emitted as a single pulse which led to time integrated impact scores. Time 
integrated impact scores are problematic for comparing results to environmental 
boundaries as the time over which emissions of elementary flows occurs is important. This 
relates back to the definition of the output/input rule where rates of emissions should not 
exceeded the affected ecosystems ability to assimilate the emissions. Indeed emissions 
occurring at once might push ecosystems over tipping points while emission occurring 
over a long time-horizon might leave sufficient time for the ecosystems to assimilate the 
emissions. It is, therefore, important to take into account the rate over which emissions 
are occurring, but such information is lost when the quantified emissions and impacts in 
an LCA are integrated over time 
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1.6 Research Objectives and Thesis Outline 

Indeed, LCA appears as a good starting point for further development of AESA methods 
which can link anthropogenic activities to pressures on the Earth System processes. 
However, it is evident from the previous studies that LCA is currently not ideal for directly 
linking anthropogenic activities to pressures on the Earth System processes. The 
problematics identified for the previous studies underline the need for further 
development of AESA which use the PBs. Indeed, further development should focus on 
developing approaches that take into account the rate over which emissions are occurring 
and which allows for directly expressing impact scores in the metrics of the PBs’ control 
variables. Moreover, new approaches should enable full freedom in selection of sharing 
principles for distributing the safe operating space among anthropogenic. Where enable 
application of different sharing principles based on different values.  

The objective of this PhD-project was to develop new AESA methods in LCA which resolve 
the problematics identified above. Moreover, a key objective was that the AESA methods 
should be operational to enable decision-makers to apply PB thinking as part of strategic 
planning (Chapter 1.3) by allowing for quantifying impacts of an activity in the metrics of 
the PBs’ control variables and relate the quantified impacts to an assigned share of the 
safe operating space. To do this, the following research questions were defined: 

RQ1: How can assessments of anthropogenic activities’ environmental performance 
relative to the Planetary Boundaries using LCA be operationalized? 

RQ2: How and on what basis can the safe operating space be distributed among 
anthropogenic activities? 

RQ3: How can decision-makers in industry and governments benefit from assessing 
absolute sustainability relative to Planetary Boundaries and how do assessments 
relative to the PBs differ from traditional LCA?  

A separate research question (RQ4) was formulated due to the rather one-sided focus on 
protecting the natural environment both in the PB-framework and in AESAs in general. 
Such one-sided focus can be problematic as important impacts on human health might be 
overlooked potentially leading to regrettable decisions. To avoid such overlooking, the 
following research question was stated: 

RQ4: How can absolute sustainability for human health be included in LCA to 
complement existing absolute sustainability methods for the natural environment? 

 
16 

 



Ryberg MW. 2018. Putting life-cycle indicators on an absolute scale –Integrating Planetary 
Boundaries into Life-Cycle Assessment. PhD Thesis. Technical University of Denmark  

 

The remaining structure of the thesis aligns with the four research questions. Chapter 2 
focuses on RQ1 and is supported by Article I-IV. Chapter 3 focuses on RQ2 and is 
supported by Article I, Article III, and Article V. Chapter 4 focuses on answering RQ3 
through a number of case studies where the developed methods are applied. Chapter 4 is 
supported by Article I, Article III, and Article IV. Chapter 5 seeks to answer RQ4 and is 
supported by Article VI. Chapter 6 summarizes the outcome of the thesis, provides 
general conclusions based on the previous chapters, and provides recommendations for 
further research to advance the field of absolute sustainability assessments (ASAs). 

1.7 Research methodological considerations 

In accordance with traditional sustainability science, the defined research questions were 
shaped by an identified problem (Sala et al. 2013), i.e. to develop operational AESA 
methods in LCA that enable decision-makers to apply PB thinking as part of strategic 
planning. In relation to Pasteur's Quadrant (Stokes 1997), the research carried out as part 
of the PhD-project, thereby, positions itself around ‘use-inspired basic research’ and ‘pure 
applied research’. Again, this is in line with sustainability science which is solution-
oriented and which take into account both the environment via natural science and 
humans in terms of the difference in values and principles among individuals (Sala et al. 
2013). 

The inclusion of both the natural environment and humans in sustainability science is also 
reflected in the defined research questions. In terms of ontology, 'pragmatism' was used 
which combines both ‘positivsm’ and ‘interpretivism’ as part of the research method. This 
was required because objective positivistic approaches were needed for developing 
mathematical models for answering RQ1 and RQ4, although, it is acknowledged that full 
objectivity is not achievable as value-laden choices are inevitable made. For instance, 
value-laden choices are needed for selection of data and models on which to base the 
development of characterization models. Interpretivism was particularly relevant for RQ2, 
RQ3, and RQ4 which all deal with aspects that are influenced by humans and where it was 
important to apply methods which take into account the differences in values and 
principles among individuals. Due to the user-inspired approach and the need for taking 
into account both environmental and human aspects, the knowledge produced in this 
project was created through application of logical reasoning and development of 
mathematical models but also through collaboration with other societal actors such as 
industries to ensure that the generated knowledge was use-inspired.  
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Chapter 2 – Expressing impacts in metrics of the 
Planetary Boundaries 

This chapter deals with the first research questions (RQ1): How can assessments of 
anthropogenic activities’ environmental performance relative to the Planetary Boundaries 
using LCA be operationalized? This chapter is primarily supported by Article I, Article II, 
Article III, and Article IV. In order to answer RQ1, Article I sought to identify and analysis 
the key challenges related to implementing and operationalizing a Planetary Boundaries 
based LCIA methodology. The identified key challenges were: 

1) Introduction of a new area of protection: The Holocene state of the Earth System 
2) Calculation of characterization factors for the Earth System processes' control 

variables for use in Life-Cycle Impact Assessment 
3) Identifying and dealing with Earth System processes where the impacts overlap 
4) Facilitating spatial differentiation of control variables at sub-global level 
5) Applying the precautionary principle instead of best-estimates for defining the safe 

operating space 
6) Inclusion of environmental constraints in Life-Cycle Assessment and how to 

distribute the safe operating space in an operational way for sustainability 
assessments 

Challenges 2, 3, and 4 deals specifically with developing operational methods for 
characterizing impact scores in an LCA in the metrics of the control variables for the PBs. 
This is the focus of this chapter. Challenge 1, 5, and 6 relates to interpretation of results, 
how results of an AESA using the PBs differ compared to results of a traditional LCA, and 
how these can be used by e.g., industries or governments to perform AESAs (see Chapter 
4). Challenges 6 also involved distribution of the safe operating space and how this can be 
done which is dealt with in Chapter 3. 

2.1 Why express LCA indicators in metrics of the Planetary Boundaries? 

A common critique with regards to expressing LCA results in metrics of the PBs instead of 
the conventional LCIA impact categories is: Why express impact scores in these new 
metrics rather than the metrics already used in LCA which are based on research over the 
last 25 years?  
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The answer to this question relates to the general communication of sustainability related 
research and results to decision-makers in society. Indeed, since its introduction, the PB-
framework has diffused into society which include industry, industry associations, 
governments, international governmental institutions, and non-governmental 
organizations (for examples, see Galaz et al. 2012; Griggs et al. 2014; Sim et al. 2016; Bjørn 
et al. 2016a; Clift et al. 2017). Thus, the introduction of the PB-framework has provided a 
common platform between decision-supporters and decision-makers. This platform is 
ideal for communicating concepts such as the ecological constraints on human 
development and “the multidimensional nature and urgency of current environmental 
degradation” (van Vuuren et al. 2016) to decision-makers. However, as stated in Chapter 
1.3, operational tools which can express pressures from human activities on the Earth 
System processes and indicate whether these are excessively large are required to enable 
decision-makers to include PB thinking in strategic planning, (Clift et al. 2017). Thus, 
expressing results of an LCA in the metrics of the PBs should be seen as an opportunity for 
easing communication between research related to environmental sustainability and 
decision-makers at industries and governments which are likely more familiar with the PB-
concept and its indicators.  

Moreover, the selection of the metrics for the control variables in the PB-framework are 
better designed for decision-making as the indicators can be continuously measured and 
evaluated. Indeed, control variables in the PB-framework, such as mass of human induced 
nitrogen fixation or concentration of atmospheric CO2, can be measured with relative 
ease. This is in contrast to the indicators commonly used in LCA which are referred to as 
potential impacts and are integrated over time (and space) which makes them difficult to 
interpret and challenging for subsequent use in decision-making. For instance, the 
recommended LCA endpoint indicator for ecosystem quality is potentially disappeared 
fraction of species integrated over time and space (PDF.yr.m3) (Verones et al. 2017). This 
metric is neither easy to understand and interpret nor ideal for target setting as an 
absolute boundary for PDF.yr.m3 is lacking, e.g., what is the maximum permissible time- 
and space-integrated fraction of species lost? 

However, expressing impact scores in the metrics of the control variables in the PB-
framework does not mean starting from scratch and discarding all previous work done 
within LCIA, and environmental system modelling in general. On the contrary there are a 
number of similarities between the environmental impacts covered in the PB-framework 
and in LCAs which should be relied upon when developing characterization models for 
expressing impact scores in the metrics of the control variables in the PB-framework. 
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2.2 Developing Planetary Boundaries based characterization factors 

Article II dealt specifically with characterizing impacts scores of an LCA in the metrics of 
the PBs. Here characterization models for the PBs defined in Steffen et al. (2015b) were 
derived except for the PBs ‘Change in biosphere integrity’ and ‘Introduction of novel 
entities’. ‘Change in biosphere integrity’ was excluded due to a lack of models that could 
adequately characterize the link between different human induced perturbations and 
resulting changes to biosphere integrity expressed in the metrics of the PBs’ control 
variables (i.e. the interim indicators: ‘Extinction rate’ and ‘Biodiversity Intactness Index’) 
(Article II). ‘Introduction of novel entities’ was excluded because a PB is yet to be defined, 
although work on defining a boundary is ongoing (Sala and Goralczyk 2013; Persson et al. 
2013; MacLeod et al. 2014; Diamond et al. 2015).  

A characteristic of the PB-framework is the definition of the control variables for the 
different Earth System processes. Indeed, the definition of the control variables ranges 
from drivers, through pressures and states to impacts according to the DPSIR (Driver 
Pressure State Impact Response; Smeets and Weterings, 1999) framework (Nykvist et al. 
2013; Chandrakumar and Mclaren 2018). Relative to the LCIA framework, the control 
variables ranges from inventory level through midpoint indicator level to endpoint 
indicator level (see Figure 6; Article I).  
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Figure 6. Overview of the Earth System processes in the PB-framework. The control variables used in the 
PB-framework for expressing the Earth System processes are marked with yellow. The different 
environmental drivers, pressures, states, and impacts are linked with arrows and are divided into 
inventory, midpoint, endpoint indicators based on their location in the impact pathway. Figure has been 
modified from Article I.  

The prediction of control variables expressed as states or impacts are challenging, as a 
general principle of LCA is that the results cannot be used for predicting actual impacts or 
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relating the impacts to environmental boundaries (as stated in Chapter 1.4.1). This 
primarily relates to the facts that (i) the LCA results are integrated over time as a result of 
the LCI being integrated over time and space (due to limited information about where 
elementary flows are emitted), and thus often occurring at different locations and over 
different time horizons which are not well known; and (ii) information about the specific 
conditions of the exposed environments are also not well known (e.g. lack of knowledge 
about the background environmental states of the affected environments and the 
potential occurrence of synergistic or antagonistic mechanisms between emitted 
elementary flows and elementary flows already present in the environment) (Heijungs 
1995; Rosenbaum et al. 2018).  

However, large improvements in spatial and temporal differentiation of both the LCI data 
and the LCIA models have been witnessed over the last 10-15 years. This means that 
better estimations about when and where emissions of elementary flows occur can be 
made. The estimations can be coupled with spatially differentiated characterization 
models that take into account the state of and the characteristics of the affected 
environments to provide better indications of the absolute impacts on the environment 
and whether environmental boundaries (such as the PBs) are exceeded.  

2.2.1 LCI framework for application in PB-LCIA 

The identified problematics related to traditional LCA impacts scores being integrated 
over time (Chapter 1.5.1) relates back to the construction of the LCI. In traditionally LCAs, 
the LCI provides a time integrated inventory of all elementary flows associated with 
fulfilling the FU assuming the elementary flows are emitted as a single pulse emission.  

Indeed, to express impact scores in the metrics of the control variables in the PB-
framework the inventory feeding into the steady state based characterization models in 
the LCIA must switch from expressing elementary flows integrated over time (i.e. from 
quantity) to elementary flows as a continuous constant input per unit of time (i.e. as 
quantity time-1) (Article II). Such change to the construction of the LCI requires a different 
interpretation of the LCI which must also be reflected in the definition of the FU. Here, the 
traditional FU definition requires defining the time duration over which the function is 
provided (EC-JRC 2010). For the PB-LCIA the time duration of the FU should be defined as 
being continuously provided annually for an, in principle, infinite time duration. Article II 
gave an example where a traditional FU for mobility was defined as traveling 25,000 km 
each year for 10 years while the FU for the PB-LCIA was defined as traveling 25,000 km per 
year, thus, implying that the function is continuously fulfilled every year.  
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Hereby, the resulting LCI should be interpreted as expressing the annual emissions of 
elementary flows from continuously fulfilling the FU for an infinite duration of time. The 
difference in the construction of the traditional LCI and the LCI for the PB-LCIA is 
schematically shown in Figure 7. The figure shows that the processes covered by the two 
LCIs are, in principle, equal in their coverage of life-cycle stages (and thus also in coverage 
of elementary flows). The difference is that a traditional LCI includes the elementary flows 
stemming from a finite set of discrete life-cycles where the elementary flows are 
integrated over time to a single pulse emission. The LCI for the PB-LCIA includes the 
annually emitted elementary flows stemming from a set of overlapping discrete life-cycles 
which are required to continuously fulfill the FU for an, in principle, infinite time duration. 

 

Figure 7. Schematic representation on the difference in derivation and modelling of the LCI for a 
traditional LCA and for an LCA using the PB-LCIA. Figure is adapted from Article II. 

2.2.2 PB-LCIA characterization model framework 

The new LCI framework form the basis for the characterization models derived for the PB-
LCIA. The constant annual elementary flows can be used as input for the steady state 
models commonly applied in LCIA (Chapter 1.4.1) for calculating impact scores as 
environmental states at steady state.  

Indeed, the mathematical framework for expressing control variables in the PB-framework 
that are expressed as environmental states can be estimated using the PB-LCIA according 
to:  
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𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠,𝑥𝑥 = 𝐼𝐼𝑖𝑖,𝑗𝑗 × 𝐶𝐶𝐹𝐹𝑠𝑠𝑠𝑠,𝑥𝑥,𝑖𝑖,𝑗𝑗        Eq. 2 

Where ISss,x [impact] is the impact score expressed as an environmental (steady) state in 
the metric of the control variable for impact category x representing a specific PB. Ii,j 
[quantity time-1] is the continuous input of elementary flow i at spatial location j per time 
unit to continuously fulfill the FU (i.e. year as a default). CFss,x,i,j [impact quantity -1 time] 
express the steady state change in the metric of the control variable for impact category x 
per unit change in Ii,j. 

Control variables expressed as drivers, pressures, or impact rates per unit of time can be 
calculated by applying a conversion factor which translates the elementary flow into the 
metric of the control variable (Article II). It should be noted that the time metric of the 
calculated impact scores in the metric of the control variable will align with the time 
metric of the LCI (i.e. per year as default). If a different time metric is desired, then the FU 
and the LCI will have to be scaled to align with the new time metric. Thus, the 
mathematical framework for expressing a pressure, driver, or impact rate per unit of time 
using the PB-LCIA (i.e. ISrate,x ;impact time-1) can be expressed as: 

𝐼𝐼𝐼𝐼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑥𝑥 = 𝐼𝐼𝑖𝑖,𝑗𝑗 × 𝐶𝐶𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟,𝑥𝑥,𝑖𝑖,𝑗𝑗         Eq. 3 

Where CFrate,x,i,j [impact quantity -1] translate the metrics of Ii,j into the corresponding 
metrics of the control variable for the PB, defined as a pressure, driver, or impact rate per 
unit of time. 

2.2.3 Modelling the environmental response functions 

A consequent challenge of the proposed PB-LCIA framework is the ability of the CFs to 
accurately express the effects of anthropogenic activities on the environment in the 
metrics of the control variables used in the PB-framework. A presented earlier, the 
mathematical framework of the LCIA (both traditional LCIA and PB-LCIA) is based on 
multiplying a quantity of elementary flow with a CF (see Eqs. 1-3).  

Indeed, the CF which expresses the change in impact per change in elementary flow is well 
suited for traditional LCAs but not well suited for AESAs which seek to express absolute 
impacts on the environment. The challenge is that most environmental systems do not 
exhibit a linear response function. Instead, non-linear responses are often observed in the 
environment due the existence of positive and negative feedback mechanisms (Scheffer 
and Carpenter 2003; Lenton et al. 2008) which may be further complicated by the 
existence of tipping points where the system can abruptly switch to a new stable state 
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(Scheffer and Carpenter 2003). Such non-linearity cannot be characterized by a single CF 
and would require either applying dynamic characterization models as a function of the 
ecosystem state, or by using a set of discrete CFs that adequately cover the entire 
response function (incl. the non-linear section) where different discrete CFs are used 
depending on the state of the ecosystem (this is schematically shown in Figure 8). 

 

Figure 8. Schematic illustration of methods for quantifying the effect of pressures on the environment for 
use in absolute sustainability assessments. CFs are indicated by squares, linearity in response function is 
indicated by the thick lines and uncertainty due to linearity is indicated by thin lines. The left figure shows 
conventional LCIA method with single CF using the average approach based on two points with low 
uncertainty near the points. The middle figure shows method with discrete set of CFs specific to 
environmental state. The right figure shows method where CFs are based on continuous non-linear 
function which express the response function of the environmental process. 

Indeed, a full restructuring of the LCIA-framework, using either a discrete set of CFs or a 
continuous CF-function as a function of environmental state would be required to further 
increase the accuracy of the characterization models (as indicated in Figure 8). In fact, 
attempts to use discrete CFs which are a function of the environmental state (i.e. marginal 
CFs) are emerging for certain impacts such a particulate matter which affect human health 
(Fantke et al. 2015; Frischknecht et al. 2016; Verones et al. 2017). However, single CFs 
expressing the change in impact per change in elementary flow was used in the PB-LCIA. 
This was chosen to avoid the need for fully restructuring the traditional LCIA-framework in 
order to develop a methodology that is operational at present time and can be used 
together with existing conventional LCA-software which are based on the traditional LCIA-
framework.  

Following the recommendations by Bjørn et al. (2016), the CFs were derived using an 
average approach instead of a marginal approach where CFs are derivatives of existing 
levels of environmental perturbations (Bjørn and Hauschild 2015; Bjørn et al. 2016b). CFs 
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derived using the average approach express the average change in distance between two 
environmental states per unit change in elementary flows (Huijbregts et al. 2011). Thus for 
non-linear response-functions, prediction are fairly good near the points used for deriving 
the CF while prediction uncertainty increases with distance from the points (as illustrated 
in Figure 8). Bjørn et al. (2016) recommended using the distance between the 
environmental state associated with zero human perturbations and the state at which a 
boundary has been defined. In accordance with the recommendations by Bjørn et al. 
(2016) the states used for deriving CFs for the PB-LCIA were sought to be as close as 
possible to the environmental state associated with zero human perturbations (e.g. pre-
industrial level) and a state at which the PB was defined. The approach for deriving the 
CFs hereby assumes that the affected Earth System processes’ response function can be 
approximated by a linear function up to exceedance of a tipping point after which the 
linear average method is no longer valid. This assumption appears reasonable and can be 
justified by litterature on tipping points (e.g. Scheffer et al., 2001).  

The approach offers a practical compromise as it allows for expressing the effect of human 
activities on the Earth System processes up to the point of the PBs without having to fully 
restructure the LCIA-framework. This also means that the PB-LCIA is not suited for 
prediction of impacts after any potential tipping points have been exceeded, as these may 
be highly non-linear. It should, therefore, be noted that for the Earth System processes 
where the PBs have already been exceeded, the assumption about linearity and validity of 
the predicited impact scores only holds under the assumption that critical tipping points 
leading to dramatic state shits have not yet been crossed for these Earth System 
processes. 

2.2.4 Dealing with overlapping impact categories 

As mentioned in Chapter 2.2, the positioning of the control variables from the PB-
framework in the LCIA framework ranges from inventory level through midpoint indicator 
level to endpoint indicator level (see Figure 6 for overview of control variables whose 
impact pathways overlap). This inconsistency in the placement of the indicators in the 
LCIA framework means that the impact pathways covered by different control variables 
overlap. This conflicts with the general principle for impact categories in LCA which should 
be mutually exclusive and comprehensively exhaustive (MECE). This means that while the 
selected impact categories should cover all relevant impacts categories which affect any of 
the AoPs, the impact categories should be exclusive in the impact pathways they cover. 
Thus, impact categories whose impact pathways overlap but where the indicator is 
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located at different points on the impact pathway should be avoided as this can lead to 
double counting which can create biases in comparative LCAs.  

The inconsistency in the PB-framework can be exemplified by the PB ‘Change in biosphere 
integrity’ which affects and is affected by the other Earth System processes in the PB-
framework (Mace et al. 2014). For instance, the impact pathway for the PBs ‘Land-system 
change - Tropical’ and ‘Change in biosphere integrity’ overlap as changes to tropical land 
will also affect the biosphere e.g., through habitat fragmentation and conversion of 
habitats (Steffen et al. 2015b). Thus, the impacts on ‘Land-system change - Tropical’ from 
an activity transforming tropical land will also be reflected in the impact category ‘Change 
in biosphere integrity’. If the impact categories are weighted equally then this will, in a 
traditional LCA, result in a double counting of impacts related to transformation of tropical 
land which would introduce a bias against activities affecting tropical land. The 
requirement for MECE impact categories is because LCA allow substitutability between 
different impact categories i.e., an increase in impact score for one impact category can 
be countered by a proportional decrease in impact score for another impact category. 
Thus any double counting will artificially skew this approach. The substitutability between 
impact categories is most explicit after the weighting step where it is possible to aggregate 
impact scores across all impact categories to a single total impact score.  

However, substitutability between the PBs should be avoided because interdependency 
between Earth System processes mean that exceedance of any of the PBs can lead to 
destabilization of other Earth System processes (Rockström et al. 2009b). Thus, each PB 
impact category should be treated separately which means that the inclusion of PB-based 
impact categories whose impact pathways overlap is not considered problematic. In 
addition, it is recommended to use the PB ‘Change in biosphere integrity’ as an endpoint 
impact category which can indicate the combined aggregated effects from both direct 
effects on the biosphere and the indirect effects from the other Earth System processes 
which all affect the biosphere (Article I).  

2.2.5 Spatial differentiation 

As stated in Chapter 1.2, most of the PBs relate to Earth System processes that operate at 
a sub-planetary scale without known global scale thresholds (Rockström et al. 2009b) and 
where the existence of local to regional scale thresholds is important. This spatial 
differentiation was further acknowledged in the updated PB-framework (Steffen et al. 
2015b) which included specific spatially differentiated PBs for freshwater use and land-
system change. The introduction of sub-planetary spatially differentiated PBs introduced a 
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challenge for operationalizing in LCA because every PB should be treated separately 
(Chapter 2.2.4). In the case of freshwater use which is differentiated into river basins, this 
would mean that thousands of results at river basin level should be assessed separately. 
Such multitude of results are not deemed manageable or practical from a decision-making 
point of view and methods for aggregating the spatially differentiated results into a more 
manageable set of results were needed. Two general methods can be thought of for 
aggregating large sets of results into a smaller more manageable set of results: (i) 
aggregating spatial differentiated results based on similarity in key characteristics and 
then relating the aggregated results to a common boundary; or (ii) relating all spatial units 
to a specific spatial boundary and then aggregating the spatial differentiated results into 
an aggregated index indicator.  

The first approach was selected for the PB-LCIA (Article II). Here freshwater basins were, 
for instance, classified into archetypes based on the aridity of the geographical area in 
which the river basins are located (i.e. ‘arid‘, ‘semi-arid‘, and ‘humid‘ areas). This allowed 
for aggregating thousands of river basins into three impact categories on freshwater use 
while still maintaining the original metric of the control variable used in the PB-framework 
(Article II). A limitation of this approach is that exceedance of local level thresholds may 
be overlooked due to water abundancy in other areas. However, the classification into 
archetypes based on aridity ensured that water abundance in humid areas would, at least, 
not hide exceedance of local thresholds in arid regions.  

The second approach was applied by Bjørn et al. (2016) which estimated the occupation of 
local carrying capacities towards deposition of acidifying substances from coal fired energy 
generation in the United States. Here, the results for each spatial unit were given in the 
metric ‘hectare year’ which “indicates an area in which carrying capacity for a given 
impact category is occupied for a time” (Bjørn et al. 2016b). The aggregated results 
expressed as area can be compared to the total area of the spatial units to assess whether 
the aggregated result area exceeds that actual area. The potential overlooking of 
exceeded local thresholds when aggregating to an aggregated result is also possible for 
this approach. However, the use of an index indicator, such as area is intuitively easy to 
interpret i.e., the result area should not exceed the actual area. A problem of using 
indices, such as area, for expressing results is that different impacts might be mistakenly 
aggregated to a single score because they are expressed in the same metric, i.e. area. This 
introduces the risk of exceeding PBs because aggregation to single score enables 
substitutability between impact categories. An additional problem is that the indicators 
expressed as indices can lose their link to the real physical world. This can be problematic 

 
28 

 



Ryberg MW. 2018. Putting life-cycle indicators on an absolute scale –Integrating Planetary 
Boundaries into Life-Cycle Assessment. PhD Thesis. Technical University of Denmark  

 

with regards to interpretation of the impact scores. This is especially the case for the 
spatially differentiated PBs whose control variables use metrics that are not additive 
across spatial unit because these depend on the specific spatial unit (Article II). As in the 
example with freshwater use at river basin level in Article II, if 50% and 75% of the water 
flow in two river basins is withdrawn for human use, the two shares are not additive i.e., 
the total withdrawn share is not 125%. Here, the first approach used in Article II requires 
that the two river basins are combined (i.e. aggregating to total freshwater volume and 
total withdrawal from both river basins) in order to quantify the total share of freshwater 
withdrawn. Hereby, the result indicator metric maintains its link to the real physical world 
(Article II).  

2.3 Derived Characterization factors for the PB-LCIA 

The developed PB-LCIA methodology included 16 impact categories and a total of 85 CFs 
were derived. Table 1 provides an overview of the included impact categories and a brief 
description of the method used for deriving the CFs per impact category (please see 
Article II for full list of CFs and detailed description of characterization models for each 
impact category).  
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Table 1. Overview of impact categories in included in PB-LCIA, the metric of the impact category, and a brief description of the derivation of the CFs 
for each impact category. 
Impact category Impact category 

metric 
Short description of estimation method (see Article II for detailed description) 

Climate change - Energy 
imbalance at top-of-
atmosphere 

Wm-2 Change in radiative forcing (RF; Wm-2) per change in continuous annual GHG emissions (excl. CO2) estimated based on absolute global 
temperature potential for a continuous emission (Shine et al. 2005) divided by the climate sensitivity parameter (i.e. 0.8 K(Wm-2) -1; Myhre et 
al., 2013). For CO2, the average change in CO2 concentration [ppm CO2] per unit change in annual CO2 emissions was estimated based on the 
RCP2.6 scenario (Meinshausen et al. 2011; van Vuuren et al. 2011). Here, the average change in ppm CO2 per change in annual CO2 emission 
was estimated as the difference between pre-industrial CO2 concentration of 278 ppm and the concentration as a result of the RCP2.6 
scenario (i.e. 361 ppm) divided by the annual average emission of 3.1 Gt CO2 yr-1 between 2000 and 2300 according to the RCP2.6 scenario. 
The average change in RF per unit change in CO2 concentration was estimated based on how a change in CO2 concentration affects RF (Myhre 
et al. 1998; Myhre et al. 2013) 

Climate change - 
Atmospheric CO2 
concentration 

ppm CO2 The average change in CO2 concentration [ppm CO2] per unit change in annual CO2 emissions was estimated based on the an assessment of 
the RCP2.6 scenario from (Meinshausen et al. 2011; van Vuuren et al. 2011). CO2-precursors were included by direct conversion of mass of 
the emitted substance to mass of CO2 based on literature data (Wenzel and Hauschild 1998; Gillenwater et al. 2006). 

Stratospheric ozone 
depletion 

DU (Dobson 
Units) 

CFs for stratospheric ozone depletion [Dobson units: DU yr kg−1] were calculated via a number of steps. First, the steady state change in 
tropospheric concentration [ppt] of the ozone depleting substance (ODS) per annual emission of the ODS was estimated based on Daniel et 
al. (2007). The cause-effect chain from change in tropospheric concentration of an ODS to a change in stratospheric ozone concentration 
[DU] was primarily based on Hayashi et al. (2000). 

Ocean acidification mol (Aragonite 
saturation state 
(ΩArag)) 

For ocean acidification, the average change in CO2 concentration [ppm CO2] per unit change in annual CO2 emissions was estimated based on 
the an assessment of the RCP2.6 scenario from (Meinshausen et al. 2011; van Vuuren et al. 2011). CO2-precursors were included by direct 
conversion of mass of the emitted substance to mass of CO2 based on literature data (Wenzel and Hauschild 1998; Gillenwater et al. 2006). 
The change in ΩArag from a change in atmospheric CO2 concentration was estimated based on estimates of surface seawater carbon system 
parameters (such as ΩArag) at different atmospheric CO2 concentrations (Guinotte and Fabry 2008; Feely et al. 2009).  

Biogeochemical flows - 
N cycle 

Tg N yr-1 CFs for human induced nitrogen fixation were derived by converting the mass of nitrogen in nitrogen containing substances emitted to the 
environment into mass of nitrogen fixated. Thus, the CFs express the mass of N fixated per mass of N containing compounds emitted to the 
environment 

Biogeochemical flows - 
P cycle, global 

Tg P yr-1 Global annual phosphorus outflow to marine ecosystems per unit change in annual emission of P to freshwater systems were estimated 
based on transfer coefficients for fate of phosphorus in freshwater systems (Carpenter and Bennett 2011). 

Biogeochemical flows - 
P cycle, regional  

Tg P yr-1 CFs for phosphorus applied to soil were estimated for substances that are directly lost to surface freshwater as the primary concern was 
eutrophication of rivers and lakes. CFs were derived by converting the mass of phosphorous in phosphorous containing substances emitted 
to freshwater into mass of phosphorous applied to soil. The conversion from phosphorous emission to application of phosphorous was done 
based on the Annual Phosphorus Loss Estimator v2.4 (Vadas 2013). 

Land-system change – 
Global 

% The CF for global forest area express the share of potential forest changed [%] per unit area of forest transformed. The CF was estimated as 
one over the global potential forest area [m2] multiplied by 100%. The potential global forest area was based on D´Annunzio et al. (2014). 
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Table 1 (cont'd). Overview of impact categories in included in PB-LCIA, the metric of the impact category, and a brief description of the derivation of 
the CFs for each impact category. 
Impact category Impact category 

metric 
Short description of estimation method (see Article II for detailed description) 

Land-system change – 
Tropical 

% The CF for tropical forest area express the share of potential tropical forest changed [%] per unit area of tropical forest transformed. The CF 
was estimated as one over the global potential tropical forest area [m2] multiplied by 100%. The potential tropical forest area was based on 
D´Annunzio et al. (2014). 

Land-system change – 
Temperate 

% The CF for temperate forest area express the share of potential temperate forest changed [%] per unit area of temperate forest transformed. 
The CF was estimated as one over the global potential temperate forest area [m2] multiplied by 100%. The potential temperate forest area 
was based on D´Annunzio et al. (2014). 

Land-system change – 
Boreal 

% The CF for boreal forest area express the share of potential boreal forest changed [%] per unit area of boreal forest transformed. The CF was 
estimated as one over the global potential boreal forest area [m2] multiplied by 100%. The potential boreal forest area was based on 
D´Annunzio et al. (2014). 

Freshwater use – Global dimensionless The CF for global freshwater use was defined as 10−9 km3 m−3 to convert the metric of common LCI data on water use [i.e. m3 yr−1] to the 
metric of the control variable for the Planetary Boundary on global freshwater use [i.e. km3 yr−1]. 

Freshwater use – Arid dimensionless The CFs for freshwater use at the basin level express the change in share of freshwater flow available for human activities per unit change in 
human induced freshwater withdrawal. CFs were aggregated into archetypes based on aridity, i.e. arid (includes hyper arid), semi-arid, or 
humid (includes sub-humid) based on the Aridity Index (UNEP 1997). The calculation of freshwater flow available for human withdrawal was 
made according to the variable monthly flow (VMF) method (Pastor et al. 2014) using spatially differentiated river basin data on mean 
monthly natural runoff (Hoekstra and Mekonnen 2011). 

Freshwater use – Semi-
arid 

dimensionless See description for Freshwater use – Arid 

Freshwater use – Humid dimensionless See description for Freshwater use – Arid 

Atmospheric aerosol 
loading 

dimensionless The change in AOD per annual mass emission of aerosols was estimated by multiplying the aerosols’ specific extinction efficiency with the 
mass load of the aerosol. The mass load was estimated as a function of aerosol life time and the area over which the aerosol is distributed. 
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Article II included a comparison of the impact categories in the PB-LCIA with matched 
impact categories from the ILCD recommended LCIA methodology (referred to as ILCD-
LCIA) where impact scores using the two LCIA-methodologies were derived for 10,687 unit 
processes in the ecoinvent v. 3.1 consequential life cycle unit process database (Weidema 
et al. 2013). The results of the comparison are shown in Figure 9.  

 

Figure 9. Comparison of PB-LCIA and the ILCD-LCIA in ranking of impact scores for unit processes from the 
ecoinvent life cycle inventory database. The most scattering unit process groups have been highlighted for 
each impact category. Figure from Supporting Information 1 in Article II. 

The comparison of the two LCIA-methodologies showed that for impact categories with a 
generally similar focus of protection and coverage of elementary flows, such as climate 
change, the ranking of unit processes in terms of estimated impact score was very similar. 
However, for other impact categories, which at first sight appear similar, the ranking of 
unit processes in terms of estimated impact score was found to differ substantially (see 
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Figure 9). This was due to a difference in the focus of protection and the types of 
elementary flows covered by the two impact categories. For instance, a Pearson 
correlation coefficient of only 0.27 between the impact scores estimated for the ‘Land-
system change – Global’ impact category in PB-LCIA and the ‘Land use’ impact category in 
ILCD-LCIA (Article II). The low correlation was because ‘Land-system change – Global‘ only 
includes transformation of forest area while other land-use changes, besides forest, are 
included in the ILCD-LCIA Land use impact category. This finding corroborate other studies 
(Article I; Laurent and Owsianiak 2017) which have stated that matching of the PBs with 
existing impact categories in LCA can be problematic. It appears that matching PBs with 
existing LCA impact categories can be justified if the focus of protection in the existing LCA 
impact category aligns with the concern of the PB. If the focus of protection is not in 
alignment with the concern of the PB, then matching of a PB with an existing LCA impact 
category should be avoided as it can potentially be misleading. 

The PB-LCIA method was also tested in a full LCA (Article III) for a hypothetical case study 
on laundry washing in the EU. The 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” (please see Article III for extended description of case study including 
description of FU definition, system boundaries and LCI data). The goal of the case study 
was to test the PB-LCIA and what findings that could be made based on the results. The 
case study showed that the derived CFs could be applied to an LCI, which provided 
constant annual elementary flows, to estimate characterized results in the metrics of the 
PBs’ control variables. For instance, the results could be used to indicate that the assessed 
hypothetical system for laundry washing in the EU would result in an atmospheric CO2 
concentration of 0.43 ppm CO2 and a global freshwater use of 1.5 km3 yr-1. This 
corresponded to about 0.6% and 0.04% of the full safe operating space for atmospheric 
CO2 concentration and global freshwater use, respectively. This provides a concrete 
indication about the magnitude of the impacts relative to the full safe operating space and 
provides a more objective reference of normalization relative to traditional external 
normalization where the environmental performance of the anthropogenic reference 
system will influence the perceived environmental performance of the assessed activity. 
Indeed, normalization against an environmentally unsustainable reference system can 
give a wrong impression about the assessed activity performing environmentally well, 
although this might not be the case in relation to absolute environmental boundaries 
(Article VI). A further investigation of the added value of such an approach for decision-
making is presented in Chapter 4. 
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A limitation of the steady state based modelling framework applied in the PB-LCIA is that 
the inputs from the LCI are static and will not develop over time. This means that temporal 
development in how to fulfill the FU as a result of e.g., technological development and, 
thus, temporal development in impact scores cannot be captured. Indeed, although it is 
assumed that people will generally demand the same types of functions today and in the 
future, it is acknowledged that the fulfillment of these functions and, thus, their 
environmental profiles will likely be very different in the future. In lieu of such temporally 
dynamic assessments, the PB-LCIA can instead be used for so-called ‘what if’-scenarios 
where the impacts from fulfilling the FU according to different scenarios (e.g. using 
different technologies) can be assessed to identify the best performing scenarios (Article 
II) as shown in Article III. Assessments of the temporal development in elementary flows 
and impact scores would require a different type of impact assessment, which is not 
based on the traditional steady state models used in LCA but instead based on temporally 
dynamic LCI and LCIA models which are a function of time. An example of such modelling 
framework is described in the following Chapter 2.4. 

2.4 Dynamic Absolute Sustainability Assessment framework 

Article IV provides an example of how temporally dynamic LCI and LCIA models can be 
used to assess the temporal development in environmental pressures from anthropogenic 
activities. Global steel production was selected as a case, and a year by year LCI for global 
steel production from 2015 to 2100 was developed based on a material flow analysis 
(MFA) model of global steel production (Wang et al. 2014; Wang et al. 2018). This 
provided information on the annual total steel production as well as mass input and 
output for each process required for producing steel from material extraction to final 
processing and milling of the steel.  

The information on mass input and output from the different steel processes was coupled 
with data on emission factors for the GHGs CO2, CH4, and N2O from the different steel 
processes to obtain information on annual emissions of GHGs associated with steel 
production between 2015 and 2100 (Article IV). The contribution of the steel production 
to climate change was calculated by estimating the mass of GHGs in the atmosphere as a 
consequence of emissions during steel production (Eq. 4). 

( ) ( ) ( )∑
=

×=
t

n
GHGnGHGGHG tfrtEtm

1
        Eq. 4 
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Where mGHG(t) is the mass of a GHG in the atmosphere at year t. EGHG(tn) is the emission of 
a GHG at year tn with n going from 2015 to 2100. frGHG(t) is the fraction of the GHG 
emitted in year tn that remains in the atmosphere in year t and estimated based on Shine 
et al. (2005) as described in Article IV. The change in radiative forcing (RF) from GHG 
emissions as a function of time was estimated according to Eq. 5. 

( ) ( ) GHGGHGGHG AtmtRF ×=∑         Eq. 5 

Where AGHG is the specific radiative forcing of the GHG [Wm-2 kg-1] (Myhre et al. 2013). 
The sum across all emitted GHGs from the steel system gives the total RFGHG(t) associated 
with global steel production.  

Using the approach presented above and described in Article IV, is was possible to depict 
the development in steel production’s contribution to pressures on the climate system 
from production between 2015 and 2100. The development in contribution to climate 
change from producing steel between 2015 and 2100 using the current technology level 
but with development in global population numbers and affluence are shown in Figure 10. 

 

Figure 10. Overview of the development in steel production in a business-as-usual scenario, indicated by 
the annual emissions of GHGs [CO2-eqs] and the resulting pressure on the climate system expressed by 
radiative forcing [Wm-2]. The horizontal lines shown within the radiative forcing contribution illustrate the 
relative contribution of emissions in each year to the total radiative forcing contribution. The Planetary 
Boundary for radiative forcing (i.e. 1 Wm-2) is indicated by the black dashed line. 
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Indeed, although annual emissions of GHG (measured in CO2-eqs) appear stable, the 
pressure on the climate system is steadily increasing as a result of the long atmospheric 
life-time of some GHGs, in particular CO2 which can remain in the atmosphere for 
thousands of years (Archer et al. 2009). This aspect is indicated by the black lines shown 
within the radiative forcing contribution which express how GHG emissions from 2015 to 
2100 all contribute to the radiative forcing in 2100. For instance, the radiative forcing 
contribution from emissions in 2015 is only reduced by 58% (i.e. from removal of GHGs 
from the atmosphere) by 2100. This means that GHG emissions in 2015 are responsible 
for about 0.6% of the radiative forcing contribution in 2100. 

2.5 Conclusion and outlook 

In this chapter the first research question (RQ1) was answered, i.e. “How can assessments 
of anthropogenic activities’ environmental performance relative to the Planetary 
Boundaries using LCA be operationalized?” Answering this questions required 
development of a novel LCIA methodology, i.e. the PB-LCIA. Here characterization models 
were derived and were applied to estimate CFs based on the average approach which can 
express impact scores in the metrics of the PBs’ control variables i.e., either as an 
environmental state or as an annual pressure, driver, or impact rate. Application of the 
PB-LCIA in an LCA required further modification of the existing LCA framework. This 
included specifying that the FU should be defined as expressing a function continuously 
over time, which in turn was used for constructing the LCI in order to provide an inventory 
of continuous constant elementary flows per year as a result of continuously fulfilling the 
FU which could be multiplied with the CFs to estimate impact scores.  

A case study on laundry washing in the EU showed that the CFs could be used to indicate 
the contribution of the assessed activity to pressuring the Earth System, and the size of 
the impact scores relative to the full safe operating space could be used to indicate the 
magnitude of the impact scores relative to absolute boundaries. Moreover, an example of 
how to further modify the PB-LCIA framework to include temporal development was 
shown in a simple case study on the pressure on climate change from global steel 
production between 2015 and 2100 (Article IV). This allowed for evaluating the 
development in environment pressures over time rather than only indicating the resulting 
changes in pressures after the environmental system has reached a steady state. 

In terms of further research needs, the PB-LCIA is still considered as a proof-of-concept 
methodology where further development of the characterization models is recommended 
to increase their validity and predictive accuracy with regards to quantification of 
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environmental impacts. Especially, for impact categories such as atmospheric aerosol 
loading where attempts to include more complex models as e.g., applied by Chin et al. 
(2014) would be relevant. Moreover, a quantification of the uncertainty of the CFs is 
needed to include this source of uncertainty as part of an AESA in order to provide a 
better foundation for decision-making. A quantification of the CFs uncertainty was not 
conducted as part of this work, but is envisioned as part of future development of the PB-
LCIA methodology. 

Another potential advancement of the PB-LCIA methodology could be to increase the 
spatial resolution for the PBs which operate at sub-planetary scale. This could involve 
defining local to regional level boundaries for PBs which, although defined as a single 
global PB are known to exhibit large spatial differences. An example of such approach was 
shown in the master thesis by Val (2017) where spatially differentiated absolute 
boundaries for phosphorous emissions to freshwater ecosystems were derived. This, 
could improve the existing global PB for phosphorous by taking into account the 
geographical variability in freshwater ecosystems vulnerability to phosphorous emissions. 
Development and application of AESA with a finer resolution for different Earth System 
processes would go beyond the PB-framework but could provide more relevant 
information to decision-makers. Hence, it would be relevant to include spatially 
differentiated CFs for PBs which operate at sub-planetary scale in future versions of the 
PB-LCIA. 

In conclusion, the development of an LCIA-methodology with CFs which characterizes 
impact scores directly in the metrics of the PBs’ control variables provides a valuable first 
step for operationalizing AESAs using to the PBs and provides a basis for further 
development. Indeed, the PB-LCIA methodology can be used to provide information on 
the Earth System processes where activities have the highest occupation of the safe 
operating space. However, unless the assessed activity on its own exceeds the PBs (in 
which it is clearly not environmentally sustainable) the impact scores must be compared 
to an AESR which is scaled to the scale of the assessed activity (Chapter 1.5). Thus, to fully 
operationalize such AESAs, there is a need for determining the share of the full safe 
operating space that an activity can be considered entitled to. This need is further dealt 
with in Chapter 3.  
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Chapter 3 – Sharing the safe operating space 
among activities 

This chapter seeks to answer RQ2 “How and on what basis can the safe operating space 
be distributed among anthropogenic activities?” This chapter draws on the findings from 
Article I, Article III, and Article V.  

Steffen et al. (2015b), states that “The PB framework is not designed to be ‘downscaled’ 
or ‘disaggregated’ to smaller levels, such as nations or local communities. That said, the PB 
framework recognizes the importance of changes at the level of sub-systems in the Earth 
System (e.g., biomes or large river basins) on the functioning of the Earth System as a 
whole. Also, there are strong arguments for an integrated approach coupling boundary 
definitions at regional and global levels with development goals to enable the application 
of ‘PB thinking’ at levels (nations, basins, regions) where policy action most commonly 
occurs” (Steffen et al. 2015b). The objective of AESAs using the PBs fall under the last 
category in enabling application of PB thinking at the levels of policy actions. Besides 
nations, basins, and regions, the importance of industries (which can cross territorial 
borders) should be noted as these have the ability to take actions that can influence 
humanity’s pressure on the Earth System. Indeed, AESAs using the PBs are not about 
direct top-down scaling of global PBs to sub-planetary level. Instead, it is about a top-
down distribution of shares of the safe operating space among different societal actors at 
different levels of scale (e.g. between persons, countries, companies, or industrial 
sectors).  

For assigning a share of the safe operating space to an activity, Bjørn et al. (2016) defined 
the following criteria for determining and assigning an ecological space (such as the safe 
operating space) to a specific activity: 

• Identify competing activities, i.e. which other activities are relying on occupying parts 
of the same ecological space as the studied activity. 

• Quantify the relative value of the studied activity, i.e. what is the perceived value of 
the studied activity relative to the identified competing activities competing for 
ecological space. The perceived value of a studied activity relative to the competing 
activities can be expressed as a value factor between 0 and 1.  

The following chapter sections look further into these criteria and explore the challenges 
and opportunities for determining and assigning a share of the safe operating space. 
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3.1 Identifying competing activities and their relative value 

The difficulty in Identification of competing activities and assignment of a share of the safe 
operating space according to the criteria by Bjørn et al. (2016) depend on the scale at 
which the Earth System process operate. Identification of competing activities can be 
challenging for Earth System process that operate at local scales due to the potential 
requirement for very geographically specific local data. Indeed, this task is simpler for PBs 
related to Earth System processes which operate at planetary scale. For instance, climate 
change where GHGs are mixed in the atmosphere independent on the emission location. 
Here, all activities can be regarded as competing for the same global safe operating space. 
Thus, the safe operating space can be distributed among all activities. However, at local 
scale, such as freshwater use, the fulfillment of the criteria is more challenging. Indeed, 
identifying all competing activities with regards to water withdrawal from a specific river 
basin can be very challenging and to do this for all river basins is a near impossible task in 
terms of data retrieval. Thus, pragmatic simplifications (as was also done by Bjørn et al., 
2016) are often needed to operationalize the identification of competing activities and the 
subsequent assignment of a share of the safe operating space to the assessed activity 
(Article V).  

This is illustrated in Figure 11, where three archetypical methods for collecting data on the 
competing activities and quantifying their relative value are schematically shown. The 
archetypical methods in Figure 11 ranges from the most detailed and complex method 
through a simpler spatially differentiated method, to a global top-down assignment of the 
safe operating space where all local to regional level Earth System processes are assumed 
a global common and, thus, distributed among all activities.  
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Figure 11. Schematic representation of three archetypical methods for assigning a share of a sub-
planetary safe operating space to an assessed activity. The complexity of the methods is ordered 
according to their complexity with the most complex method on top and the simplest method at the 
bottom. 

For application in AESAs, it is recommended that the detailed approach in Figure 11 is 
applied and that the scale at which competing activities are identified align with the scale 
of Earth System process. However, it is acknowledged that such fine resolution is often 
not achievable due to insufficient knowledge and data (Article V). Indeed, detailed data on 
activities might exist in territories with a high level of control and monitoring of activities, 
such as Europe, but other parts of the World might, at present, lack such detailed data 
which make a precise identification of competing activities a near impossible task. In such 
cases practical simplifications are needed to reduce the complexity and enable 
identification of competing activities. Such simplifications will lead to lower 
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representativeness of the actual situation, thus, an acceptable trade-off between 
representativeness and practicability must be found. Currently, there is a lack of 
knowledge about the implications that such simplifications have on representativeness. 
Thus, further research on this subject is required in order to decide what an acceptable 
trade-off between representativeness and practicability would look like. 

The value indicator used for relating the activities to each other can be based on different 
indicators of value which express different principles for distributing and sharing an 
ecological space. The choice of sharing principles and indicators for distributing the safe 
operating space is further dealt with in the following chapter sections. 

3.2 Quantifying the relative value of an activity 

The quantification of the value of an activity relative to other activities and, thus, the 
share of the safe operating space it should be assigned is a normative and subjective task 
(Article V). The distribution of ecological spaces such as the safe operating space can be 
related to distributional justice theory where different theories for distribution of 
resources (such as the rights to occupy the safe operating space) among different entities 
have been studied (Meyer and Roser 2006; Vanderheiden 2009). The issues related to 
distribution of the safe operating space are comparable to the discussions in the climate 
debate about how to allocate the rights to GHG emissions between different actors (e.g. 
people, countries, industry sectors). Indeed, a number of methods have been proposed 
based on different principles of distributive justice (Rose et al. 1998; Grasso 2012). 
Principles for assigning the share of the safe operating space can for instance be based on 
maximizing utility of the global population (i.e. utilitarian based), seeking equality 
between all people (i.e. egalitarian based), or distributing relative to current contribution 
to environmental impacts (i.e. status quo based). Further, a combination of different 
sharing principles can also be applied for determining how to distribute the safe operating 
space.  

Moreover, it is also important to determine which indicators to use for measuring e.g., 
utility or equality (as was discussed by Dworkin (1981a and 1981b) for egalitarian sharing 
principles). This has been coined ‘the index problem’ in egalitarian distributive justice 
theory (Rawls 1999; Moreno-Ternero and Roemer 2012). For instance, on what indicator 
should equality be measured? Equality could either be based on equality in rights to 
resources (i.e. equal per capita distribution of shares of the safe operating space) or 
equality in welfare (i.e. distributing the safe operating space to achieve equal per capita 
welfare levels). Thus, the choice of indicator will also influence how the safe operating 
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space is distributed. Indeed, distribution of the safe operating space can be based on 
several different principles and different indicators. Indeed, the choice of sharing principle 
and indicator will inevitably introduce a bias towards some actors and against other actors 
(Article III).  

Indeed, similar to climate change negations where consensus agreements could not be 
reached (Moomaw and Papa 2012), it is unlikely that a consensus agreement on a single 
sharing principle and indicator for distributing the safe operating space will be achieved. 
Potential disagreements in selection of sharing principles and indicators among different 
societal actor can be a result of subjective differences such as perceptions of fairness, 
political views, cultural and religious background, personal moral and ethical values, and 
short- and long-term vested interests.  

3.3 Review of sharing principles applied in AESA using the PBs 

Article V conducted a review of the sharing principles used in previous studies on AESA 
using the PBs for assigning shares of the safe operating space to an activity. The search 
engines ISI Web of Science and Google Scholar were used for searching the scientific 
literature, and relevant studies were retrieved by using the search query ("planetary 
boundaries" AND (“share” OR “sharing” OR "scaling" OR “downscaled” OR “downscaling” 
OR "absolute sustainability" OR "allocating" OR “allocated”)). In addition, the reference 
lists of the studies retrieved in the first place were checked for additional relevant studies 
which had not been identified in the initial search. 

In total 13 studies were retrieved where either top-down assignment of the safe operating 
space had been done or where bottom-up derived boundaries had been defined based on 
the PBs. In total 18 sharing principles were applied across the 13 studies. Three studies did 
not perform any down-scaling of the safe operating space and only derived geographically 
specific bottom-up based boundaries which resembled the Earth System processes in the 
PB-framework.  

3.3.1 Identified sharing principle categories 

Four general sharing principle categories were defined based on distributive justice theory 
(Article V) (see Table 2 for a brief description of the principles). The types of sharing 
principles found in the reviewed studies were categorized based on the general sharing 
principle categories, taking a people-perspective. The used sharing principles could be 
categorized as being based on Egalitarian, Utilitarian, or Acquired rights based sharing 
principle categories. 
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Table 2. The four identified sharing principle categories and a basic description of the sharing principle 
category based on Meyer and Roser (2006). 

Sharing principle 
category 

Basic description of sharing principle category 

Egalitarian Egalitarian principles seek to equally distribute a specific unit of measure between people. The unit of measure 
can either be based on the equality in allocation of resources (resource egalitarianism) or equality in the 
outcomes experienced from allocation of the resources (welfare egalitarianism).  

Utilitarian Utilitarian sharing principles seeks to maximize the overall utility of society. Thus shares are assigned in order to 
achieve the highest utility. 

Prioritiarian Prioritiarian sharing principles seeks to maximize the overall utility of society, but increase in utility for the 
worse off is given larger weight. Shares are, therefore, assigned in order to achieve the highest utility. 

Acquired rights The shares to the safe operating space assigned to an activity should be proportional to the activity 
contribution to pressures on the environment, either at currently or historically. 

 
The distribution of sharing principle categories used is shown in Figure 12. Aside from 
studies that used geographically specific bottom-up derived boundaries as AESRs rather 
than a share of the PB, the most applied sharing principle category is a strict egalitarian 
equal per capita principle which, however, is only used as stand-alone sharing principle in 
country scale assessments. For company and industry sector scale assessments, the used 
sharing principle should also take into account either the value provided to people by the 
activity relative to other activities (i.e. utilitarian or prioritiarian sharing principles) or the 
assessed activity’s contribution to environmental impacts relative to other activities (i.e. 
acquired rights sharing principles). A general trend is that combinations of different 
sharing principle categories are used to scale the safe operating space from global scale to 
the scale of the object of study. A single stand-alone sharing principle is commonly applied 
in country scale studies while combination of two sharing principles are used in eight out 
of 10 attempts at sharing the safe operating space at sector and company scale 
assessments (Article V). 
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Figure 12. Usage frequency of different sharing principle categories (adapted from Article V). Color coding 
refer to the scale of the assessment i.e. region, country, company, and sector. 

3.4 Sensitivity of assigned share of safe operating space to choice of sharing 
principle  

For the AESA of laundry washing in the EU (Article III), a share of the safe operating space 
had to be assigned to the activity in order to assess whether the activity could be 
considered absolutely sustainable. A global top-down approach was used for determining 
the competing activities, thus, all safe operating spaces were assumed a global common. 
The value of laundry washing in the EU relative to the competing activities was 
determined by applying four different sharing principles for assigning a share of the safe 
operating space. The different sharing principles were applied to evaluate the sensitivity 
of the AESA result to the choice of sharing principle. Three methods were based on 
egalitarian distributive principles from an industry-perspective (i.e. equality between 
industries). The three egalitarian sharing principles consisted of one principle being strictly 
based on economic output of the activity (which was used as a proxy for welfare) and two 
using a combination of equal per capita sharing from global to the EU scale and, 
thereafter, based on economic output. Two economic indicators were used i.e., 
contribution to gross value added and share of consumers final consumption expenditure. 
From a people-perspective, the three methods cannot be characterized as being 
egalitarian. From a people-perspective the sharing principles can be regarded as based on 
utilitarian principles or based on principles of acquired rights (Article V). Lastly, one 
method assigned a share of the safe operating space based on the activity’s current 
contribution to impacts on the Earth System processes in the PB-framework i.e., a status 
quo sharing principle (see Table 3). The status quo sharing principle can be categorized 
under the general sharing principle category termed Acquired rights (Article V). 
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Table 3. Sharing principles used for absolute sustainability assessment case study on laundry washing in the EU. 

Sharing principle name Description of calculation Sharing principle category taking a people-
perspective based on Article V  

Assigned share of the safe operating space  

FCE The assigned share corresponds to the share of 
global consumer spending (as final consumption 
expenditure) that is spend on laundry washing in 
the EU  

Acquired rights from a people-perspective as 
consumers with an acquired larger spending power 
will have greater influence on how shares are 
assigned. 

0.039% (impact category independent) 

EU per cap & GVA First a share is assigned based on EU population 
relative to global population. Second, the share 
assigned to laundry washing in the EU corresponds 
to the share of total gross value added in the EU 
that stems from laundry washing 

Egalitarian per capita from global to EU scale; 
Utilitarian from EU scale to activity scale determined 
as utility (measured as value added) of laundry 
washing relative to total utility in the EU 

0.007% (impact category independent) 

EU per cap & FCE First a share is assigned based on EU population 
relative to global population. Second, the share 
assigned to laundry washing in the EU corresponds 
to the share of total consumer spending (as final 
consumption expenditure) in the EU that is spent 
on laundry washing. 
 

Egalitarian per capita from global to EU scale; 
Acquired rights from EU scale to activity scale as 
consumers with an acquired larger spending power 
will have greater influence on how shares are 
assigned. 

0.018% (impact category independent) 

Status quo The assigned share corresponds to share of total 
impacts on Earth System processes in the PB-
framework that stems from laundry washing in the 
EU 

Acquired rights as the assigned share is proportional 
to the activity’s pressure on the environment relative 
to the total pressure exerted by all activities. 

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 - Tropical: 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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Based on the defined sharing principles, the share of the safe operating space for laundry 
washing in the EU was determined (Table 3). The share of the safe operating space 
assigned to laundry washing was found to vary by up to more than three orders of 
magnitude. The largest variations were observed for impact categories which were 
assigned a very small share according to the status quo principle because the contribution 
of the assessed activity to total impacts on the PBs’ control variables was relatively small 
(e.g. for ‘Stratospheric ozone depletion’ and ‘Land-system change – Temperate forest’).  

An evaluation of uncertainty of the results which included uncertainty related to choice of 
sharing principle, uncertainty of the LCI, and the uncertainty related to positioning of the 
PB in the zone of uncertainty was performed. This showed that that uncertainty related to 
assigning a share of safe operating generally varied by 2–3 orders of magnitude while 
uncertainty of the LCI and uncertainty related to positioning of the PB varied by about one 
and less than one order of magnitude, respectively. Thus uncertainty related to choice of 
sharing principle exceeded uncertainty related to the LCI and the positioning of the PBs on 
the zone of uncertainty. Moreover, in eight out of 15 impact categories, the status quo 
sharing principle assigned the largest share of the safe operating space to laundry washing 
in the EU. This could indicate that laundry washing has a relatively high contribution to 
total pressures on the Earth System processes compared to its contribution to economic 
added value and compared to consumer preferences. This can be used to indicate that 
impacts related to laundry washing should be reduced to better align with the shares 
assigned using economically based sharing principles.  

The comparison of the impacts scores for laundry washing in the EU with the assigned 
shares (i.e. the AESR) allowed for observing whether or not impact scores for certain 
impact categories using a specific sharing principle exceeded the assigned share. It was 
found that a number of impact scores exceeded the assigned share of the safe operating 
space e.g., for climate change, but also that the choice of sharing principle could be 
deciding about an activity either being absolutely sustainable or exceeding its assigned 
share. For instance, this was the case for global freshwater use where laundry washing in 
the EU was found to be absolutely sustainable according to the status quo and the final 
consumption expenditure sharing principles while a reduction of a factor 2 - 5.4 in 
freshwater use would be required to become absolute sustainability when applying the 
other sharing principles. This underlines the need for transparency in the selection of 
sharing principles in AESA. A more detailed discussion on the influence that the choice of 
sharing principle can have on the results and subsequent decision-making is given in 
Chapter 4.2.1 on added value to decision makers from AESAs using the PBs. 
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3.5 Conclusion and outlook 

In this chapter the second research question (RQ2) was sought answered, i.e. “How and 
on what basis can the safe operating space be distributed among anthropogenic 
activities?”  

The different types of sharing principles that had been used in previous AESAs using the 
PBs were identified through a literature review (Article V). The previously used sharing 
principles were categorized according to a set of sharing principle categories which were 
defined based on their relation to distributional justice theory. It was found that the 
previously used sharing principles could be categorized as being either egalitarian, 
utilitarian or based on principles of acquired rights. The retrieved sharing principles were 
either based on a single stand-alone sharing principle category or a combination of two or 
more sharing principle categories. Egalitarian sharing principles were most commonly 
used. However, these could only be applied as stand-alone sharing principle for country 
and person scale assessment. Only using egalitarian sharing principles was not sufficient 
for assigning shares for production oriented activities such as companies and industrial 
sectors. Here, other sharing principles related to the other sharing principle categories 
(i.e. Utilitarian, Prioritiarian, or Acquired rights) were needed to assign a share of the safe 
operating to the production oriented activity relative to other activities.  

In Article III, four different sharing principles were tested and the assigned share of the 
safe operating space was found to vary by up to more than three orders of magnitude 
depending on the sharing principle used. In fact, it was found that the uncertainty related 
to choice of sharing principle exceeded uncertainty related to the LCI and the positioning 
of the PBs on the zone of uncertainty. Thus the choice of sharing principle can influence 
the results of an AESA and, thus, also influence decisions to be made based on the results. 
This aspect is further dealt with in Chapter 4. 

With regards to further research needs and outlook for assigning shares of the safe 
operating space, there are a number of challenges which should be addressed. Indeed, 
due to the subjectivity in selection of a sharing principle, it was not possible to provide 
guidance on which sharing principles to select. Thus, further research on the assigning of 
shares of the safe operating space is recommended. Further advancing this issue would 
likely require an increased degree of interdisciplinary collaboration between researchers 
from natural science, engineering, social science, economics and humanities. This is 
needed to tackle this issue from different angles and to draw on the expertise from the 
different fields of research to, hopefully, arrive at a robust and consistent method for 
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assigning shares of the safe operating space. Further investigation of this issue should, 
ideally, result in a consensus- or politically-based decision on a standardized approach for 
assigning shares of the safe operating space. This could, for instance, be through 
identification and recommendation of 4-5 sharing principles and indicators that, as a 
standard, could be applied in AESAs using the PBs.  

However, until such standardization is realized, it is recommended to be transparent 
about the choice of sharing principles used. Particularly, if the results are to be applied by 
other users in a different context where it is important to be able to check whether the 
principles used for assigning the safe operating space align with the intended usage by the 
other users and in the different context. For instance, AESA results which are based on a 
share of the safe operating space assigning using acquired rights based sharing principles 
is not recommended to be used by users which favor egalitarian sharing principles.  

Moreover, it is recommended to apply a set of sharing principles to test and show the 
sensitivity of the results to the choice of sharing principle. For instance, if more than one 
person is involved in making an AESA then a list of sharing principles favored by the 
involved people (e.g. as part of a stakeholder consultation) could be made. Hereby, the 
uncertainty related to choice of sharing principles together with other sources of 
uncertainty in the AESA could be quantified using e.g., Monte Carlo simulation where the 
distribution of the stakeholder preferences for the sharing principles can be used to 
construct a probability distribution for the choice of sharing principle (Article IV). Indeed, 
as proposed in Article III, a criterion for stating that an activity is absolutely sustainable 
could be that at least four sharing principles are applied and the activity stays within the 
assigned share of safe operating space in 95% of the iterations in a Monte Carlo 
simulation (Article III). 
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Chapter 4 – Added value of AESA using the 
Planetary Boundaries 

This chapter seeks to answer RQ3 i.e., “How can decision-makers in industry and 
governments benefit from assessing absolute sustainability relative to Planetary 
Boundaries and how do assessments relative to the PBs differ from traditional LCA?” RQ3 
draws on Article I in specifying key differences related to using and interpreting results of 
an AESA using the PBs compared to a traditional LCA. Moreover, this chapter draws on 
findings from the case studies conducted in Article III and Article IV which illustrate the 
added value for decision-makers of expressing impacts in the metrics of the PBs’ control 
variables and relating impact scores to an assigned share of the safe operating space.  

4.1 Difference in underlying principles of the PB-framework and life-cycle 
assessment 

The applicability and interpretation of results from an AESA using the PBs will differ from 
traditional LCAs in a number of ways. This is particularly with regards to the underlying 
principles on which the PB-framework and traditional LCAs are founded. It is important to 
be aware of these differences when conducting an AESA using the PBs in order to avoid 
misunderstanding and potential misuse of the method and the results. The differences 
particularly relate to challenge 1 (“Introduction of a new area of protection: The Holocene 
state of the Earth System”), challenge 5 (“Applying the precautionary principle instead of 
best-estimates for defining the safe operating space”), and challenge 6 (“Inclusion of 
environmental constraints in Life-Cycle Assessment”) which were presented in Article I.  

4.1.1 New area of protection: The Holocene state of the Earth System 

A fundamental difference between traditional LCA and an AESA using the PBs is the AoP. 
Traditional LCAs focus on protecting the AoPs human health, ecosystem quality, and 
natural resources (Jolliet et al. 2004; Verones et al. 2017) which are represented by the 
endpoint impact categories in an LCA (see Figure 4 in Chapter 1.4.1). An AESA which 
assesses activities in the metrics of the control variables of the PBs and relates impact 
scores to an assigned share of the safe operating space, will inevitable have a different 
AoP. Here, the AoP will reflect that of the PB-framework i.e., to keep the Earth System in a 
Holocene-like state which is considered a functional value for protecting humanity 
(Rockström et al. 2009b). 
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Indeed, this difference in the AoP aligns with an inherent difference in the goal of a 
traditional LCA and an AESA using the PBs. The goal of a traditional LCA is primarily to 
identify opportunities for improving the performance of an activity at various stages of the 
life-cycle and compare the performance of different activities which fulfill the same FU 
(ISO 2006a). Here it is important to include aspects related to human health, ecosystem 
quality, and natural resources to provide a comprehensive assessment of the activity’s 
performance to avoid overlooking potentially important impacts on either of the AoPs. 
The goal of an AESA using the PBs is to evaluate how the assessed activity contributes or 
may contribute to occupying the safe operating space and to what extent the share of the 
safe operating space occupied by the assessed activity can be considered environmentally 
sustainable (Article II). Thus the AoP of an AESA using the PBs is much narrower as it is 
only concerned with staying within the safe operating space to keep the Earth System in a 
Holocene-like state. 

To avoid misuse, it is important to be aware of the differences in the AoPs and the overall 
goals of a traditional LCA and an AESA using the PBs. Due to the difference in the AoP 
between a traditional LCA and an AESA using the PBs, AESAs assessing absolute 
sustainability relative to an assigned share of the safe operating space are not meant to 
replace traditional LCAs but should instead be used complementarily to obtain a more 
comprehensive assessment of the activity under study. In fact, traditional LCAs are highly 
important for providing valuable insights on other issues, such as impacts on human 
health or depletion of abiotic resources which are both important issues that should not 
be overlooked (Article I).  

4.1.2 Inclusion of environmental constraints in Life-Cycle Assessment 

The application of absolute boundaries is not common in LCA which is based on utilitarian 
principles where the goal is to minimize the overall impacts on the environment. This 
includes substitutability and trade-offs between different environmental impacts, if this 
means that the overall impact can be reduced. However, the PB-framework states that all 
PBs should be respected due to the interdependencies between the Earth System 
processes (Rockström et al. 2009b). Indeed, an activity should stay within its assigned 
share of the safe operating space for all PBs. This is based on the fact that if all activities 
stayed within their assigned share, then humanity as a whole would act within the full safe 
operating space. Hence, a goal of an AESA using the PBs is that exceedance of the assigned 
share of the safe operating space should be avoided for all impact categories (Article III). 
Thus, trade-offs between impact categories should be avoided in an AESA using the PBs if 
such trade-offs result in one or more impact scores exceeding the assigned share of the 
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safe operating space. The use of environmental constraints in an AESA using the PBs, 
therefore, expands the goal of the assessment to seek to minimize the overall 
environmental impact without exceeding the assigned share of the safe operating space 
for any of the impact categories (Article I).  

These differences between an AESA using the PBs and traditional LCA also means that an 
AESA using the PBs can only be used for comparing the performance of two or more 
activities per impact category and for assessing the activities’ performance relative to the 
PBs and the assigned share of the safe operating space. Comparison of activities’ impact 
scores across impact categories cannot be done as all impact categories should be treated 
separately. Thus, it is not possible in a comparative LCA to determine the environmentally 
speaking best performing activity, unless one activity has lower impact scores across all 
impact categories. Facilitation of assessments that can determine the environmentally 
speaking best performing activity relative to the PBs would require either modelling of the 
full impact pathway for all Earth System processes until these converge in a single 
indicator (e.g. from emission of elementary flows to destabilization of the Holocene state) 
or weighting of the impacts of each Earth System process relative to its potential for 
destabilizing the Holocene state (Article I). Modelling of an activity’s potential for 
destabilizing the Earth System is highly challenging and uncertainties will likely be huge. 
Weighting of the relative importance of the PBs is a political exercise which would be 
similarly challenging as such weighting should ideally account for the interdependencies of 
the Earth System processes.  

Therefore, for AESAs using the PBs, it is recommended not to try and compare impact 
scores across impact categories in a bid to identify the environmentally speaking best 
performing activity. Instead, the application of AESAs using the PBs should be restricted to 
assessing whether an activity can be considered absolutely sustainable relative to an 
assigned share of the safe operating space. Indeed, it is recommended to use traditional 
LCAs for assessments where the goal is to compare different activities which fulfill the 
same FU, to identify the environmentally speaking best performing activity. 

4.1.3 Applying precautionary principle in setting the boundaries 

Traditional LCAs seeks to ensure an unbiased comparison of activities fulfilling the same 
FU. This is sought by aiming for best estimates during the characterization of potential 
impacts, which means that precautionary principles and conservative estimates are 
avoided in the LCIA phase (Hauschild 2005). However, the PB-framework applies a 
precautionary principle in the definition of the PBs which are located at lower boundary of 

 
51 

 



Ryberg MW. 2018. Putting life-cycle indicators on an absolute scale –Integrating Planetary 
Boundaries into Life-Cycle Assessment. PhD Thesis. Technical University of Denmark  

 

the zone of uncertainty where ”there is very low probability of crossing a critical threshold 
or significantly eroding the resilience of the Earth System” (Steffen et al. 2015b). Thus, the 
safe operating space for Earth System processes with low uncertainty about the location 
of potential tipping points will be relatively larger than the safe operating space defined 
for Earth System processes with high uncertainty about the location of potential tipping 
points. In a traditional LCA, this would introduce a bias between the different Earth 
System processes due to the different certainty about the location of potential tipping 
points (Article I). Bjørn and Hauschild (2015) sought to address the issue by using the 
middle value rather than the lowest value in the zone of uncertainty. However, the 
requirement for staying within all of the PBs (Rockström et al. 2009b) should be directly 
adopted in AESAs using the PBs. Indeed, because the results for each impact category 
should be treated separately and substitutability between impact categories should be 
avoided, the potential biases introduced by applying a precautionary approach become 
irrelevant as comparison of impact scores across impact categories should be avoided 
(Article I, Article III). 

In addition, Article III provided insights into the sensitivity of the AESA results to the 
choice about positioning of the PB within the zone of uncertainty. It was found that 
uncertainty related to the positioning of the PB within the zone of uncertainty was less 
important than uncertainty related to the choice of sharing principle and uncertainty 
related to the LCI. Indeed, uncertainty related to the positioning of the PB was not found 
to affect the general conclusions that could be made based on the results. This shows that 
whether a precautionary or a best-estimate approach is applied, results will not change 
drastically. However, to remain aligned with the principles of the PB-framework and to 
allow a direct comparison with the PBs, it is recommended to adopt and apply the 
precautionary principle in defining the boundaries in an AESA using the PBs. 

4.2 Added value to decision-makers from case study application of PB-LCIA 

AESAs using the PBs provide a number of benefits to decision-makers compared to 
traditional LCAs. Foremost, the ability to relate impact scores to an AESR can provide (i) a 
scientifically based indication about whether an activity can be considered absolutely 
sustainability; and (ii) in the case of impact scores exceeding the AESR, the method can 
indicate the magnitude of impact reductions required for the activity to be absolutely 
sustainable. 

The application of characterization models for LCA which express impact scores in the 
metrics of the PBs were applied in two case studies. First a traditional LCA case study was 
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performed to directly use the PB-LCIA described in Chapter 2 and, thereby, test the 
applicability of the method and the added value of applying the method (Article III). 
Second, a case study on the impacts of climate change from steel production from 2015 to 
2100 was conducted (Article IV). Here an extended version of the developed methodology 
was applied (see Chapter 2.4). The extended version was based on a dynamic MFA based 
LCI which allowed for indicting the temporal development in impacts on the Earth System 
processes in the PB-framework.  

4.2.1 Direct application of the PB-LCIA in a case study 

The case study on laundry washing in the EU (Article III) tested alternative scenarios for 
improving the environmental performance of the assessed laundry washing system. 
Similar to a traditional LCA, the PB-LCIA methodology could indicate the effects of the 
alternative scenarios and how these could change the environmental performance of the 
assessed laundry washing system. Similar to a traditional LCA, the PB-LCIA could also be 
used for indicating the contribution of the different life-cycle stages to the total impact 
score. It was found that electricity use and water use related to the use stage and land use 
related to production of surfactants contributed most to impact scores (Article III). 

However more importantly, after determining the share of the safe operating space 
assigned to laundry washing in the EU (Chapter 3.4), it was possible to evaluate the 
absolute sustainability of the assessed laundry washing system as well as the alternative 
scenarios. Here, the baseline laundry washing scenario (i.e. Scenario #1) was compared to 
a scenario where a number of measures for reducing impacts have been included (i.e. 
Scenario #8; see Table 4) (Article III). Table 5 shows an overview of the deterministic 
impact scores as a fraction of the assigned share of the safe operating space.  

Table 4. Overview of measures included in Scenario #8 for reducing environmental impacts 

Reduction measure included in Scenario #8 Geographical location affected 

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 

Improvement in washing machine technology which reduces energy use by 10 % EU 

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 

Increase in palm fresh fruit bunch yield [t/ha/year]  Indonesia and Malaysia 

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

Indonesia and Malaysia 

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

A best-case scenario (scenarios 2 to7 combined) EU and Indonesia and Malaysia 
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Table 5. Deterministic impact scores for scenario #1 and #8 shown as a fraction of the assigned share of the safe operating space using the 
four sharing principles (Table 3). Green shaded cells indicate impact scores within the assigned share of the safe operating space. Impact scores for 
‘Biogeochemical flows - P cycle, global’ were not estimated as this PB was considered covered by the regional level PB for phosphorous. Impact 
scores for ‘Land-system change – Boreal’ were excluded as all impact scores were zero. 

PB-LCIA impact category Unit 

Scenario #1 Scenario #8 
EU per cap 
& FCE 

EU per cap 
& GVA FCE only Status quo 

EU per cap 
& FCE 

EU per cap 
& GVA FCE only Status quo 

Climate change - Energy imbalance at 
top-of-atmosphere 

Wm-2 3.18×101 8.11×101 1.48×101 2.30 8.21 2.09×101 3.83 5.93×10-1 

Climate change - Atmospheric CO2 
concentration 

ppm CO2 3.27×101 8.33×101 1.52×101 1.65 8.19 2.09×101 3.82 4.13×10-1 

Stratospheric ozone depletion DU (Dobson Units) 3.43×10-3 8.74×10-3 1.60×10-3 6.00 1.12×10-3 2.86×10-3 5.23×10-4 1.96 

Ocean acidification mole (ΩArag) 1.04×101 2.65×101 4.86 7.98×10-1 2.61 6.66 1.22 2.00×10-1 

Biogeochemical flows - N cycle Tg N yr-1 1.15×101 2.93×101 5.36 2.42 4.51 1.15×101 2.10 9.49×10—1 

Biogeochemical flows - P cycle, global Tg P yr-1 NA NA NA NA NA NA NA NA 

Biogeochemical flows - P cycle, regional  Tg P yr-1 4.91 1.25×101 2.29 2.26 2.94 7.50 1.37 1.35 

Land-system change – Global % 1.63 4.16 7.62×10-1 1.80 8.15×10-1 2.08 3.80×10-1 8.98×10-1 

Land-system change – Temperate % 2.86×10-4 7.28×10-4 1.33×10-4 4.80×10-1 9.27×10-5 2.36×10-4 4.32×10-5 1.56×10-1 

Land-system change – Tropical % 7.70 1.96×101 3.59 4.47 3.84 9.78 1.79 2.23 

Land-system change – Boreal % NA NA NA NA NA NA NA NA 

Freshwater use – Global dimensionless 2.12 5.40 9.87×10-1 6.50×10-1 1.72 4.39 8.03×10-1 5.29×10-1 

Freshwater use – Arid dimensionless 1.75×10-2 4.47×10-2 8.17×10-3 1.67×10-1 1.30×10-2 3.31×10-2 6.05×10-3 1.23×10-1 

Freshwater use – Semi-arid dimensionless 4.71×10-3 1.20×10-2 2.19×10-3 3.52×10-1 3.69×10-3 9.41×10-3 1.72×10-3 2.77×10-1 

Freshwater use – Humid dimensionless 1.07 2.72 4.98×10-1 2.79×10-2 5.90×10-1 1.50 2.75×10-1 1.54×10-2 

Atmospheric aerosol loading dimensionless (AOD) 3.61 9.20 1.68 1.45 1.50 3.83 7.01×10-1 6.06×10-1 
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The types of results in Table 5 can be divided into three general groups. 

1) Impact categories where all impact scores, independent of the chosen sharing
principle, exceed the assigned share of the safe operating space

2) Impact categories where some impact scores, depending on the choice of sharing
principle, exceed the assigned share of the safe operating space

3) Impact categories where all impact scores, independent of the chosen sharing
principle, stay within the assigned share of the safe operating space

Only for ‘Land-system change – Temperate’, ‘Freshwater use – Arid’, and ‘Freshwater use 
– Semi-arid’ did impact scores stay within the assigned share of the safe operating space
independent of the choice of sharing principle. Thus, the assessed laundry washing system 
can be considered environmentally absolutely sustainable with regards to these impact 
categories. This finding is not particularly surprising given that most land-system changes 
related to the assessed system occurs in tropical regions while most freshwater use comes 
from humid regions in Europe. This underlines the need for assessing all impact categories 
when evaluating absolute sustainability as impact categories related to Earth System 
processes which are unaffected by the assessed activity are always likely to appear 
sustainable.  

The impact categories ‘Biogeochemical flows - P cycle, regional’, and ‘Land-system change 
– Tropical’ were found to exceed their assigned share of the safe operating space for both
scenarios independent of the sharing principle. This was due to transformation of tropical 
forest and use of nutrients as fertilizer for production of palm kernel oil which is needed 
to produce bio-based surfactants used in the laundry detergent. For scenario #1 and 
depending on the used sharing principle, reductions in impact scores by a factor 2.26 to 
12.51 are needed to make the activity perform within its assigned share of the safe 
operating space for ‘Biogeochemical flows - P cycle, regional’. By applying alternative 
scenarios it was possible to evaluate the effect of different reduction measures. As 
evident from scenario #8, even if all proposed reduction measures were implemented, 
additional reductions by a factor 1.35 to 7.5 were still be needed to make the activity 
perform within the assigned share of safe operating space. This is valuable information to 
decision-makers and can help ensuring that reduction targets are sufficiently ambitious. 
Moreover, the ability to test scenarios can help decision-makers to realize whether 
planned reduction measures are sufficient or if more drastic measures are required. 
Indeed, the changes required might be outside the direct influence of the decision-
makers, indicating that the decision-makers must try to influence other societal decision-
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makers (e.g. politicians) to make the necessary changes to achieve the required 
reductions. 

For impact categories where the choice of sharing principle determines whether or not 
the activity stays within the assigned share of safe operating space, it is recommended to 
be transparent about the choice of sharing principle and as recommended in Chapter 3.5 
apply methods (such as Monte Carlo simulation) to indicate the uncertainty of the results 
relative to the choice of sharing principle. Also, similarly to cases where the assigned share 
of safe operating space is exceeded independent of the sharing principle, decision-makers 
could use these results for defining reduction targets that would ensure that the assigned 
share of safe operating space is not exceeded when using any of the sharing principles. 
Finally, the ability to assess the effect of different scenarios on all of the PB-based impact 
categories help ensuring that burden shifting is avoided, i.e. that benefits from reductions 
in one impact category is not offset or even worsened by increased impacts in another 
impact category. 

4.2.2 Dynamic Absolute Sustainability Assessment framework  

The added value to decision-makers from conducting a temporally dynamic AESA as was 
done in the case study on steel production from 2015 to 2100 (Article IV) is presented 
below. A share of the safe operating space was not assigned to steel production. However, 
steel production from 2015 to 2100 was found to occupy about 50% of the safe operating 
space for climate change if business-as-usual is continued. This is a good indication of the 
need for reducing GHG emissions related to steel production to allow sufficient space 
available for other activities which may be more important for satisfying human needs 
(e.g. food production). The ability to observe the development in pressures over time 
rather than the pressures after the system has reached a steady state level can allow 
decision-makers to make more informed decisions. This can be valuable for evaluating the 
implications of when actions for reducing impacts are taken and it can express the 
urgency for taking actions, as is the case with climate change where emission are 
accumulating in the atmosphere.  
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4.3 Conclusion and outlook 

In this chapter the third research question (RQ3) was sought answered, i.e. “How can 
decision-makers in industry and governments benefit from assessing absolute 
sustainability relative to Planetary Boundaries and how do assessments relative to the PBs 
differ from traditional LCA?”  

The analysis of challenges related to applying an AESA using the PBs compared to 
traditional LCA presented that decision-makers need to be aware of the underlying 
difference in the principles on which the two approaches are based. This involves: 

• the difference in what is sought protected where the concern of an AESA using the PBs 
is keeping the Earth System in a Holocene-like state. Indeed, complementary usage 
with a traditional LCA is recommended to avoid overlooking potential impacts on 
human health or natural resources; 

• the difference in the overall goal where AESAs using the PBs seeks to minimize the 
overall environmental impact with the condition that all impacts should stay within 
their assigned share of the safe operating space. Thus, each impact category should be 
treated separately; 

• the application of precautionary principles for defining the PB which in a traditional 
LCA would introduce biases. This is not a problem in an AESA using the PBs because a 
goal is to avoid exceedance of the assigned share of the safe operating space for all 
impact categories. (Article I) 

Not being aware of these differences could lead to misuse of the methodology which 
could provide results that would diverge from the principles of the PB-framework and thus 
decisions which cannot be supported by the PB-framework and the PB-LCIA methodology. 
Decisions could in worst case lead to regrettable outcomes. For instance, if trade-offs 
between impact categories are performed which lead to exceedance of one or more 
assigned shares of safe operating space. 

Through the laundry washing case study (Article III), it was shown that it is possible to 
apply the PB-LCIA in a real LCA and to provide impact scores in the metrics of the control 
variables in the PB-framework. This allowed for directly comparing the impact scores with 
the safe operating space in the PB-framework. By assigning a share of the safe operating 
space to laundry washing in the EU, it was possible to assess whether or not the activity 
exceeded its assigned share of the safe operating space for any of the impact categories 
and whether this was dependent on the choice of sharing principle. Thus, the overall goal 
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of an AESA using the PBs could be achieved i.e., to evaluate how the assessed activity 
contributed to occupying the safe operating space and whether the share of the operating 
space occupied by the activity could be considered environmentally sustainable.  

In the case that the impact scores exceeded the assigned share of the safe operating 
space, it was possible to indicate the level of reductions required for the activity to 
become absolutely sustainable. Thus a quantitative connection between anthropogenic 
activities and the PB-framework was developed which can be used to provide science-
based reduction targets that can be applied by decision-makers who wants an activity to 
become environmentally sustainable in an absolute sense and which align with the PB-
framework. This can enable decision-makers at the levels where decisions are made to 
apply PB thinking and take into account the need for staying within the safe operating 
space as part of strategic planning. Moreover, the ability to test the effect of scenarios for 
reducing impacts across all impact categories helps decision-makers in evaluating whether 
the reductions achieved from the scenarios are sufficient or if more ambitious actions are 
required. The case study on steel production (Article IV) showed an extended version of 
the PB-LCIA methodology which could show temporal development in environmental 
pressures. The added value of such approach is that it can allow decision-makers to make 
more informed decisions and it can help expressing the urgency of taking actions towards 
reducing pressures for different impact categories.  

Still, further testing of AESAs using the PBs in case studies is required to obtain more 
information about the applicability of e.g. the PB-LCIA method. This is also important to 
understand more about the value added and also if the developed method satisfies the 
demand for operational methods which can enable decision-makers in industry and public 
policy to apply PB thinking. Nevertheless, the application of AESAs using the PBs appears 
promising and can provide valuable insights to decision-makers which cannot be derived 
from a traditional LCA.  
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Chapter 5 –Tolerable damages on human health 
As stated in Section 1.2, a key goal of the PB-framework is to protect humanity by keeping 
the Earth System in a Holocene-like state. Although defined to protect humanity, the PB-
framework does not include a PB on human health. Indeed, AESAs generally focus on 
protecting the natural environment while assessments of humans relative to absolute 
boundaries have received less attention (Article VI). However, ensuring human health is 
important for the overall wellbeing of humans and should not be overlooked. Indeed, 
although not included as part of the PB-framework, absolute levels of impacts on human 
health or on depletion of resources could also be taken into account to provide a more 
comprehensive absolute sustainability assessment (ASA) which goes beyond only 
assessing absolute sustainability relative to the natural environment as done in AESAs. 
Thus, this chapter seeks to answer research question (RQ4) i.e., “How can absolute 
sustainability for human health be included in LCA to complement existing absolute 
sustainability methods for the natural environment?” RQ4 was answered by developing a 
set of NRs based on so-called tolerable damage levels (TDLs) on human health (Article VI) 
which can be used complementary to the carrying capacity based NRs for the natural 
environment (Bjørn and Hauschild 2015). 

5.1 Derivation of tolerable damage levels for human health 

TDLs were derived for each midpoint impact category in IMPACT World+ (IMPACT World+ 
2018) contributing the AoP Human health. The TDLs were socially determined based on 
legislations and guidelines which set out so-called guardrails for tolerable perturbations 
on humans. If more than one guardrail was identified for the same impact category, a 
hierarchy of criteria for selecting a single guardrail was used, i.e.:  

• Guardrails defined by institutions providing global guidance, such as the WHO, were 
ranked higher than guardrails defined by territorially restricted institutions, such as 
the European Union or the US Environmental Protection Agency. This criterion sought 
to ensure that guardrails encompassed as large an area as possible to avoid 
introducing a bias towards or against specific territories. 

• If guardrails are defined for more than one elementary flow within the same impact 
category, the guardrail relating to the elementary flow in closest agreement with the 
reference elementary flow used for the particular impact category was used. For 
instance, PM2.5 rather than SO2 was selected as guardrail for inorganic respiratory 
effects as PM2.5 is the reference elementary flow used for this impact category in 
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IMPACT World+ (Humbert et al. 2011; Gronlund et al. 2015). By seeking to use the 
same elementary flow for guardrail and impact category indicator, this criterion 
sought to avoid introducing additional uncertainty related to translating between 
different elementary flows. (Article VI) 

The definition of the guardrails depended on the impact category and ranged from 
environmental states (e.g. atmospheric temperature or PM2.5 concentration) through 
exposure of humans (e.g. tolerable daily intake of toxic substances) to effects on 
human as cases of cancer (see Table 6). As indicated in Table 6, a number of the impact 
categories express impacts on human health which are known to exhibit a threshold-
based response function. Guardrails for threshold based impact are more likely to be 
scientifically based with the guardrail being defined based on knowledge about the 
location of a threshold. Impacts without a known threshold are more likely to be 
politically based, e.g. based on a utilitarian based weighting of impacts on human health 
contra “gains” to society tolerable a certain level of impacts (Article VI). 

Table 6. Midpoint impact categories in IMPACT World+ which contribute to impacts on human health, 
the type of response function for the particular impact category, and the guardrail value and what the 
value is based on. Table is based on Article VI. 

Midpoint impact 
category 

Response function 
type 

Identified guardrail value 

Global warming Threshold-based Threshold defined as 1.5˚C above pre-industrial level (UNFCCC 2015) 

Toxicity cancer  No known thresholds  A 'tolerable' risk level for carcinogens in the society generally does not exist. However, 
cancer risk levels have been set and used in a number of different contexts (ECHA 
2012). A tolerable cancer risk level of 10-5 cases of cancer over a lifetime per capita per 
year is reported as often applied (van Leeuwen and Vermeire 2007; defra 2008; ECHA 
2012) and was, therefore, used in this study  

Toxicity non cancer  Threshold-based Threshold defined as tolerable daily intake (TDI) of non-carcinogenic toxic substances. 
Used by e.g. WHO (2011) and European Commission (EC 2016)  

Respiratory effects 
inorganics 

No known thresholds  Legislative limit of 10 μg PM2.5 m-3 annual average concentration in air (WHO 2006) 

Respiratory effects 
organics 

No known thresholds  Legislative limit of 100 μg O3 m-3 maximum daily 8-hr mean concentration (WHO 2006) 

Ozone layer 
depletion 

No known thresholds Because the main risk of ozone depletion is the additional cancer risk due to increased 
UV-B radiation, the same guardrail as for carcinogenic substances was selected as 
guardrail for ozone layer depletion (i.e. 10-5 additional cases of cancer over a lifetime 
per capita per year) 

Water use - 
Human health 

Threshold-based Threshold defined as minimum blue water availability to satisfy minimum human 
water requirement of 20 liter capita-1 day-1 (WHO 2013)  

Ionizing radiations No known thresholds  Legislative limit of 1 milli-Sievert (mSv) capita-1 year-1 (EC 2013) 
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The identified guardrails were converted to express the tolerable impact scores in the 
indicator metrics of the different midpoint impact categories but also as damage to 
human health at midpoint level i.e., TDLs expressed as disability-adjusted life years (DALY; 
year) (see Article VI for description of methods and calculations). The tolerable midpoint 
impact category impact scores and TDLs are shown in Table 7 for each impact category in 
IMPACT World+ which contributes to damages on human health. Moreover, the 
contribution of each impact category to the total aggregated TDL is given. The sum of TDLs 
across all midpoint impact categories can be regarded as the total TDL on human health 
which can be considered tolerable by society. Overall, the aggregated total TDL for human 
health was found to be 0.23 DALY capita-1 yr-1, corresponding to around 81 days lost per 
capita from environmental perturbations per year. 

The derived TDLs were found to vary by more than four orders of magnitude across 
impact categories and total tolerated damage levels for human health were dominated by 
respiratory effects from inorganic pollutants and water use. For respiratory effects from 
inorganic pollutants, the large contribution to total tolerable damage level can be 
attributed to the guardrail being defined at a high tolerable level relative to other impact 
categories as it is defined at a level where health effects are known to occur and not at a 
no-effect level. For water use, the large contribution was due to the large amount of 
water which is globally available for withdrawal without actually having an impact on 
human health, yet still contributing to impacts on human health in LCA (Article VI). 

Table 7 Estimated tolerable damage levels for midpoint impact categories contributing to damage 
on human health. Table adapted from Article VI. 

Impact category Tolerable midpoint impact 
level capita-1 yr-1 

Tolerable damage level 
[DALY capita-1 yr-1] 

Share of total tolerable 
damage level 

Global warming 1.71×103 kg CO2-eq 3.69×10-4 0.2% 
Toxicity cancer  1.43×10-7 cases  1.64×10-6 0.001% 
Toxicity non cancer  5.50×10-4 cases 1.48×10-3 0.7% 
Respiratory effects inorganics 2.04×102 kg PM2.5-eq  1.41×10-1 63.3% 
Respiratory effects organics 8.43×103 kg NMVOC-eq 3.29×10-4 0.1% 
Ozone layer depletion 3.62×10-3 kg CFC-11-eq  6.30×10-5 0.03% 
Water use - Human health 5.96×103 m3 water 7.94×10-2 35.7% 
Ionizing radiations  9.72×103 Bq Carbon 14-eq 2.04×10-6 0.001% 
Total damage level 2.23×10-1 100% 

The large variation in TDLs points to an inconsistency in the definition of the guardrails on 
which the TDLs are based and indicates that the identified guardrails are not necessarily 
reflecting the actual damages caused by the impact categories they safeguard. This 
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indicate that society may place more focus on avoiding impacts for certain impact 
categories relative to other categories where a larger damage level is, either explicitly or 
implicitly, tolerated. It appears that impacts for some impact categories are simply not 
tolerated by society, such as toxicity from carcinogenic substances while a larger degree of 
impact is tolerated for other impact categories. For instance, damage from respiratory 
effects from inorganic particulates which was also found to contribute most to total TDL.  

The relatively lenient definition of the guardrail for inorganic particulates might be 
because certain processes which are a source of inorganic particulates are simply needed 
for society to function e.g., combustion processes related to mobility and energy 
generation. Thus, the acceptance of particular matter emission might be due to a lack of 
available technological alternatives that, at present, can be implemented. Still, a 
redefinition of the guardrails for important contributors to impact on human health, such 
as inorganic particulates might be relevant for reducing impacts to a level that is, at least, 
comparative to impacts from other impacts. A redefinition should seek to consistently 
define guardrails at a level which ensure that tolerable damages across impact categories 
are similar (Article VI). 

5.2 Comparing tolerable damage level to global inventory of elementary 
flows  

The derived TDLs were compared with a global inventory of elementary flows for the year 
2010 (Figure 13; Article VI). The comparison was done to show the applicability of the TDL 
based NRs and the TDLs could be used to indicate the performance of the global inventory 
relative to tolerable damages on human health. It was found that damages from human 
activities in year 2010 exceeded the TDL for three out of eight impact categories. The 
largest exceedance was for human toxicity from carcinogenic substances where estimated 
damages for 2010 exceeded the TDL by about a factor 87.2. The estimated damage from 
human activities in year 2010 was 7 days lost per capita. In comparison to the total TDL of 
81 days lost per capita, this indicate that total damages on human health are within the 
level tolerated by society (Article VI). 
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Figure 13. Comparison between tolerable damage levels and predicted damages for year 2010 for 
midpoint impact categories contributing to damage on human health. 

The damages estimated from the global inventory for 2010 showed that respiratory 
effects from inorganic particulates was the second largest contributor to impact on human 
health (Figure 12). This indicates that reduction of damages on human health from 
inorganic particulates should be a focus area. However, due to the definition of the TDL, 
impacts from inorganic particulates did not exceed the TDL, thereby, indicating that the 
estimated damage were within a tolerable level. In contrast, damages from carcinogenic 
substances exceeded the TDL although the estimated damages were only 2% of the 
damages estimated for inorganic particulates. This only serves to further highlight the 
apparent inconsistency that exists in the definition of guardrails which do not necessarily 
reflect the actual damages caused by different impact categories. 
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5.3 Conclusion and outlook 

This chapter sought to answer the fourth research question (RQ4): “How can absolute 
sustainability for human health be included in LCA to complement existing absolute 
sustainability methods for the natural environment?” This was done through the 
development of a set of global TDLs for the midpoint impact categories in IMPACT World+ 
which contribute to the AoP Human health. The applicability of the TDLs as NRs was 
shown by application to a global emission inventory which could show for which impact 
categories global society in year 2010 either exceeded or stayed within the TDLs. Hereby, 
the TDL based NRs can be used to indicate the magnitude of the impacts on human health 
associated with an activity relative to socially determined guardrails. The TDLs can be used 
as NRs in a conventional LCA and in combination with the carrying capacity based NRs 
(Bjørn and Hauschild 2015) which focus on the natural environment. Hereby, it is possible 
to relate impacts of an anthropogenic activity to absolute boundaries for both the natural 
environment and for human health, thus broadening the overall coverage of such 
assessment. The TDL based NRs cannot be used for assessing whether exceedance of 
thresholds that leads to damage on human health actually occurs. This is due to a lack of 
spatial differentiation in the TDLs, where geographically specific influencing factors such 
as sensitivity of exposed individuals (e.g. children), and existing background pollution 
levels (which might yield synergistic or antagonistic effects) is not known. Indeed, the 
global TDLs provide a crude average of these geographical differences and more 
geographically specific assessments, such as Risk Assessment, are needed to make robust 
assessments of actual exceedance of guardrails for human health. Nevertheless, the NRs 
can be used for indicating the magnitude of impacts relative to tolerable damages on 
human health. This can be used for identifying impact category impact scores that are 
uncharacteristically large relative to the TDLs and which life-cycle stages that are 
responsible for the large impact scores. Such information can be used to provide 
recommendations to decision-makers about where to place focus in order to reduce 
impacts to a level which is more in line with the TDLs. Moreover, if the applied LCI is 
spatially differentiated then it is possible to indicate both the life-cycle stages and 
locations where most impacts occur. This can be used as guidance for directing more 
precise and location specific Risk Assessments which can assess whether exceedance of 
guardrails actually occur in the identified locations and whether measures for reducing 
impacts on human health are needed. 

Nevertheless, there are a number of areas in which the TDLs could be further investigated, 
but which were not possible within the time of this PhD project. First, the selection of 
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guardrails, on which the TDLs are based, should be investigated. This includes testing 
different guardrails, but also the political choices and priorities that underlie the different 
guardrails. For instance, why is the guardrail for emissions of inorganic particulates which 
cause respiratory effects relatively lenient with regards to the tolerable damages 
compared to the other guardrails? Indeed, in contrast to environmental boundaries which 
can be measured, guardrails for human health are subjective and depend on individual 
values. Further investigation of the subjective nature of defining guardrails on human 
health is, thus, needed. Second, an increased assessment of the spatial variation for the 
different TDLs is needed. It is acknowledged that such variation exists, but an assessment 
and quantification of this is yet to be performed. This includes geographical variations 
such as background pollution level, environmental fate of pollutants, and sensitivity of 
population groups, cultural and political acceptance of risk, etc. Such assessment of spatial 
variation could be coupled with a general assessment of the uncertainty of the TDLs in 
order to provide a realistic estimate of the uncertainty of the NRs. Finally, due to the 
spatial variation, a shift from NRs to CFs could be envisioned. This would require the 
development of spatially differentiated TDLs that, similar to the PB-LCIA methodology 
presented in Chapter 2, could be used for specifically characterizing the share of the 
regionally specific TDL for human health that an activity would occupy.  
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Chapter 6 – Conclusions and outlook 
6.1 Summarizing the project findings 

This PhD-project has contributed to advancing AESAs and ASAs in general by seeking to 
answer the research questions that were posed for this PhD-project: 

RQ1: How can assessments of anthropogenic activities’ environmental performance 
relative to the Planetary Boundaries using LCA be operationalized? 

RQ2: How and on what basis can the safe operating space be distributed among 
anthropogenic activities? 

RQ3: How can decision-makers in industry and governments benefit from assessing 
absolute sustainability relative to Planetary Boundaries and how do assessments 
relative to the PBs differ from traditional LCA?  

RQ4: How can absolute sustainability for human health be included in LCA to complement 
existing absolute sustainability methods for the natural environment? 

Chapter 2 answered RQ1 by presenting the development of an operational PB-LCIA 
methodology for charactering results in the metrics of the PBs’ control variables. Through 
an LCA case study, it was shown that the developed method was operational and could be 
used to assess an activity and express results in the metrics of the PBs’ control variables. 
This allowed for evaluating the share of the full safe operating space that the assessed 
activity would occupy. 

Chapter 3 answered RQ2 by investigating sharing of the safe operating space and the 
principles on which to share the space. A review of sharing principles used in previous 
studies on AESA using the PBs found that the most applied sharing principle for studies at 
country and person scale was an egalitarian equal per capita sharing principle. Single 
stand-alone egalitarian sharing principles were from a people-perspective not sufficient 
for studies at company and sector scale. This required use of an additional sharing 
principle either based on the value (i.e. utility) that the company or sector brings to 
people relative to other companies or sectors; or based on the company’s or sector’s 
contribution to environmental impacts relative to other companies or sectors. A case 
study showed that the choice of sharing principle was found to be a large source of 
uncertainty to the LCA-result which could influence decisions by decision-makers. It was 
not possible to identify a single universal sharing principle which in the future could be 
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applied in AESAs. On the contrary, it was found that the choice of sharing principle is 
highly subjective, thus, transparency in the choice of sharing principle was recommended. 
Further, it was recommended to apply a set of different sharing principles to show the 
sensitivity of the results to the choice of sharing principles. The uncertainty related to 
choice of sharing principles together with other sources of uncertainty in the AESA could 
be quantified using e.g., Monte Carlo simulation. Here, a criterion for stating that an 
activity is absolutely sustainable could be that at least four sharing principles are applied 
and that the activity stays within the assigned share of safe operating space in 95% of the 
iterations from the Monte Carlo simulation. 

Chapter 4 answered RQ3 by looking into the added value to decision-makers from 
performing AESAs using the PBs. Key differences between AESAs using the PBs and 
traditional LCAs were described. Firstly, this included a new and different area of 
protection i.e., the Holocene state. Secondly, the introduction of environmental 
constraints which extends the objective of the study to minimizing overall impacts while 
staying within the assigned share of the safe operating space. Thirdly, a precautionary 
principle is applied in defining the PBs which is a requirement if the results of an AESA 
should be comparable to the PBs in the PB-framework. The added value to decision-
makers from conducting an AESA using the PBs was shown in two case studies. In the first 
case study on laundry washing in the EU, it was shown that it is possible to assess whether 
or not impact scores for any of the impact categories exceeded the assigned share of the 
safe operating space and whether this was dependent on the choice of sharing principle. 
This allowed for indicating whether the assessed activity can be considered absolutely 
sustainably. If this is not the case, then it was possible to indicate reductions required for 
the activity to become absolutely sustainable which can be used to derive sufficiently 
ambitious science-based reduction targets. Moreover, the ability to assess all impact 
categories ensures that potential burden shifting from one impact category to another can 
be avoided. The second case study showed how an extended version of the PB-LCIA 
methodology could be used to express the development in pressures over time which can 
allow decision-makers to make more informed decisions e.g., on the urgency of taking 
actions towards reducing pressures on different Earth System processes.  

Chapter 5 answered RQ4 by describing the development of a set of NRs for human health. 
The human health based NRs can be used in combination with the carrying capacity based 
NRs (Bjørn and Hauschild 2015) to facilitate a more comprehensive ASA that take into 
account both the natural environment and human health. Hereby, potentially regrettable 
decisions that appear beneficial for the natural environment but which severely affect 
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human health can be avoided. The NRs can be used to indicate the magnitude of the 
impacts associated with an activity relative to socially determined guardrails for impacts 
on human health. This can allow for identifying impact category impact scores which are 
uncharacteristically large relative to the TDLs and, thus, should be the focus of reduction 
to a level which is more in line with the TDLs.  

In conclusion, the research conducted as of this PhD-project has contributed to taking 
major steps towards operationalizing AESAs using the PBs and ASAs in general. The project 
has resulted in methods which satisfy the demand for operational methods that make the 
‘conceptual’ PB-framework applicable at the relevant levels where decisions occurs and 
which can enable decision-makers in industry and public policy to apply PB thinking (see 
Chapter 1.3). Thereby, the outcome of this project can potentially provide an important 
contribution to science-based sustainability oriented decision-making. 
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6.2 Outlook and recommendations for further research 

Although, this PhD-project has contributed to advancing AESAs and ASAs by providing 
solutions to a number of challenges, it has also unveiled a number of new challenges 
which have to be addressed. Indeed, research on and development of assessments of 
anthropogenic activities relative to absolute boundaries is still a relatively young field of 
study. Hence, it is inevitable that new previously unknown knowledge gaps and challenges 
are discovered as research on the topic progresses.  

Research on the following issues would be relevant for advancing ASAs with a particular 
focus on AESAs using the PBs. As the PB-LCIA is still considered a proof-of-concept 
methodology, further development of the characterization models is recommended to 
increase their validity and predictive accuracy with regards to quantification of 
environmental impacts. Further, a quantification of the uncertainty of the CFs is needed to 
include estimates of the LCIA uncertainty to other sources of uncertainty related to the LCI 
and the choice of sharing principle. Finally, the spatial resolution of the assessment of sub-
planetary Earth System processes should be increased. For instance, by deriving new 
spatially differentiated PBs for the Earth System processes which are known to be spatially 
heterogeneous but where a single global PB currently exists in the PB-framework (e.g. for 
‘Biogeochemical flows - P cycle, regional’).  

Further development of the general mathematical framework would also be a relevant 
area of research. Indeed, the current LCA framework does not take into account the 
complexities and interdependencies between the environment, humans, and the 
economy. In order to provide better support for decision-making, ASAs should strive to 
implement methods that can take such complexity into consideration. This could perhaps 
be via use of dynamic integrated impact assessment models for characterization of 
impacts and use of dynamic socio-techno-economic models for developing dynamic LCIs 
which can take into account development in important factors such as population, 
affluence, consumption patterns, and technology development. Usage of such models 
could radically change the assessments relative to traditional LCAs and may be required to 
better reflect the complexities and interdependencies between the environment, humans, 
and the economy. Such modeling framework would be relevant for ASAs to avoid burden 
shifting of impacts not only between impact categories but also as a consequence of 
societal changes, e.g. by avoiding regrettable rebound-effects as a result of a change in 
consumption patterns. Indeed, such modeling framework could be envisioned as a mean 
for further advancing ASAs to provide better and more comprehensive results which can 
be used proactively in a bid for humanity to become absolutely sustainable.  
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Finally, further research on the subjective nature of assigning a share of the safe operating 
space is required. This research would likely require interdisciplinary collaboration across 
scientific fields and stakeholders in society. However, solutions and best-practice guidance 
for assigning shares of the safe operating space for use in AESAs is needed as the choice of 
sharing principle can, as presented in this thesis, influence the outcome of an AESA and be 
determining for an activity being found to be absolutely sustainable or not. Research into 
expanding the impact category of the developed PB-LCIA, and AESAs in general, to include 
human needs could also be highly relevant for allowing absolute assessments of both the 
environmental and the social dimension. Such approach could be inspired by the concept 
of a safe and just operating space for humanity where humans live in a society that is free 
from critical human deprivations (e.g. hunger, illiteracy, poverty) and where 
environmental pressures are kept within the PBs (Raworth 2012). An attempt to perform 
such assessment was done by Dearing et al. (2014) for two rural communities in China. 
The results appear promising, however, further research is needed if such an approach is 
to be operationalized. Firstly, this includes expending the indicator coverage to include 
both indicators included in the PB-framework and in the safe and just operating space for 
humanity framework. Secondly, the geographical coverage must be extended from a 
relatively small geographical scale to global scale to be able to take into account the global 
nature of the life-cycles of anthropogenic activities. 

Certainly, there are still a number of remaining challenges and knowledge gaps which 
need to be addressed before ASAs can be considered a robust assessment. This involves 
further methodological development and testing of ASAs in case studies to better 
understand the potentials and limitations of ASAs. Nevertheless, ASAs have already shown 
a great potential. The ability to evaluate an activity relative to absolute boundaries and be 
able to derive concrete reduction targets for an activity to be absolutely sustainable is an 
important added value to decision-makers. Hopefully, this can lead to an increased 
application of ASAs to support decision-making which could cause a trickle-down effect 
where application of ASAs becomes more and more normal and perhaps even the new 
norm for sustainability oriented decision-support. Furthermore, application of ASAs and 
the methods developed as part of this project could be relevant in relation to the 
Sustainable Development Goals (SDGs), in particular SDG 12 on responsible consumption 
and production. Here, ASAs could be used for quantifying pressures of anthropogenic 
activities on the environment and humans, setting absolute sustainability targets for the 
activities, and evaluating the performance of the activities relative to the targets. Indeed, 
the hope is that the added value of using ASAs can lead to decisions which substantially 
contribute to reducing the pressures of human activities to an absolutely sustainable level.   
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Abstract 

Impacts on the environment from human activities are now threatening to exceed thresholds for 

central Earth System processes, potentially moving the Earth System out of the Holocene state. To 

avoid such consequences, the concept of Planetary Boundaries was defined in 2009, and updated in 

2015, for a number of processes which are essential for maintaining the Earth System in its present 

state. Life-Cycle Assessment was identified as a suitable tool for linking human activities to the 

Planetary Boundaries. However, to facilitate proper use of Life-Cycle Assessment for non-global 

environmental management based on the Planetary Boundaries, there is a need for linking non-
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global activities to impacts on a planetary level. In this study, challenges related to development and 

operationalization of a Planetary Boundary based Life-Cycle Impact Assessment method are 

identified and the feasibility of resolving the challenges and developing such methodology is 

discussed. The challenges are related to technical issues, i.e., modelling and including the Earth 

System processes and their control variables as impact categories in Life-Cycle Impact Assessment 

and to theoretical considerations with respect to the interpretation and use of Life-Cycle Assessment 

results in accordance with the Planetary Boundary framework. The identified challenges require 

additional research before a Planetary Boundaries based Life-Cycle Impact Assessment method can 

be developed. Research on modelling the impacts on Earth System processes and on allocation of 

and entitlement to the ‘safe operating space’ appear to be most urgent for operationalizing a 

Planetary Boundaries based Life-Cycle Impact Assessment method. The results of a Planetary 

Boundaries based Life-Cycle Impact Assessment would be highly relevant and could provide novel 

insights on the environmental performance and sustainability of products and systems.  

Keywords 

Life-Cycle Assessment, Sustainability, Absolute Sustainability 

 

1. Introduction 

It is increasingly argued that the scale of human activities, and their subsequent environmental 

impacts, now threaten to exceed thresholds for central Earth System processes which could, in turn, 

potentially destabilize ecological systems (Lenton et al., 2008; Scheffer et al., 2001; Steffen et al., 

2007). With the Planetary Boundaries (PB) framework, a number of processes are identified which 

are both essential for maintaining the Earth System (ES) in its present Holocene-like state and 
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heavily impacted by human activities. For most of these processes, a “Planetary Boundary” is 

defined, i.e. a level above which there is substantial and increasing risk that perturbation of the 

process could lead to a change of ES state.  

The PB-framework has diffused into policy-making (Galaz et al., 2012) and is also attracting strong 

interest from industry and industrial organizations (Bjørn et al., 2016; Sim et al., 2016; Stockholm 

Resilience Centre, 2015). The PB approach is attractive as it provides a framework for managing 

environmental resources at the global level. However, few of the environmental impacts caused by 

human activities are actually introduced at the global level, and most operate through local effects. 

Thus, it is the sum of many local effects (land-use change, release of reactive N and P, etc.) that 

accumulate to create concerns at the global level and existing metrics developed to assess local 

environmental impact of anthropogenic systems, such as products and processes, cannot directly 

upscale to consideration of global impacts of these activities. Given the growing interest, not least 

from industry, in the PB-framework for assessing human impacts at the level of the ES, we see a 

need for developing new or adapting existing methodologies designed to assess environmental 

impact at the local level to provide results that can be linked to the PB-framework.  

Life-Cycle Assessment (LCA) is a standardized method for quantifying the environmental impacts 

of products and technologies (EC-JRC, 2010; ISO, 2006a, 2006b). LCA inventories all 

environmental interventions, i.e. resource uses and emissions of substances to the environment of a 

product or a service (hereafter only referred to as product) throughout the product’s entire life-

cycle. The inventoried environmental interventions are hereafter in the Life-Cycle Impact 

Assessment (LCIA) classified and characterized into potential environmental impacts (EC-JRC, 

2010). The primary strengths of LCA as an assessment tool lie in the inclusion of the full life-cycle, 
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preventing overlooking potentially significant processes, and the coverage of all relevant 

environmental impacts ranging from the local to global scale (Hauschild, 2005).  

The use of LCA for assessing ‘absolute sustainability’ e.g. by using the Planetary Boundaries as 

environmental sustainability reference, has already been called for by Bjørn et al. (2015) as a way to 

move beyond assessing an anthropogenic system’s  improvements in eco-efficiency and to assess its 

impacts in relation to the actual state of the environment. In this connection, the PB-framework has 

been proposed to be included in LCA as part of the normalization and weighting steps of the impact 

assessment. Bjørn and Hauschild (2015) developed normalization references partly based on the 

PBs which were matched with existing impact categories in LCA. Tuomisto and colleagues (2012) 

attempted to weigh the severity of existing LCA impact categories based on the distance between 

the PBs and their current control variable value. Both attempts have limitations owing to their lack 

of spatial differentiation for the non-global Earth System processes (such as freshwater use) and 

both adapt the Earth System processes to impact categories that are already used in LCA, thereby 

creating questionable links between conventional LCIA impact categories and the PBs.  

A way to overcome these two limitations is to include the Earth System processes and PBs as part 

of the LCIA. Firstly, this would allow for spatially differentiated assessment of Earth System 

processes that are not fully global, such as freshwater use, where local to regional conditions may 

be significant. Secondly, the diffusion of the PB-framework into policy and industry makes it a very 

strong concept and means that it is recognized by people outside of the LCA-community. Indeed, 

taking advantage of the already known PB-framework could ease communication of 

recommendations to industry and policy. Moreover, by presenting LCA results in the same metrics 

as the Planetary Boundaries, questionable links between current impact categories in LCA and the 

control variables in the PB-framework are avoided. For example, the LCIA impact category land-
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use change was by Sandin et al. 2015 related to the Planetary Boundary biosphere integrity. Indeed, 

this allowed for relating the PB to the LCA results, however, because land-use change is only one 

of many contributors to the overall effects on biosphere integrity, this excludes potential 

contributions from other pressures, such as climate change, freshwater depletion and pollution, thus, 

potentially creating a bias against products or technologies with a higher land use.  

Having a Planetary boundary-based LCIA-methodology (hereafter referred to as PB-LCIA-

methodology) with impact categories where the indicators correspond to the Earth System 

processes’ control variables would combine the decision-support strengths of the PB-framework 

with the technology assessment strengths of LCA. A PB-LCIA-methodology could help in the 

operationalization of sustainability assessments as each PB can be assumed to delimit a specific 

‘safe operating space’ (SOS) that can be occupied by humanity without risking destabilization of a 

Holocene-like state of the ES. In essence, the human enterprise can be considered as being 

sustainable, on a planetary level, if none of the PBs are exceeded. While there are potential benefits 

in combining the strengths of LCA with the strengths of the PB-framework to support decision-

making, a number of methodological differences exist between the PB-framework and the LCIA-

framework. These differences need to be addressed before the PB-framework can be used as the 

basis for a LCIA-methodology. During our work with LCA and the PBs, we identified six key 

challenges for including the PB-framework in LCIA (see Table 1). The challenges are related to 

technical issues in modelling and including the Earth System processes and their control variables 

as impact categories in LCIA and challenges with respect to the interpretation and use of LCA 

results in accordance with the PB-framework. This study provides an overview of the challenges, 

discusses the feasibility of developing a PB-LCIA-methodology, and proposes ways to proceed in 

including the PB-framework in LCIA. 
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Table 1. Key challenges to including Planetary Boundaries in Life-Cycle impact assessment 
• Introduction of a new area of protection: the Holocene state of the Earth System 

• Calculation of characterization factors for the Earth System processes’ control variables for use in 

Life-Cycle Impact Assessment 

• Identifying and dealing with Earth System processes where the impacts overlap 

• Facilitating spatial differentiation of control variables at sub-global level 

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

• Inclusion of environmental constraints in Life-Cycle assessment and how to allocate the ‘safe 

operating space’ in an operational way for sustainability assessments 

 

2. Key challenges  

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

LCIA-methodologies are constructed to protect specific areas of protection (AoP). The traditional 

AoP used in LCA is defined by three intrinsic values i.e. human health, biotic natural environment 

and abiotic natural environment (Jolliet et al., 2004). An overarching goal in LCA (and thus LCIA) 

is to assess all potential impacts that are recognized to contribute to damage of the defined AoPs.  

 

The PB-framework’s AoP differs from the AoP in traditional LCA. The AoP for the PB-framework 

is to keep the ES in a Holocene-like state as this is considered to be a functional value for protecting 

humanity (Rockström et al., 2009a). This rationale is based on the definition of Earth as a system 

where humans are an embedded part of the system. Given that everything that we associate with 

modern humanity (development of agriculture, written language, etc.) has developed while the ES 

was in the Holocene state, the PB-Framework argues that this is the only ES state where we know 

for certain that modern human societies can flourish (Rockström et al., 2009a, 2009b; Steffen et al., 

2015). The PB-framework argues, therefore, that humanity should take a precautionary approach 
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and avoid impacting the ES to a degree that could potentially push the system into a different state. 

The objective of an LCA using a PB-LCIA methodology will, thus, be to assess the magnitude of 

the environmental impacts that contribute to destabilization of the Holocene-like state and, thereby, 

assess to what extent the analyzed product contributes to exceedance of the PBs. The challenge of 

using a new AoP is, therefore, theoretical in terms of how to use and interpret LCA results with this 

new AoP. This single AoP is narrower than the three AoPs traditionally applied in LCA and will, 

therefore, result in the omission of some of the impact categories that are normally included in LCA 

to cover the three traditional AoPs. The narrow AoP in the PB-framework may lead to results where 

potential environmental problems not related to the PB are overlooked. Hence, it is important to be 

aware of how the new AoP will affect the questions that can be answered using the PB-LCIA-

methodology, and this should thus be taken into account when defining the goal of the assessment.  

2.2. Calculation of characterization factors for the Earth System processes’ control variables 

for use in Life-Cycle Impact Assessment  

Most of the control variables for the Earth System processes included in the PB-framework (yellow 

boxes in Figure 1) differ from the conventional impact indicators used in LCA e.g. the ILCD 

recommended impact categories for LCA (EC-JRC, 2011), even when the impact categories cover 

the same type of environmental problem. Figure 1 illustrates the network of impact pathways 

underlying the PB-framework with the environmental mechanisms linking the environmental 

exchanges to the impacts that may contribute to exceedance of the PBs and destabilization of the 

ES. Following LCIA principles, the impact pathways in Figure 1 are divided into “inventory” 

expressing the environmental interventions, “midpoint” indicators, “endpoint” indicators and 

“damage” indicators. Midpoint indicators are defined at an intermediary step in the impact pathway; 

endpoint indicators are defined at the end near the AoP in order to represent the whole impact 

pathway; damage indicators are defined to reveal changes to the AoP. While the modelling 
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uncertainty increases with the length of the impact pathway covered, the uncertainty in 

interpretation decreases as the impact indicator becomes more concrete and immediately 

understandable (Hauschild, 2005). For a PB-LCIA-methodology, the impact indicators should be 

expressed in the same metric as the control variables of the Earth System processes. Earth System 

processes not previously included in LCIA will have to be modelled based on non-LCA based 

models which have to be adjusted to comply with the framework of LCA. This entails that the 

proportional change in environmental impact per change in quantity of environmental interventions 

is expressed by a characterization factor (Hauschild and Huijbregts, 2015). Existing LCIA impact 

characterization models that have the same impact indicators as the Earth System processes’ control 

variables can be applied in a PB-LCIA. However, the control variables in the PB-framework either 

express the state of the environment or an otherwise measurable quantity, such as the amount of 

nitrogen fixed. This differs from some LCIA-models, where the indicator scores express the time 

integrated cumulative impacts from an emission. For example, the global warming potential over 

100 years (GWP100) is often used as an indicator for climate change in LCA. The GWP100 

expresses the cumulative radiative forcing integrated over 100 years from a pulse emission and is, 

therefore, not expressing an actual measurable state in the environment. Hence, the GWP100 is not 

suitable for relating to an environmental limit. Instead, to comply with the PB-framework, it is 

suggested that impact models for a PB-LCIA are based on steady state models where the input to 

these models is continuous emission fluxes, thereby allowing for expressing impacts in metrics that 

are measurable in the environment and which correspond to the control variables in the PB-

framework.  

The control variables for the ‘Biogeochemical flows’ category exemplified by the nitrogen (N) and 

phosphorus (P) cycles are expressed at the level of environmental interventions and do not include 

the subsequent fate, exposure and effects of the emitted substance in the environment. Here, the 
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control variables are related to the fixation of N and the application of P as fertilizer. Thus, the 

variables represent proxies of the real environmental problem i.e. actual release of reactive N and P 

to the environment. The choice of these proxies as control variables is pragmatic as global data on 

the actual release of reactive N and P is lacking while data on N fixation and P application are 

available. In addition, these control variables easily translate to policy and management 

interventions (Steffen et al., 2015). Given, however, that the control variables for the regional P 

cycle and the N cycle do not address the actual environmental problem, i.e. the direct release of 

reactive N and P to the environment, it may be expected that the PB control variables for 

biogeochemical flows will be further developed in the future.  

Because LCIA normally takes its starting point in environmental interventions, i.e., releases to the 

environment, and because the control variables in the PB-framework are expressed as application of 

P and fixation of N, it is necessary to estimate what the releases of P and N to the environment that 

are reported in life-cycle inventories correspond to in terms of P applied and N fixed. This is 

necessary to get a comprehensive overview of P and N driven impacts because, although data on the 

use of fertilizer may be available for agricultural systems, similar information is lacking for other 

systems. For instance, emissions of NOx from combustion processes would not be included in the 

PB-LCIA since it is not a direct use of fertilizer. Nevertheless, N emissions resulting from 

combustion are highly relevant to include since fixation of N2 via combustion processes accounts 

for ca. 14% of total anthropogenic conversion of N2 to reactive N (Ciais et al., 2013) and since it for 

most non-agricultural product systems will be the dominating contribution to the problems caused 

by nutrient releases. A way forward is to translate emissions of N and P compounds to the 

environment, back to an equivalent amount of hypothetically fixed N and applied P as fertilizer. As 

an example, 1 kg of NO2 emitted from combustion processes would correspond to 0.3 kg of N 

fixed.  
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Characterization factors for the PBs ‘Change in biosphere integrity’ and ‘Introduction of novel 

entities’ can, at present, not be developed. ‘Change in biosphere integrity’ is, together with ‘Climate 

change’, characterized as a core boundary, i.e. PBs that, on their own, are capable of changing the 

state of the ES (Steffen et al., 2015). Moreover, biosphere and climate change provide the 

overarching ES framework through which the other Earth System processes operate (Mace et al., 

2014; Steffen et al., 2015). This is also evident from Figure 1 where all other Earth System 

processes are shown to, either directly or indirectly, affect biosphere integrity.  

Focus until now in biodiversity research and conservation has been on species and extinctions. 

However, Steffen et al. (2015) point out that it is the function of the biosphere in terms of 

transporting and transforming elements and molecules in the ES that makes the Earth different from 

all other known planets. Metrics for assessing the function of the biosphere and human impacts on 

this functioning still need to be developed. Hence, ‘Change in biosphere integrity’ is currently 

characterized by two interim control variables, i.e., ‘Functional diversity’ expressing the current 

ability of the ecosystem to maintain important ecosystem functions and characterized by the 

biodiversity intactness index (BII) and ‘Genetic diversity’ expressing the long-term resilience of the 

ecosystem which, in lack of better indicators, uses the global species extinction rate as an interim 

control variable (Steffen et al., 2015). In terms of including ‘Change in biosphere integrity’ in 

LCIA, the problem is that cause-effect chains describing how human perturbations affect the control 

variables for biosphere integrity are largely unknown. However, research on how different impacts 

affect biosphere integrity is ongoing (see for instance Brown et al., 2014; Mace et al., 2014; 

McMahon et al., 2011; Newbold et al., 2016; Pauls et al., 2013; Purvis and Hector, 2000), and it is 

expected that the understanding of the cause-effect chains will be improved in the near future. A 

better understanding of the cause-effect relationship between biosphere and all contributing impacts 

is required to satisfactorily include ‘Change in biosphere integrity’ in an LCA because if only a part 
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of the contributing impacts are included, e.g. climate change and land-use, this may introduce a bias 

towards products or technologies focusing on reducing the included impacts and potentially 

neglecting impacts that are not yet included.  

‘Introduction of novel entities’ covers the anthropogenic introduction of new substances (i.e., 

chemicals, plastic, etc.), increases in the mobilization of elements (i.e., increased release of heavy 

metals), or physical processes (i.e., electromagnetic and radioactive radiation). In some respects, the 

PBs overlap one another in that ‘Climate change’, for example, reflects changes in radiative forcing 

which are primarily the result of an anthropogenically mediated mobilization of reactive carbon in 

the ES and ‘Stratospheric ozone depletion’ results from the emission of new chemicals generated 

through human innovation. However, control variables have yet to be defined for the ‘Introduction 

of novel entities’, although we note that exploratory work trying to establish one or more PBs and 

control variables expressing the problems of emitting substances to the environment is ongoing (e.g. 

Diamond et al., 2015; Macleod et al., 2014; Persson et al., 2013; Posthuma et al., 2014; Sala and 

Goralczyk, 2013). While models for characterizing the fate and effect of chemicals released to the 

environment are already available in LCIA (e.g. Hauschild et al., 2008 and Rosenbaum et al., 2008), 

the central question that needs to be answered is to what degree the introduction of novel entities 

can lead to impacts at the global level that potentially threaten to destabilize the Earth System.  
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Figure 1. Overview of the Earth System processes in the PB-framework. The control variables used in the PB-framework for 
expressing the Earth System processes are marked with yellow. The different environmental drivers, states and impacts are 
linked with arrows and are divided into inventory, midpoint, endpoint and damage indicators based on their location in the 
impact pathway.  
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2.3. Identifying and dealing with Earth System processes where the impacts overlap 

In traditional LCIA-methodologies, impact categories are selected to ensure that they are mutually 

exclusive and collectively exhaustive. This ensures that the LCIA meets the ISO standard’s 

requirement for coverage of all relevant environmental impacts (ISO, 2006a) while also avoiding 

having indicators placed at different locations on the impact pathway where the impact coverage 

overlap. Having more than one impact indicator expressing the same impact may result in “double 

counting” which can introduce a bias towards studied systems with lower impact scores for the 

“double counted” impacts compared to studied systems with lower impact scores for other impact 

categories. The identification of overlapping impact coverage and the interactions between Earth 

System processes can be identified in the PB-framework (see Figure 1). Here, overlaps with other 

indicators located earlier in the impact pathway are found for “Change in biosphere integrity”, 

“Ocean acidification” and “Flow of phosphorus from freshwater to oceans”. Particularly, ‘Change 

in biosphere integrity’ overlaps with all other Earth System processes because all other Earth 

System processes in the PB-framework operate and interact through the biosphere. Indeed, very few 

interventions (if any) at the inventory level of an LCA contribute directly to changes in biosphere 

integrity. Instead, the impacts would occur indirectly through the other Earth System processes. As 

shown in Figure 1, ‘Change in biosphere integrity’ can be considered an Endpoint indicator 

expressing the potential damage at ES level from the combined impacts to the other Earth System 

processes. Thus, it appears more practical to include ‘Change in biosphere integrity’ as a separate 

Endpoint indicator expressing the total effect of the other Earth System processes.  

Emissions that successively contribute to more than one impact category are referred to as 

emissions with serial impacts and it is generally recommended that such emissions are fully 

included for all impact categories where they may contribute (Guinée, 2015). This is the case for 

“Ocean acidification” and “Flow of phosphorus from freshwater to the ocean”. For example, 
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emissions of CO2 will initially increase the atmospheric CO2 concentration and contribute to 

climate change, however, a share of the emitted CO2 will be taken up by the oceans where it will 

lead to decreasing pH and, thereby, contribute to ocean acidification. Hence, both climate change 

and ocean acidification should be included as midpoint indicators in the LCA because, even though 

both are a consequence of CO2 emissions, the impacts they express are different. 

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

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

important when modelling non-global impacts in LCIA (Potting and Hauschild, 2006) and is a 

focus in current research into characterization modelling for many non-global impact categories in 

LCIA (see examples in Hauschild and Huijbregts, 2015). The last decade has seen the development 

of a number of regionalized impact assessment methods for spatially differentiated characterization 

of impacts such as terrestrial acidification, ecotoxicity of metals and water use (Humbert et al., 

2009; Owsianiak et al., 2013; Pfister et al., 2009; Potting and Hauschild, 2006). The PB-framework 

includes a number of regional (or sub-global) system processes because it was acknowledged that 

changes in control variable values at the sub-global level can transgress to ES level by affecting the 

functioning of the core Earth System processes, i.e. ‘Climate change’ and ‘Change in biosphere 

integrity’ (Steffen et al., 2015). The Earth System process ‘Freshwater use’ was, for example, 

defined at a river basin level to illustrate that, while the global PB has not been transgressed, the 

level of excessive water withdrawal in some river basins can potentially lead to collapse of the 

regional ecosystem and biosphere. ‘Freshwater use’ is highly spatially distributed and the effects 

from water withdrawal may differ substantially between river basins (Gerten et al., 2013). For these 

Earth System processes, spatial differentiation in the impact modelling is important as global 

averages may hide regional exceedances of the SOS. The inclusion of spatially differentiated 

impacts is technically challenging in that it requires the incorporation of numerous spatially 
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differentiated impact scores into an aggregated set of impact scores, and ideally one single score 

expressing the level of potential impact. A way forward could be to show results for a set of 

archetypes. An approach for ‘Freshwater use’ could, for example, be to define archetypes based on 

the Aridity Index (UNEP, 1997) and assigning river basins into: “arid”, “semi-arid” and “humid” 

categories. This approach would draw upon previous experience in LCA (see Kounina et al., 2013 

for recent review of existing methods) where water has been categorized based on water scarcity 

and weighted according to the water availability in the region. The results could then be shown for 

each archetype as well as an aggregated single score where withdrawals are weighted based on the 

archetype i.e. withdrawal in arid regions is weighted higher than withdrawal in humid regions. This 

approach could solve the problem where exceedances in arid regions are “hidden” by water 

abundance in other regions, although it would not solve issues where exceedances in one archetype 

region is “hidden” by water abundance elsewhere in the same archetype region. The potential need 

for weighting introduces a value-based assignment of weights which needs to be further studied in 

order to come up with a scientifically defendable and operational solution.  

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

operating space  

A requirement in LCA is to ensure a fair and unbiased comparison between the studied systems and 

give a realistic representation of which among the studied systems has the lowest environmental 

impact. This is sought by aiming for best estimates during characterization of potential impacts, 

which means that precautionary principles and conservative estimates are avoided in the LCIA 

phase (Hauschild, 2005). The PB-framework relies on the precautionary principle and the PBs are 

defined as the lowest value in the uncertainty range to maximize certainty that thresholds are not 

exceeded (Rockström et al., 2009b), thereby, also giving societies time to react to early warning 

signs that they may be approaching a threshold (Steffen et al., 2015). Hence, the uncertainty about 
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the location of the threshold for an Earth System process will influence the size of the SOS. Earth 

System processes with higher uncertainty about the location of the threshold will have a relatively 

smaller SOS compared to Earth System processes with a low uncertainty about the threshold. This 

approach is in contrast to the LCA approach and the challenge in using the PB-approach in LCA is 

that a higher weight is implicitly assigned to the most uncertain PBs, although this may not 

correctly reflect the severity of the impact or the actual location of the threshold.  

The use of best-estimates or a precautionary approach will have a clear effect on the relative size of 

the SOS available for the studied product or technology. This challenge is, therefore, whether the 

best-estimate approach or the precautionary principle is most applicable for use in a PB-LCIA 

methodology. The justification for using the precautionary principle is that this is in line with the 

PB-framework and the goal of staying in a Holocene-like state. Moreover, this would make LCA 

results directly comparable to the boundaries in the PB-framework, while PBs defined based on 

best-estimates cannot be directly related to the boundaries in the PB-framework. A PB-LCIA based 

on best-estimates could, therefore, only be used for ranking the relative environmental performance 

of products and technologies and not for assessing the studied system relative to the PBs as defined 

in the PB-framework. With regards to the characterization models translating the environmental 

interventions into potential impacts, these should still be based on best-estimates to provide a 

realistic estimate of the potential impacts associated with the studied system and to avoid bias in the 

characterization of the environmental impact. Overall this would give an assessment where best-

estimate potential impacts are related to the PBs, as defined in the PB-framework. 
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2.6. Inclusion of environmental constraints in Life-Cycle assessment and how to allocate the 

‘safe operating space’ in an operational way for sustainability assessments  

The main objective of LCA is to minimize the total environmental impact. Indeed, LCA is based on 

utilitarian ethics and the product or technology having the lowest weighted total environmental 

impact is preferred in a comparison between product and technology. Hence, traditional LCA 

allows trade-off between impacts, assessed systems with high impact scores for some impact 

categories may be preferred if these are compensated by sufficiently low impact scores for other 

impact categories. The PB-framework does not accept trade-offs between PBs because each PB 

should be respected and exceedance of one PB cannot be compensated by reducing impacts 

contributing to other Earth System processes (Rockström et al., 2009b). The inclusion of such 

constraints shifts the assessment from utilitarian ethics towards more traditional teleological ethics 

which seeks to maximize human wellbeing but without harming humans or lead to consequences 

with potentially catastrophic events (Macdonald and Beck-Dudley, 1994). The use of environmental 

constraints in LCA, thus, expands the assessment to seek the minimum total environmental impact 

without exceeding the SOS for any of the Earth System processes instead of only seeking the 

minimum total environmental impact. 

The constraints introduced in a PB-LCIA-methodology can be used to relate the impact scores of 

the studied system to the SOSs, delimited by the PBs, to give an indication of the magnitude of each 

impact category relative to the PBs. Relating the impact scores to the SOS is similar to 

normalization in traditional LCAs, where impact scores of the studied system are related to the 

impact of a common reference to indicate the magnitude of each impact category relative to the 

reference (ISO, 2006a; Ryberg et al., 2014). However, such normalization will not show whether 

the studied system actually can be considered environmentally sustainable because the impact 

scores will, for all products in practice be below the PBs. To facilitate assessment of the studied 
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system’s environmental sustainability, the SOSs have to be allocated into smaller portions which 

represent the share of the SOS that the studied anthropogenic system can be considered entitled to 

occupy. It is important to note that such a PB-LCIA methodology can only be used for determining 

whether or not the studied system exceeds its allocated SOSs and, thus, whether or not it can be 

considered sustainable. Unless one system consistently show lower scores in all impact categories, a 

PB-LCIA method cannot readily be applied for identifying the environmentally speaking best 

anthropogenic system as this would require either modelling of the full impact pathway for all Earth 

System processes from environmental intervention to destabilization of the Holocene or weighting 

of the impacts of each Earth System process relative to its potential for destabilizing the Holocene 

state.  

There have been a number of attempts to allocate the SOS for some of the boundaries in the PB-

framework. Krabbe et al. (2015) focused on climate change and staying within the 2˚C guardrail 

and, therefore, estimated how much different industrial sectors each should reduce their carbon 

emissions. The allocation of the SOS between industrial sectors was based on the sectors’ current 

emissions and a predicted sectoral emission pathway expressing each industrial sector’s ability to 

reduce its carbon emissions. Sandin et al. (2015) allocated the PBs to set reduction targets for the 

textile sector on the basis of the share of the SOS the textile sector could be considered entitled to. 

Here, the SOS was allocated in three ways; first based on a ‘grandfathering’ approach, i.e. the 

allocated share of the SOS correspond to the current share of environmental impacts credited to the 

textile sector; the second and third approach were to allocate half and double of the share estimated 

using the grandfathering approach (Sandin et al., 2015). Further, studies downscaling the SOS to a 

national level, primarily based on a per capita approach have been made for Sweden and 

Switzerland (Dao et al., 2015; Nykvist et al., 2013). In addition to these practical examples, Häyhä 

et al. (2016) proposed a theoretical framework for translating the PBs to a national or regional scale 
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for use in policy targets; highlighting the need for taking biophysical, socio-economic, and ethical 

dimensions into account.  

As evidenced by the examples presented above, allocation of the SOS is highly normative and can 

be impractical because the allocation key will depend on value-based choices. To further illustrate 

the number of value-based choices and data required for allocating down to a product level, an 

example for a dining table sold in the European Union (EU) is provided. First the share of the SOS 

allocated to consumers in the EU is estimated as the percentage of people living in EU relative to 

the World, i.e. 7% (Eurostat, 2016a; United Nations, 2015). From this, final consumption 

expenditure (FCE) data is used as a proxy for EU consumers’ preference towards certain products 

or services as the FCE provides information on the share of income that consumers spend on 

different product and services. The FCE spent on COICOP category CP051: ‘furnishings, 

household equipment and routine household maintenance’ in EU is 5.6 % (Eurostat, 2016b), 

thereby giving an entitlement of 0.4 % of the SOS for this category in EU. To scale to the table 

level, a price based allocation is applied, thus, if the dining table costs 600 Euro this is related to the 

total amount spent on category CP051, i.e. 1.4E+11 Euro in 2012 (Eurostat, 2016b). The price 

based allocation assumes that the price of the dining table reflects potential supply and demand on 

such table, thus the share of the SOS allocated to the dining table reflects the demand of the 

consumers. The final share of the SOS which the dining table should not exceed is estimated to be 

5.7E-12. As stated above, this is only an example of how allocation can be performed on a product 

level. The example includes choices about the allocation of SOS between nations and regions which 

in this case was based on an equal per capita assumption, and the allocation of the SOS between 

products was in this case based on the consumption patterns of consumers in EU. However, the 

allocation could have been performed in a different way which would have yielded a different 

allocation factor, e.g. by not assuming an equal per capita share and by using a different indicator 
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than FCE for allocating. Transparency about the allocation is, therefore, important as this will 

significantly influence the size of the SOS allocated to the studied system and, thus, be central when 

assessing environmental sustainability. 

Because requirements for more choices and data increase at small scale, the uncertainty of the result 

also increases. As a consequence of this, there is a need for investigating for which scale of 

anthropogenic systems such allocation is meaningful and useful. It is important to find a suitable 

compromise between the number of value-based choices needed for allocating the SOS and the 

scale of the assessed system. A way to resolve this could be to propose and test different approaches 

and methods and on the basis of this seek a consensus on which values and choices to apply for 

allocating the SOS. However, the vested interests of central actors in such a process will make this 

consensus seeking a difficult endeavor, as specific choices will inevitably favor some systems and 

disadvantage others. Further research is, therefore, required on how to allocate the SOS in a 

practical and meaningful way, in order to allocate the SOS to a product level, which is a 

requirement for performing a Planetary Boundary based LCA on a product level. Due to the 

knowledge-gap on product level allocation, it currently appears more practical to allocate the SOS 

on a larger scale such as national, company, or industrial sector scale, rather than at the product 

level. The larger scale requires fewer choices with regard to defining the allocation key, thus 

keeping uncertainty low, while also giving central actors involved in the studied system ample room 

for making internal decisions and case-specific trade-offs within the country, company or sector in 

order to stay within the allocated SOS. In addition to allocation from a production perspective, 

allocation of the SOS may be done on a personal citizen scale taking a consumer perspective. For 

instance, by defining a personal PB budget that each citizen is free to spend on consumer goods and 

services, where the lifestyle of the citizen can be considered as sustainable if the spending does not 

exceed the allocated personal budget. An example of such approach has already been shown for 
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climate change as a means to increase consumer awareness and encourage more sustainable 

consumption (Carbon Trust Advisory and The Coca-Cola Company, 2012). 

 

3. Discussion 

The challenges identified above are summarized for all Earth System processes in Table 2. They 

can be categorized as being either technical challenges or more theoretical challenges in terms of 

how fundamental assumptions forming the basis for the PB-framework differ from the assumptions 

underlying LCA. The technical challenges, e.g. the development of new characterization models 

based on the control variables in the PB-framework is regarded as a very large task which will 

require increased research on characterization modelling of the Earth System processes. A current 

limitation in developing a PB-LCIA-methodology is that ‘Introduction of novel entities’ and 

‘Change in biosphere integrity’ cannot be included due to the lack of well-defined control variables 

and boundaries. Nevertheless, given the large ongoing research on the subject it appears that it may 

be possible to include these Earth System processes in the near future. It is in any case likely that a 

PB-LCIA-methodology must be continuously refined according to advancements in Planetary 

Boundaries research, as already observed in the development of the Earth System processes’ control 

variables and PBs since presented by Rockström and colleagues (Rockström et al., 2009b).  

The more theoretical challenges, like addressing the use of a PB-LCIA-methodology and the 

interpretation of the results introduced changes that differ from the traditional assumptions upon 

which LCA is based, and may potentially change the way LCA results can be used and interpreted. 

The change in fundamental principles, such as the changed AoP and the introduction of the 

precautionary principle, is in accordance with the PB-framework where they are crucial 

assumptions and a prerequisite to avoid unacceptable global environmental shifts. As such, a PB-
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LCIA method will serve the purpose of aligning the management of product and technology 

portfolios and the general (environmental) management for companies that orient their management 

towards the PBs. However, these differences may significantly change the result of LCAs and it is 

important for the development of a PB-LCIA-methodology to address the theoretical differences to 

avoid misapplication due to a lack of understanding of the underlying assumptions. Furthermore, it 

is at present, unknown whether the recommendations to decision-makers will be contradictory 

between traditional LCA and LCA using a PB-LCIA-methodology. It is likely that the results from 

the two approaches will answer different questions and a recommendation might be to use them in a 

complementary manner to obtain more insightful results and better recommendations to decision-

makers.  The challenges related to the allocation of the SOS are important for operationalizing 

assessments of environmental sustainability. It is important to look further into this issue to be able 

to assess whether or not a studied system can be considered environmentally sustainable. In relation 

to this, there is a requirement for further investigating methods for allocating the SOS to a product 

level. Hence, at this point, until further research has been conducted in this field, it is suggested to 

restrict the allocation of the SOS to a larger scale, such as a national, company or sector level. 
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Table 2. Overview of the key challenges per impact category for including the Planetary Boundaries framework in Life-Cycle Impact Assessment 
Earth System 
process 

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

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

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

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

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

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

Climate change 

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

Requires modelling from emissions of 
CO2 and other GHGs to change in 
atmospheric CO2 concentration and 
change in energy imbalance 

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

Global impact occurring independent 
of where emissions take place 

This challenge relates 
to general differences 
between the PB-
framework and LCA-
framework 
 
The precautionary 
principle is maintained 
for defining the PBs, 
where the larger 
certainty on not 
exceeding planetary 
thresholds justifies 
this approach.  
 
A best-estimate 
approach is applied 
for the 
characterization 
modelling to calculate 
realistic impact scores. 
 

This challenge relates to 
general differences 
between the PB-
framework and LCA-
framework 
 
Exceedances of PBs 
cannot be compensated 
by reducing the control 
variable value for other 
Earth System processes  
 
To facilitate 
sustainability 
assessments, the SOS 
have to be allocated to 
estimate the share of 
the SOS that the studied 
system can be 
considered entitled to 
occupy 
 
 

Change in 
biosphere 
integrity  

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

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

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

Stratospheric 
ozone 
depletion  

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

Stratospheric ozone 
depletion overlaps with 
change in biosphere 
integrity 

Primarily a global impact occurring 
independent of where emissions take 
place 

Ocean 
acidification  

Requires modelling from emissions of 
CO2 to change in aragonite saturation 
state 

Ocean acidification and 
climate change are serial 
impacts both stemming 
from CO2 emissions  

Atmospheric CO2 concentration is 
global and impacts on ocean 
acidification should be treated as a 
global impact.  

Biogeo-
chemical 
flows: (P and N 
cycles)  

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

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

Although the control variables and 
PBs for biogeochemical flows express 
a global average, regional distribution 
is critical for impacts (Steffen et al., 
2015) 

Land-system 
change  

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

Land-system change is 
overlapping with change in 
biosphere integrity 

Spatially differentiated between 
forest types. Aggregation is 
problematic as a summation of forest 
area as % of potential forest may hide 
regional exceedances of the PB due 
to non-exceedance in other regions 

Freshwater use  Requires modelling of freshwater use as Freshwater use is Spatially differentiated at river basin 
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% of mean flow available for withdrawal overlapping with change in 

biosphere integrity 
level. Aggregation is problematic as 
water stressed regions may be hidden 
by water abundance in others 

Atmospheric 
aerosol loading  

Requires modelling from emissions of 
aerosols (e.g. black carbon and sulfates) 
to change in aerosol optical depth  

Atmospheric aerosol 
loading is overlapping with 
change in biosphere 
integrity 

Aerosol formation is linked to the 
region of emission and differentiation 
could be done between geographical 
areas 

Introduction of 
novel entities  

Models for fate and exposure to 
chemicals are defined. But the 
‘Introduction of novel entities’ cannot 
be included as potential planetary 
threats are yet to be defined.  

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

Although changes may be at a 
regional/local scale, these can 
cascade to a global level 
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4. Conclusion 

It is clear that the identified challenges in linking the LCA and PB approaches all require additional 

research before a PB-LCIA-methodology can be developed. Research into the modelling of the new 

impact categories using the Earth System process control variables, and research on allocation of the 

SOS appear to be the most urgent for operationalizing a PB-LCIA-methodology and facilitating 

sustainability assessments. Moreover, research into how a new PB-LCIA-methodology would compare 

to the results of a conventional LCIA-methodology is required to identify the difference in results about 

the environmentally best performing product or technology. The development of a PB-LCIA-

methodology, which seems to be something desired by companies in order to allow assessments of 

products and technologies using the PB-indicators, appears relevant and the results of such LCIA-

methodology would, hopefully, provide interesting and novel insights on the environmental 

performance and environmental sustainability of products and technologies.  
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Abstract 
To enable quantifying environmental performance of products and technologies in relation to Planetary 

Boundaries, there is a need for life-cycle impact assessment (LCIA) methods which allow for expressing 

indicators of environmental impact in metrics corresponding to those of the control variables in the Planetary 

Boundaries framework. In this study, we present such a methodology, referred to as PB-LCIA. Characterization 

factors for direct use in the LCIA phase of a life cycle assessment, or other life-cycle based assessment, were 

developed for a total of 85 elementary flows recognized as dominant contributors to transgressing specific 

Planetary Boundaries. Exception was made for “biosphere integrity” and “introduction of novel entities” where 

a Planetary Boundary is yet to be defined for the latter and characterization models are considered immature 

for the former. The PB-LCIA can be used to quantify the share of the “safe operating space” that human 

activities occupy, as was illustrated by calculating indicator scores for about 10,600 products, technologies and 

services exemplifying several sectors, including materials, energy, transport, and processing. The PB-LCIA can 

be used by companies interested in gauging their activities against the Planetary Boundaries to support 

decisions that help to reduce the risk of human activities moving the Earth System out of the Holocene state. 

 Keywords 
Life-cycle assessment; Sustainability; Planetary Boundaries; Life-cycle impact assessment 
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1. Introduction 
It has become evident that depletion of Earth’s natural resources and services, through human activities, can 

lead to undesirable conditions on Earth (Daily and Ehrlich 1992; Vitousek 1997). In an attempt to reduce the 

risk of human activities inadvertently leading to a change in Earth System state towards conditions less 

conducive to humanity, the Planetary Boundaries (PB) framework (Rockström et al. 2009a; Steffen et al. 2015) 

identified nine key Earth System processes and defined quantitative ‘Planetary boundaries’ which delimit a 

“safe operating space” for humanity to act within. The metric of the PB and the state of the Earth System 

process is expressed by a control variable defined as either an environmental state or flow rate (e.g. 

stratospheric ozone concentration measured in Dobson units and anthropogenic nitrogen fixation in Tg N per 

year). Although none of the PBs, in principle, should be transgressed in order to minimize the risk of human 

activities pushing the Earth System out of its Holocene-like state, anthropogenic pressures have already led to 

exceedance or near exceedance of several PBs (Steffen et al. 2015). The PB-framework has been adopted by 

different societal actors such as governmental organizations and industries who have an interest in expressing 

sustainability in relation to the PBs (Galaz et al. 2012; Stockholm Resilience Centre 2015; Sim et al. 2016; Bjørn 

et al. 2016; Clift et al. 2017). Despite this interest, however, consistent and operational methods for quantifying 

human activities (including the creation of products and technologies) in relation to the PBs are lacking. 

1.1. Planetary Boundaries and life-cycle assessment 
Life-cycle assessment (LCA) is a decision support tool (ISO 2006a; ISO 2006b; EC-JRC 2010a) for quantifying 

impacts of human activities on environment, resources, and humans. LCA involves construction of a life-cycle 

inventory (LCI) comprising all elementary flows (i.e. emissions and resource uses) arising throughout the life-

cycle of the assessed activity. The elementary flows in the LCI are, in the life-cycle impact assessment (LCIA) 

phase, characterized into potential impacts by multiplication with characterization factors (CFs). LCA has been 

identified as a useful tool for quantifying human activities relative to the safe operating space because LCA is 

based on the holistic principles of assessing the full life-cycle and including all relevant environmental impacts 

(Bjørn et al. 2015; Ryberg et al. 2016). 

Approaches for including the PB-framework in LCA have already been put forward. This was initially seen 

through development of weighting factors for existing impact categories based on the distance between the 

PBs and their control variable value (Tuomisto et al. 2012) and as development of normalization references, 

based on carrying capacities and matched with existing impact categories in LCA (Bjørn and Hauschild 2015; 
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Sandin et al. 2015). The conversion of the metrics in the PB-framework to existing impact categories in LCA is 

not straightforward as there is general misalignment within the impact pathways (cause-effect chain 

mechanisms leading from pollutant emission or resource use to impacts) between the position of conventional 

LCA indicators and control variables of the PB-framework (Ryberg et al. 2016; Laurent and Owsianiak 2017). In 

addition, there is a fundamental difference between conventional LCA indicators and control variables of the 

PB-framework with regard to the area of protection (resources, ecosystems and human health in LCA, versus 

Holocene state of the Earth System in the PB-framework) (Ryberg et al. 2016). These important differences 

pose a challenge with respect to the communication of results to decision makers who may not be familiar with 

conventional LCA indicators. Communication to decision makers in industries and governments could 

potentially be eased by expressing impacts in metrics of the PBs which are already known to decision makers. 

Doka (2015; 2016) presented an LCIA method where impacts of activities were related to a global annual per 

capita PB allowance, generally expressed in the metrics of the PBs. However, the method’s indicators are pre-

allocated into an annual equal per capita personal budget which limits the method’s applicability to 

assessments regarding the share of a personal budget occupied by an activity. Thus, the method is suited for 

consumer-citizen guidance in terms of developing a sustainable lifestyle but is not suited for assessments 

focusing on how production oriented activities impact the PBs.  

Therefore, methods that allow for expressing impacts in the metrics of the PBs and which can be scaled to the 

scale of the assessed activity, incl. both consumption and production oriented activities, are still required. 

Having, such method could also aid quantifying and evaluating progress with relation to the 12th sustainable 

development goal on ensuring sustainable consumption and production patterns (UN 2015). As a first step 

towards the creation of such method, Ryberg et al. (2016) identified six key challenges for development and 

implementation of an LCIA that could fully express impact scores in the metrics of the Planetary Boundaries 

(referred to as PB-LCIA). The identified challenges were:  

1. Introduction of a new area of protection: The Holocene state of the Earth System; 

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

Impact Assessment 

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

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

5. Applying the precautionary principle instead of best-estimates for defining the safe operating space; 
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6. Inclusion of environmental constraints in Life-Cycle Assessment and how to assign shares of the ‘safe 

operating space’ in an operational way for sustainability assessments (Ryberg et al. 2016). 

In this study, we address challenge 2, 3, and 4 i.e. the quantification and expression of impact scores for human 

activities in metrics consistent with the PB control variables. Challenge 2 is addressed through the development 

of CFs. Challenges 3 and 4 are part of the CF development and are described for the relevant PBs where 

overlaps are identified (i.e. “change in biosphere integrity”, “ocean acidification”, and “flow of phosphorus 

from freshwater to oceans”) or are spatially differentiated (i.e. “freshwater use”, “land-system change”, and 

“atmospheric aerosol loading”). A discussion regarding how challenges 3 and 4 are resolved and the resulting 

implications are provided in Section 4.2.  

Challenges related to interpretation of results using a PB-LCIA and assigning shares of the safe operating space 

(challenge 1, 5, and 6), and the requirements for applying the LCIA methodology are described and discussed in 

Section 4.3. These are, however, not fully explored in this study where the main focus is on the technical 

challenges of developing CFs which can be used in LCAs, thus establishing the groundwork for applying a PB-

LCIA methodology. To what degree the PB-LCIA yields similar or different conclusions in comparison with 

conventional LCIA methodology (ILCD 2011; EC-JRC 2011; Hauschild et al. 2013) is evaluated by calculating 

impact scores for 10,687 unit processes in the life cycle database ecoinvent which is the most established and 

comprehensive database of unit processes for LCA. The overall outcome of this study is a PB-LCIA methodology 

that can be used for assessing impacts of human activities relative to the PBs. 

 

 

2. Methods 

2.1. Current characterization modelling practice 
The current LCIA framework is designed to estimate time integrated exposure [γ; mass.time] from a pulse 

emission of elementary flow [Δm; mass] superimposed on a background level (Heijungs 1995) (Eq. 1).  

( )∫ ∆⋅=
T t dte
0

mγ A
          Eq. 1 
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Where t is time after emission, T is time duration over which exposure is considered, and A is a matrix of 

coefficients expressing a substance’s fate in the environment and exposure of humans and ecosystems. T can 

either be finite (e.g. 100 yrs as used in the GWP100) or infinite (T → ∞) to capture full exposure. The analytical 

solution to Eq. 1 for T → ∞ and with negative coefficients in A, i.e. inputs are removed and not generated in 

the environment, is given in Eq. 2. This gives the conventional framework for characterization modeling in LCA 

where γ expresses the time integrated exposure from the emitted elementary flow. γ can be multiplied with an 

effect factor to express the potential impacts on humans or ecosystems from exposure. 

mAγ ∆⋅−= −1
           Eq. 2 

2.2. Proposed framework for characterization modeling in PB-LCIA 
Control variables in the PB-framework are expressed as environmental states or environmental flow rates 

where emissions and resource uses from human activities should not lead to exceedance of the PBs. Indeed 

single occurring pulse emissions do not generally lead to exceedance of PBs. On the other hand, long-term 

exceedance of PBs can be caused by human activities putting continuous pressure on the environment and 

this, over time, erodes resilience (Goodland 1995; Scheffer et al. 2001). An LCA intended for relating impact 

scores to the PBs should include this aspect and, therefore, express impact scores as changes in environmental 

states or flow rates as a result of continuous pressures (i.e. continuous emission and resource uses).  

Because environmental impacts in conventional LCIA are integrated over time and do not relate to a specific 

point in time, these can only be used for comparative purposes (Heijungs 1995) and not for expressing changes 

in environmental states or flow rates. An exception is Global Temperature change Potential from a pulse 

emission (GTPP) (Shine et al. 2005; Levasseur et al. 2016) which express change in surface temperature at a 

point time as a result of a pulse GHG emission. The magnitude of the GTPP indicator is, however, highly 

sensitive to the specific time point and the indicator will approach zero after sufficiently long time due to 

removal of the GHG from the atmosphere. Generally, time-integrated impacts are not suitable for expressing 

impacts in metrics of the control variables in the PB-framework. Instead, to express impact scores as 

environmental states or flow rates, either at the time of equilibrium (steady state) or other points in time, the 

presented PB-LCIA method requires that the LCI provides flows as constant inputs [mass time-1] instead of 

pulses [mass]. To accommodate for this, the functional unit (FU) in the LCA, on which the assessment is based, 

must be defined with a continuous constant time duration, i.e. as annual fulfilment of the function in the FU in 

order for the LCI to express the elementary flows that will occur annually in order to continuously fulfil the FU. 
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The definition of the FU and the specifics surrounding it are further discussed in Section 4.1.2., where examples 

of how to define the FU in accordance with the new approach are presented. Mathematically, this means that 

instead of an emission pulse (Δm in Eq. 2), the input for the characterization model is a constant annual flow [S; 

mass yr-1]. Thus, the framework for the characterization modelling in the PB-LCIA follows a first order 

differential equation which can be solved for steady state (Eq. 3) to express the steady state mass (mss) in the 

environment from a constant annual input or mass at a specific point in time, where m is a vector of 

differential quotients dm(t)/dt expressing change of mass with time. 

 

SAmSmAmSmAm ss ⋅=⇒+⋅−==⇒+⋅−= −

∞→

1)(0lim)( tt
t

     Eq. 3  

2.3. Characterization models 
The most mature PBs defined in Steffen et al. (2015) were used as a basis for the PB-LCIA and CFs were 

developed for all PBs except “biosphere integrity” and the “introduction of novel entities” because a PB is yet 

to be defined for the latter and characterization models are considered immature for the former (Ryberg et al. 

2016). Models used for developing CFs draws on existing research and experiences within the field of life-cycle 

impact assessment and environmental modelling in general. Models were selected based on the following 

requirements: Models should previously have been used in research (preferable for LCIA or other impact 

assessment purposes), be evaluated by peer-review, and be documented with detailed description of modelled 

mechanism and equations. Moreover, the complexity of the models should be consistent with the spatial and 

temporal scope of the control variable, e.g. a highly spatially differentiated model will not give better results 

than a non-spatially differentiated model if the indicator is defined at the global level. A general principle for 

the PB-LCIA method was to use the average approach for derivation of CFs (Huijbregts et al. 2011). The average 

approach is in line with the principles of the PB-framework, i.e., the adoption of a long-term perspective and 

giving equal importance to all elementary flows regardless of when they occur as the CFs express the average 

change in distance between current and preferred environmental state per unit change in elementary flow. For 

the control variables: “ocean acidification”, “stratospheric ozone depletion” and “land-system change”, 

increased values indicate an improved state and, correspondingly, a reduction leads to a worsening. For these 

impact categories, the characterization model was developed to follow general LCA conventions where 

increased impact scores are considered negative and decreased scores considered positive. How impact scores 
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are converted to metrics directly comparable to the control variables is presented under the description of 

these impact categories. 

The general characterization framework was based on models requiring constant inputs, which are provided 

from the LCI that expresses the elementary flows occurring annually in order to continuously fulfil the FU. 

However, there are specific cases of emissions and resource uses that in practice occur only once. This can, 

nevertheless, be problematic as they can lead to the exceedance of the Earth System’s recovery time and, thus 

potential exceedance of PBs, due to a long residence time in the environment. This can be exemplified with the 

example of the removal and transformation of natural forest land to agricultural land. In this case, the carbon 

stored in the soil and vegetation will be released once, i.e., during the transformation. Nevertheless, this single 

pulse emission of carbon as CO2 may be problematic with respect to climate change due to the long 

atmospheric residence time of CO2. In this case, specific CFs for emissions of CO2 from land-transformation 

were estimated where the unit was expressed as “per kg” instead of “per kg per year” to indicate that this is a 

single occurring pulse emission. This special approach does not affect the ability to compare impacts from 

continuous constant emissions and pulse emissions as the indicator metric remains the same. CFs were 

calculated for each of the PB-LCIA impact categories listed in Table 1 using the framework and approaches 

described above. A brief method description for each impact category is given in this section while specific 

details are provided in Supporting Info. The governing equations used for characterizing the impact of human 

activities relative to the Planetary Boundary are presented in Table 1. 

2.3.1. Climate change 

Climate change affects the climate system which results not only in changes in physical conditions 

(temperature, rainfall, storm activity, sea level, etc.) on Earth but also the biosphere (Rockström et al. 2009a; 

Steffen et al. 2015). The climate change PB is described by two different control variables, i.e., energy 

imbalance at top-of-atmosphere expressed by radiative forcing [RF; Wm-2] and atmospheric CO2 concentration 

[ppm CO2] (Rockström et al. 2009a; Steffen et al. 2015). The control variable for energy imbalance at top-of-

atmosphere takes into account all greenhouse gases (GHGs), aerosols, and other factors that affect radiative 

forcing and is considered more stringent than the boundary for atmospheric CO2 concentration (Steffen et al. 

2015). The boundary for atmospheric CO2 concentration only includes CO2 and CO2-precursors and is chosen 

because of the large anthropogenic CO2 emissions (Steffen et al. 2015) and because it is a proxy for radiative 

forcing from all GHGs because the current cooling effect from aerosols approximately counteracts the warming 

effect of non-CO2 GHGs (Rockström et al. 2009a). 
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Energy imbalance at top-of-atmosphere  

CFs for energy imbalance at top-of-atmosphere express change in RF per unit change in continuous GHG 

emissions. The change in RF as a result of a change in GHG emissions was based on the absolute global 

temperature change potential (AGTP) for a continuous emission (Shine et al. 2005) divided by the equilibrium 

climate sensitivity parameter which links radiative forcing and temperature (Myhre et al. 2013). AGTP was not 

valid for CO2 due to its long life time and complex response function (Shine et al. 2005). Therefore, the CF for 

CO2 was estimated based on the average change in RF per unit change in CO2 concentration and average 

change in CO2 concentration per unit change in annual CO2 emissions. The latter was calculated based on an 

assessment of the RCP2.6 scenario (Meinshausen et al. 2011; van Vuuren et al. 2011) and the former was 

based on how a change in CO2 concentration affects RF (Myhre et al. 1998; Myhre et al. 2013). For the land 

transformation, specific CFs, the average change in CO2 concentration was estimated as average change in 

atmospheric CO2 concentration per kg of the total tolerable mass of CO2 emitted between 2000 and 2300 

based on the RCP2.6 scenario in Meinshausen et al. (2011) and averaged over the 300 yr time horizon to 

express the pulse emission as an average emission flux over 300 yrs. The 300 yr time horizon was selected 

because the atmospheric CO2 concentration was found to start stabilizing and to approach steady state after 

this period (see Figure S1).  

Atmospheric CO2 concentration 

CFs for atmospheric CO2 concentration express the average change in atmospheric CO2 concentration from a 

change in continuous annual emissions of CO2 or CO2-precursors and was estimated based on an assessment of 

the RCP2.6 scenario (Meinshausen et al. 2011). CO2-precursors which are converted to CO2 after reaching the 

troposphere were included via the mass of the emitted substance which is converted to mass of CO2 in the 

atmosphere, i.e. 1.57, 2.75 (Gillenwater et al. 2006), 3, 2, and 1 (Wenzel and Hauschild 1998) for CO, CH4, 

NMVOC as hydrocarbons, NMVOC as partly oxidized hydrocarbons, and NMVOC as partly chlorinated 

hydrocarbons, respectively. Again, emissions that occur as one off pulse emissions, such as land 

transformation, were treated as special cases by estimating land transformation specific CFs where the unit 

was expressed in “per kg” instead of “per kg per year”. 

2.3.2. Stratospheric ozone depletion 

Stratospheric ozone depletion is problematic as the ozone layer protects humans and other organisms by 

absorbing harmful ultraviolet-B (UV-B) radiation from the sun (Fahey and Hegglin 2011). Stratospheric ozone is 

removed by reactions with chlorine and bromine which are present in the stratosphere due to emissions of 
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long-lived ozone depleting substances (ODS) (Fahey and Hegglin 2011). CFs for stratospheric ozone depletion 

[Dobson units: DU yr kg-1] were calculated via a number of steps starting from the continuous emission of ODS 

[kg yr-1], over a change in tropospheric chlorine loading through a change in equivalent stratospheric chlorine 

level ending with the change in stratospheric ozone concentration [DU]. To comply with general LCA 

conventions where increased impact scores are considered negative, impact scores calculated with the CF 

express the absolute change in stratospheric ozone concentration as a result of the assessed activity (|DU|). 

Thus, an increasing distance indicates a lowering of stratospheric ozone concentration. The impact scores can 

be converted to an absolute stratospheric ozone concentration value by deducting the absolute difference 

from the pre-industrial stratospheric ozone concentration level to get the stratospheric ozone concentration in 

response to the assessed activity. 

2.3.3. Ocean acidification 

Ocean acidification occurs through accumulation of carbonic acid in the oceans created as the PCO2 in surface 

ocean waters increases in response to increased atmospheric concentrations of CO2 (Wanninkhof et al. 2009). 

The gradual acidification affects calcium carbonate producing organisms as CaCO3 dissolves under acidified 

conditions (Orr et al. 2005; Feely et al. 2009b). Ocean acidification is expressed as the CaCO3 saturation state 

(Ω) expressing the concentration of the mineral forming ions (Ca2+ and CO2
−3) relative to the minerals’ 

equilibrium concentration. The Ω for the CaCO3 mineral aragonite (ΩArag; 3

32

−

−

mmol
mmol ) is used as control variable 

for the PB and becomes critical at 2.9, i.e., ca. 380 ppm (Guinotte and Fabry 2008). To comply with general LCA 

conventions where increased impact scores are considered negative, the CF for ocean acidification expresses 

the change in absolute difference between pre-industrial ΩArag levels and ΩArag as a result of a changed emission 

flux of CO2 and CO2-precursors. Impact scores for ocean acidification can be converted to an absolute ΩArag level 

by deducting the absolute difference from the pre-industrial ΩArag level (=3.44) to show what the absolute ΩArag 

level will be as a result of the assessed activity. The CF takes into account the change in atmospheric CO2 

concentration from a change in continuous emission of CO2 or CO2-precursors and the change in ocean 

chemistry as changing ΩArag from changing atmospheric CO2 concentration. The latter was based on estimates 

of seawater system parameters (such as ocean CO2 concentration, pH and ΩArag) at different atmospheric CO2 

concentrations (Guinotte and Fabry 2008; Feely et al. 2009a). The former was estimated based on an 

assessment of the RCP2.6 scenario (Meinshausen et al. 2011) with CO2-precursors included via the mass 

fraction of the precursor that is converted to CO2 (Wenzel and Hauschild 1998; Gillenwater et al. 2006).  
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2.3.4. Biogeochemical flows - Nitrogen 

Human induced emissions of reactive nitrogen (N) compounds to the environment have a number of potential 

impacts, i.e., increased atmospheric NH3 concentrations, radiative forcing by N2O, groundwater contamination 

by NO3
-, eutrophication of aquatic ecosystems and biodiversity changes (De Vries et al. 2013). CFs for human 

induced nitrogen fixation were calculated for emissions of N-compounds to freshwater, groundwater and air. 

Emissions of N-compounds to the environment, as reported in the LCI, were via inverse modelling transformed 

to equivalent amounts of fixated N. It is important only to select one of the emission compartments for the 

inverse modelling to avoid double-counting because emissions of N to different environmental compartments 

can stem from the same amount of N fixated. For instance, for agricultural processes, we recommend to use 

the CFs for emissions to freshwater via runoff or leaching through drains as this is the dominating N loss route 

for this process category (Brentrup et al. 2000; Langevin et al. 2010).  

2.3.5. Biogeochemical flows - Phosphorus 

The problem of excessive phosphorus (P) release to the environment is primarily related to eutrophication of 

lakes and freshwater reservoirs, the risk of ocean anoxia from massive P outflows to marine waters and 

changes in biodiversity (Rockström et al. 2009b; Steffen et al. 2015). Hence, the PB for P is defined as two 

control variables: (i) annual mass of P applied to soil and (ii) annual mass of P outflow to marine waters. 

CFs for phosphorus applied to soil were estimated for substances that are directly lost to surface freshwater as 

the primary concern was eutrophication of rivers and lakes. Similar to the CF for the N-cycle, annual emissions 

of P-compounds to the environment were via inverse modelling transformed to equivalents of annual mass of 

P applied to soil. The relationship between application of P to soil and emissions of P to the environment was 

estimated with the Annual Phosphorus Loss Estimator v2.4 (Vadas et al. 2009; Vadas et al. 2012; Vadas 2013). 

The CFs for global phosphorus outflow to marine waters were estimated as annual outflow of P to marine 

ecosystems per unit change in annual emission of P to freshwater systems. Fate of P in freshwater and outflow 

rate to marine waters was based on transfer coefficients for sedimentation of P in lakes and rivers and P 

outflow to marine waters (Carpenter and Bennett 2011). 

2.3.6. Land-system change 

The PB for Land-system change focuses on processes in land systems that regulate exchange of energy, water 

and momentum between the land surface and the atmosphere and expresses the minimum required 

percentage of forest land area relative to original forest cover (Steffen et al. 2015). Global CFs reflect changes 
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in percentage of potential forest area per unit area of forest transformed and were calculated as the inverse of 

potential global forest area multiplied with 100%. Thereby, the impact score shows the percentage of potential 

forest area transformed as a result of the assessed activity, which complies with LCA conventions about 

considering increasing impact scores as negative. By deducting the impact score from 100%, it is converted to 

percentage of potential forest area remaining which is directly comparable to the PB control value. The CFs at 

biome level were defined in the same way, expressing change in percentage of potential forest biome area per 

change in forest biome area transformed. CFs for the global PB and CFs for the biome level PBs are kept 

separate because the relative importance of the forest biomes in the PB-framework, as illustrated by the 

difference in required percentage of forest remaining, cannot be adequately aggregated into a single score 

expressed in the metric of the global forest PB. It is, therefore, recommended to show impact scores for land-

system change at both global and biome level to get a detailed assessment at both levels.  

2.3.7. Freshwater use 

Freshwater flow is important for sustaining biodiversity and the functions required for maintaining the state of 

the ecosystem (Poff et al. 2010) and excessive human induced freshwater withdrawal can affect freshwater 

ecosystems (Smakhtin 2008). Average global freshwater availability is sufficient to remain within the PB but the 

large spatial and temporal variability in freshwater availability means that PBs at river basin level are exceeded 

(Hoekstra and Mekonnen 2011). The CF for global freshwater use was defined as 10-9 km3 m-3 to convert the 

metric of common LCI data on water use [i.e. m3 yr-1] to the metric of the control variable for the Planetary 

Boundary on global freshwater use [i.e. km3 yr-1].  

The CFs for freshwater use at the basin level express the change in share of freshwater flow available for 

human activities per change in human induced freshwater withdrawal. The calculation of freshwater flow 

available for human withdrawal was made according to the variable monthly flow (VMF) method (Pastor et al. 

2014) using spatially differentiated river basin data on mean monthly natural runoff (Hoekstra and Mekonnen 

2011). The VMF method estimates the environmental flow requirements and, thus, the share of freshwater 

flow which is unavailable for human withdrawal (Pastor et al. 2014). A challenge in development of CFs for 

freshwater use at river basin level is to have spatial differentiation while also allowing for aggregating spatially 

differentiated impacts to a single indicator. For freshwater use, the challenge is that averaging over regions is 

required to estimate a global total single score. Here, a global average may hide important exceedances of PBs 

at river basin level (Ryberg et al. 2016). To operationalize spatial differentiation of CFs, the river basins were 
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classified into aridity based archetypes, i.e. arid (includes hyper arid), semi-arid and humid (includes sub-

humid) based on the Aridity Index (UNEP 1997).  

Thus, CFs for water withdrawal in arid regions are higher than CFs for water withdrawal in humid regions 

because water availability is lower in arid regions. The archetype classification allowed for aggregating river 

basins within the same archetype ensuring that exceedance in water withdrawal in arid regions is not “hidden” 

by water abundance in humid regions. CFs were also calculated based on the period of water withdrawal, i.e. if 

water is withdrawn during low, intermediate or high flow months where CFs are larger during low-flow months 

where water availability is lower. The spatial and temporally differentiated CFs allow for assessing impacts at 

different spatial and temporal resolutions but cannot be aggregated to a single global score without averaging 

across spatial and temporal scales and, thereby, losing specific details. It is, therefore, suggested to evaluate 

impact scores at different spatial and temporal scales, e.g. at global average and at aridity archetype level and, 

if required, also at river basin level, to get a more detailed basis for decision-making. 

2.3.8. Atmospheric aerosol loading 

Atmospheric aerosol loading stems from emissions of primary and secondary aerosols which can impact global 

and regional climate systems (Ramanathan et al. 2001; Ramanathan et al. 2005; Boucher et al. 2013). The 

control variable for atmospheric aerosol loading is the Aerosol Optical Depth (AOD; dimensionless) which 

expresses the absorption or scattering of solar radiation. Atmospheric aerosol loading is spatially and 

temporally differentiated because aerosols’ life time is normally a few days (Ramanathan et al. 2001; Boucher 

et al. 2013). CFs were estimated as global averages and for different regions and express the change in AOD per 

annual mass emission of aerosols. Change in AOD per unit change in mass load was expressed by the aerosols’ 

specific extinction efficiency and mass load was estimated as a function of aerosol life time and the area the 

aerosol distributes over. It was assumed that aerosols are fully distributed over the regions in which they are 

emitted and that aerosol mass transfer does not occur between regions. This assumption aligns with the TM5-

FASST source-receptor model (EC-JRC 2016) and the study by Yu et al. (2013) where interregional transport was 

found to be limited, and at least 86% and 64% of changes in aerosol concentration stems from emissions within 

the assessed regions, respectively. Global average CFs indicate how emissions at different locations affect 

global AOD over global terrestrial area while regional CFs (Table S9) express regional AOD from emissions 

within the region. Impact scores for regional CFs cannot be aggregated to a total AOD without averaging across 

regions because regional AOD depends on the region’s area. The regional CFs should, therefore, be evaluated 

as separate impact scores to evaluate exceedance of any local PBs.  
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Table 1. Fundamentals of the characterization modelling for each PB impact category in terms of control variable and defined Planetary Boundaries for the concerned 
Earth System processes from Steffen et al. (2015), and the governing equation used for characterizing the impact of human activities relative to the Planetary 
Boundary. 

Impact 
category 
(Earth 
System) 

Impact category 
(Control variable in PB-
framework) 

Planetary 
Boundary 

Governing characterization factor equation No. of 
elementary 
flows 
covered 

Climate 
change 

Energy imbalance at 
top-of-atmosphere 
[Wm-2] relative to pre-
industrial level 

1 

xGHGS
RF

yrkg
mWCF

,

2

xRF,GW, ∆
∆

=











  

Where RF is radiative forcing [W m-2], and SGJG,x is annual emission of GHG x [kg yr-1]. 

18 

Atmospheric CO2 

concentration [ppm 
CO2] 

350 

xS
CO

yrkg
ppmCF

∆

∆
=







 atmosphere ,2
x conc., COGW, 2

 

Where CO2, atmosphere is atmospheric CO2 concentration [ppm CO2] and Sx is annual emission of CO2 or CO2-
precursors [kg yr-1] 

7 

Stratospheric 
ozone 
depletion 

Stratospheric O3 
concentration in Dobson 
Units [DU] 

5% reduction 
relative to a 
pre-industrial 
level of 290 DU 
(=275 DU) 

x

O
OD S

TCL
TCL

EESC
EESC
C

yrkg
DUCF

∆
∆

×
∆
∆

×
∆
∆

=






 3
x,

 

Where |CO3| is the absolute difference between pre-industrial stratospheric ozone concentration and ozone 
concentration stemming from a change in equivalent effective stratospheric chlorine level, EESC [ppt]. TCL is 
total tropospheric chlorine loading equivalent [ppt] and S is annual emission of ozone depleting substance [kg 
yr-1]. 

16 

Ocean 
acidification 

Carbonate ion 
concentration, with 
respect to aragonite 
saturation state [Ωarag] 

2.75 

x

Arag

S
CO

COyrkg
mmol
mmol

CF
∆

∆
×

∆

Ω∆
=






























−

−

atmosphere ,2

atmosphere ,2

3

32

xOA,
 

Where |ΩArag|[mol2 m-3 / mol m-3] is the absolute difference between pre-industrial ΩArag (=3.44) and the ΩArag 

resulting from a change in atmospheric CO2 concentration. CO2, atmosphere is atmospheric CO2 concentration 
[ppm CO2] and Sx is annual emission of CO2 or CO2-precursors [kg yr-1]. 

7 

Biogeo-
chemical 
flows 

Global: Phosphorus flow 
from freshwater system 
in to ocean [Tg P yr-1] 

11 

emitted compund-P

marine9

emitted P

marine
globalP, 101

S
P

yrkg
yrTg

CF
∆

∆
××=







 −

 
Where Pmarine is annual mass of P outflow to marine waters [kg yr-1] and SP compound emitted is annual mass of P 
containing compound emitted to the environment [kg yr-1]. 

5 

Regional: Phosphorus 
flow from fertilizers to 
erodible soils [Tg P yr-1] 

26.2  

emitted compund-P

applied9

emitted P

applied P
regionalP, 101

S
P

yrkg
yrTg

CF
∆

∆
××=







 −

 
Where Papplied is mass of P annually applied to erodible soil [kg yr-1] and SP compound emitted is annual mass of P 
containing compound emitted to the environment [kg yr-1]. 

1 

Global: Industrial and 
intentional biological 
fixation of nitrogen [Tg 

62 

jemitted, N

fixated9

emitted N

fixed N
jN, 101

S
N

yrkg
yrTg

CF
∆
∆

××=






 −
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N yr-1] Where Nfixated is mass of annual human induced N fixation [kg yr-1] and SN emitted,j is annual mass of N containing 

compounds emitted to environmental compartment j [kg yr-1]. 
Land-system 
change 

Global: area of forested 
land as % of original 
forest cover [%] 

75% 
%1001%

global pot,
2 globalforest ×=





Am
CF

 
Where Apot, global is potential global forest area [106 km2].  

1 

Biome: area of forested 
land as % of potential 
forest [%]  

Tropical: 85% 
Temperate: 
50% 
Boreal:85% 

%1001%

i
i

biome pot,
2biomeforest ×=





Am
CF

  
Where Apot, biome_i is potential area of forest biome i [106 km2]. 

3 

Freshwater 
use 

Global: Maximum 
amount of consumptive 
blue water use [km3 yr-1] 

4000 

awalFrW withdr

 awalFrW withdr
3

3

globalFrW S
V

yrm
yrkmCF

∆
∆

=












 
Where VFrW withdrawal is global freshwater volume available for withdrawal [km3 yr-1], SFrW withdrawal is annual 
volume of freshwater withdrawn as a result of human activities [m3 yr-1]  

1 

Basin: Blue water 
withdrawal as % of 
mean monthly flow 
(MMF) 

Low-flow 
month: 25% 
Intermediate-
flow month: 
30% 
High-flow 
month: 55% 

x

x

S
WA

m
yrCF

,withdrawn
3 xuse, freshwater ∆

∆
=





 
Where WAx is available annual volume of freshwater for human induced withdrawal in spatial archetype x [m3 
yr-1] and Swithdrawn,x is annual volume of human induced freshwater withdrawal in spatial archetype x [m3 yr-1]. 
Default CFs were based on annual LCI, but CFs with monthly temporal resolution were also developed for LCI 
with specification on monthly withdrawals. 

12 

Atmospheric 
aerosol 
loading 

Global: Aerosol Optical 
Depth (AOD) 

While no 
Planetary 
Boundary has 
been set, CFs 
for global AOD 
were developed 
to prepare for a 
future global 
Planetary 
Boundary in the 
same metric as 
the regional 
boundary 

x

atm

atm S
m

m
AOD

yrkg
CF

∆
∆

×
∆
∆

=






 essdimensionl
xglobal,Aerosol,  

Where AOD is aerosol optical depth [dimensionless], matm is aerosol mass load over global terrestrial area and 
S is annual emission of the aerosol [kg yr-1] 

13 

Regional: AOD as a 
seasonal average over a 
region with South Asian 
Monsoon used as case 
study [AOD] 

0.25  

x
xlregiona, Aerosol,

essdimensionl
S

m
m
AOD

yrkg
CF atm

atm ∆
∆

×
∆
∆

=







 

Where AOD is aerosol optical depth [dimensionless], matm is aerosol mass load over regional area and S is 
annual emission of the aerosol [kg yr-1] 

13 
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2.4. Comparison of PB-LCIA with ILCD-LCIA 
An evaluation of whether the PB-LCIA would give similar or different conclusion compared to a 

conventional LCIA methodology was done by comparing results of the PB-LCIA with results calculated with 

the ‘ILCD 2011’ LCIA methodology (referred to as ILCD-LCIA) recommended by the ILCD (EC-JRC 2011; 

Hauschild et al. 2013). The comparison was done by comparing impact scores for impact categories in PB-

LCIA with scores for similar categories in ILCD-LCIA, based on similarities in the environmental pressure and 

elementary flows covered in the impact category (Table 2). For instance, ocean acidification in PB-LCIA was 

compared with climate change in ILCD-LCIA because ocean acidification is driven by emissions of CO2 and 

CO2-precursors. We stress that this exercise was done only to compare results of the two methods when 

employed in regular life cycle assessments of products and systems. The reader should note, however, that 

the impact categories and their CFs should otherwise not be matched 1:1 as they differ in several areas 

(e.g. different units, position in impact pathway, and area of protection).  

Table 2. Overview of comparison between impact categories in PB-LCIA and ILCD-LCIA and the rationale for comparing the 
particular impact categories. 

ILCD-LCIA impact category PB-LCIA impact category Rationale for comparing impact categories 
Climate change Climate change - CO2 concentration Both express climate change 
Climate change Climate change - Energy imbalance Both express climate change 

Climate change Ocean acidification 

Ocean acidification is linked to the drivers of climate changes because 
ocean acidification is a consequence of anthropogenic CO2 emissions 
(Feely et al. 2004; Doney et al. 2009). 

Ozone depletion Stratospheric ozone depletion Both express ozone depletion. 
Land use Land-system change – Global Both express land use. 
Water resource depletion Freshwater use - River basins Both express freshwater use. 

Photochemical ozone formation Atmospheric aerosol loading 

The PB was compared with “Photochemical ozone formation” 
because both include emissions of aerosols to the atmosphere. 
However, the area of concern for the two indicators differ slightly, 
where “Photochemical ozone formation” is about ground level ozone 
formation (and concentration) and how this affects humans and 
ecosystems (EC-JRC 2010b; Hauschild and Huijbregts 2015; van Zelm 
et al. 2016), while “Atmospheric aerosol loading” is about aerosols in 
the atmosphere and how the increased loading may lead to undesired 
effects due to changes in solar radiation and regional ocean-
atmosphere circulation (Steffen et al. 2015). Hence, the two impact 
categories differ in their area of concern; however, they have been 
compared in this study due to their similarities in impact pathway and 
to allow a comparison of results for aerosols between PB-LCIA and 
ILCD-LCIA. 

Freshwater eutrophication Biogeochemical flows - Regional P 

The PB was compared with “Freshwater eutrophication” because in 
majority of LCIA methods, phosphorus is considered the primary 
contributor to freshwater eutrophication (EC-JRC 2011; Goedkoop et 
al. 2013). This is because phosphorous is the predominant growth-
limiting nutrient for freshwater ecosystems (Schindler 1977; 
Carpenter et al. 1998; Smith 2003) and thus most problematic in 
terms of freshwater eutrophication.  

Marine eutrophication Biogeochemical flows – N 

The PB was compared with “Marine eutrophication” because in 
majority of LCIA methods, nitrogen is considered the primary 
contributor to marine eutrophication (EC-JRC 2011; Goedkoop et al. 
2013; Cosme et al. 2015). This is because nitrogen is, in many cases, 
the predominant growth-limiting nutrient for marine ecosystems (i.e. 
estuaries and coastal systems) (Carpenter et al. 1998; Vitousek et al. 
2002; Howarth and Marino 2006) and thus most problematic in terms 
of marine eutrophication. 
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Impact scores for the PB-LCIA and the compared impact categories in ILCD-LCIA were calculated and ranked 

for 10,687 unit processes in the ecoinvent v. 3.1 consequential life cycle unit process database (Weidema et 

al. 2013). The unit processes in ecoinvent give information on the emissions and resource uses per unit 

output from the process. For use with the PB-LCIA, the process output was interpreted as emissions and 

resource uses per annual unit output to comply with the PB-LCIA’s requirement for annual flows. Pearson 

correlation and Spearman rank correlation analyses were performed on the absolute and ranked impact 

scores respectively to evaluate correlations between magnitude and ranking of impact scores. A low 

Pearson correlation coefficient indicates a low correlation between magnitudes of the impact scores of the 

unit processes; a low Spearman rank correlation coefficient indicates a low correlation between the 

rankings of unit processes. For the comparison, unit processes were divided into groups, i.e. ‘materials’, 

‘energy’, ‘transport’, and ‘processing’ to identify if differences between LCIA methodologies were more 

pronounced for certain process groups. 

3. Results 

3.1 Characterization Factors in PB-LCIA 
The derived CFs for the PB-LCIA are listed in Table 3 and include CFs for 85 elementary flows covering the 

most prominent contributors to each of the included impact categories in Table 1. Moreover, the calculated 

impact scores for the unit processes in ecoinvent generally span over 10 to 13 orders of magnitude 

depending on the impact category which is comparable to the span in conventional LCIA methods (Laurent 

et al. 2012).  

Table 3. List of estimated characterization factors for the Planetary Boundaries included in the PB-LCIA methodology 

Earth System 
process  

Control variable Environmental flow Emission  
compartment 

Characterization 
factor 

Unit 

Climate change Energy imbalance at 
top-of-atmosphere  

CO2 Air 3.53×10-13 W yr m-2 kg-1 
CO2, land transformation Air 1.18×10-15 W m-2 kg-1 
CH4 Air 1.59×10-12 W yr m-2 kg-1 
N2O Air 4.64×10-11 W yr m-2 kg-1 
CO Air 2.74×10-13 W yr m-2 kg-1 
NMVOC, hydrocarbons Air 1.06×10-12 W yr m-2 kg-1 
NMVOC, partly oxidized hydrocarbons Air 7.07×10-13 W yr m-2 kg-1 
NMVOC, partly chlorinated hydrocarbons Air 3.53×10-13 W yr m-2 kg-1 
CFC-11 Air 4.79×10-10 W yr m-2 kg-1 
CFC-12 Air 1.49×10-9 W yr m-2 kg-1 
CFC-13 Air 8.61×10-9 W yr m-2 kg-1 
CFC-113 Air 7.65×10-10 W yr m-2 kg-1 
CFC-114 Air 1.94×10-9 W yr m-2 kg-1 
CFC-115 Air 7.43×10-9 W yr m-2 kg-1 
NF3 Air 7.92×10-9 W yr m-2 kg-1 
SF6 Air 6.71×10-8 W yr m-2 kg-1 
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HCFC-21 Air 1.39×10-11 W yr m-2 kg-1 
HCFC-22 Air 1.63×10-10 W yr m-2 kg-1 

Atmospheric CO2 
concentration  

CO2 Air 2.69×10-11 ppm yr kg-1 
CO Air 4.23×10-11 ppm yr kg-1 
CH4 Air 7.40×10-11 ppm yr kg-1 
NMVOC, hydrocarbons Air 8.07×10-11 ppm yr kg-1 
NMVOC, partly oxidized hydrocarbons Air 5.38×10-11 ppm yr kg-1 
NMVOC, partly chlorinated hydrocarbons Air 2.69×10-11 ppm yr kg-1 
CO2, land transformation Air 8.97×10-14 ppm kg-1 

Stratospheric ozone depletion CFC-11 Air 7.85×10-9 DU yr kg-1 
CFC-12 Air 7.34×10-9 DU yr kg-1 
CFC-113 Air 4.91×10-9 DU yr kg-1 
Halon- 1211 Air 5.16×10-8 DU yr kg-1 
Halon-1301 Air 1.15×10-7 DU yr kg-1 
CFC-10, Carbon Tetrachloride Air 5.74×10-9 DU yr kg-1 
HCFC-140, 1,1,1 -Trichloroethane Air 1.32×10-9 DU yr kg-1 
HCFC-22 Air 4.83×10-10 DU yr kg-1 
HCFC-141b Air 1.07×10-9 DU yr kg-1 
HCFC-142b Air 6.76×10-10 DU yr kg-1 
Halon 1001, Methyl Bromide Air 7.46×10-9 DU yr kg-1 
CFC-114 Air 3.64×10-9 DU yr kg-1 
CFC-115 Air 3.99×10-9 DU yr kg-1 
Halon 1202 Air 1.14×10-8 DU yr kg-1 
Halon 2402 Air 5.39×10-8 DU yr kg-1 
R-40, methyl chloride Air 4.03×10-10 DU yr kg-1 

Ocean acidification CO2 Air 8.22×10-14 mol yr kg-1 
CO Air 1.29×10-13 mol yr kg-1 
CH4 Air 2.26×10-13 mol yr kg-1 
NMVOC, hydrocarbons Air 2.47×10-13 mol yr kg-1 
NMVOC, partly oxidized hydrocarbons Air 1.64×10-13 mol yr kg-1 
NMVOC, partly chlorinated hydrocarbons Air 8.22×10-14 mol yr kg-1 
CO2, land transformation Air 2.74×10-16 mol kg-1 

Biogeochemical flows N cycle: 
Global: 
Industrial and 
intentional 
biological 
fixation of N  

NOx Air 3.04×10-10 Tg N yr-1 kg-1 yr 
NH3 Air 8.22×10-10 Tg N yr-1 kg-1 yr 
N-tot Freshwater 2.44×10-8 Tg N yr-1 kg-1 yr 
NO3

- Freshwater 5.51×10-9 Tg N yr-1 kg-1 yr 
NO3

- Groundwater 6.45×10-10 Tg N yr-1 kg-1 yr 

P flow from 
fertilizers to 
erodible soils  

Phosphorus Freshwater 3.68×10-8 Tg P yr-1 kg-1 yr 

Global: P flow 
from 
freshwater 
systems into 
the ocean 

Phosphorus Freshwater 8.61×10-10 Tg P yr-1 kg-1 yr 

Land-system change Global: area of 
forested land 

Forest transformation Resource 1.56×10-12 % m-2 

Biome: area of 
forested land  

Boreal forest transformation Resource 4.44×10-12 % m-2 
Temperate forest transformation Resource 5.26×10-12 % m-2 
Tropical forest transformation Resource 4.41×10-12 % m-2 

Freshwater use Global: 
maximum 
amount of 
consumptive 
blue water 

Global Resource 1.00×10-9 km3 m-3 

River basin: 
blue water 
withdrawal  

Arid - Low flow month Resource 1.21×10-9 yr m-3 
Arid - Intermediary flow month Resource 1.87×10-10 yr m-3 
Arid - High flow month Resource 1.67×10-11 yr m-3 
Arid – Average annual flow month  Resource 1.51×10-11 yr m-3 
Semi-arid - Low flow month Resource 4.51×10-11 yr m-3 
Semi-arid - Intermediary flow month Resource 7.92×10-12 yr m-3 
Semi-arid - High flow month Resource 1.17×10-12 yr m-3 
Semi-arid – Average annual flow month  Resource 9.97×10-13 yr m-3 
Humid - Low flow month Resource 4.54×10-12 yr m-3 
Humid - Intermediary flow month Resource 6.30×10-13 yr m-3 
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Humid - High flow month Resource 8.82×10-14 yr m-3 
Humid – Average annual flow month  Resource 7.61×10-14 yr m-3 

Atmospheric aerosol 
loading 

AOD (Global 
CFs shown) 

SO4
2- Air 1.67×10-13 yr kg-1 

SO2 Air 6.84×10-14 yr kg-1 
Dimethyl sulfide Air 2.49×10-14 yr kg-1 
PM2.5 Air 5.20×10-13 yr kg-1 
PM1 Air 1.08×10-11 yr kg-1 
PM10 Air 9.69×10-15 yr kg-1 
Generic Carbon aerosols (e.g. organic 
carbon) 

Air 
1.07×10-13 

yr kg-1 

Black carbon (e.g. soot) Air 1.11×10-13 yr kg-1 
NO3, Nitrate Air 9.73×10-14 yr kg-1 
NMVOC, urban Air 4.83×10-15 yr kg-1 
NMVOC, rural Air 1.93×10-14 yr kg-1 
NO2 Air 3.67×10-14 yr kg-1 
NOx Air 3.67×10-14 yr kg-1 

 

3.2 Comparison of PB-LCIA with ILCD-LCIA 
The comparison of the PB-LCIA with ILCD-LCIA showed that Impact categories generally correlated well in 

terms of ranking unit processes with Spearman rank correlation coefficients above 0.85 for all impact 

categories except “biogeochemical flows – Regional P” with 0.61. The correlation between magnitude of 

impact scores was also found to be reasonable with Pearson correlation coefficients above 0.97 for all 

impact categories except “Land-system change” and “biogeochemical flows – Regional P” with 0.27 and 

0.51, respectively. This indicates that the overall ranking of processes is similar for the two methods. Hence, 

in an LCA, both methods would generally give a similar estimate of which processes contribute most to 

environmental burdens. Though the two methods are found to give similar estimate of process 

contributions the added value of using the PB-LCIA relative to ILCD-LCIA is presented in Section 4.1.3. Figure 

1 shows the comparison of ranking of impact categories using the PB-LCIA and ILCD-LCIA for three impact 

categories representing the general trends in rank correlation. The climate driven impact categories and 

ozone depletion generally showed good correlation in ranking of the unit processes. This was due to 

similarities in derivation of characterization models where fate models for both LCIA methods are based on 

recommendations by IPCC and WMO for climate change and ozone depletion, respectively. The correlation 

between “photochemical ozone formation” and “atmospheric aerosol loading” showed lower correlation, 

primarily for material production (primarily wood and biofuel related processes) and processing (mainly 

waste treatment). This was primarily due to a difference in coverage of environmental flows. For example, 

“atmospheric aerosol loading” includes particulate matter as this contributes to aerosol loading, while 

particulate matter is not included for “photochemical ozone formation” as particulate matter does not 

contribute to the formation of photochemical ozone. The low Pearson correlation coefficient and Spearman 

rank correlation coefficient for “biogeochemical flows – Regional P” was almost independent of the unit 

process category, although the lowest Spearman rank correlation was found for unit processes relating to 
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material production (mainly fuel and wood production) processing of waste, and energy production 

(primarily from coal and lignite). Indeed, the low correlations were primarily due to differences in coverage 

of elementary flows where PB-LCIA only includes emission of P compounds to freshwater while ILCD-LCIA 

includes other emissions routes, such as phosphate to groundwater. For instance, this was the case for the 

difference in ranking of electricity from coal and lignite where P emitted to groundwater is not considered 

in the PB-LCIA as the concern is emissions to freshwater compartments.  

 

Figure 1. Comparison of PB-LCIA and the ILCD-LCIA in ranking of impact scores between compared impact categories for unit 
processes from the ecoinvent life cycle inventory database.  

4. Discussion 

 4.1. Applicability 
A PB-LCIA method with a new set of CFs for life cycle impact categories corresponding to control variables 

in the PB-framework were developed in this study. As a consequence, new requirements for the application 

of the PB-LCIA arise because the goal of an LCA using the PB-LCIA, and the proposed characterization 

modelling framework differs from conventional LCAs. Moreover, the new requirements and the use of the 

PB-framework introduce a number of new aspects with regards to interpretation of results from an LCA 

using the PB-LCIA. 

4.1.1. Goal definition 

The PB-LCIA was developed to allow for relating impacts of activities to the Planetary Boundaries. Thus, the 

goal of an LCA using the PB-LCIA is to evaluate how the assessed activity contributes or may contribute to 

occupying the safe operating space and to what extent the share of the operating space occupied by the 

assessed function can be considered environmentally sustainable. Additional goals from the assessment 

may be to assess the level of environmental improvements required for the assessed function to be 

environmentally sustainable and to test whether planned or potential environmental improvements are 

sufficient or if further and more ambitious improvements are required for the activity to be 
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environmentally sustainable. This is in contrast to conventional LCAs, where the goal normally is to 

compare potential impacts of different ways to fulfill the same FU or to identify where in a product life-

cycle impacts occur (EC-JRC 2010a). 

4.1.2. Scope definition and life cycle inventory modelling 

A requirement for assessments where absolute values are important is that the scope of the assessment 

should cover all processes linked to fulfilling the FU to provide a comprehensive account of the assessed 

activity’s impacts. This requirement is already given for LCAs where the goal is to provide a descriptive 

environmental account of a product, e.g. Product Environmental Footprints (EC-JRC 2010a). However, this 

comprehensiveness is not required for comparative LCAs, where identical processes and life-cycle stages 

can be excluded as only the differences between the compared systems are relevant for comparing the 

environmental performance (EC-JRC 2010a). Thus, the PB-LCIA can be used for comparative LCAs but still 

requires a comprehensive LCI if the goal is to also provide a comprehensive account of the assessed 

activity’s environmental performance relative to the PBs. 

To express impact scores in the metrics of the PB control variables, the new characterization models 

require a continuous constant input for the LCIA. This aspect must be reflected in the definition of the FU 

and the LCI-modelling. According to the LCA guidelines by the ILCD (EC-JRC 2010a), the FU should include 

the function provided, its quantity, the duration, and to what quality the function is provided. Indeed, 

where finite time duration is often applied when defining the FU in conventional LCAs, when applying the 

PB-LCIA, it is a requirement that the duration specified in the FU should be to provide the function 

continuously over time. Consequentially, elementary flows should be expressed per time duration (e.g. 

mass time-1), i.e. as continuous flows that allows modelling changes in environmental states and flow rates. 

For application with existing LCA software and LCI databases this means that the FU should be scaled to one 

year to give results that show potential impacts associated with continuous annual fulfillment of the FU. For 

instance, a conventional FU for mobility could be defined as traveling 25,000 km each year for 10 years 

while the FU using the PB-LCIA should be defined as traveling 25,000 km per year which implies that the 

function is continuous and has to be provided every year as people will continue to require mobility. In fact, 

the PB-LCIA should be used for assessing activities where the goal is to assess a function that can be 

considered to be in continuous demand and, thus, will be continuously provided. This is schematically 

shown in Figure 2, where life-cycle stages related to the discrete life-cycles of a continuously fulfilled 

function are shown. As shown in Figure 2, a conventional LCI includes all elementary flows stemming from a 

finite set of discrete life-cycles; while the inventory for the PB-LCIA includes the annually occurring 
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elementary flows stemming from overlapping discrete life-cycles which are required for continuously 

fulfilling the FU.  

  

 

Figure 2. Schematic representation on the difference in derivation and modelling of the LCI using a conventional LCA approach 
and for an LCA using the PB-LCIA. 

Although it is likely that people will demand the same functions today and in the future, it is acknowledged 

that the way these functions are fulfilled and, thus, environmental profiles, will be very different in the 

future. For example, there has always been a demand for mobility but economic and technological 

development has meant that mobility providing functions have developed over time e.g. from horse-riding 

to cars and airplanes. Such technological changes (e.g. effects of learning, upscaling, change in processes or 

technologies) are also not commonly considered in traditional LCA but can be assessed using ‘what if’ 

analyses. Along the same lines of thinking, and depending on whether an attributional or consequential 

perspective is applied, the PB-LCIA can be used to indicate either the share of the safe operating space that 

a particular function occupies (attributional LCA); or the consequential changes in occupation of the safe 

operating space from a change in how to provide a function in a certain way (e.g. through technological 

changes). 

4.1.3. Interpretation 

As illustrated by the comparison of results using the PB-LCIA and ILCD-LCIA, conclusions about the best 

performing product from an LCA using the PB-LCIA are likely to be similar to the ILCD-LCA for the impact 

categories which were closely correlated while conclusions may differ for the impact categories with a 

weaker correlation. This difference in results and thus interpretation can be attributed to the fact that the 
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PB-LCIA and the underlying principles differ from conventional LCA in several aspects where the main 

differences are presented and discussed in the following section.  

Although the primary goal of an assessment using the PB-LCIA is to evaluate the environmental 

sustainability of an activity, impact scores cannot directly be used for assessing this. Indeed, this requires 

determination of the share of the safe operating space the activity can be considered entitled, where 

impact scores of the activity should be within the assigned share of the safe operating space (Ryberg et al. 

2016). The safe operating space can be assigned in numerous ways, depending on normative values and 

perceptions and no standards currently exist for best practice when it comes to assigning a share of the 

space. Because the safe operating space can be assigned in numerous ways, it is suggested to test how 

robust any conclusions about an activity’s sustainability are to the choice of sharing principle (Ryberg et al. 

2016).  

A key aspect of the PB-framework is that none of the PBs should be exceeded and transgression of just one 

PB may lead to an unacceptable risk of a state change in the Earth System due to the interlinkages between 

the Earth Systems processes. Hence, a ‘strong’ sustainability perspective (Dobson 1996) should be applied 

when interpreting results of the PB-LCIA and only activities that do not exceed the assigned safe operating 

space for any of the PBs can be considered absolutely sustainable. Hence, exceedance of one PB cannot be 

compensated for by performing well within the assigned space for other PBs. This is in contrast to 

conventional LCAs, where substitutability between impacts is acceptable and where large impacts within 

one impact category can be compensated by impact reductions in another impact category (Ryberg et al. 

2016). 

The CFs for the PB-LCIA in Table 3 primarily express the fate of elementary flows in the environment and 

exposure of and effect on ecosystems is not part of the CFs. In that sense, the method can be considered 

relatively immature compared to conventional LCIA methods where exposure and effect on ecosystems is 

often included through damage modelling. However, further damage modelling of the impact categories in 

the PB-LCIA e.g., to damage on the Holocene-state would likely be a very difficult endeavor and perhaps 

not beneficial as this might not adequately represent the complex interactions between the Earth System 

processes which should be included when trying to estimate the combined effects of impacts on each Earth 

System process in terms of damage on the Holocene state. Moreover, the PB-LCIA only includes few impact 

categories relative to conventional LCIAs which is primarily due to a difference in the ‘area of protection’ 

(AoP) for the two approaches. Conventional LCAs are concerned with protecting the three AoPs: human 

health, biotic natural environment and abiotic natural environment (Jolliet et al. 2004). Thus, impact 

categories in a conventional LCIA covers all impacts that contribute to any of the AoPs. On the other hand, 

 
139 

 



Ryberg, M.W., Owsianiak, M., Richardson, K., Hauschild, M.Z., 2018. Development of a life-cycle impact assessment 
methodology linked to the Planetary Boundaries framework. Ecol. Indic. 88, 250–262. 

 

the PB-framework (and hence the PB-LCIA) focuses on protecting the Earth System from moving out of the 

Holocene state which is considered a functional value for protecting humanity (Rockström et al. 2009a). 

Therefore, impact categories are only included for the Earth System components identified in the PB-

framework. These are substantially fewer than those encompassed by a conventional LCA, mainly because 

abiotic resources and human health are not included as part of the PB-framework. That they are not 

included is because they have not been identified as potentially being able in their own right to change the 

state of the Earth System away from Holocene-like conditions. This also means that an LCA using the PB-

LCIA will only provide information concerning how the assessed activity contributes or may contribute to 

occupying the safe operating space, as given from the goal of the study, and will not provide information 

about an activity’s potential impacts on resources and human health. It is important to be aware of these 

differences and, depending on the goal of the study, it may be beneficial to apply both a conventional LCIA 

and the PB-LCIA to obtain a comprehensive assessment of how the activity performs relative to the 

assigned safe operating space identified in the PB-framework and with regards to the conventional AoPs in 

LCA in order to obtain a more comprehensive basis for decision-making.  

By applying the carrying capacity based normalization factors developed by Bjørn and Hauschild (2015), it is 

already possible to relate impacts scores estimated with ILCD-LCIA to environmental carrying capacities 

expressed in the default indicators of ILCD-LCIA. However, the added value of using the PB-LCIA compared 

to e.g. ILCD-LCIA is that PB-LCIA allows for expressing the results in indicators which are consistent with the 

control variables of the PB-framework. This is a starting point for absolute sustainability assessments using 

the PB-framework. In fact, this eases communication of LCA results to decision makers already familiar with 

the PB-concept, thereby, providing a better basis for decision makers to make environmentally conscious 

and sustainable decisions. Moreover, if a share of the safe operating space is assigned to the activity, then 

the method can be used for assessing the absolute environmental sustainability of that activity (both 

production and consumption oriented activities) by evaluating whether or not the activity exceeds its 

assigned share of the safe operating space and, thus, whether or not it can be considered sustainable in 

absolute terms. 

4.2. Dealing with overlapping or spatially differentiated boundaries 
For the PB-LCIA, overlapping impact categories were accepted as the overall goal was to comply with the 

PB-framework and being able to express impacts of activities in metrics of the control variables in the PB-

framework. The acceptance of overlapping impacts, such as climate change and ocean acidification which 

both are the result of atmospheric CO2 concentration is not problematic because the PB-LCIA method is not 

intended for comparisons across impact categories. Instead, the focus is on relating each particular impact 
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category either to the PB or an assigned share of the safe operating space. This differs from conventional 

LCIA which strives to have mutually exclusive and collectively exhaustive (MECE) impact coverage. This is 

important because comparisons across impact categories are often done in conventional LCA after 

normalization and weighting. This may lead to ‘double counting’ of the same pressures for more than one 

impact category which may bias results. 

Aggregation of the spatially differentiated PBs, i.e. freshwater use, land-system change and atmospheric 

aerosol loading, to a single score for each impact category was not feasible in the PB-LCIA, as aggregation 

would require averaging over regions potentially leading to the overlooking of important regional 

exceedances of the PBs. The reason for this being that control variables of spatially differentiated PBs in the 

PB-framework are expressed in metrics that are not additive across systems because each depends on the 

specific spatial system. For instance, for freshwater use at the river basin level; if 50% and 75% of the water 

flow in two river basins is withdrawn for human use, the two shares cannot be added to give the total share 

of water withdrawn. Instead, the additive values flow volume and withdrawn volume have to be known for 

each river basin to estimate the average share of water withdrawn for human use across the river basins. 

This issue was resolved by providing results at different spatial scales; i.e. showing global average results 

and also spatially differentiated average results to allow assessing impact scores at different spatial 

resolution. Further improving spatial aggregation would require modification of impact indicators from the 

PB control variables to additive metrics that are independent of the spatial system. Similar approaches have 

been used for conventional LCIA methods, where spatially differentiated impact categories are expressed in 

additive metrics, such as mass equivalents which can be aggregated across spatial systems. The advantage 

of modifying impact indicators is that regional impacts can be aggregated but the consequence is that a 

direct link to the PB-framework and the ability to relate impact scores to the safe operating space 

disappears.  

 

5. Conclusions 
This work presents the first steps in developing an operational method for quantifying impacts of human 

activities and expressing these in the metrics of the PB control variables. CFs for a total of 85 elementary 

flows recognized as dominant contributors to transgressing specific PBs have been calculated. The method 

can be used for assessing the share of the safe operating space that human activities occupy or for 

conducting assessments of absolute sustainability after assigning a share of the safe operating space. The 

current version of the method is considered as a proof-of-concept but further testing and validation is 
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required before the method can be considered mature. Nevertheless, the method can already be used by 

companies interested in gauging their activities against the PBs, and be used to complement conventional 

LCAs to aid informed decision making in which the finite nature of Earth’s natural capital is taken into 

account.  

Associated content 
Detailed description of characterization methods for each impact category and complementary result 

figures are provided in the Supporting Info. 
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Detailed description of characterization models for Planetary Boundaries 
based LCIA method  

Climate change 
Climate change, alongside biosphere integrity, is characterized as a core boundary in the PB-framework as 
it operates at Earth System level and can change the state of the Earth System on its own (Steffen et al. 
2015). Climate change is characterized as changes in the atmosphere, land, ocean, biosphere, and 
cryosphere leading to a change in Earth’s energy balance which produces a radiative forcing (RF; Wm-2) that 
affects climate. RF expresses the change in energy balance as a result of an external intervention (Cubasch 
et al. 2013). Emission of anthropogenic greenhouse gases (GHGs), such as CO2, CH4 and N2O, are important 
drivers for warming of Earth’s climate. Other contributors are emissions of aerosols and land use changes 
which affect the climate via reflections of radiative influx and changes in albedo, respectively (Cubasch et 
al. 2013; Levasseur 2015). Increased pressure on Earth’s climate may lead to exceedance of Earth System 
tipping points which may cause further changes to the Earth System through feedback mechanisms, such as 
thawing of the permafrost leading to increased emissions of CO2 and CH4 (Lenton et al. 2008). 

 

Energy imbalance at top of atmosphere 
The PB for energy imbalance includes all GHGs. Hence, the change in energy balance (∆RF) from a 
continuous emission of GHGs (∆SGHG,x) has to be calculated. For all GHGs except CO2, the change in radiative 
forcing (∆RF) per change in annual emissions of GHGx (∆SGHG,x) was calculated based on the absolute global 
temperature change potential (AGTP) for a continuous emission (Shine et al. 2005). The AGTPx(t) provides 
the change in temperature at time t due to a constant emission flux of 1 kg GHGx yr-1 between time 0 and 
time t, see Eq. S1.  
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Where Ax is the radiative forcing of the GHGx [Wm-2 kg-1], t is the time [yr] which, in this case is defined as 
one million years where steady state is assumed reached, αx is the life time of GHGx [yr], C is the heat 
capacity of the earth system [10.7 Wm-2 yr kg-1 (Schwartz 2007)], λ is the equilibrium climate sensitivity 
parameter [1.06 K (Wm-2)-1 (Myhre et al. 2013)] which express the change in temperature to changes in 
radiative forcing, and τ [yr] is the product of λC and is a time constant for the climate system.  

Because of the long life time and the complex response function for CO2, the AGTP calculation from Shine 
et al. (2005) is not valid for CO2. Hence, to provide a realistic estimate of the average change in RF per unit 
change in annual CO2 emissions, the characterization model was divided into two steps. (i) The change in 
CO2 concentration from a change in annual CO2 emissions and (ii) the change in radiative forcing from a 
change in CO2 concentration as shown in Eq. S2 . 
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Where ∆RF is the change in radiative forcing [W m-2], ∆CO2, atmosphere is the change in atmospheric CO2 
concentration [ppm] and ∆SCO2 is the change in annual CO2 emissions [kg yr-1]. 
 
The ∆CO2, atmosphere from a change in SCO2 was calculated based on an assessment of different emission 
scenarios (Meinshausen et al. 2011b). Here the RCP2.6 scenario estimated that a cumulative CO2 emission 
of 925 Gt CO2 between 2000 and 2300 (i.e. on average 3.08 Gt CO2 yr-1) would lead to an atmospheric CO2 

concentration of 361 ppm, i.e. relatively close to the PB of 350 ppm and 83 ppm above pre-industrial levels. 
The average change in atmospheric CO2 concentration [ppm] per change in annual CO2 emissions [kg yr-1] 
was, therefore, found to be 83 ppm divided with 3.08 Gt CO2 yr-1 which equals 2.69E-11 ppm yr kg-1. The 
cumulative emission scenario which was closest to the PB was used because this gave the best indication of 
the actual average emissions that are permitted in order to not exceed the PB. The difference in CFs 
between using the emission scenario closest to the PB and the one furthest from the PB, i.e. 18,400 Gt CO2 

leading to a CO2 concentration of 1,962 ppm (Meinshausen et al. 2011b), was about a factor 5 and this 
choice was, therefore, not considered to substantially affect the CF. On the basis of this, the average 
change in CO2 concentration per change in annual CO2 emissions was estimated according to Eq. S3.  

 
As can be seen from Table S1, the selection of time horizon is important for calculation of the tolerated net 
cumulative CO2 emissions where in year 3000 net cumulative emissions after year 2000 should be negative. 
However, because reductions of CO2 emissions to 0 or negative values is not considered feasible at present, 
a time horizon with positive net cumulative CO2 emissions from year 2000 were selected. The time duration 
of 300 years was selected in accordance with the study by Meinshausen et al. (Meinshausen et al. 2011b), 
because the atmospheric CO2 concentration was found to start stabilizing around 2300 (see Figure S1). 
Moreover, the choice of time duration acknowledges that reductions of CO2 emissions to 0 or negative 
values is not feasible at present, hence, the CFs reflects that some CO2 emissions are acceptable in order to 
not discourage any intermediate attempt to reduce CO2 emissions. However, it should be noted that this 
time horizon is not for phasing out GHG emissions which are assumed to occur around 2050 instead the 
time horizon reflects the time before the climate system has stabilized. The choice of time horizon between 
50 year and 300 year was found to differ by one order of magnitude and is therefore not considered to 
have a substantial influence on the CFs. 
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Where CO2, atmosphere [ppm] is the resulting atmospheric CO2 concentration from the cumulative CO2 
emission (∑SCO2,nt; kg). ∑SCO2,nt is the cumulative CO2 emission over the selected time frame (nt; yrs), which in 
this case is from 2000 to 2300.  
 
 

 
Figure S1. Development of CO2 concentration from year 2000 to year 2300 according to the RCP2.6 scenario modelled using the 
MAGICC6 model (Meinshausen et al. 2011a; Meinshausen et al. 2011b) 

 
Table S1. Difference in CF for atmospheric CO2 concentration for emission of CO2 to air for different time horizons 

Time horizon from yr 
2000 to yr: 

Tolerated net cumulative CO2 
emission [kg yr-1] 

CF atmospheric CO2 concentration, 
emission of CO2 to air [ppm kg-1 yr] 

2050 2.9E+13 2.9E-12 
2100 1.6E+13 5.2E-12 
2300 3.1E+12 2.7E-11 
2500 4.9E+11 1.7E-10 
3000 -1.5E+12 NA 

 
Emissions that are in fact only occurring once as a pulse emission and for which a flux emission cannot be 
assumed, such as land transformation, are treated differently. Here, the CF include a factor which averages 
the pulse emission over the time duration nt to give the average change in atmospheric CO2 concentration 
from a change in pulse emission (∆SCO2, pulse; kg) (see Eq. S4), i.e. the average change in atmospheric CO2 
concentration per kg CO2 emitted of the total cumulative CO2 emission of 925 Gt CO2 between 2000 and 
2300. Thereby can the pulse emission be interpreted as a pseudo emission flux averaged over 300 yrs. The 
CF is expressed in the unit Wm-2 kg-1 to reflect the actual situation where the emission only occurs once.  
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The average change in radiative forcing from a change in CO2 concentration (∆RF/∆CO2, atmosphere) was 
estimated based on the equations describing how radiative forcing changes from a doubling of CO2 

concentration as described in (Myhre et al. 1998; Myhre et al. 2013). The change in RF from a change on 
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CO2 concentration was estimated and plotted which showed that a linear correlation could be 
approximated for a doubling of atmospheric CO2 concentration relative to pre-industrial level, i.e. 556 ppm 
(Figure S2). The slope of the linear regression, i.e. 0.0131 Wm-2 ppm-1 is used for expressing ∆RF/∆CCO2. 
 

 
Figure S2. Line plot showing the relationship between atmospheric CO2 concentration and radiative forcing. A linear regression 
was shown to provide a good representation of the relationship.  

 

Atmospheric CO2 concentration 
The PB for atmospheric CO2 concentration is a secondary control variable which is included because of the 
dominating contribution from anthropogenic CO2 emissions and defined as 350 ppm where pre-industrial 
level is 278 ppm(Rockström et al. 2009; Steffen et al. 2015). The CF for atmospheric CO2 concentration 
(CFGW,CO2 conc.) expresses the change in atmospheric CO2 concentration from a change in continuous annual 
emissions of CO2 (∆CO2, atmosphere/∆S SCO2) (see Eq. S3). The ∆CO2/∆SCO2 was calculated in the same way as 
shown in Eq. S3. Again based on the RCP2.6 emission scenario from (Meinshausen et al. 2011b) with a net 
cumulative CO2 emission of 925 Gt CO2 between 2000 and 2300 leading to an atmospheric CO2 

concentration of 361 ppm, the average change in CO2 concentration per change in annual CO2 emissions 
was estimated by dividing with the time horizon of 300 year (see Eq. S5). 
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Where ∑SCO2,t is the cumulative CO2 emissions [kg] from 2000 to 2300 and nt is the number of years 
between 2000 and 2300 and Sx is annual emissions of CO2 precursors [kg yr-1]. ∆SCO2/∆Sx describes the 
conversion of the emitted substance (frCO2) to CO2 in the atmosphere based on the mass of the emitted 
substance converted mass of CO2. For CO2 the frCO2 = 1, however, substances such as CO, CH4 and NMVOC 
will reach the troposphere and be converted to CO2, and subsequently contribute to increasing the 
atmospheric CO2 concentration. The frCO2 for CO, CH4, NMVOC as hydrocarbons, NMVOC as partly oxidized 
hydrocarbons and NMVOC as partly chlorinated hydrocarbons is 1.57, 2.75 (Gillenwater et al. 2006), 3, 2 
and 1 (Wenzel and Hauschild 1998) respectively. Indirect contributions to climate change from emissions of 
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CO and CH4 are not included in this impact category which only focuses on the atmospheric CO2 
concentration. Instead, these contribution are included as part of the impact category on energy 
imbalance. 
 
For emissions that are in fact only occurring once as a pulse emission and for which a flux emission cannot 
be assumed, such as land transformation, the CF include a factor which averages the pulse emission over 
the time duration nt to give the average change in atmospheric CO2 concentration from a change in pulse 
emission (∆SCO2, pulse; kg) (see Eq. S6). The CF is expressed in the unit ppm kg-1 to reflect the actual situation 
where the emission only occurs once.  
 
 

t

t

n

t
nCO

x

CO

pulseCO

n

n

S

COCO

S
S

S
CO

kg
ppmCF

t

t

1frCO2

1
,2

ppm 278 ,atmosphere ,2ppm 361 ,atmosphere ,2

2

,2

atmosphere ,2
 CGW, pulseCO2,

××
−

=

∆
∆

×
∆

∆
=









∑
=

     Eq. S6 

 

Stratospheric ozone depletion 
Depletion of stratospheric ozone is problematic because the ozone layer protects humans and ecosystems 
by absorbing harmful ultraviolet-B (UV-B) radiation from the sun (Fahey and Hegglin 2011). Stratospheric 
ozone is removed by reactions with chlorine and bromine which presence in the stratosphere is increased 
by emissions of long-lived gases containing these halogens. The halogen containing gases are referred to as 
Ozone Depleting Substances (ODS) (Fahey and Hegglin 2011). The control variable for stratospheric ozone 
depletion uses the metric Dobson unit (DU). DU expresses the total ozone concentration as the columnar 
density of the ozone molecules in the atmosphere. The PB for ozone is defined as 275 DU, corresponding to 
a 5% reduction from pre-industrial global annual average ozone concentration of 290 DU (Rockström et al. 
2009).  

The impact pathway for stratospheric ozone depletion starts with the emissions of an ODS. When an ODS is 
continuously emitted per annum [kg yr-1] this increases the tropospheric concentration of the ODS. The 
equation for a steady state change in tropospheric concentration of the ODS per annual emission of the 
ODS is shown in Eq. S7 (Daniel et al. 2007).  
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    Eq. S7 

Where ρX is the global tropospheric mean mixing ratio [ppt], EX is the continuous emission of the ozone 
depleting substance x to air [kg yr-1]. τX [yr] is life time of X. FX [ppt kg-1] expresses the relationship between 

 
154 

 



Ryberg, M.W., Owsianiak, M., Richardson, K., Hauschild, M.Z., 2018. Development of a life-cycle impact assessment 
methodology linked to the Planetary Boundaries framework. Ecol. Indic. 88, 250–262. (Supporting Information I) 

 

the emission of ozone depleting substance x and the global tropospheric mean mixing ratio, as estimated in 
Eq. S8 (Daniel et al. 2007).  
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          Eq. S8 

Where mwair is the molweight of air (=28.96 g mol-1), Mair is the weight of the atmosphere (=5.15*1018 kg 
(Trenberth and Smith 2005)), mwX is the molweight of substance X. The product of τx and Fx was used to 
calculate the resulting atmospheric ODS concentration from a continuously emitted amount of substance X 
[ppt year kg-1]. 

The ∆TCLODS [ppt year kg-1] expressing the change in Tropospheric Chlorine Loading (TCLODS; ppt) as a 
function of a continuous annual ODS emissions is predicted using a conversion coefficient (see Eq. S9). AX 

expresses the TCL of substance x relative to CFC-11 where information on the fate of CFC-11 is known (Eq. 
S10) (Hayashi et al. 2000).  
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Where XCln and XBrn is the number of Cl and Br atoms, respectively, in one molecule of ODS x. The α 

value is set to 60±15 (Newman et al. 2007) and represents the Br/Cl ratio in relation to ozone destroying 
ability (Daniel et al. 1995; Hayashi et al. 2000; Newman et al. 2007).  
 
The emitted ODS is transported to the stratosphere by the atmospheric general circulation system, where 
only free CI and Br atoms, separated from the ODS, break down ozone in the stratosphere. The Cl and Br 
atoms released in the stratosphere are expressed as Equivalent Effective Stratospheric Chlorine (EESC; ppt) 
level. The transportation process to the stratosphere and the release of Cl and Br atoms is expressed as the 
change in Equivalent Effective Stratospheric Chlorine per change in TCL as shown in Eq. S11.  
 

FC
TCL

EESC
≈

∆
∆

           Eq. S11 

 

 
155 

 



Ryberg, M.W., Owsianiak, M., Richardson, K., Hauschild, M.Z., 2018. Development of a life-cycle impact assessment 
methodology linked to the Planetary Boundaries framework. Ecol. Indic. 88, 250–262. (Supporting Information I) 

 

FCX [dimensionless] is the absolute fractional release ratio of the Cl and Br atoms from ODS x in the 
stratosphere (Newman et al. 2007). FCX ranges between 0 and 1, where 1 indicates that the ODS releases all 
Cl and Br atoms in the stratosphere. FCODS values corresponding to midlatitude regions (Newman et al. 
2007; Harris et al. 2014) were used for calculations because this represent the extra-polar stratospheric 
ozone concentrations which are the primary concern in the PB-framework (Rockström et al. 2009). FCx 
values for the most common ODS are shown in Table S2.  
 
Table S2. Fractional release ratios for selected ozone depleting substances for midlatitude regions 

Ozone depleting substance Fractional release ratio (FC) 
CFC-11 0.47 
CFC-12 0.23 
CFC-113 0.29 
Halon- 1211 0.62 
Halon-1301 0.28 
Carbon Tetrachloride 0.56 
1,1,1 -Trichloroethane 0.67 
HCFC-22 0.13 
HCFC-141b 0.08 
HCFC-142b 0.01 
Methyl Bromide 0.6 

 
Eq. S12 represents the absolute change in difference between ozone concentration from a change in EESC 
and the pre-industrial ozone concentration of 290 DU. This relationship is based on a linear correlation by 
Hayashi et al. (2000) where the slope expresses the change in ozone concentration per change in EESC (aDU; 
DU ppt-1). The average value over one year and between latitude -60 to 60 was used to express the change 
in extra-polar stratospheric ozone concentrations which is the primary concern in the PB-framework 
(Rockström et al. 2009) giving an aDU = -0.009 DU ppt-1.  
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The CF expressing the absolute change in difference between the pre-industrial ozone concentration and 
ozone concentration stemming from a continuous emission of ODS x (CFOD,X; DU yr kg-1) is shown in Eq. S13. 
Here the impact score can be directly related to the PB by deducting the impact score from the pre-
industrial stratospheric ozone concentration level. 
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       Eq. S13 

 

Ocean acidification 

The CF for ocean acidification (CFOA) was calculated as shown in Eq. S14. In order to keep the convention in 
LCA that “less is good”, the CFOA expresses the change in absolute distance between ΩArag [mol2 m-3 / mol m-

3] and pre-industrial ΩArag levels (i.e. ∆|ΩArag|) per unit change in annual emissions CO2 or CO2-precursors 
(Sx). Thus increased impact scores means a larger distance between current and pre-industrial ΩArag levels, 
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i.e. reduced ΩArag levels. To express the impact in absolute terms and allow for relating to the PB, the 
impact score, as absolute distance, should be deducted from the pre-industrial Ωarag level (=3.44).  
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Where the Δ|ΩArag|/ΔH+ is the average |ΩArag| change per unit change in the average hydrogen ion 
concentration (ΔH+) and ΔCO2, ocean is the CO2 concentration in the ocean.  

Δ|ΩArag|/ΔH+, ΔH+/ΔCO2,ocean and ΔCO2,ocean/ΔCO2,atmosphere was calculated based on estimates of surface 
seawater carbon system parameters (such as ocean CO2 concentration, pH and ΩArag) at different 
atmospheric CO2 concentrations (Guinotte and Fabry 2008; Feely et al. 2009). Values were given for 
atmospheric CO2 concentration at glacial, pre-industrial, present (2009), 2 × pre-industrial CO2 
concentration, and 3 × pre-industrial CO2 concentration (Guinotte and Fabry 2008; Feely et al. 2009). Data 
based on 3 × pre-industrial CO2 concentration was used instead of data related to present atmospheric CO2 
to obtain a more robust basis for estimating the average change, as the longer time frame and, thus, more 
long-term perturbations better reflect the average changes rather than marginal changes which stem from 
small perturbations. The sensitivity of this choice was tested and found not to substantially affect the CFs as 
only about a 10% difference was found when using present CO2 concentration compared to the default 
values based on 3 × pre-industrial CO2 concentration. Δ|ΩArag|/ΔH+ was calculated according to Eq. S15.  
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Where industrialpre, −ΩArag is the aragonite saturation state at pre-industrial atmospheric CO2 

concentration and industrialpre_23, −×Ω COArag is the aragonite saturation state from a tripling of atmospheric 

CO2 concentrations relative to the pre-industrial level (3 × pre-industrial CO2 concentrations = 834 ppm). 

+
−industrialpreH  is the oceanic average hydrogen ion concentration at pre-industrial atmospheric CO2 

concentration and +
−× CO2 industrialpre3H is the oceanic average hydrogen ion concentration from 3 × pre-

industrial CO2 concentrations.  

ΔH+/ ΔCO2, ocean was estimated based on the changes between pre-industrial levels and the level resulting 
from 3 × present CO2 concentrations (Guinotte and Fabry 2008) (see Eq. S16).  
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Where CO2, ocean, pre-industrial is CO2 concentration in the ocean at pre-industrial atmospheric CO2 concentration 
and CO2, ocean, 3×pre-industrial is CO2 concentration in the ocean at 3 × pre-industrial CO2 concentration. The 
change in ocean CO2 concentration was again estimated from a tripling of atmospheric CO2 to obtain a 
more robust basis for estimating the average change.  

The change in CO2, atmosphere per unit change in annual emissions ∆Sx was estimated in the same way as the 
characterization model for the PB “Atmospheric CO2 concentration” (Eq. S3) and again shown in Eq. S17. 
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     Eq. S17 

Where CO2, atmosphere [ppm] is the resulting atmospheric CO2 concentration from the cumulative CO2 
emission (∑SCO2,nt; kg). ∑SCO2,nt is the cumulative CO2 emission over the selected time frame (nt; yrs), which in 
this case is from 2000 to 2300.  
 

Biogeochemical flows - Phosphorus 

Global Phosphorus cycle 
The CF for the global P flows was estimated as the yearly outflow of P to marine ecosystems [Pmarine; kg yr-1] 
per change in annual unit of P emitted to freshwater systems [SP.compound emitted; kg yr-1], see Eq. S18.  
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Where ΔPemitted /ΔPP-compund emitted is the mass fraction of P in the emitted compound. The equation for 
ΔPmarine/ΔPemitted is shown in Eq. 19. 
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        Eq. S19 

Where kmarine (=0.278 kgoutflow yr-1 kgfreshwater
-1) is yearly flow of P to the ocean per mass unit of P in 

freshwater systems and ksedimentation (=0.045 kgsediment yr-1 kgfreshwater
-1) is yearly sedimentation of P in the 

freshwater system per mass unit of P in freshwater (Carpenter and Bennett 2011).  

Regional Phosphorus cycle 
The PB on regional phosphorus boundary is defined as the application of P to agricultural soil as fertilizer 
because this is the largest source of reactive P to aquatic environments (Carpenter and Bennett 2011). 
Hence, the CF for P application only includes substances that are directly lost to surface water. Similar to 
the CF for the N-cycle, the emissions of P-compounds to the environment (SP.compound emitted; kg yr-1), as 
reported in the LCI were converted to amounts of P emitted (Pemitted; kg yr-1). Pemitted was via inverse 
modelling transformed to equivalents of P applied to soil (Papplied; kg yr-1). The calculation for the CFP,regional in 
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Eq. S20, represents the change in quantity of P applied to soil per units emission of P compounds to 
freshwater. 
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  Eq. S20 

Where ΔPemitted /ΔPP-compund emitted is the mass fraction of P in the emitted compound. ΔPapplied/ΔPemitted is 
represented by the inverse fraction of P lost to surface water from runoff (frrunoff =0.027 kg kg-1). frrunoff was 
calculated with the Annual Phosphorus Loss Estimator (APLE) v2.4 tool (Vadas et al. 2009; Vadas et al. 2012; 
Vadas 2013). The fraction expressing loss of P from runoff is highly dependent on site specific 
characteristics such as soil type, precipitation, use of buffer zone, slope of field etc. frrunoff used in this study 
represent a generic best-estimate of the runoff of P. However, frrunoff should ideally be calculated using site 
specific data that are representative for the studied system. 

 

Biogeochemical flows - Nitrogen 
CFs for the N cycle was divided into groups depending on the types of technologies and products assessed. 
CFs were calculated for emissions of N to different environmental compartments j, the compartments 
included were emissions to freshwater as runoff, emissions to groundwater via leaching and N emitted to 
air. CFs for air emissions are primarily intended for assessments of combustion processes where N is 
removed from the atmosphere via oxidation, here 1 mol reactive N-compounds emitted to air correspond 
to 1 mol of N fixated. This is different from emission of reactive N to water, which is relevant for agricultural 
systems where a part of the N containing fertilizer will not be taken up by plants but instead removed via 
leaching or runoff. The emissions of N from agricultural processes include the substances NO3

-, NH3, N-tot, 
N2O, Nitrogen Organic Bound and Nitrogen compounds. The default equation for calculating CFs for 
nitrogen fixation is shown in Eq. S21 and express the mass of N fixated per mass of N containing 
compounds emitted to the environment. 
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      Eq. S21 

 

Where Nfixated is the quantity of human induced N fixation per year (kg yr-1), Nemitted,j is the mass of N emitted 
to the environmental compartment j per year (kg yr-1) and SN emitted,j is the mass of N-containing compounds 
emitted to environmental compartment j per year (kg yr-1). ΔNemitted,j/ΔSN emitted,j was calculated as the mass 
fraction N in the N-containing compound emitted (see Eq S22). 

X

NN

mw
mwn

S
N ×

=
∆

∆

jemitted, N

jemitted,
          Eq. S22 

Where mwN is the molecular weight of N [g mol-1], nN is the number of N atoms in N-containing compound 
X and mwX is the molecular weight of the N-containing compound X [g mol-1]. 
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It is important to carefully select the substances in the LCI that should be classified and characterized as 
part of the LCIA. This is because if e.g. both emission of NH3 to air, NO3

- to freshwater from runoff and NO3
- 

to groundwater from leaching is included for an agricultural process, and used to calculate a total applied 
amount in the process, this will give an amount that is a factor 3 larger than the actual amount fixated. 
Hence, to avoid double-counting, either NH3 to air, NO3

- to freshwater from runoff or NO3
- to groundwater 

from leaching should be used for calculating the applied amount. In this case, it is suggested to base the 
calculations of impact scores on the most reliable data in the LCI. As a default, we suggest to apply CFs for 
loss from agricultural processes as runoff or leaching through drains to freshwater rivers because this is the 
most dominant N loss route from agricultural processes (Brentrup et al. 2000; Langevin et al. 2010).  

Loss to freshwater via runoff and leaching via drain 

For N-compounds emitted to freshwater rivers and lakes, the fixated mass of N per mass of N emitted to 
freshwater rivers was calculated as the inverse of the mass fraction lost from runoff to rivers (frNrunoff; kg kg-

1) as shown in Eq. S23. frNrunoff can range from 0.01 to 0.5 (Velthof et al. 2009) an area weighted frNrunoff was 
calculated as 0.041 based on agricultural land area in the EU member states with a standard deviation of 
0.043 (Eurostat 2013). 

runoffrunoffemitted,

fixated 1
frNN

N
=

∆
∆

          Eq. S23 

Loss to groundwater via leaching 

For emission of NO3
- via leaching to groundwater, the fixated mass of N per mass of N emitted to 

groundwater was calculated as the inverse of the mass fraction lost from leaching (frNleaching; kg kg-1) as 
shown in Eq. S24. 

leachingleaching emitted,

fixated 1
frNN

N
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∆

         Eq. S24 

Where frN leachingkg kg-1 as NO3
- leached to groundwater is 0.35 (Stoessel et al. 2012).  

Both fractions, expressing loss of N from runoff and from leaching, are highly dependent on site specific 
characteristics such as soil type, precipitation, use of buffer zone, slope of field. Hence, frNNrunoff and 
frNleaching used in this study represent generic best-estimates of N losses. However, frNNrunoff and frNleachin 
should ideally be calculated using site specific data that are representative for the actual assessed system. 

Loss to air from combustion processes 

It was relevant to include fixation of N via combustion processes as this accounts for about 14% of total 
anthropogenic conversion of N2 to reactive N (Ciais et al. 2013). Air emission include NOx and NO2 which are 
primarily related to combustion processes and only to a minor degree part of emissions related to 
agriculture where NOx emissions are considered negligible (De Vries et al. 2013). Because all N emitted to 
air can be considered as N fixated, the CF for N emissions (as NOx and NO2) to air only includes the mass 
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fraction of N per mass of N-compound emitted (i.e. ΔNemitted, air/ΔSN emitted, air) which was calculated as shown 
in Eq. S22.  

 

Land-system change 
The rationale for including land-system change, as forest cover, in the PB is primarily mitigation of climate 
change and loss of biosphere integrity (as forests are natural habitat for many taxa). Ecosystems (as forests) 
can affect the climate either via biogeochemical regulation (carbon sequestration) or biophysical regulation 
(change in evapotranspiration and albedo effect) (West et al. 2011). The PB for land system change delimits 
the minimum area of forest relative to the potential forest area, and the control variable is % of forest 
relative to natural forest (Steffen et al. 2015). The global PB is defined as 75% forested area relative to 
original forest cover. This value is based on an area weighted average of boundaries for tropical, temperate 
and boreal forest. The boundaries for tropical, temperate and boreal forest are defined as 85%, 50% and 
85% forested area relative to original forest cover respectively (Steffen et al. 2015). The concept of original 
forest cover is defined as “The area of forested land that is maintained on the ice-free land surface, 
expressed as a percentage of the potential area of forested land in the Holocene (that is, the area of forest 
assuming no human land-cover change)” (Steffen et al. 2015).  

Planetary Boundary for tropical biome level. Steffen et al. (2015) proposed a boundary of 85% for tropical 
forest which is based on the remaining Amazonian tropical rain forest in 2000 (15% of Amazonian rain 
forest had been removed by 2000 (Foley et al. 2007)). Recent studies show that forests are still declining, 
and tropical forest showed an average decline of 2101 km2 per year between 2000 and 2012 (Hansen et al. 
2013). The boundary is based on the deforestation of the Amazonian rain forest, but is extrapolated to all 
types of tropical forest. Hence, tropical forests should not be deforested by more than 15% relative to the 
potential forest cover. The defined boundary can be characterized as precautionary compared to the study 
by (Hirota et al. 2011) which indicated that thresholds could be as low as 60% of potential forest. The 
biome level nature of the indicator means that local exceedances of the planetary boundary may be 
overlooked as the average removal across global tropical forest is used as indicator. This issue would be 
relevant to investigate further and possibly increase the spatial differentiation of the indicator and 
assessment of land-system change to improve the assessment of exceeded planetary boundaries. 

Planetary Boundary for temperate biome level. The boundary for the temperate forest is set to 50% 
indicating that loss of temperate forest is of less importance compared to tropical and boreal forest. This is 
justified by studies indicating that the effects on climate from removal of tropical and boreal forest are 
more severe (Snyder et al. 2004; West et al. 2011).  

Planetary Boundary for boreal biome level. For boreal forest, the boundary is set at 85% of potential forest 
cover (approximately 19.1 million km2). This is also a provisional boundary, as there is no equivalent 
research on the boreal forest biome (as for tropical forests) exploring where thresholds might lie in terms 
of the fraction of forest converted before self-reinforcing feedback mechanisms are activated, such as 
changes in fire regimes. The 85% boundary is therefore set because boreal forests have been identified a 
being important for the climate (Snyder et al. 2004).The PB for land-system change is shown in Table S3, 
the potential forest area (Apot) is estimated based on the forest area in 2010 (D´Annunzio et al. 2014). The 
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available forest area for human activities (Aavail) was estimated as the difference between Apot and the area 
delimited by the PB (APB). 

Table S3 Overview of the forested area in 2010 and how this relates to the planetary boundaries. 
 

Forest 
type 

Planetary boundary – 
minimum area of forest 
relative to natural forest 
area [%] 

Planetary boundary – 
minimum forest area  
[APB; m2] 

Current (2010) area of 
forest relative to 
natural forest area [%] 

Current (2010) 
forest area 
[m2] 

Potential forest area  
[Apot; m2] 

Boreal 85% 1.9E+13 53% 1.2E+13 2.3E+13 

Temperate 50% 9.5E+12 33% 6.3E+12 1.9E+13 

Tropical 85% 1.9E+13 76% 1.7E+13 2.3E+13 

Global 75% 4.8E+13 61% 3.9E+13 6.4E+13 

Global forest level 
The CF for global forest area (CFforest global) reflects the share of potential forest changed [%] per unit area of 
forest transformed. The share of potential forest area changes as a result of anthropogenic activities can be 
directly related to the PB for land-system change by deducting the impact score from 100%, thereby, giving 
the percentage of potential forest remaining as defined in the PB-framework. The characterization factors 
express how area of land transformed from forest to another type of land relate to the potential forest area 
(Eq. S25).  

%1001%

global pot,
2 globalforest ×=





Am
CF        Eq. S25 

Forest biome level 
The PBs for the different forest biome types i were defined in same way as the global forest level and 
express change in forest biome area per change in area of forest biome transformed (see Eq. S26). The 
share of the safe operating space at biome level depends on the potential forest biome area (Table S3), and 
the minimum required area as defined by the PB. It should be noted that the impact scores for different 
biomes cannot be aggregated to a single score to assess whether the global PB is exceeded. Instead, the 
biome level CFs can be used for assessing whether the biome level PBs are exceeded while the CF for global 
level forest should be applied to assess whether the global forest level PB is exceeded.  

%1001%
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biome pot,
2biomeforest ×=





Am
CF        Eq. S26 

Freshwater use 

Basin level freshwater use 
The CFs for freshwater use at basin level were calculated based on the environmental flow requirement 
(EFR) which expresses the amount of water in the river basin required by the freshwater ecosystem, and 
therefore, is not available for human withdrawal (Smakhtin et al. 2004; Pastor et al. 2014). The EFR was 
calculated based on the variable monthly flow (VMF) (Pastor et al. 2014) and spatial data, on mean monthly 
natural runoff (Hoekstra and Mekonnen 2011) was used for calculating the EFR. The temporal variability in 
the river flow was accounted for by relating the mean monthly flow (MMF; million m3 month-1) to the 
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annual mean monthly flow (AMMF; million m3 month-1). For each month j and river basin i, it was 
determined whether it is a low, intermediate or high flow month (Table S4). The EFRij [m3 month-1] per river 
basin and month was calculated by multiplying the MMFij with the EFR requirement factor being 0.6, 0.45 
and 0.3 for low flow, intermediate flow and high flow months respectively (Pastor et al. 2014) (see Table 
S4). 

Table S4 Deriviation of the EFR based on the montly flow type being either a low, intermediate or high flow month  

Flow type month Flow type month definition EFR calculation 
Low flow month MMFij≤0.4×AMMFi EFRij =0.6×MMFij 
Intermediate flow month 0.4×AMMFi<MMFij≤0.8×AMMFi EFRij =0.45×MMFij 
High flow month MMFij>0.8×AMMFi EFRij =0.3×MMFij 
 

The PB is based on monthly flows, but to fit with the common situation in LCA where time of the water 
withdrawal is not defined and to be compatible with conventional LCI datasets, the CFs for freshwater use 
were calculated for annual freshwater uses. Thus, the annual ERFi [AEFRi; m3 yr-1] for river basin i is the sum 
of the monthly EFRis (see Eq. S27). 

∑
=

=
12:1j

j
iji EFRAEFR          Eq. S27 

The annual river basin level PB was calculated based on Eq. S28 which gave the fraction of the mean annual 
flow in river basin i that is available for human water withdrawal. 

( )
i

iii
i MAF

MAFAEFRMAFPB ×+−
=

15.0
,use freshwater      Eq. S28 

Where MAFi is the mean annual flow [m3 yr-1]. The 0.15×MAFi is a precautionary factor included by Steffen 
et al. (2015) which takes into account the uncertainty of the VMF method compared to other methods for 
estimating EFRs.  

The inverse of the product of PBi and MAFi, gave the average fraction of the PB that an annual volume unit 
of water withdrawal would occupy (Eq. S29).  
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         Eq. S29 

Where WAi [m3 yr-1] is the fraction of MAF that is available for human induced withdrawal in river basin i. 
The derived river basin level CFi [yr m-3] for freshwater use in river basin i was calculated as shown in Eq. 
S30.  
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Where Swithdrawn,i [m3 yr-1] is annual volume of human induced water withdrawal in river basin i. 

An important aspect of LCA is to aggregate spatially differentiated impacts into a single score expressing 
the particular impact category. Aggregation of spatially differentiated impacts is an issue for freshwater use 
at river basin level, because this requires averaging of the results where global averages may hide or 
overlook regional exceedances of the PBs (Ryberg et al. 2016). Hence, for this method, each river basin was 
classified into archetypes based on aridity i.e. either arid (includes hyper arid), semi-arid, or humid 
(includes sub-humid) based on the Aridity Index (UNEP 1997). The CFs [yr m-3] for freshwater use in arid, 
semi-arid and humid regions (denoted as x) was calculated, in the same way as in Eq. S30, where an 
average PB for arid, semi-arid and humid regions was calculated using the total MAF for arid, semi-arid and 
humid regions, as found in Table S5 (see equation for archetype specific CFs in Eq. S31).  
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=





        Eq. S31 

Thereby, the size of the CFs reflects the impact of water withdrawal in each of the three archetype regions. 

The impact scores for arid, semi-arid and humid regions cannot be directly aggregated to a single score 
without losing information about the specific impact within each archetype. It is, therefore, suggested to 
calculate and evaluate impact scores at different spatial levels, i.e. global average, at aridity archetype level 
and if required also at river basin level, and evaluate the impact scores at the different levels to get a more 
detailed basis for decision-making.  

Table S5. Estimated PB, mean annual flow and water available for withdrawal for the total arid, semi-arid and humid regions 

River basin archetype Planetary Boundary 
[%] 

Mean annual flow1 [m3 
yr-1] 

Water available for 
withdrawal [m3 yr-1] 

Arid region 52.6% 1.26E+11 6.60E+10 
Semi-arid region 51.5% 1.96E+12 1.00E+12 
Humid region 51.7% 2.55E+13 1.31E+13 
1From Hoekstra and Mekonnen (2011) 

CFs were calculated based on the time of water withdrawal and whether this was done during a low, 
intermediary or high flow month, where the PB is 25, 40 and 55% respectively, to accommodate cases 
where temporally differentiated inventory data about specific time of water withdrawal is available. As 
seen from Table S6, the impact scores from one unit of water withdrawal in a semi-arid region during low 
flow months are larger than impacts from water withdrawal in an arid region during high flow months.  
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Table S6. Characterization factors for freshwater use for annual average and for withdrawal during low, intermediate and high 
flow months  

Earth system process  Environmental flow Emission  
compartment 

CF Unit 

Freshwater use; River basin: blue water withdrawal  

Arid - Low flow month Resource 1.21E-09 yr m-3 
Arid - Intermediary flow month Resource 1.87E-10 yr m-3 
Arid - High flow month Resource 1.67E-11 yr m-3 
Arid – Average annual flow month  Resource 1.51E-11 yr m-3 
Semi-arid - Low flow month Resource 4.51E-11 yr m-3 
Semi-arid - Intermediary flow month Resource 7.92E-12 yr m-3 
Semi-arid - High flow month Resource 1.17E-12 yr m-3 
Semi-arid – Average annual flow month  Resource 9.97E-13 yr m-3 
Humid - Low flow month Resource 4.54E-12 yr m-3 
Humid - Intermediary flow month Resource 6.30E-13 yr m-3 
Humid - High flow month Resource 8.82E-14 yr m-3 
Humid – Average annual flow month  Resource 7.61E-14 yr m-3 

 

Atmospheric aerosol loading 
The CFs for atmospheric aerosol loading expresses the change in AOD per annual mass emission of 
aerosols. The CFs are calculated based on (i) the mass load of the aerosol which is estimated as a function 
of the aerosol’s residence time in the atmosphere and the area over which the aerosol is distributed. (ii) 
The change in AOD per unit change in atmospheric mass load (ΔAOD/Δmatm) is represented by the specific 
extinction efficiency (αsee; m2 kg-1) which is a function of aerosol properties and the relative humidity.  

The change in atmospheric mass load was estimated according to Eq. S32, where Δmatm /ΔS express the 
change in atmospheric mass load per mass emitted per year which was estimated as a function of the 
aerosols residence time in the atmosphere (τ; yr) and the area of the region in which the aerosol are 
emitted (Aregion; m2).  
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atm fr
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kg
mg

S
m

×
×








=
∆
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τ610

        Eq. S32 

Where fraerosol expresses the fraction of the compound that is transformed into an aerosol (Eq. S32). For the 
sulphur containing compounds dimethyl sulfide and SO2 which are transformed in to SO4

2, the conversion 
factors are 0.36 and 0.41 respectively, based on Chin et al. (2000). For SOAs, which are gaseous precursors 
to aerosols, the fraerosol takes into account the atmospheric transformation of the gaseous precursors into 
aerosols. Non-methane volatile organic compounds (NMVOC) are here included to represent the SOAs 
which are transformed to aerosols that are assumed similar to organic carbon. Here, the conversion factor 
fraerosol includes both the fraction of the NMVOC which is transformed to aerosols and the fraction of carbon 
in the NMVOC. The fraction of NMVOC transformed to aerosols is location specific where the background 
NOx concentration is a determining factor. The NMVOC transformation is based on Henze et al. (2007) and 
split into urban and rural conditions with factors being 0.075 and 0.3 respectively. The mass fraction of 
carbon in NMVOC is as a default set to 0.6 based on Gillenwater et al. (2006), although, this fraction is 
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inevitably dependent on the specific organic compound. nitrogen oxides (NOx and NO2) are precursors for 
NO-3 and 40% of emitted nitrogen oxides are converted to NO-3 (Lei and Wang 2014). 

The link between atmospheric concentration and AOD (i.e. ΔAOD/Δmatm) was estimated based on the 
specific extinction efficiency [αSEef; m2 mg-1] as calculated in Eq. S33.  

( )






 ×

×=≈
∆
∆ %100exp

RH

SEef
atm

RH
m
AOD β

αα        Eq. S33 

Where RH is the relative humidity [%], α is αSEef at RH = 0%. β is an exponential constant which was derived 
for sulfates, black carbon and organic carbon based on Chin et al. (2002). RH is the relative humidity which 
as a default was set to 70% (Humbert et al. 2011). Table S7 shows information about aerosol specific 
residence times in the atmosphere and the aerosol’s specific extinction efficiency. 

Table S7 Data on residence time and specific extinction efficiency for aerosols included in PB-LCIA 

Aerosol Residence time [yr] Specific extinction efficiency at 
70% relative humidity [m2 mg-1] 

Global CF [yr 
kg-1] 

SO4
2- 1.67E-02 (Chin et al. 2002) 1.46E-02 (Tegen et al. 1997) 1.67E-13 

SO2 Same as SO4 Same as SO4 6.84E-14 
Dimethyl sulfide Same as SO4 Same as SO4 2.49E-14 
PM2.5 1.59E-01 (Thompson and Ley 1983) 4.79E-03 (Penner et al. 2001) 1.77E-14 
PM1.0 9.93E-01 (Thompson and Ley 1983) 1.60E-02 (Penner et al. 2001) 5.91E-14 
PM10 1.01E-02 (Thompson and Ley 1983) 1.41E-03 (Penner et al. 2001) 5.20E-15 
Generic carbon aerosol (e.g. organic carbon) 1.40E-02 (Chin et al. 2002) 1.13E-02 (Tegen et al. 1997) 1.07E-13 
Black carbon (e.g. soot) 1.70E-02 (Chin et al. 2002) 9.59E-03 (Tegen et al. 1997) 1.11E-13 
NO3

-, Nitrate 1.92E-02 (Boucher et al. 2013) 7.45E-03 (White 1986) 9.73E-14 
NMVOC, urban Same as Generic Carbon aerosol  Same as Generic Carbon aerosol  4.83E-15 
NMVOC, rural Same as Generic Carbon aerosol  Same as Generic Carbon aerosol  1.93E-14 
NOx Same as NO3

- Same as NO3
- 4.83E-15 

NO2 Same as NO3
- Same as NO3

- 4.83E-15 

 

CFs were calculated as the product of ΔAOD/Δmatm and Δmatm /ΔS (see Eq. S34). 

S
m

m
AOD

yrkg
CF atm

atm ∆
∆

×
∆
∆

=






 essdimensionl
regional Aerosol,       Eq. S34 

CFs were calculated as global averages and also as regional CFs (based on the regions in Chin et al. (2014)) 
where the CFs are emitted (see Table S8). 
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Table S8 Region specific CFs for atmospheric aerosol loading. Regions are based on Chin et al. (2014) 

  CF [yr kg-1] 

  Region 

Substance Terrestrial  
land area 

Canada 
 + 
Alaska 

United States  
(Continental) 

Central  
America  
+ Mexico 

South  
America Europe Russia +  

Georgia 
Central 
Asia 

Middle  
East 

East  
Asia 

South  
Asia 

Southeast  
Asia 

Australia 
and New 
Zealand 

Sahara Sahel Rest of 
Africa 

SO4
2- 1.7E-13 1.8E-12 3.0E-12 6.3E-12 1.3E-12 3.3E-12 1.3E-12 6.2E-12 3.7E-12 2.0E-12 4.5E-12 3.2E-12 2.6E-12 2.7E-12 8.2E-12 1.3E-12 

SO2 6.8E-14 7.5E-13 1.2E-12 2.6E-12 5.3E-13 1.3E-12 5.5E-13 2.6E-12 1.5E-12 8.2E-13 1.8E-12 1.3E-12 1.1E-12 1.1E-12 3.4E-12 5.2E-13 

Dimethyl 
sulfide 2.5E-14 2.7E-13 4.5E-13 9.4E-13 1.9E-13 4.9E-13 2.0E-13 9.3E-13 5.5E-13 3.0E-13 6.7E-13 4.8E-13 4.0E-13 4.0E-13 1.2E-12 1.9E-13 

PM2.5 5.2E-13 5.7E-12 9.3E-12 2.0E-11 4.0E-12 1.0E-11 4.2E-12 1.9E-11 1.2E-11 6.3E-12 1.4E-11 1.0E-11 8.3E-12 8.3E-12 2.6E-11 4.0E-12 

PM1.0 1.1E-11 1.2E-10 1.9E-10 4.1E-10 8.4E-11 2.1E-10 8.7E-11 4.0E-10 2.4E-10 1.3E-10 2.9E-10 2.1E-10 1.7E-10 1.7E-10 5.3E-10 8.2E-11 

PM10 9.7E-15 1.1E-13 1.7E-13 3.7E-13 7.5E-14 1.9E-13 7.8E-14 3.6E-13 2.1E-13 1.2E-13 2.6E-13 1.9E-13 1.5E-13 1.5E-13 4.8E-13 7.4E-14 

Generic 
carbon 
aerosol (e.g. 
organic 
carbon) 

1.1E-13 1.2E-12 1.9E-12 4.0E-12 8.3E-13 2.1E-12 8.6E-13 4.0E-12 2.4E-12 1.3E-12 2.9E-12 2.1E-12 1.7E-12 1.7E-12 5.3E-12 8.2E-13 

Black carbon 
(e.g. soot) 1.1E-13 1.2E-12 2.0E-12 4.2E-12 8.6E-13 2.2E-12 8.9E-13 4.1E-12 2.5E-12 1.3E-12 3.0E-12 2.1E-12 1.8E-12 1.8E-12 5.5E-12 8.4E-13 

NO3
-, Nitrate 9.7E-14 1.1E-12 1.7E-12 3.7E-12 7.5E-13 1.9E-12 7.8E-13 3.6E-12 2.2E-12 1.2E-12 2.6E-12 1.9E-12 1.5E-12 1.6E-12 4.8E-12 7.4E-13 

NMVOC, 
urban 4.8E-15 5.3E-14 8.6E-14 1.8E-13 3.7E-14 9.5E-14 3.9E-14 1.8E-13 1.1E-13 5.8E-14 1.3E-13 9.3E-14 7.7E-14 7.7E-14 2.4E-13 3.7E-14 

NMVOC, 
rural 1.9E-14 2.1E-13 3.5E-13 7.3E-13 1.5E-13 3.8E-13 1.6E-13 7.2E-13 4.3E-13 2.3E-13 5.2E-13 3.7E-13 3.1E-13 3.1E-13 9.5E-13 1.5E-13 

NOx 4.8E-15 5.3E-14 8.6E-14 1.8E-13 3.7E-14 9.5E-14 3.9E-14 1.8E-13 1.1E-13 5.8E-14 1.3E-13 9.3E-14 7.7E-14 7.7E-14 2.4E-13 3.7E-14 

NO2 4.8E-15 5.3E-14 8.6E-14 1.8E-13 3.7E-14 9.5E-14 3.9E-14 1.8E-13 1.1E-13 5.8E-14 1.3E-13 9.3E-14 7.7E-14 7.7E-14 2.4E-13 3.7E-14 
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In the characterization model, aerosols were assumed fully distributed over the area of the regions in which 
they are emitted. Hence it was assumed that mass transfer between regions does not occur. This 
assumption may overestimate the contribution of the emitted aerosols within the region, thereby 
overestimating net-exporters of aerosols, while underestimating the impacts from aerosols transported to 
other regions, thus underestimating net-importers. The sensitivity of this assumption was evaluated using 
the results of Yu et al. (2013) (See Figure S3) which show that interregional transport is limited and aerosols 
are primarily restricted to the emissions region (minimum 64% of total concentration), although in some 
cases, as for black carbon in North America and sulfate in South Asia, other regions also show noteworthy 
contributions to total aerosol concentration. The assumption was further evaluated with the TM5-FASST 
source-receptor model (EC-JRC 2016), where the share of the change in PM2.5 concentration within the 
emission region compared to concentrations changes outside the emission region showed that at least 86% 
of the concentrations changes occurred within the region and that only minor changes in PM2.5 
concentration were found outside of the emission region (Table S9). 

 

Figure S3 Interregional percentage contribution to aerosol contribution based on (Yu et al. 2013) 

 

Table S9 Percentage share of change in PM2.5 concentration occurring within region per change in PM2.5 emission within region 
calculated with TM5-FASST  

Emission regions 
Percentage share of change in PM2.5 concentration occurring within 
emission region per change in PM2.5 emission 

Australia 98% 
Middle East and Northern Africa 95% 
South Asia 99% 
Europe 86% 
Eastern Asia 97% 
South America 100% 
North America 97% 
Russia 91% 
Africa 93% 
South Eastern Asia 94% 
Oceans 100% 
Central America 99% 

 

North America Europe East Asia South Asia
SO2

North America 82 8 2 2
Europe 4 84 7 20
East Asia 9 4 84 8
South Asia 5 5 7 70
Particulate organic matter
North America 75 5 1 0
Europe 2 83 2 4
East Asia 12 6 82 7
South Asia 10 5 15 88
Black carbon
North America 64 8 1 1
Europe 4 75 4 8
East Asia 23 11 83 9
South Asia 9 6 12 82

RECEPTOR REGIONS
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4.2 Spatially differentiated characterization factors 
Aggregation of the spatially differentiated PBs, i.e. freshwater use, land-system change and atmospheric 
aerosol loading, to a single score for each impact category was not feasible in the PB-LCIA because 
aggregation would require averaging over regions which can lead to overlooking of important regional 
exceedances of the PBs. The reason being that control variables of spatially differentiated PBs in the PB-
framework are expressed in metrics that are not additive across systems because each depends on the 
specific spatial system. For instance, for freshwater use at river basin level; if 50% and 75% of the water 
flow in two river basins is withdrawn for human use, the two shares cannot be directly added to give the 
total share of water withdrawn. Instead, the additive values flow volume and withdrawn volume have to be 
known for each river basin to estimate the average share of water withdrawn for human use across the 
river basins. We resolved this issue by providing results at different spatial scales; i.e. showing global 
average results and also more spatially differentiated results to allow assessing impact scores at different 
spatial detail. Further improving spatial aggregation requires modification of impact indicators from the 
PBs’ control variables to additive metrics which are independent of the spatial system. Similar approaches 
are used for conventional LCIA methods where spatially differentiated impact categories are expressed in 
additive metrics, such as mass equivalents which can be aggregated across spatial systems. The advantage 
of modifying impact indicators would be that regional impacts can be aggregated but a consequence is that 
a direct link to the PB-framework and the ability to relate impact scores to the safe operating space 
disappears.  
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Comparison with traditional LCIA method 
Table S10 shows that impact categories generally correlate well in ranking of unit processes with Spearman 
rank correlation coefficients (rs) above 0.85 for all impact categories except “biogeochemical flows – 
Regional P”. The Pearson correlation was also found to be good with Pearson correlation coefficients (r) 
above 0.97 for all impact categories except “Land-system change” and “biogeochemical flows – Regional P”. 

Table S10. Spearman rank correlation coefficients and Pearson correlation coefficients between impact categories in PB-LCIA and 
ILCD-LCIA calculated for unit processes in ecoinvent v3.1 

ILCD-LCIA impact 
category 

PB-LCIA impact 
category 

Rationale for comparing impact categories Pearson 
correlation 

coefficient (r) 

Spearman rank 
correlation 

coefficient (rs) 

Climate change 
Climate change - 
CO2 concentration 

Both express climate change 
1.00 0.99 

Climate change 
Climate change - 
Energy imbalance 

Both express climate change 
1.00 0.99 

Climate change 
Ocean 
acidification 

Ocean acidification is linked to the drivers of climate changes 
because ocean acidification is a consequence of anthropogenic CO2 

emissions (Feely et al. 2004; Doney et al. 2009). 1.00 0.99 

Ozone depletion 
Stratospheric 
ozone depletion 

Both express ozone depletion. 
0.97 0.99 

Land use 
Land-system 
change – Global 

Both express land use. 
0.27 0.85 

Water resource 
depletion 

Freshwater use - 
River basins 

Both express freshwater use. 
0.93 0.89 

Photochemical 
ozone formation 

Atmospheric 
aerosol loading 

The PB was compared with “Photochemical ozone formation” 
because both include emissions of aerosols to the atmosphere. 

However, the area of concern for the two indicators differ slightly, 
where “Photochemical ozone formation” is about ground level 

ozone formation (and concentration) and how this affects humans 
and ecosystems (EC-JRC 2010; Hauschild and Huijbregts 2015; van 

Zelm et al. 2016), while “Atmospheric aerosol loading” is about 
aerosols in the atmosphere and how the increased loading may lead 

to undesired effects due to changes in solar radiation and regional 
ocean-atmosphere circulation (Steffen et al. 2015). Hence, the two 

impact categories differ in their area of concern; however, they 
have been compared in this study due to their similarities in impact 
pathway and to allow a comparison of results for aerosols between 

PB-LCIA and ILCD-LCIA. 0.98 0.91 

Freshwater 
eutrophication 

Biogeochemical 
flows - Regional P 

The PB was compared with “Freshwater eutrophication” because in 
majority of LCIA methods, phosphorus is considered the primary 

contributor to freshwater eutrophication (EC-JRC 2011; Goedkoop 
et al. 2013). This is because phosphorous is the predominant 

growth-limiting nutrient for freshwater ecosystems (Schindler 1977; 
Carpenter et al. 1998; Smith 2003) and thus most problematic in 

terms of freshwater eutrophication.  0.51 0.61 

Marine 
eutrophication 

Biogeochemical 
flows – N 

The PB was compared with “Marine eutrophication” because in 
majority of LCIA methods, nitrogen is considered the primary 

contributor to marine eutrophication (EC-JRC 2011; Goedkoop et al. 
2013; Cosme et al. 2015). This is because nitrogen is, in many cases, 

the predominant growth-limiting nutrient for marine ecosystems 
(i.e. estuaries and coastal systems) (Carpenter et al. 1998; Vitousek 
et al. 2002; Howarth and Marino 2006) and thus most problematic 

in terms of marine eutrophication. 0.97 0.95 
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Figure S4 shows the correlation between the PB-LCIA and ILCD-LCIA in ranking of unit processes for all 
impact categories included the PB-LCIA. Low correlations and, thus scattering, was primarily found for unit 
processes related to production of materials and processing of materials. Unit processes related to energy 
product were also found to have low correlation for the impact categories “Freshwater use - River basins”, 
and “Biogeochemical flows - Regional P”. 

 

Figure S4. Comparison of PB-LCIA and the ILCD-LCIA in ranking of impact scores for unit processes from the ecoinvent life cycle 
inventory database. The most scattering unit process groups have been highlighted for each impact category  
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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. 

Keywords 

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., 2015) 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., 2015). 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., 2015). 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., 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 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. (2009b). 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. (2015). The results of the characterization models in the PB-LCIA method 
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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. (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 ‘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. 

 

 

 

 

 
 189 
 



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. 634. 1406–1416. 

 

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 
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 
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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. 

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. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃 × 𝑎𝑎𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃         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 
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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. 

𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃 = 𝐼𝐼𝑆𝑆𝑃𝑃𝑃𝑃
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃

          Eq. 2 

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. 

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

EU per cap & FCE 
(Egalitarian) 

𝑎𝑎𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃 =
𝑃𝑃𝐸𝐸𝐸𝐸
𝑃𝑃𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊

×
𝐹𝐹𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸,𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖

𝐹𝐹𝐹𝐹𝐹𝐹𝐸𝐸𝐸𝐸
 

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) 

𝑎𝑎𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃 =
𝐹𝐹𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸,𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖

𝐹𝐹𝐹𝐹𝐹𝐹𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊
 

Where FCEWorld is the total global final consumption expenditure. 

0.039% 

EU per cap & GVA 
(Egalitarian) 

𝑎𝑎𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃 =
𝑃𝑃𝐸𝐸𝐸𝐸
𝑃𝑃𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊

×
𝐺𝐺𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸,𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖

𝐺𝐺𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸
 

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) 

𝑎𝑎𝑆𝑆𝑃𝑃𝑃𝑃,𝑆𝑆𝑃𝑃 =
𝐼𝐼𝐸𝐸𝐸𝐸,𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑖𝑖𝑖𝑖𝑖𝑖,𝑥𝑥

𝐼𝐼𝑊𝑊𝑆𝑆𝑊𝑊𝑊𝑊𝑊𝑊,𝑥𝑥
 

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 

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.  

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 evaluated 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 coefficients (Scoef), according to Eq. 3 (Heijungs, 2010; Yeh, 1986). 

0,0 k

k
coef a

a
IS

ISS ∆∆
=           Eq. 3 

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

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

between 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 by washing machine per washing 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 determine the associated parameter uncertainty. For the other parameters, a wide 

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

standard deviation (GSD2) of 100). All parameters were assumed log-normally distributed to ensure parameters 
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were zero or positive and to allow for extreme value cases. The only exception was the recycling rate, which 

can be between 0% and 100%; hence recycling was 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 control 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 is mainly due to emissions of fossil CO2, primarily from energy use during the use 

phase (65% of total impact), 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 and 

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

Figure S1). 

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

up to 75% reduction in impacts relative to the baseline scenario (for climate change in scenario #8 which 
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combines all changes in scenarios 2-7). However, scenario #2 resulted 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 from hydropower and wood biomass is associated with 

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

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

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

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

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

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

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

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 

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 

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 absolute sustainability of laundry washing in the EU. Figure 2 shows how the impact 

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

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

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

‘sustainability gap’ (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 approaches used to assign the SoSOS 

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

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 

uncertainty 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 magnitude. Hence, the uncertainty related to the choice of sharing principle has a larger 

influence on conclusions than LCI uncertainty and uncertainty 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 aerosol loading.  
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Figure 2. Impact scores and their 95% confidence interval for laundry washing 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. 

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

2009b). Figure 2B and Figure 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 

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

#1 #8 #1 #8 #1 #8 #1 #8 #1 #8

1.E-05
1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01
1.E+02

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo
FC

E 
on

ly
EU

 p
er

 c
ap

 &
 G

VA
EU

 p
er

 c
ap

 &
 F

CE
St

at
us

 q
uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

#1 #8 #1 #8 #1 #8 #1 #8 #1 #8

1.E-04
1.E-03
1.E-02
1.E-01
1.E+00
1.E+01
1.E+02
1.E+03

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

EU
 p

er
 c

ap
 &

 F
CE

St
at

us
 q

uo

FC
E 

on
ly

EU
 p

er
 c

ap
 &

 G
VA

#1 #8 #1 #8 #1 #8 #1 #8

Sh
ar

e 
of

 a
ss

ig
ne

d 
sa

fe
 

op
er

at
in

g 
sp

ac
e 

Sh
ar

e 
of

 a
ss

ig
ne

d 
sa

fe
 

op
er

at
in

g 
sp

ac
e 

Sh
ar

e 
of

 a
ss

ig
ne

d 
sa

fe
 

op
er

at
in

g 
sp

ac
e 

Climate change - Energy imbalance Climate change - CO2 concentration Stratospheric ozone depletion Ocean acidification

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 operating space
Planetary Boundary 95% conf. interval of impact scores

 
 200 
 



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. 634. 1406–1416. 

 

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. 

4 Discussion 

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

As shown in Table 4 and Figure 2, the results of the PB-LCIA methodology 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 management choices 

or policy options in terms of their relative effect on the environmental 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 provides the opportunity to 

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

contribution 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 

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

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

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

2). Indeed, it is likely that most energy-using products would exceed their share of the safe operating 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 
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methodology is that it enables scaling or sizing of the necessary 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 specific 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 environmental impact) 

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

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

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

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 framework 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 sharing 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 
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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 sensitivity 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 uncertainty related to LCI is extremely high, we see no reason 

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

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

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

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

physical system boundaries adopted for the study: e.g. economic information 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 interdisciplinary collaboration between researchers 

from natural science, social 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 unless new scientific findings 

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

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

changes, e.g. through implementation 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 dynamic models that account for 

market mechanisms 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.  
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5 Conclusions 

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

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

sustainability 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 

assessments 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 background systems, are required to reduce environmental impact of activities to 

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

choice of sharing principles for assigning a SoSOS, followed by LCI uncertainty and then uncertainty 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 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 agencies in the public, commercial, or not-for-

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

life cycle inventory for modelling the case study is given in Supplementary material 2. 
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Section S1 Extended description of the theory on the distribution of ecological spaces 

Fundamentally, ecological space can be distributed based on egalitarian principles or non-egalitarian principles 

(Grasso, 2012). Non-egalitarian principles include sharing principles based on historical occupation of the 

ecological space. For instance, the ‘status quo’ approach assigns a share of the ecological space to different 

activities in a way that reflects their current contribution to impacts, whilst the ‘grandfathering’ approach 

assigns a share of the ecological space to different activities in a way that reflects their contribution to impacts 

in a reference year. Non-egalitarian sharing principles are generally not found to fit with any ethical principles 

about equity (Banuri et al., 1996; Caney, 2009).  

The egalitarian sharing principles can be sub-divided into resource based and welfare based egalitarianism 

(Dworkin, 1981a, 1981b; Vanderheiden, 2009). Resource based egalitarian principles refer to equity in access 

to the resources (e.g. equal right to emissions of CO2) (Dworkin, 1981b; Rose et al., 1998). Welfare based 

egalitarian principles refer to equity in the outcome related to occupation of the ecological space (Dworkin, 

1981a; Rose et al., 1998). The choice of indicators for egalitarian-based sharing presents a challenge; this is 

called ‘the index problem’ in egalitarian justice theory (Moreno-Ternero and Roemer, 2012; Rawls, 1999) and it 

can influence the size of the ecological space assigned to different activities. 

 

Section S2 Studies assessing anthropogenic activities relative to the Planetary Boundaries using Life-cycle 

assessment  

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 to remain within the PBs. The study created a link 

between six of the PBs from Steffen et al. (2015b) and existing impact categories in LCA. The impact reductions 

were based on the distance from the Earth System processes’ control variables to the PBs.  

Sandin et al. (2015) applied a two-step approach for deriving reduction targets. In the first step, a SoSOS was 

assigned to the country where the textile sector was located; four different ethical principles were used to 

assign a SoSOS to the country. In the second step, the reduction required from the textile sector in the 
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respective country was estimated. The textile sector specific reduction was estimated based on the textile 

sector’s right to cause impacts relative other sectors in the country. Here three sharing principles were used, 

i.e. the textile sector should have the right to cause the same share of impact, half the share of impact, or twice 

the share of impact as it does today.  

Brejnrod et al. (2017) assessed the absolute sustainability of buildings using the carrying capacity based NRs 

developed by Bjørn and Hauschild (2015). Brejnrod et al. (2017) applied a two-step approach for assigning a 

SoSOS to dwelling buildings. First, per capita assignment of the safe operating space was done to derive a 

personal safe operating space. Second, a share of the personal safe operating space was assigned to dwelling 

buildings using two approaches: 1)based on the relative share of a person's total direct and indirect 

expenditure on construction, operation, and maintenance of buildings for accommodation; 2)  based on the 

dwelling building's contribution to environmental impacts relative to the total environmental impacts resulting 

from a person's total direct and indirect expenditure (Brejnrod et al., 2017).  

Wolff et al. (2017) assessed the environmental impacts related to the food portfolio of a French retail company 

with a specific focus on biodiversity and the relevant impact categories in LCA.. Wolff et al. (2017) applied a 

single sharing principle for assigning a SoSOS to the company which was based on a three step approach. First, 

a per capita assignment of the share for France relative to the World was performed. Second, using a ‘status 

quo’ (i.e. the share of assigned ecological space is proportional to the current contribution to impacts) based 

sharing principle, the share of the French national share was assigned to the various industry sectors. Third, a 

fraction of the retail sector share was assigned to the company based on their market share. 

With regards to the sharing principles using in the previous studies for defining the SoSOS, we note that most 

use variations of egalitarian based sharing principles, such as equal per capita sharing and sharing based on 

economic metrics (a proxy for contribution to human wellbeing).Some also use non-egalitarian principles 
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(based on grandfathering or status quo principle) sometimes in conjunction with the egalitarian principles as 

e.g. done by Wolff et al. (2017). Sandin et al. (2015) noted that the choice of sharing principle strongly 

influenced the results. This illustrates the importance of transparency when choosing sharing principles and the 

need to test the sensitivity of the result to the choice of sharing principle. 

 

Section S3 Electricity and heat grid mixes used in the LCI model 

The average electricity and heat grid mixes in the EU that were used in the LCA are shown in Table S1 and Table 

S2.  

Table S1 Electricity grid mixes for the EU used for the baseline scenario and for scenario 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. in 2050) 

Energy carrier 
EU current average (Electricity, high voltage {ENTSO-
E}| production mix | Alloc Def, U) (Weidema et al., 2013) 

Energy efficient EU scenario 4, year 2050 
(European Commission, 2013) 

Hard coal 15.2% 1.3% 
Hydro 16.1% 7.7% 
Lignite 10.1% 0.8% 
Natural gas 21.4% 7.5% 
Nuclear 26.6% 3.5% 
Oil 2.7% 0.0% 
Peat 0.2% 0.0% 
Wind 3.6% 48.7% 
MSW incineration 0.9% 3.6% 
biogas, co-gen 0.6% 0.0% 
Wood chips, co-gem 1.5% 6.0% 
Solar 0.0% 16.4% 
Geothermal 0.2% 0.6% 
Hydrogen, methanol etc. 0.0% 3.9% 
Blast furnace gas 0.7% 0.0% 
 

Table S2 The heat grid mix for the EU used in the LCA 

Energy carrier EU current (2014) average heat mix (Eurostat, 2016a) 
Coal 27% 
Oil 5% 
Renewable energies 22% 
Natural gas 39% 
Waste 4% 
Other 3% 
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Section S3 Probability distribution and uncertainty of key model input parameters for the foreground system 

Table S3 shows the parameters for the foreground system which are not well known and which are inherently 

variable (e.g. the detergent dosage and washing temperature is less well understood and much more variable 

than the detergent formulation). The sensitivity of the LCA result to these parameters and the propagation of 

uncertainty through to the impact scores was evaluated in Section 3 of SI2. A specific probability distribution 

was determined for all parameters for which the LCA results were found to be sensitive (i.e. |Scoef| >= 0.05 for 

at least one impact category in Table S4). For the parameters to which the LCA results were not found to be 

sensitive, a wide uncertainty range which includes the possibility of extreme values was assumed (i.e. squared 

geometric standard deviation (GSD2) of 100). 

Table S3 Key parameters for the PB-LCA of laundry washing showing default value, probability, and sources of information 

Parameter 
Default 
value 

Probability 
distribution 

Comments 

Palm replanting cycle [yr] 25 
Log-normal, 
GSD2 = 1.2 

Time between replanting of oil palms. Default value and GSD2 calculated based on min and max 
from Schmidt (Schmidt, 2007)  

Tropical forest carbon stock [t C ha-1] 195 
Log-normal, 
GSD2 = 10.3 

Carbon stock in tropical forest (Schmidt, 2007). GSD2 calculated based on max and min of all 
forest carbon stocks (FAO, 2010) 

Oil palm carbon stock [t C ha-1] 82 
Log-normal, 
GSD2 = 1.1  

Carbon stock in oil palms (Henson, 2004; Schmidt, 2007). GSD2 calculated based on Henson (2004) 

Palm fruit bunch yield [t ha-1 yr-1] 16.9 
Log-normal, 
GSD2 = 1.1  

The average yield of palm fruit bunch over the oil palm’s life time (Schowanek et al., n.d.). GSD2 
calculated based on min of 16.7 (Schowanek et al., n.d.) and max of 20.9 (Schmidt, 2007) 

Electricity per kg detergent produced 
[kWh kg-1] 0.014 

Log-normal, 
GSD2 = 100  

Electricity use required for producing detergent. Own estimate 

Heat use per kg detergent produced 
[MJ kg-1] 0.67 

Log-normal, 
GSD2 = 100  

Heat use required for producing detergent. Own estimate 

Water use per kg detergent produced 
[L kg-1] 0.9 

Log-normal, 
GSD2 = 100  

Water use required for producing detergent (A.I.S.E, 2015) 

Detergent distribution distance by 
truck [km] 900 

Log-normal, 
GSD2 = 100  

Transport distance of detergent from producer to retailer (A.I.S.E, 2015)  

Electricity use by retailer per washing 
cycle [MJ] 0.0083 

Log-normal, 
GSD2 = 100  

Electricity use by detergent retailer allocated per washing cycle (A.I.S.E, 2015) 

Consumer transport distance per 
washing cycle [km] 0.009 

Log-normal, 
GSD2 = 100  

Transport by consumer from retailer to home allocated per washing cycle (A.I.S.E, 2015)  

Washing temperature [˚C] 40 

Log-normal, 
GSD2 =3.0  

Average washing temperature in EU (A.I.S.E, 2015). GSD2 calculated based on min and max of 10 
˚C and 90 ˚C respectively which cover the washing temperature used in EU (Schmitz and 
Stamminger, 2014) 

Electricity use by washing machine 
per washing cycle [kWh] 0.64 

Log-normal, 
GSD2 = 5.2 

Calculated based on equation by A.I.S.E (A.I.S.E, 2015). -0.1343+ 0.0193*washing temperature [°C]  

Detergent dosage per washing cycle 
[kg] 0.037 

Log-normal, 
GSD2 = 2.4 

Default detergent dosage per washing cycle. Own estimate. GSD2 calculated based on dosage 
range of 17 to 100 ml dosage/washing cycle (Ecolabelling Denmark, 2011) 

Water use by washing machine per 
washing cycle [L] 50 

Log-normal, 
GSD2 =1.7  

Average water use by machine per washing cycle (A.I.S.E, 2015). GSD2 calculated based on min 
and max water use of 50 L and 144 L respectively based on (Pakula and Stamminger, 2010) 

Recycling rate plastic packaging [%] 39.7 

Uniform, range 
from 0% to 
100% 

The recycling rate of plastics in EU (Eurostat, 2014) 

Recycling rate cardboard packaging 
[%] 83.9 

Uniform, range 
from 0% to 
100% 

The recycling rate of cardboard in EU (Eurostat, 2014) 
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Section S4 Sensitivity of parameters 

Sensitivity of impact scores in the baseline scenario to uncertain or variable model parameters was evaluated 

by calculating normalized sensitivity coefficients (Scoef), according to Eq. S1 (Heijungs, 2010; Yeh, 1986). 

0,0 k

k
coef a

a
IS

ISS ∆∆
=           Eq. S1 

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

between the default input parameter and the perturbed input parameter, ∆IS is the difference between IS0 and 

the impact score calculated for the perturbed parameter value. All input parameters were perturbed by 10%. 

All parameters in Table S3 were included in the sensitivity analysis and the result of the sensitivity analysis is 

shown in Table S4. A parameter was considered very important if |Scoef| >= 0.75, of medium importance if 

|Scoef| >= 0.25, some importance if |Scoef| >= 0.05 and of little or no importance if |Scoef| < 0.05. Parameters to 

which the result was found to be sensitive (i.e. |Scoef| >= 0.05) were palm replanting cycle, palm fruit bunch 

yield, washing temperature, detergent use per washing cycle, water use by washing machine per washing 

cycle, tropical forest carbon stock and oil palm carbon stock.
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Table S4 Sensitivity coefficient for each variable parameter towards the baseline result for each impact category after perturbation by 10%. Red, orange, and yellow shaded 

cells represent a sensitivity coefficient above or equal to 0.75, 0.25, and 0.05 respectively. 
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Climate change - Energy imbalance Wm-2 0.05 0.19 0.08 0.15 0.00 0.00 0.00 0.01 0.00 0.01 0.75 0.75 0.28 0.08 0.01 0.00 
Climate change - CO2 concentration ppm CO2 0.03 0.19 0.08 0.13 0.00 0.00 0.00 0.01 0.00 0.01 0.77 0.77 0.27 0.08 0.01 0.00 
Ocean acidification mol 0.03 0.19 0.08 0.13 0.00 0.00 0.00 0.01 0.00 0.01 0.77 0.77 0.27 0.08 0.01 0.00 
Stratospheric ozone depletion DU 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.01 0.00 0.01 0.92 0.92 0.17 0.06 0.00 0.00 
Land-system change - Global % 0.00 0.00 0.00 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 
Freshwater use - Basin semidry - 0.10 0.00 0.00 0.10 0.00 0.00 0.00 0.01 0.00 0.01 0.29 0.29 0.56 0.21 0.01 0.01 
Freshwater use - Basin dry - 0.09 0.00 0.00 0.09 0.00 0.00 0.00 0.01 0.00 0.01 0.37 0.37 0.50 0.19 0.01 0.01 
Freshwater use - Basin humid - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.54 0.54 0.05 0.50 0.00 0.00 
Atmospheric aerosol loading - (AOD) 0.06 0.00 0.00 0.25 0.00 0.00 0.00 0.01 0.00 0.01 0.58 0.58 0.43 0.09 0.00 0.00 
Biogeochemical flows - Regional P Tg P yr-1 0.70 0.00 0.00 0.70 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.98 0.00 0.00 0.00 
Biogeochemical flows - N Tg N yr-1 0.32 0.00 0.00 0.32 0.00 0.00 0.00 0.00 0.00 0.00 0.54 0.54 0.51 0.04 0.00 0.00 
Land-system change - Boreal % 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Land-system change - Tropic % 0.00 0.00 0.00 0.91 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 
Land-system change - Temperate % 0.07 0.00 0.00 0.07 0.00 0.00 0.00 0.02 0.00 0.01 0.80 0.80 0.23 0.09 0.00 0.00 
Freshwater use - Global km3 yr-1 0.11 0.00 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.05 0.15 0.80 0.00 0.00 
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Section S5 Assigning a share of the safe operating space to Laundry washing 

‘EU per cap & FCE’ sharing principle 

The share between EU population (5.10E+08) and World population (7.35E+09) was estimated based on data 

from the Worldbank (2015) giving a share of 0.069. 

Final consumption expenditure on laundry washing in the EU was estimated as the sum of spending on 

detergent, water, and electricity per washing cycle (Table S5) multiplied with the total number of washing 

cycles in the EU per year (=34.3 billion (A.I.S.E., 2014)) giving a total spending of 1.78E+10 Euro. By relating this 

number to total Final Consumption Expenditure of households in the EU (the average between 2008 and 2012 

which is 7.09E+12 Euro (Eurostat, 2016b)) an assigned share of 0.25% was found. 

Table S5 Spending on different processes per washing cycle 

Spending type Value Comments and Reference 
Spending on detergent 0.29 Euro / cycle Own estimate 

Spending on water 
0.13 Euro / cycle Average price of water was found to be 0.0025 Euro / liter, estimated as population based average 

based on survey on average price of water per m3 in EU countries (Danva, 2013) 
Spending on electricity 0.13 Euro / cycle Average price of electricity in EU was 0.205 Euro / kwh (Eurostat, 2017) 

 

The share between EU and World population (i.e. 0.069) was multiplied with the share assigned to laundry 

washing in the EU (i.e. 0.25%) to give an assigned SoSOS of 0.00018 for the ‘EU per cap & FCE’ sharing principle. 

 ‘FCE only’ sharing principle 

The final consumption expenditure on laundry washing in EU as estimated for the sharing principle above was 

related to world final consumption expenditure, i.e. 4.76E+13 (indexmundi, 2016). This gave an assigned share 

of 0.039%. 

‘EU per cap & GVA’ sharing principle 

Again the share between EU population and World population was found to be 0.069, and total gross value 

added (GVA) in EU was found to be 1.32E+13 Euro (Eurostat, 2016c).  

It was not possible to estimate the gross value added related to electricity and water use for laundry washing. 

Hence the GVA of laundry washing is only based on GVA related to the laundry detergent. The total gross 

valued added for the laundry detergent was estimated as following. The Household Care and Professional 
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Cleaning and Hygiene Products value chain generates annual Gross Value Added (GVA) of approximately 

2.46E+10 Euro, with about 1.36E+10 Euro attributed to laundry care (A.I.S.E., 2015). The share of GVA for 

laundry washing relative to EU GVA was found to be 0.1%.  

The share between EU and World population (i.e. 0.069) was multiplied with the share assigned to laundry 

washing in the EU (i.e. 0.1%) to give an assigned SoSOS of 0.007% for the ‘EU per cap & GVA’ sharing principle. 

 ‘Status quo’ sharing principle 

The assigned share of safe operating space based on laundry washing’s contribution to impacts on the PBs was 

estimated as the impact of the baseline scenario related to the total safe operating space. Table S6 shows the 

assigned share for each of the PB impact categories. 

Table S6 Impact scores of baseline scenario (#1) related to the safe operating space (estimated as planetary boundary minus natural 

background level), giving the assigned share 

    

Impact scores 
baseline scenario (#1) 

Planetary Boundary 
(Steffen et al. 2015) 

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

Safe 
operating 
space 

Assigned 
share 
(aSPBx,AP) Impact category Unit 

Climate change - Energy 
imbalance Wm-2 5.82E-03 1 0 1 

2.53E-03 

Climate change - CO2 
concentration ppm CO2 4.30E-01 350 278 72 

3.63E-03 

Stratospheric ozone depletion DU 9.41E-06 275 290 15 1.05E-07 
Ocean acidification mol 1.31E-03 2.75 3.44 0.69 2.39E-03 
Biogeochemical flows – P, 
regional Tg P yr-1 5.56E-03 26.2 20 6.2 

3.97E-04 

Biogeochemical flows – N, global Tg N yr-1 1.30E-01 62 0 62 8.68E-04 
Land-system change - Global % 7.47E-03 75 100 25 1.66E-04 
Land-system change - Boreal %  85 100 15  
Land-system change - Tropic % 2.11E-02 85 100 15 3.15E-04 
Land-system change - Temperate % 2.61E-06 50 100 50 1.09E-07 
Freshwater use - Global km3 yr-1 1.55E+00 4000 0 4000 5.95E-04 
Freshwater use - Basin dry - 3.20E-06 1 0 1 1.92E-05 
Freshwater use - Basin semidry - 8.60E-07 1 0 1 2.44E-06 
Freshwater use - Basin humid - 1.95E-04 1 0 1 7.00E-03 
Atmospheric aerosol loading - 7.25E-05 0.25 0.14 0.11 4.53E-04 
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Section S6 Contribution analysis of different life cycle stages to total impact for scenario 1 and scenario 8 

Figure S1 shows how different life-cycle stages in the life cycle of laundry washing contribute to the total 

impacts for each of the Planetary Boundaries. Generally, the drivers of impacts are the use stage and the 

production of surfactants for the detergent (see Figure 2). The contribution of the use stage is related to the 

electricity and water use during washing and the contribution of the surfactant production is related to land-

use and land management. 

Figure S1. Relative contribution of the key life-cycle stages to the total impact scores estimated using the Planetary Boundary based 

LCIA methodology for scenarios #1 (baseline scenario) and #8 (all alternative options combined). Note that Land-system change boreal 

forest excluded as all impact scores were zero for this sub category. 
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Abstract 

Steel, as one of the largest consumed materials is a large contributor to climate change accounting for 

about 7% of annual human induced CO2 emissions. Using material in-use stock modelling and dynamic life-

cycle assessment, this study predicted the share of the safe operating space for climate change that will be 

occupied by steel production between 2015 and 2100. Results show that if current practice is continued, 

steel manufacturing will occupy what corresponds to about 50% of the safe operating space for climate 

change by 2100, indicating an urgent need for impact reducing strategies to stay within the safe operating 

space. 
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1. Introduction 

The increasing size and resource consumption of the human enterprise has begun to affect and destabilize 

key Earth System processes [1]. To protect the stability of the Earth System, Planetary Boundaries were 

proposed to define a safe operating space for humanity to develop and thrive [1]. In particular, material 

consumption which serves as the basis for prosperity is problematic due to the massive production, 

consumption and the associated environmental footprint [2]. Nevertheless, material consumption is still 

expected to rapidly increase to meet the demands of an increasing and more affluent future population [3]. 

Indeed, to accommodate a larger global population while also avoiding putting additional pressure on the 

Earth, there is a need for exploring the impact and contribution of key anthropogenic activities with regard 

to Planetary Boundaries, especially in the production and consumption of fundamental materials. 

Iron and steel (steel, afterwards) is one of the most fundamental materials to underpin humanity‘s 

prosperity and in 2009 accounted for about 7% of global annual human induced CO2 emissions in its 

processing [4–6]. Last century has witnessed a factor 20 growth in extraction and processing of iron ore [7] 

driven by population and affluence growth. Given our current reliance on steel, this trend is expected to 

continue in the future [8], and previous studies have identified that steel should be produced in an 

increasing scale to meet future needs [9]. However, research into the environmental impacts associated 

with such growth is limited. Measures for reducing greenhouse gas (GHG) emissions in the steel industry 

tend to focus on improving energy efficiency, implementation of less carbon intensive or carbon reducing 

processes, and material efficiency. Quader et al. [10] conducted an in-depth review of recent and future 

technological advancements for reducing GHG emissions from steel production via improvement of energy 

efficiency and development of new processes. The most promising measures include carbon capture and 

storage, new iron and steel making processes (direct- and smelting reduction processes), hydrogen-based 

steel making, iron ore electrolysis, and biomass based steel production. Material efficiency aims to reduce 

the material input needed to meet future needs [11–13]. Options for reducing carbon emissions through 

different material efficiency strategies have also been identified [9,14–16], e.g. increasing supply of end-of-

life scrap which has lower GHG emissions than primary steel production [17,18]. 

However, there is a lack of understanding of how future change in anthropogenic steel use will affect our 

performance with regards to Planetary Boundaries. A number of studies have looked into how the 

implementation of the GHG reducing measures may affect future GHG emissions e.g. [19–24]. These 

studies confirm that technical solutions can reduce GHG emissions, but their results are not compared to 
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absolute targets to indicate whether the magnitudes of impacts and reductions are substantial. Only few 

studies have related the impacts to absolute targets [11,25–27], and these studies have focused on annual 

GHG emissions which is not a good indicator for climate change because the principal driver of long-term 

climate warming is the total emissions of CO2 and every tonne of CO2, no matter when it is emitted, 

contributes almost equally to global warming [28].  

To establish a baseline for steel production on which to base future environmental policy, this study sought 

to quantify climate impacts of steel production between 2015 and 2100 when keeping steel production 

technology constant over time. The research question posed in this study was: If future steel producing 

technologies remain at current business-as-usual, how will greenhouse gas emissions from steel production 

develop in a world where population and affluence is increasing, and how will the associated climate 

change impacts relate to the Planetary Boundaries? The results of this study provide an indication of the 

impacts potentially occurring if a business-as-usual approach is retained. Indeed, this gives a worst-case 

estimation of the magnitude of the problem and indicates the level of reductions required in the steel 

producing and consumption relative to current practice. 

2. Methodology 

This study reconciles the two well established life cycle engineering approaches, material flow analysis 

(MFA) and life cycle assessment (LCA), to predict the future steel flows and their associated environmental 

impacts. MFA (Section 2.1) helps to quantify flows and stocks of global steel from cradle to cradle 

perspective, which can take into account the changes in population and affluence through its stock-based 

dynamics. Meanwhile, LCA (Section 2.2) is adopted to analyze the environmental impacts of each steel 

processing technology. By combing these two approaches, this study can obtain the overall impacts caused 

by the future anthropogenic steel use. Furthermore, this study applies a novel approach to link the total 

impacts of steel production to the requirements presented by the Planetary Boundaries (Section 2.3). 

2.1 Predicting steel production between 2015 and 2100 

The annual flows and stocks in the steel cycle from 2015 to 2100 are estimated, covering all stages in the 

entire life cycle (i.e. Mining, Primary production, Products fabrication, In-use, Recycling and Secondary 

production). This MFA focuses on tracking one element “Fe” in iron and steel products along its full cycle, 

other related elements, such as alloying elements, are included as inputs for steel making in the LCA, but 

are, otherwise, not included in the MFA. A typical dynamic material flow model is applied for each life stage 
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with specific treatments in the use stage. The products fabrication and recycling stages for steel are divided 

according to the end-use sector into: Construction, Machinery, Transportation, and Other Products. The 

parameters for these three life cycle stages are specified according to the end-use sector’s product 

features. The key parameters for end-use products (i.e. market share, lifetime, recycling rate, etc.) are 

adopted from [29]. 

The steel stocks and flows from 2015 to 2100 are obtained annually based on the stock-driven approach. 

The estimation involves three elements: population trend estimation, per capita steel in-use stock growth, 

and changes in mass efficiency of each life stage. The mass efficiency of each life stages change is assumed 

to stay at the level of current technology. The basic settings for the other two elements are as follows. The 

estimation of the future population comes from the “World Population Prospects” published by United 

Nations Population Division [30] where the medium scenario for population projection till 2100 are used, 

with an estimated global population around 9.7 billion in 2050 and 11.6 billion in 2100. Increased future 

material affluence is expressed as the in-use stock which is well studied in industrial ecology [26,31]. The 

future growth of stock is assumed to follow the saturation hypothesis as proposed by Müller and Wang 

[32], observing that most developed countries follow a similar saturation pattern of steel use. This 

saturation trend was described by a Logistics function from Pauliuk et al. [16] which predict the future 

trend of in-use stock per capita. The per capita in-use stock is predicted to increase from about 4.4 tonnes 

per capita in 2015 to 8.5 tonnes per capita in 2050 and 11.8 tonnes per capita in 2100. 

2.2 Modelling steel production and associated environmental flows 

A bottom up modelling approach was chosen for future steel production because it facilitates 

differentiation of the steel making process into individual processes, which makes it easier to assess the 

contribution of different life-cycle processes, e.g. primary versus secondary production. A general overview 

of the model is shown in Figure 1. The processes and their GHG emission factors used for modelling steel 

production are given in Table 1. 
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Fig. 1. Schematic overview of the bottom-up steel production model used for estimating GHG emissions from cradle-to-gate steel production 
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Table 1. Processes used for modelling current and future steel production including emission factors for carbon dioxide, methane and nitrous 

oxide for each process. The emission factors include direct process emissions and indirect emissions from energy and material inputs necessary for 

running the process, except emissions related to processes also shown in the table. 

 Kg emitted per kg process output  

Processes CO2 CH4 N2O Reference 

Mining 2.6×10-1 6.0×10-4 2.7×10-5 [33] 

Sintering 3.2×10-1 6.7×10-4 4.8×10-6 [33] 

Pelletizing 7.6×10-2 4.6×10-4 3.5×10-6 [33] 

Direct reduced iron 1.0 4.6×10-3 2.0×10-6  [33,34] 

Blast furnace 1.1 6.5×10-3 1.2×10-5  [33] 

Basic oxygen furnace 6.1×10-1 4.1×10-4 3.4×10-5  [33] 

Electric arc furnace 3.0×10-1 -1.7×10-4 3.1×10-5  [33] 

Continuous casting 1.1×10-2 4.6×10-5 1.4×10-6  [35] 

Ingot casting 4.6×10-2 1.3×10-3 1.4×10-6  [35] 

Section mill 2.6×10-1 8.9×10-4 1.1×10-5  [33,36] 

Rod/bar mill 1.9×10-1 6.5×10-4 8.9×10-6  [33,36] 

Plate mill 2.7×10-1 9.5×10-4 1.0×10-5  [33,36] 

Strip mill 1.9×10-1 6.6×10-4 9.7×10-6  [33,36] 

Cold rolling 2.3×10-1 7.3×10-4 1.8×10-5  [33] 

 

The share between sintering and pelletizing of the mined iron ore was assumed to be 30% sintering and 60% 

pelletizing. The justification for this assumption is that according to World Steel yearbook, sintering of iron ore 

decreased from 100% in 1950 to 30% in 1990 and from then on stayed at 30% due to implementation of 

pelletizing as a more advanced preparation technology [37]. The share between blast furnace and direct iron 

reduction (DRI) was found to be 93% and 7% respectively [5]. The share between basic oxygen furnace (BOF) 

and electric arc furnace (EAF) for primary steel production was found to be 91% and 9% respectively [5]. The 

share between BOF and EAF for secondary steel production was found to be 37% and 63% respectively [5]. The 

division between continuous casting and ingot casting was found to be 97% and 3% respectively [38,39]. The 

share between mills was based on Cullen et al. [5] as section mill (8%), rod/bar mill (38%), plate mill (11%), and 

strip mill (43%). 

2.3 Estimating contribution of steel production to climate change 

The contribution of the steel production to climate change was calculated by estimating the mass of GHGs in 

the atmosphere as a consequence of emissions during steel production (Eq. 1). 
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Where mGHG(t) is the mass of a GHG in the atmosphere at year t. EGHG(tn) is the emission of a GHG at year tn 

with n going from 2015 to 2100. frGHG(t) is the fraction of the GHG emitted in year tn that remains in the 

atmosphere in year t. frGHG(t) was estimated based on Shine et al. [40] according to Eq. 2 for all GHGs, except 

CO2. The removal of CO2 is more complex and requires a model that takes the different removal mechanisms 

into account (Eq. 3). 
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Where αGHG [yr] is the atmospheric life-time of the GHG, e.g. 12.4 years for methane [41]. 
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Where a [-] and α [yr] are specific coefficients and time constants for the removal processes in the decay 

function for CO2 in the atmosphere based on the revised version of the Bern Carbon cycle model. Here a0 = 

0.212, a1 =0.244, a2 =0.336, a3=0.207, α1= 336.4 years, α2=27.89 years, and α3=4.055 years [42].  

The concentration of a GHG in the atmosphere at time t as a result of emissions from steel production was 

estimated according to Eq. 4. 
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Where mair is the mass of the atmosphere (5.15E+18 kg [43]), MGHG is the molar mass of the GHG and Mair is the 

molar mass of air (=28.97 g mol-1 [41]). The change in radiative forcing (RF) and change in temperature (T) from 

GHG emissions was estimated according to Eq. 5 and Eq. 6 respectively. 

 

( ) ( ) GHGGHGGHG AtmtRF ×=∑           (5) 

( ) ( ) λ×= tRFtTGHG            (6) 

 

Where AGHG is the specific radiative forcing of the GHG [Wm-2 kg-1] and λ (=1.06 K(Wm−2)−1 [41]) is a climate 

sensitivity parameter which indicates the change in equilibrium surface temperature per unit radiative forcing. 

The sum across all emitted GHGs from the steel system gives the total RF(t) and T(t) associated with global 

steel production. 

3. Results 

3.1 Steel production from 2015 to 2100 

Figure 2 shows the predicted future crude steel production from 2015 to 2100, differentiated as total steel 

production, primary production, and secondary production. The results show that although steel production in 

general will continue to increase throughout the 21st century, primary steel production will peak around 2045 

due to increased secondary production. Secondary production will become larger than primary production and 

dominate the steel making process around 2065. As the end-of-life scrap is the main material source for 

secondary production, end-of-life scrap will become quite abundant during this period when the large amount 

of historical steel products enters their end-of-life. 
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Fig. 2. Development in global steel production between 2015 and 2100 shown for total steel production and for primary and secondary steel 

production. 

The increase of secondary product will gradually meet the final steel products’ needs where additional increase 

in primary production is not required. A complete closing of the steel loop is not observed because (a) the 

secondary production cannot entirely supply the future needs and (b) some primary steel is still required due 

to material losses in the steel life cycle and to ensure sufficient steel quality. 

3.2 Environmental impacts 

For the development in emissions of CO2, CH4 and N2O (Figure 3) from steel production between 2015 and 

2100, a peak is observed for all three around 2045, coinciding with the peak observed for primary steel 

production in Figure 2. The ensuing reduction in GHG emissions is due to overall lower GHG emissions 

associated with secondary production compared to primary production. However, it should be noted that 

emissions for all three GHGs will be higher in 2100 compared to 2015 which is due to the higher demand for 

steel as a result of a larger and more affluent global population. 
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Fig. 3. Development in emissions of CO2, CH4 and N2O from global steel production between 2015 and 2100. 

 

As mentioned above, the most problematic steel production processes, in terms of climate change, are the iron 

producing technologies i.e., the blast furnace and the direct iron reduction. Indeed, both processes lead to high 

CO2 emissions as a result of reducing the iron ore where oxygen in the iron ore reacts with carbon (either as 

coke or natural gas) to form CO2. 

The GHG emissions modelled in our study are comparable to what has been found in other studies. We 

estimated a CO2 emission intensity of 1.76 t CO2 per tonne steel produced in 2015 which agrees well with an 

estimated emission intensity of 1.9 for 2015 as reported by World Steel Association [4]. Given uncertainty 

related to modelling and inherent variability in steel production and associated CO2 emissions, the modelled 

intensity also matches with other studies reporting CO2 emission intensities ranging from 1.3 to 2 tonne CO2 per 

tonne steel produced [8,11]. 

Figure 4 shows the impacts of GHG emissions from steel production in the metrics of the Planetary Boundaries 

for climate change i.e., radiative forcing [Wm-2] and atmospheric CO2 concentration [ppm CO2]. The pattern for 

both indicators is similar in showing a steady increase from 2015 to 2100 with no indication of peaking in the 

near future. While CO2 is the only contributor to atmospheric CO2 concentration, CO2 is also the largest 

contributor to radiative forcing accounting for about 80% of the total impact, followed by methane accounting 

for about 19% while nitrous oxide account for about 1%.  
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The Planetary Boundary for climate change was defined by two control variables being 1 Wm-2 and 350 ppm 

CO2 for radiative forcing and atmospheric CO2 concentration respectively. Pre-industrial indicator levels were 0 

Wm-2 and 278 ppm CO2 respectively [44], hence, the safe operating space is 1 Wm-2 and 72 ppm CO2 

respectively. Both Planetary Boundaries are currently exceeded with current control variable values being 

about 2.3 Wm-2 and 396.5 ppm CO2 [44]. With regards to steel production and the associated emissions from 

2015 to 2100, this would by 2100 lead to an increase in the climate control variables of 0.5 Wm-2 and 29 ppm 

CO2. As shown in Figure 4, this corresponds to about 50% and 40% of the total safe operating space for 

radiative forcing and atmospheric CO2 concentration respectively, leaving little space for historical emissions 

and for other anthropogenic activities.  

 
Fig. 4. Change in radiative forcing and CO2 concentration resulting from steel production from year 2015 to 2100. 
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4. Discussion 

4.1 Need for improving steel production under Planetary Boundaries and life cycle strategies to assist 

sustainable production and consumption 

The results indicate that GHG emissions from steel production will occupy what corresponds to about 50% of 

the safe operating space by 2100 and results indicate this share to further increase after 2100. This indicates a 

need for reducing GHG emissions associated with steel production. This need is underlined by the fact that the 

safe operating space for climate change is already exceeded from historical emissions and because other GHG 

emitting human activities (e.g. food production and transportation) will also contribute to climate change and 

occupy a share of the safe operating space.  

Three options are proposed in this study to reduce the climate impacts of steel production. The first two relate 

to the production technology while the last relates to steel consumption. Firstly, implementation of better 

technologies with lower GHG emissions are necessary, such as implementation of carbon capture and storage 

(CCS) technology for iron producing technologies which currently result in large CO2 emissions. Secondly, 

material efficiency should be increased to ensure that material losses throughout the steel life cycle are 

minimized. This is especially important for maximizing the use of secondary steel which has a lower impact on 

climate change compared to primary steel production. Lastly, there is a need for reducing steel consumption, 

which means that changes in consumption patterns are required, e.g. switching towards a service-based or 

sharing economy or through dematerialization strategies (e.g. shifting towards more light-weight structures) 

aimed at reducing the per capita in-use stock. Based on steel production’s relatively large contribution to 

climate change relative to the Planetary Boundaries, a combination of the different measures are likely 

required and focusing on only one or two will not be sufficient for achieving the required reductions in GHG 

emissions [45]. 

4.2 Calls for life cycle engineering solutions towards absolute sustainability 

Previous studies have focused on improving production technologies to reduce environmental impact. 

However, this focus needs to be extended with a cradle-to-cradle view in order to operationalize the 

alternative strategies mentioned above. Life Cycle Engineering (LCE) plays a crucial role in achieving this. 

However, traditionally, the technology factor has been the main focus in LCE activities and products have been 

improved in relative terms based on life cycle performance [46] with tools like LCA, eco-design, design-for-
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environment, etc. Recognizing the safe operating space for humanity with respect to Earth’s life support 

system [44], there is a need to refocus LCE on the requirements needed to ensure absolute sustainability. The 

impact of a product must be viewed in the context of the full market volume and technical efficiency 

improvements will not suffice if consumption increases to support affluence and population growth [47]. When 

conventional efficiency improvements are not sufficient to meet the requirements for environmental 

sustainability in absolute terms with the current product technologies, then “the eco-efficiency limits are 

exhausted and a new eco-effective technology solution has to be sought, meaning that the path towards 

sustainability may require more fundamental function and system innovation” [48]. 

4. Conclusion 

In this study, we predicted steel production’s impact on climate change from 2015 to 2100 taking into account 

increasing population and affluence while keeping technology constant. We applied an in-use stock model and 

coupled this with a dynamic LCA model to estimate GHG emissions from steel production. The estimated GHG 

emissions were found to corroborate findings from previous studies. We found that under current technology, 

steel production would occupy around 50% of the safe operating space. This is clearly too large of a share for a 

single industry which leaves little room for other products and services. In conclusion, there is an urgent need 

for improving the environmental performance of steel production. Improvements on production technology 

and material efficiency are required from the production side while a reduction in material consumption is 

needed on the demand side. This presents a great future challenge which is of great importance if the 

humanity wants to protect the Earth System and live within the safe operating space. 
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Abstract 

Purpose 

The Planetary Boundaries (PB) framework has since its introduction in 2009 sparked interest in integrating 
absolute boundaries, such as the PBs, into environmental assessment tools, such as Life-Cycle Assessment. 
Here, the safe operating space, delimited by the PBs, is used as an absolute environmental sustainability 
reference. However, relating a single activity to the full safe operating space cannot reveal whether an activity 
can be considered absolutely sustainable. Indeed, the safe operating must be distributed between 
anthropogenic activities and impacts associated with an activity should be related to its assigned share of the 
safe operating space. Distribution of a safe operating space between different activities is highly subjective and 
can be based on different sharing principles founded in distributional justice theory.  

Methods 

To facilitate a more informed and systematic use of sharing principles in absolute sustainability assessments in 
an LCA-context, a literature review of previous studies which have assigned shares of the safe operating space 
was conducted. The sharing principles used in the reviewed studies were analyzed and categorized under a set 
of sharing principle categories which were based on distributive justice theories (i.e. ‘Egalitarian’, ‘Utilitarian’, 
‘Prioritiarian’, and ‘Acquired rights’).  
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Results and discussion 

In total 13 studies were retrieved which either applied top-down assignment of the safe operating space or 
derived geographically specific boundaries based on the PBs. Out of the 13 studies, four studies were related to 
products or industrial sectors with the remaining being related to national or regional scales. The most 
commonly assessed PBs are those related to biogeochemical flows, i.e. nitrogen and phosphorous, freshwater 
use, land-system change, and climate change which are all evaluated in, at least, eight out of 13 studies. The 
sharing principles used in the reviewed studies could be categorized according to three sharing principle 
categories (i.e. Egalitarian, Utilitarian, and Acquired rights). It was found that most studies applied egalitarian 
based sharing principles and the most used sharing principle was an equal per capita distribution of the safe 
operating space. Single egalitarian sharing principles where not sufficient at company and sector scale 
assessments where other sharing principle categories (i.e. Utilitarian and Acquired rights) were required either 
as a stand-alone sharing principles or in combination with egalitarian sharing principles. Indeed, a combination 
of different sharing principle categories was often applied to go from global scale to the scale of the object of 
study. The indicators used for assigning shares of the safe operating space were generally either based on 
population, area, or economic indicators while potentially more relevant indicators such as human wellbeing 
were not applied.  

Conclusions 

The ability to categorize sharing principles based on the distributive justice theory they relate to allows for 
making informed choices about how to assign a share of the safe operating space and to justify on which 
theory of distributive justice this is done. This can aid transparency in assigning shares of the safe operating 
space in absolute sustainability assessments and allows for explicitly presenting on which theories of 
distributive justice the safe operating space was distributed. 
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1 Introduction 

Since first introduced in 2009, the Planetary Boundaries (PB) framework (Rockström et al. 2009; Steffen et al. 
2015) has attracted great attention from many parts of society such as academia, industry and international 
institutions. The PB-framework defined a set of biophysical boundaries for key Earth Systems processes that 
humanity should stay within to avoid unacceptable global change and, thereby, keeping the Earth in a 
Holocene-like state (Rockström et al. 2009; Steffen et al. 2015).  

The broad interest in the PB framework has also led to an increased interest in integrating absolute boundaries, 
such as the PBs, into the product and technology oriented environmental assessment tools, such as Life-Cycle 
Assessment (LCA)(Bjørn et al. 2015). Here, the PBs can be used as sustainability references and can be related 
to the environmental impacts associated with different anthropogenic activities at different scales, such as 
country, sector, product, or citizen-scale. In traditional LCAs, impacts from an activity are normally compared to 
a reference value, e.g. by external normalization where impacts of the assessed activity are normalized against 
the “background” impact of society (ISO 2006; Laurent 2015). With regards to the PBs, normalization can be 
done relative to the full safe operating space. However, a direct normalization against the full safe operating 
space cannot reveal whether an activity can be considered absolutely sustainable (Bjørn et al. 2015; Ryberg et 
al. 2016). First, it is unlikely that a single activity will on its own exceed the full safe operating space. Second, an 
absolute environmental sustainability assessment (AESA) should factor in the existence of other activities 
which will also take up a share of the safe operating space. Thus, a fundamental challenge is how to estimate 
the share of the safe operating space that a specific activity can be considered entitled, i.e. how to divide the 
planetary cake between different activities (Bjørn et al. 2015). With regards to distribution between different 
activities, Meyer and Roser (2006) stated that “the three most important questions for theories of distributive 
justice typically are: Distribute what, how, and among whom?”. Along a similar line of thinking, Bjørn et al. 
(2016) defined the following criteria for determining and assigning a share of an environmental space (i.e. 
what) to a specific activity: 

• Identify competing activities, i.e. which other activities are relying on occupying parts of the same 
environmental space as the studied system (i.e. whom). 

• Quantify the relative value of the studied activity, i.e. what is the perceived value of the studied activity 
relative to the identified competing activities competing for the environmental space. The perceived value 
of a studied activity relative to the competing activities can be expressed as a value factor between 0 and 1 
(i.e. how).  

The determined assigned share of the environmental space, such as the safe operating space, can be used as 
an absolute environmental sustainability reference (AESR) in an AESA of the assessed activity where the 
impacts associated with the assessed activity must not exceed the assigned share of the safe operating space 
(Fang et al. 2015b). However, neither Meyer and Roser (2006) nor  Bjørn et al. (2016) provide specific guidance 
on which principles to apply for sharing the safe operating space. Thus, a challenge to resolve before AESAs can 
be fully operationalized is how to estimate the share of the safe operating space that an activity can be 
considered entitled. Previous AESA studies of products or services using LCA have assigned shares of an 
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ecological space to an activity. The sustainability of a product or service has been assessed in relation to an 
assigned share of the safe operating space (Sandin et al. 2015; Ryberg et al. 2018a) or an assigned share of an 
environmental carrying capacity (Bjørn et al. 2016; Brejnrod et al. 2017; Wolff et al. 2017).  

Of the previous studies, in particular Sandin et al. (2015) and Ryberg et al. (2018a) explicitly looked into the 
choice of sharing principles. Both studies applied four different sharing principles based on different ethical 
principles (see Table S1). Both found that the choices about how to assign shares of the safe operating space 
strongly influenced the results. Indeed, a general reflection has been that the choice of sharing principle is 
highly normative (Bjørn et al. 2015; Ryberg et al. 2016; Clift et al. 2017). Indeed, the uncertainty related to such 
choices will introduce an additional source of uncertainty to the LCA results (Huijbregts 1998). Thus, there is a 
need for investigating the value principles underlying the selection of different sharing principles, made by e.g. 
the LCA practitioner or the commissioner of the LCA study. This is needed to enable a more systematic and 
transparent approach for choosing sharing principles in AESA where the values underlying this choice is made 
explicit. 

To facilitate a more informed and systematic use of sharing principles in AESAs in an LCA-context, this study 
analyzed and categorized previously applied sharing principles for assigning shares of the safe operating space. 
To do so, we retrieved information on sharing principles applied in previous studies which assigned shares of 
the safe operating space. The sharing principles used in the retrieved studies were analyzed and categorized 
under a set of sharing principle categories which were based on distributive justice theories. The sharing 
principle categories were analyzed with regards to their applicability in different types of assessment, the data 
requirements for application, and potential biases introduced by using one of the sharing principle categories. 
Finally, recommendations were provided on the application of sharing principles in AESAs using LCA and how to 
take into account the uncertainty related to choice of sharing principle. 

2 Method 

2.1 Literature review 

In the review, a criteria for selecting studies was that (i) the studies directly dealt with the PBs or were based 
on the PBs (e.g. with modified metrics) as defined in the PB-framework (Rockström et al. 2009; Steffen et al. 
2015); and (ii) the studies should deal with assigning a share of the safe operating space or otherwise down-
scaling PBs to the scale of the studied activity. In particular for the regional based assessment, the PBs as 
defined in (Rockström et al. 2009; Steffen et al. 2015) had been modified to fit with related local environmental 
boundaries which were more specific to assessed region. Thus, instead of assigning shares of the global 
boundaries to the regional scale, regional boundaries which were comparable to the global PBs were used. For 
instance, Cole et al. (2014) replaced the original PB for biodiversity i.e., extinction rate (Rockström et al. 2009), 
with the indicator “percent  endangered and critically endangered ecosystems”. This boundary was based on 
expert opinion, specific to South Africa, and defined as 0%. 
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Moreover, because the key focus of this study is to advance the application of AESAs using LCA, a particular 
focus was placed on studies that assigned shares of the safe operating space as part of AESAs of products or 
technologies using LCA.  

All sharing principles evaluated in this study were retrieved using the search query "planetary boundaries" AND 
(“share” OR “sharing” OR "scaling" OR “downscaled” OR “downscaling” OR "absolute sustainability" OR 
"allocating" OR “allocated”) in Web of Science (WoS) and Google Scholar in order to retrieve the majority of 
studies dealing with the PBs and which have assigned a share of the safe operating space to the object of study. 
The reference lists in the retrieved studies from WoS and Google Scholar was checked for additional relevant 
studies which had not been identified in the initial search. All identified studies are provided in the 
Supplementary Information (SI) Table S1 and provide a comprehensive overview of studies where the global 
safe operating space, as delimited by the PBs, has been scaled down to the scale of the object of study.  

All studies were reviewed with regards to sharing principles applied in relating to a people-perspective in 
comparison to sharing using an industry-perspective. For instance, Ryberg et al. (2018a) applied three sharing 
principles which were characterized as egalitarian from an industry-perspective. Here, the assigned share was 
proportional to economic output of the industry or proportional to consumers’ revealed preferences for 
certain industries indicated by final consumption expenditure data. The use of economic indicators was done 
under the assumption that economic value contributes to human wellbeing which can be considered true up to 
a certain satiation level after which increased economic output does not increase well-being (Jebb et al. 2018). 
From a people-perspective such sharing principles can be regarded as utilitarian as the size of the assigned 
share is proportional to economic output which leads to maximization of goods. Shares based on consumer 
spending can, from a people-perspective, be considered as acquired rights because consumers with an 
“acquired” larger spending power will have greater influence on how shares are assigned. 

2.2 Categorization of sharing principles 

The distribution of an ecological space, such as the safe operating space delimited by the PBs, is closely related 
to the questions that distributive justice theory deals with. Indeed, question about how to distribute an 
operating space between individuals has been a topic of investigation and debate for scholars in distributive 
justice theory, at least, since the philosopher John Stuart Mill (1859) stated that “the only freedom which 
deserves the name, is that of pursuing our own good in our own way, so long as we do not attempt to deprive 
others of theirs, or impede their efforts to obtain it”. Here, an anthropogenic activity that reduce the quality of 
the environment as a mean for pursuing its own good can be considered as depriving others of their possibility 
for pursuing their own good (Vanderheiden 2009). It is, therefore, necessary to define ways for distributing the 
safe operating space to individuals and activities in which they are free to operate within but where they must 
not exceed the assigned share on order to not violate the operating space assigned to other activities or 
individuals.  

The sharing principles retrieved from the literature review were categorized relative to general sharing 
principle categories which were based on literature related to distributive justice theory (e.g. Dworkin 1981a; 
Dworkin 1981b; Daniels 1990; Rawls 1999; Meyer and Roser 2006) but also based on studies related to climate 
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change (e.g. Banuri et al. 1996; Rose et al. 1998; Caney 2009; Grasso 2012) where principles for the assignment 
of e.g. emission rights (e.g. through carbon emission entitlements) have been studied, at least, since the early 
nineties (Barrett et al. 1992). Four general sharing principle categories could be defined based on the literature 
review described in Section 2.1. The sharing principles used for sharing the safe operating space in the 
reviewed studies could generally be divided into ‘Broadly Egalitarian’, ‘Utilitarian’, and ‘Non-Broadly 
Egalitarian’ (Grasso 2012) and hereafter referred to as ‘Acquired rights’ to the safe operating space. Second, 
the sharing principle category ‘Broadly Egalitarian’ was further subdivided into an ‘Egalitarian’ and a 
‘Prioritiarian’ sharing principle category as these show specific differences in their approach to distributing the 
safe operating space. In egalitarian sharing principles, full equality relative to a specific indicator has highest 
priority. Prioritiarian sharing principles give less priority to equality as it closely related to utilitarian principles. 
Thus, prioritiarian sharing principles seek to maximize total utility but increase in utility for the worse off 
persons is weighted higher. This is in contrast to a strict utilitarian principles where all increases in output are 
weighted equally and where the goal is simply to maximize total utility (Meyer and Roser 2006). 

Third, all sharing principle categories were subdivided into ‘allocation-based’ and ‘outcome-based’ categories 
(Rose et al. 1998) for sharing of the safe operating space. This subdivision was made due to what has been 
coined “the index problem” in egalitarian distributive justice theory (Rawls 1999; Moreno-Ternero and Roemer 
2012), i.e. on what indicator should the safe operating space be distributed? Allocation-based focuses on the 
distribution of the specific resources (Dworkin 1981b; Rose et al. 1998; Moreno-Ternero and Roemer 2012) 
e.g., distribution of the actual safe operating space. However, allocation based sharing principles have been in 
egalitarian distributive justice theory been accused of only having value as a means to an end (Caney 2009). 
This is because distribution of resources does not necessarily lead to equality in welfare. Here, outcome-based 
sharing principles assigns shares based on the outcomes of the assigned shares, e.g. outcomes expressed as 
satisfaction of basic needs or wellbeing (Dworkin 1981a; Moreno-Ternero and Roemer 2012). For instance, the 
need for occupation of the safe operating space might differ between geographical regions depending on e.g. 
climatic variations (Banuri et al. 1996; Grasso 2012). For instance, more energy for heating is required in cold 
regions to ensure the same level of wellbeing as in warmer regions. Hence, a larger share of the safe operating 
space should, in this case, be assigned to the cold regions to provide equal wellbeing levels.  

This gives a total of four sharing principle categories (i.e. Egalitarian, Prioritiarian, Utilitarian, and Acquired 
rights) with a further sub-division into allocation- and outcome-based. A general overview of the sharing 
principles categories is given in SI Table S2. The sharing principle categories under which the applied sharing 
principles were categorized are, in the discussion, analyzed in terms of: 

• Applicability at different scales of study (i.e. person, country/region, company, and sector) and ability to 
function as stand-alone sharing principle 

• Data requirements for applying the sharing principle category 

• Potential biases associated with the sharing principle category 
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3 Results 

3.1 Identified studies which assign shares of the safe operating space 

In total 13 studies were retrieved where either top-down assignment of the safe operating space had been 
done or where bottom-up derived boundaries had been defined based on the PBs. Out of the 13 studies, four 
studies were related to products or industrial sectors with the remaining being related to national or regional 
scales (Figure 1). In total, seven studies evaluated impacts related to consumption i.e., impacts from activities 
as a result of consumption within a region or country; four studies applied a territorial based perspective 
where impacts related to activities taking place within a region or country’s territory were evaluated; and two 
studies did assessments taking both a consumption and territorial perspective (Figure 1).  

 

Figure 1. Scale of the assessment in the retrieved studies and whether a consumption perspective or territorial perspective was 
applied in the assessment. 

The most commonly assessed PBs are those related to biogeochemical flows, i.e. nitrogen and phosphorous, 
freshwater use, land-system change, and climate change which were all assessed in, at least, eight out of 13 
studies (Figure 2). For climate change, this is likely due to the general importance placed on climate change at 
both national and sectoral/company scale. The same is observed for the biogeochemical flows, freshwater use, 
and land-system change, however, these PBs are also found to be included in regional scale studies where local 
environmental states are evaluated. Introduction of novel entities was not quantitatively assessed in any of the 
reviewed studies because a PB is yet to be defined.  
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Figure 2. Most commonly assessed Planetary Boundaries out of the 13 reviewed studies assigning shares of safe operating space. 

 

3.2 Categories of sharing principles used in the reviewed studies 

The sharing principles used in the retrieved studies were categorized according to the sharing principle 
categories described in Section 2.2. The sharing principles used in the retrieved studies could be categorized 
under Egalitarian, Utilitarian, and Acquired rights. Figure 3 shows an overview of the usage frequency of 
different sharing principle categories differentiated by the scale of the object of study.  

The ‘No assignment, locally shared within restricted territory’ category cover studies where ‘top-down’ 
assignment of a share of the safe operating space was not performed and, instead, regional boundaries which 
were comparable to the PBs were used. In total, the 13 identified studies, applied 18 sharing principles (Figure 
3). The most commonly applied sharing principle was the equal per capita sharing principle referred to as 
‘Egalitarian (allocation-based), equal per capita’ in Figure 3. A direct equal per capita sharing was only applied 
as stand-alone sharing principle in country scale assessments. The equal per capita sharing principle was also 
used in sector or company scale assessments, but in combination with other sharing principle categories, such 
as Utilitarian to account for the value (i.e. utility) that the sector or company brings to people. In total eight out 
of 18 sharing principles were combinations of different sharing principle categories. The need for applying a 
combination of sharing principles for assigning a share of the safe operating space appears to increase inversely 
with the scale of the object of study. For instance, a single stand-alone sharing principle is generally applied in 
country scale studies while a combination of two sharing principles is used in eight out of 10 attempts at 
sharing the safe operating space in sector and company scale assessments. The other two assessments at 
sector scale applied sharing principles based on acquired rights for distributing the safe operating space. 
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Figure 3. Usage frequency of different sharing principle categories or combinations of sharing principle categories used for the 
sharing principles used in the retrieved studies.  

 

4 Discussion 

4.1 Retrieved studies assigning shares of the safe operating space 

As noted earlier, the most commonly assessed PBs were biogeochemical flows, i.e. nitrogen and phosphorous, 
freshwater use, land-system change, and climate change which is likely due to the general importance placed 
on climate change and the importance of the local scale Earth System processes which are affected by land use, 
nutrient emissions and water use.  This importance of the focus on protecting the local to regional 
environment is, for instance, indicated in Dearing et al. (2014) and Kahiluoto et al. (2015) which also take into 
account the social aspects related to reducing activity levels for staying within local environmental boundaries. 
As expressed by Dearing et al. (2014), the combination of environmental and social aspects can be related to 
the concept of a safe and just operating space for humanity where humans live in a society that is free from 
critical human deprivations  and where environmental pressures are kept within the PBs (Raworth 2012). 

However, the importance of the aforementioned PBs does not explain why the PBs change in biosphere 
integrity, stratospheric ozone depletion, ocean acidification, atmospheric aerosol loading, and introduction of 
novel entities are not as often included in assessments. For change in biosphere integrity the low usage is likely 
due to the uncertainty related to the choice of indicator for the PBs which, in lack of better, are both 
considered as interim control variables in the PB-framework (Steffen et al. 2015) and where models that 
comprehensively capture the effect of different anthropogenic pressures in the metrics of the interim control 
variables are lacking. Further, some studies only focused on a few selected PBs and, thus did include change in 
biosphere integrity. For both stratospheric ozone depletion and ocean acidification, the reasons for exclusion 
was that a specific focus was placed on a few selected PBs (Fang et al. 2015a; Fanning and O’Neill 2016) or 
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because studies only focused on local to regional scale Earth System processes (Dearing et al. 2014; Kahiluoto 
et al. 2015; Teah et al. 2016) where both stratospheric ozone depletion and ocean acidification are global Earth 
System process (Rockström et al. 2009). An additional reason for excluding stratospheric ozone depletion is 
that the driver behind the problem i.e., emission of ozone depleting substances is generally considered 
resolved (Hoff et al. 2014; Dao et al. 2015; Sandin et al. 2015) as ozone concentrations are increasing (WMO 
2014). Thus, the PB is not considered relevant when evaluating the pressure that activities place on the Earth 
System. Another reason for excluding ocean acidification is that some studies (Nykvist et al. 2013; Hoff et al. 
2014; Sandin et al. 2015) have excluded ocean acidification due to its close connection to climate change 
where the main driver for both processes are emissions of CO2  (Doney et al. 2009). Hence, ocean acidification 
is considered covered by the PBs for climate change. Further, although recent proposals on an impact category 
on ocean acidification have been made (Bach et al. 2016; Ryberg et al. 2018b),  a reason for excluding ocean 
acidification in LCA studies (as done by e.g. Brejnrod et al., 2017 and Wolff et al., 2017) might be that an impact 
category for ocean acidification is generally lacking in established life-cycle impact assessment methodologies. 

Although, both atmospheric aerosol loading, and introduction of novel entities can be considered as highly 
important for the local environment, both are seldom assessed. This is likely due to the lack of representative 
PBs for these processes. Only a regional PB related to the Indian subcontinent exists for atmospheric aerosol 
loading while a PB is lacking for introduction of novel entities. The lack of PBs hinders an assignment of a share 
of the safe operating space and also the ability to relate the pressures of an activity to the PB. For atmospheric 
aerosol loading, only Ryberg et al. (2018a) attempted to express impacts in the metric of the control variable 
for the PB on atmospheric aerosol loading, whereas, other studies have attempted to include atmospheric 
aerosol loading by using other related indicators and comparing to other related boundaries on air pollution 
(Cole et al. 2014; Teah et al. 2016).  

 
4.2 Applicability at different scales of study and as stand-alone sharing principle  

The applicability of sharing principles belonging to different sharing principle categories for assigning a share of 
the safe operating at different scales of study is discussed in this section. This also includes the ability of such 
sharing principles as stand-alone sharing principles or if a combination with other sharing principles belonging 
to other sharing principle categories are required. 
 
As evidenced from the usage frequency in the reviewed studies (Figure 3), egalitarian sharing principles are 
directly applicable at county scale, and based on population based scaling also on person scale. Both allocation- 
and outcome-based sharing principles can be applied. For allocation-based egalitarian sharing principles, the 
share assigned to a person or country could e.g., be based on population or land area (as has been done in 
previous studies, see SI Table S1). Outcome-based egalitarian sharing principles can also be applied, but were 
not retrieved as part of the review. This might be due to the difficulty in selecting and estimating outcome 
related indicators (e.g. personal wellbeing) which, in principle, are subjective and specific to each individual 
(Dworkin 1981a). Moreover, the egalitarian sharing principles can be used as stand-alone sharing principles at 
country and person scale, but can also be applied in combination with sharing principles related to other 
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sharing principle categories (see Figure 3 for examples). The sharing principles belonging to the Egalitarian 
sharing principle category are not applicable as stand-alone sharing principles for assessments at company and 
sector scale. This is because egalitarian sharing principles, taking a people-perspective, focuses on distribution 
among people and not among companies and industrial sectors unless this can be based on an indicator.  
This is also evident from Figure 3 where all reviewed studies on companies or sectors which applied an 
egalitarian sharing principle used this for scaling from global scale to a territorial scale more relevant for 
assessed company or sector. Hereafter, sharing principles belonging to the Utilitarian or Acquired rights sharing 
principle categories were applied for distributing the safe operating space that was scaled to territorial scale. 
This allows for application of egalitarian sharing principles for assigning a share of the safe operating space for 
companies or sectors, however, the need for combination with sharing principles belonging to Utilitarian, 
Prioritiarian or Acquired rights sharing principle categories means that the general sharing of the safe operating 
space cannot be categorized as being fully egalitarian which might be problematic if the goal was to assign a 
share based on fully egalitarian principles.   
 
Both utilitarian and prioritiarian sharing principles are inherently outcome based as the used indicator should 
reflect utility for people. Thus, utilitarian and prioritiarian sharing principles are not applicable for allocation-
based sharing. Utilitarian and prioritiarian sharing principles can be directly applicable a person and country 
scale where the share assigned to a person should be based on a utilitarian formulation that maximizes the 
sum of utilities across all persons or countries with the addition that utility increases for the worse off is 
weighted higher for prioritiarian sharing principles. Such weighting could, for instance, be done by using 
methods for measuring the marginal utility of income as shown by Layard et al. (2008). Both utilitarian and 
prioritiarian sharing principles can be applicable as stand-alone sharing principles at company and sector scale 
where the outputs generated by the companies or sectors can be argued to affect the utility (such as welfare) 
of people. Thus, the indicator on which to assign the safe operating space could be based on the companies’ or 
sectors’ contribution to utility. For instance, for utilitarian sharing principles, the share assigned to a company 
or sector should be proportional to its contribution to total utility relative to other companies or sector. The 
same goes for prioritiarian sharing principles albeit where contribution to utility for the worse off is given 
higher weighting. Possible indicators of utility could e.g. be peoples’ preferences for specific products over 
others, contribution to economic value, contribution to happiness, fulfillment of human needs relative to e.g. 
Maslow’s pyramid of needs (Maslow 1943), and number of full-time equivalent employees.  
 
Sharing principles belonging to the Acquired rights sharing principle category can be applied at all scales of 
study and can be used either as stand-alone sharing principle or in combination with other sharing principles 
related to other sharing principle categories (see Figure 3 for example). Although, a stand-alone acquired rights 
based sharing principle was only used in one study at sector scale, usage of acquired rights based sharing 
principles at country scale has been observed e.g. a ‘grandfathering’ principle was used in the Kyoto protocol 
for setting emission rights for the Annex I countries using 1990 as baseline year (Caney 2009). 
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4.3 Data requirements for applying the sharing principle category 

Indicator choice 

With regards to the “Broadly egalitarian” sharing principles, the complexity and uncertainty of the indicator 
increases when moving from allocation-based to outcome-based sharing principles because outcome-based 
sharing principles requires that a link between the assigned share of the safe operating space and the indicator 
in which the outcome is measured is derived. For instance, emissions of CO2 can be measured with certainty 
but the welfare experienced by people as a results of the CO2 emissions cannot be easily measured and must 
be estimated e.g., using surveys or models that can link CO2 emissions with welfare. Indeed, prediction of 
outcome-based indicators, such as personal wellbeing, are challenging and, in principle, subjective to each 
individual (Dworkin 1981a), but methods for creating indicators of subjective wellbeing are available such as 
indicators of “happiness“ (Diener 2000). From a decision-making perspective, it appears more relevant to apply 
indicators that express the overall goal (i.e., to increase wellbeing of people) rather than the means to reach 
the goal such as equal distribution of the safe operating space. In lack of specific indicators of welfare, more 
readily available economic indicators could be applied as proxies for welfare, although proportionality between 
economy (as income) and wellbeing (as happiness) is not always observed (Diener 2000; Easterlin et al. 2010; 
Jebb et al. 2018).  

In general, allocation-based sharing principles provide more certain indicators on which to based sharing of the 
safe operating space. The outcome-based sharing principles required a larger effort to estimate with a higher 
degree of uncertainty, but with a higher degree of applicability and interpretability as the primary goal of 
egalitarian distribution is to achieve equal wellbeing instead of equal access to resources. With regards to 
sharing principles related to the Acquired rights sharing principle category, data on the impacts associated with 
the assessed activity and data on the total impacts are required to estimate the assessed activity’s contribution 
to total impact. Such data are generally available as the contribution to impacts could be achieved by 
performing an environmental assessment such as LCA while estimates of total impacts for the PBs is given in 
the PB-related literature (e.g. Steffen et al. 2015). 

Spatial characteristics 

An important aspect of the PB-framework is that most PBs are, in fact, not occurring at a global scale and most 
of the Earth System processes operate at a local to regional scale were exceedance of the PBs at the sub-
planetary scale can aggregate into impacts at the planetary scale (Rockström et al. 2009). In the PB-framework 
by Steffen et al. (2015), local or regional scale boundaries have been defined for land-system change, 
freshwater use, and atmospheric aerosol loading.  
 
Indeed, the data on impacts should represent the spatial scale of the environmental process, e.g. global scale 
for climate change and more local to regional scale for e.g. freshwater use. This requirement is independent on 
the choice of sharing principle and is valid for all sharing principles as they all rely on indicators that can be 
spatially differentiated. The need for spatial differentiated data refer back to the criteria set by Bjørn et al. 
(2016) and Meyer and Roser (2006) in defining what should be distributed and by whom? Indeed, for spatial 
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differentiated PBs, it is important to derive the PB level (i.e. the safe operating space) at each of the locations 
where the object of study might affect the Earth System. Moreover, all activities competing for the safe 
operating space at each of the locations should in principle be identified in order to distribute the safe 
operating space at each location between the competing activities. Indeed, such level of spatial data can 
require a large effort to retrieve and simplifications might be needed. For instance in the case of freshwater 
use, instead of obtaining data on the specific activities withdrawing water from a river basin, data on all 
activities located within the affected river basins might be easier to obtain and could provide an adequate basis 
on which to distribute the safe operating space for freshwater use within the river basin. An even cruder, but 
more pragmatic, simplification could be to assume all river basins as part of a global commons and distribute all 
river basins between all activities. This would only require data on global indicators (which are likely more 
readily available) and determination of the assigned share of the safe operating space would only have to be 
done once in contrast to full spatial differentiation were determination of the assigned share would have to be 
done for each affected river basin. The downside of such simplifications is the loss of information and the fact 
that all resources (such as water) are assumed a global shareable common. This might not reflect reality where 
the water in a specific region can only be used (and thus shared) between the activities located in this region. 
Indeed, further investigation on the ability to assigning shares of spatially specific safe operating spaces is 
needed and the potential implications of the proposed simplifications should be uncovered. For application in 
AESAs, it is recommended that the most detailed approach is applied and that the scale at which competing 
activities are identified align with the scale of the PB. However, it is acknowledged that such fine resolution is 
often not achievable due to insufficient knowledge and data. 

4.4 Potential biases associated with the sharing principle category 

For sharing principles categories under the Egalitarian sharing principle category, the indicator used for equally 
distributing the safe operating space can introduce a bias towards or against certain activities. Allocation-based 
sharing principles at person scale introduces a bias towards persons which will experience a higher degree of 
welfare compared to other persons which may require a larger share of the safe operating space to experience 
the same degree of welfare (Caney 2009). At a country scale, biases towards countries with a large population 
or large area may be introduced. The selection of indicator for outcome-based egalitarian sharing principles 
can introduce a bias at person, country, company, and sector scale. At person and country scale, the selection 
of indicator can introduce a bias towards persons or a country’s population that require a larger share of the 
safe operating space to experience the same degree of outcome relative to other persons. For instance, people 
living in colder regions may require a larger share of the safe operating space relative to people living in warm 
regions because they would need energy for heating in order to experience the same degree of wellbeing.  

At person and country scale, utilitarian and prioritiarian sharing principles will likely introduce a bias towards 
persons with relative low wellbeing which can easier be increased while a bias will likely be introduced against 
persons with an already high wellbeing. This is because the assigned shares for people with a high wellbeing 
can likely be reduced without actually leading to a decrease in net wellbeing because the persons with a high 
level of wellbeing as a result of affluence and subsequent consumption may have reached a satiation level. This 
is for instance, shown by Jebb et al. (2018) where the increase in happiness per unit increase in income is found 
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to saturate. It is likely that a similar relationship could be found between happiness and assigned share of the 
safe operating space. These biases are likely to be further magnified according to prioritiarian sharing principles 
which is per definition biased towards people which are worse off. Similarly at company and sector scale, the 
selection of indicators for utilitarian or prioritiarian sharing principles can introduce a bias towards certain 
companies and sectors. If wellbeing is used as indicator, this may assign a larger share to companies involved in 
humanitarian work. On the other hand, if economic output is used as indicator (as a proxy for welfare) then 
companies in the financial sector will be assigned a large share of the safe operating space. Again, prioritiarian 
sharing principles will likely introduce a bias towards companies and sectors which increase utility for people 
which are worse off while companies and sectors producing output that benefit people with an already high 
level of wellbeing will be assigned a relatively smaller share of the safe operating space. 

For sharing principles categories under the Acquired rights sharing principle category, a bias is placed towards 
existing activities with already high contribution to impacts while activities that have a low contribution to 
impacts (either due to the nature of the activity or because actors involved with the activity has managed to 
reduce the contribution to impacts) are assigned a smaller share (Caney 2009; Grasso 2012; Ryberg et al. 
2018a). Thus, sharing principles belonging to the Acquired rights sharing principle category are biased towards 
activities which either currently or historically are responsible for environmental impacts. Moreover, a bias is 
introduced against new activities or planned future activities (with a potentially lower environmental impact) 
which are either assigned a relatively small share or zero share of the safe operating space, respectively, as 
their contribution to environmental impacts is either very small or none at all (Ryberg et al. 2018a). 

4.5 Recommendations on application of sharing principle categories 

It is likely not relevant to define a single sharing principle or a group of sharing principles that should be 
universally applied in all absolute sustainability assessments. The reason is that the specific choice of sharing 
principle will be dependent on subjective values; hence the definition of one single principle in which everyone 
agrees appears implausible. Thus, instead of trying to define a single universal sharing principle, absolute 
sustainability assessments should make it explicit and justify why a specific sharing principle is used. This 
justification can be based on the values of the conductor of the AESA. This would make the choice about 
assignment of the safe operating space transparent and allow potential users of the AESA results to evaluate 
whether the selected sharing principle aligns with their own values and, thus, if the AESA results can be applied 
in the context they want to use them in. If this is not the case, it is recommended to either redo the results 
using different sharing principles or conduct a new AESA which fully aligns with their own values. 

Further, it is likely more than one person is involved in making an AESA and that the persons involved will have 
different values with regards to distribution of the safe operating space. In such cases, it is recommended to list 
the sharing principles favored by the involved people (e.g. as part of a stakeholder consultation) and include 
the uncertainty related to choice of sharing principles together with other sources of uncertainty in the AESA 
(e.g. uncertainty related to quantification of impacts and uncertainty related to determination of the safe 
operating space). The uncertainty related to choice of sharing principles could be quantified using Monte Carlo 
simulation. Here, the distribution of the stakeholder preferences for the sharing principles can be used to 
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construct a discrete probability distribution for the choice of sharing principle and, thus, the share of the safe 
operating space assigned to the object of study. For instance, if two stakeholders favor a specific sharing 
principle which assigns a share of size xx and another stakeholder favors another sharing principle assigning a 
share of yy, then the probability of using the share xx should be twice that of using share yy (i.e. probability of 
0.66 and 0.33 for share xx and yy, respectively). This probability distribution can be included as part of a 
general uncertainty analysis which also includes uncertainty related to quantification of impacts and 
determination of the safe operating space. Here, as proposed by Ryberg et al. (2018a), a suggestion for 
determining absolute sustainability could be that 95% of the iterations during the Monte Carlo simulation 
should not exceed the assigned share of the safe operating space. 

5 Conclusion 

This study conducted a review of previous studies that have attempted to assign share a share of the safe 
operating and, thereby, assessed the absolute sustainability of different anthropogenic activities. This gave an 
overview of the previously applied sharing principles for sharing the safe operating. The sharing principles 
retrieved from the previous studies were categorized under overall sharing principle categories which were 
based on distributive justice theories. The defined sharing principle categories were Egalitarian, Utilitarian, 
Prioritiarian, and Acquired rights. 

From the review, it was found that most studies applied egalitarian based sharing principles, the most often 
used sharing principle was equal per capita distribution of the safe operating space. These were, however, only 
applicable for person and country scale assessments. Sharing principles belonging to other sharing principle 
categories (i.e. Utilitarian, and Acquired rights) were required to assign shares of the safe operating space in 
company and sector scale assessments. It was also found that a combination of different sharing principle 
categories was often applied to go from global scale to the scale of the object of study. The indicators used for 
assigning shares of the safe operating space were generally either based on population, area, or economic 
indicators (often assuming that these provide an indication of the welfare provided to people). Potentially 
more relevant indicators such as human wellbeing were not applied. This might be due to the larger effort 
needed for predicting such outcomes as a result of distributing the safe operating space. In particular, because 
the experienced welfare related to a specific assigned share of the safe operating space is subjective and will 
differ between individuals.  

The ability to categorize sharing principles based on the distributive justice theory they relate to allows for 
making informed choices about how to assign a share of the safe operating space and to justify on which 
theory of distributive justice this is done. This can aid transparency in assigning shares of the safe operating 
space in absolute sustainability assessments as it is now possible to make explicit on which theories of 
distributive justice the safe operating space was distributed. 

Supplementary information 

A full overview of the reviewed studies, and extended overview and description of the sharing principle 
categories are provided in the Supplementary information. 
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1 Overview of retrieved studies in review 

 

Table S1. Overview of sharing principles used in studies on assessment absolute sustainability of products and technologies using LCA 

Reference Planetary Boundaries 
covered 

Scale of study; object 
of study; Territorial OR 
Consumption based  

Sharing principle; Sharing principle 
category 

Sharing principle calculation 

Sandin et al. 
(2015)  

Climate change; 
Biogeochemical flows – 
Nitrogen; Freshwater 
use; Land system 
change; Biosphere 
integrity; 
Biogeochemical flows – 
Phosphorous Global  

Sectoral scale; textile 
sector but only within 
national scale, i.e. 
Sweden and Nigeria; 
Consumption based  

Equal per capita (individual rights) 
times a factor distributing rights to 
impacts for the textile sector relative 
to other sectors based on textiles 
contribution to well-fare.; Egalitarian 
(combining allocation-based & 
outcome-based) 

𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

×
𝐼𝐼𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔�
𝐼𝐼𝐼𝐼𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔�
× 𝑞𝑞  

Where aS is the share of the safe operating space assigned to the system 
under study. Pregional and Pglobal is the current regional and global population, 
respectively. Pglobal,future is the future global population. Icproduct and Icglobal is the 
per capita environmental impacts within the region and globally, 
respectively. 𝑞𝑞 ∈ {0.5,1,2} is a factor translating the regional impact 
reduction targets (i.e. for staying within the Planetary Boundaries) to targets 
for a specific market segment (Sandin et al. 2015). Here, certain market 
segments may need to reduce, remain unchanged, or increase relative to the 
other market segments in the region (Sandin et al. 2015).  

Grandfathering (i.e. regions historic 
share of environmental impacts 
remains unchanged) times a factor 
distributing rights to impacts for the 
textile sector relative to other 
sectors based on textiles 
contribution to well-fare.; 
Combining Acquired rights & 
Egalitarian (outcome-based) 

𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

× 𝑞𝑞  

Where Pregional,future is the future regional population. 

Equal per capita historical rights to 
impact (historical right of individuals 
in regional population) times a factor 
distributing rights to impacts for the 
textile sector relative to other 
sectors based on textiles 
contribution to well-fare.; Combining 
Acquired rights & Egalitarian 
(outcome-based) 

𝑎𝑎𝑎𝑎 =
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
×

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

× 𝑞𝑞 

Equal per capita share of cumulative 
environmental stock times a factor 
distributing rights to impacts for the 

𝑎𝑎𝑎𝑎 = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

× 𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

× �
𝐼𝐼𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔�
𝐼𝐼𝐼𝐼𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑟𝑟𝑔𝑔𝑔𝑔�
�
2

× 𝑞𝑞  
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Reference Planetary Boundaries 
covered 

Scale of study; object 
of study; Territorial OR 
Consumption based  

Sharing principle; Sharing principle 
category 

Sharing principle calculation 

textile sector relative to other 
sectors based on textiles 
contribution to well-fare.; Egalitarian 
(combining allocation-based & 
outcome-based) 

(Ryberg et al. 
2018) 

Climate change; ozone 
depletion; ocean 
acidification; 
Biogeochemical flows – 
Phosphorous – Global; 
Biogeochemical flows – 
Phosphorous – Regional; 
Biogeochemical flows – 
Nitrogen; Freshwater 
use; Land-system 
change; atmospheric 
aerosol loading 

Sectoral scale; laundry 
washing in the EU; 
Consumption based  

Equal per capita & Final 
consumption expenditure share in 
the EU; Egalitarian (allocation-based) 
& Acquired rights 

𝑎𝑎𝑎𝑎 =
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

×
𝐹𝐹𝐹𝐹𝐸𝐸𝑝𝑝𝑓𝑓𝑔𝑔𝑝𝑝𝑓𝑓𝐼𝐼𝑓𝑓,𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔

𝐹𝐹𝐹𝐹𝐸𝐸𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
 

Where FCEproduct,regional is the final consumption expenditure by consumers on 
the product in the region and FCEregional is the total regional final consumption 
expenditure. 

Final consumption expenditure; 
Acquired rights 𝑎𝑎𝑎𝑎 =

𝐹𝐹𝐹𝐹𝐸𝐸𝑝𝑝𝑓𝑓𝑔𝑔𝑝𝑝𝑓𝑓𝐼𝐼𝑓𝑓
𝐹𝐹𝐹𝐹𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

Where FCEproduct is the final consumption expenditure by consumers on the 
product and FCEglobal is the total global final consumption expenditure. 

Equal per capita & Gross value 
added; Egalitarian (allocation-based) 
& Utilitarian 

𝑎𝑎𝑎𝑎 =
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

×
𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑓𝑓𝑔𝑔𝑝𝑝𝑓𝑓𝐼𝐼𝑓𝑓,𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔

𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
 

Where GVAproduct,regional is the gross value added (GVA) from the product in the 
region and GVAregional is the total regional GVA. 

Grandfathering based on 
contribution to occupation of total 
SOS; Acquired rights 

𝑎𝑎𝑎𝑎 =
𝐼𝐼𝑝𝑝𝑓𝑓𝑔𝑔𝑝𝑝𝑓𝑓𝐼𝐼𝑓𝑓
𝐼𝐼𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

(Nykvist et al. 
2013) 

Climate change; 
Biogeochemical flows – 
Nitrogen; Freshwater 
use; Land-system change 
(Ozone depletion; 
Biosphere integrity; 
Biogeochemical flows – 
Phosphorous Global also 
included in modified 
versions) 

National scale; Sweden; 
Territorial and 
Consumption based  

Equal per capita shares ; Egalitarian 
(allocation-based), equal per capita 𝑎𝑎𝑎𝑎 =

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

(Hoff et al. 
2014) 

Climate change; 
Freshwater use; Land-
system change; 
Biosphere integrity; 
Biogeochemical flows – 
Phosphorous – Global; 
Biogeochemical flows – 
Nitrogen.  
However, use different 
indicators. Mentions 
Ozone depletion; ocean 

National scale; 
European Union; 
Territorial and 
Consumption based 

Equal per capita shares; Egalitarian 
(allocation-based), equal per capita 𝑎𝑎𝑎𝑎 =

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
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Reference Planetary Boundaries 
covered 

Scale of study; object 
of study; Territorial OR 
Consumption based  

Sharing principle; Sharing principle 
category 

Sharing principle calculation 

acidification; 
introduction of novel 
entities; and 
atmospheric aerosol 
loading but does not 
assess these boundaries 

(Wolff et al. 
2017) 

Biosphere integrity 
included in  modified 
version 

Company scale; food 
portfolio of a retail 
company; Consumption 
based  

Distribution between industrial 
sectors is based on grandfathering 
principle.  
 
Share assigned to company is based 
on its consumers market share (in 
person.year-eqs) relative to global 
population; Combination of 
Egalitarian (allocation-based) & 
Acquired rights 

𝑎𝑎𝑎𝑎 = 𝛼𝛼 × 𝛽𝛽 ×
1

𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
 

Where α is the relative contribution of the industry sector to environmental 
impact, β is the market share of the company within the industry sector, 
expressed in person.year-eqs.  

(Dao et al. 
2015) 

Climate change; ocean 
acidification; Land-
system change; 
Biosphere integrity; 
Biogeochemical flows – 
Phosphorous – Global; 
Biogeochemical flows – 
Nitrogen. 

National scale; 
Switzerland ; 
Consumption based  

An equal share per capita is used to 
down-scale from global to national 
scale; Egalitarian (allocation-based), 
equal per capita 

𝑎𝑎𝑎𝑎 =
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

(Dearing et 
al. 2014) 

Uses local and regional 
indicators not linked to 
the PBs 

Regional scale; Two 
Chinese regions; 
Territorial based 

No allocation is applied as regional 
boundaries are derived from 
regional sustainability 
considerations; no assignment, 
within restricted territory 

 

(Cole et al. 
2014) 

Climate change; 
biosphere integrity; 
ozone depletion; 
Biogeochemical flows – 
Phosphorous – Regional; 
Biogeochemical flows – 
Nitrogen; Freshwater 
use; Land-system 
change; atmospheric 
aerosol loading; 
Introduction of novel 
entities. However, 
boundaries are modified 

National scale; South 
Africa; Territorial based 

No allocation is applied as 
boundaries are based on national 
conditions; no assignment, within 
restricted territory 
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Reference Planetary Boundaries 
covered 

Scale of study; object 
of study; Territorial OR 
Consumption based  

Sharing principle; Sharing principle 
category 

Sharing principle calculation 

to comply with targets 
and commitments in 
South Africa 
 

(Fanning and 
O’Neill 2016) 

Climate change National scale; Spain 
and Canada; 
Consumption based  

Equal per capita shares; Egalitarian 
(allocation-based), equal per capita 
 

𝑎𝑎𝑎𝑎 =
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

Biogeochemical flows – 
Nitrogen 

Equal N per hectare of arable land; 
Egalitarian (allocation-based) 
 

𝑎𝑎𝑎𝑎 =
𝐺𝐺𝑔𝑔𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑓𝑓,𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔

𝐺𝐺𝑔𝑔𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑓𝑓,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
 

Biogeochemical flows – 
Phosphorous - Global 

Equal P per hectare of arable land; 
Egalitarian (allocation-based) 𝑎𝑎𝑎𝑎 =

𝐺𝐺𝑔𝑔𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑓𝑓,𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔

𝐺𝐺𝑔𝑔𝑓𝑓𝑔𝑔𝑔𝑔𝑔𝑔𝑓𝑓,𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
 

Freshwater use Territorial resource base, freshwater 
(River basin scale); no assignment, 
within restricted territory 

Maximum blue water withdrawal is 25% for low-flow months; 30% for 
intermediate-flow months; 55% for high-flow months. 

Land system change Territorial resource base, land; no 
assignment, within restricted 
territory 

Minimum area available for regeneration of biological resources divided by 
territorial land area 

Kahiluoto et 
al. (2015) 

Biogeochemical flows – 
Nitrogen 
Biogeochemical flows – 
Phosphorous – Global 
Biogeochemical flows – 
Phosphorous - Regional 

National scale; Finland; 
Territorial based 

Equal per capita sharing; Egalitarian 
(allocation-based), equal per capita 𝑎𝑎𝑎𝑎 =

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

Teah et al. 
(2016) 

Biogeochemical flows – 
Phosphorous – Regional; 
Biogeochemical flows – 
Nitrogen; Freshwater 
use; Land-system 
change; atmospheric 
aerosol loading; 
Introduction of novel 
entities. However, most 
boundaries are modified 
to comply with targets 
and commitments in 
China 

Regional scale; Heihe 
river basin, China; 
Territorial based 

No sharing of safe operating space. 
Environmental targets and 
boundaries are based on national 
commitments and targets; no 
assignment, within restricted 
territory 

 

(Brejnrod et 
al. 2017) 

Climate change; ozone 
depletion. In modified 
versions:  
Biogeochemical flows – 
Phosphorous – Global; 

Product scale; dwelling 
in Denmark; 
Consumption based  

Equal per capita & Final 
consumption expenditure share in 
Denmark; Egalitarian (combining 
allocation-based & outcome-based) 

𝑎𝑎𝑎𝑎 =
𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

×
𝐹𝐹𝐹𝐹𝐸𝐸𝑝𝑝𝑓𝑓𝑔𝑔𝑝𝑝𝑓𝑓𝐼𝐼𝑓𝑓,𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔

𝐹𝐹𝐹𝐹𝐸𝐸𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
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Reference Planetary Boundaries 
covered 

Scale of study; object 
of study; Territorial OR 
Consumption based  

Sharing principle; Sharing principle 
category 

Sharing principle calculation 

Biogeochemical flows – 
Nitrogen; Freshwater 
use; Land-system 
change; atmospheric 
aerosol loading; 
biosphere integrity 

Fang et al. 
(2015) 

Climate change National scale; 28 
selected nations; 
Consumption based  

Equal per capita sharing; Egalitarian 
(allocation-based), equal per capita 𝑎𝑎𝑎𝑎 =

𝑃𝑃𝑓𝑓𝑓𝑓𝑔𝑔𝑟𝑟𝑔𝑔𝑛𝑛𝑔𝑔𝑔𝑔
𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

Freshwater use; Land 
system change 

Boundary defined within nation, 
hence, no sharing between nations; 
no assignment, within restricted 
territory 
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2 Extended description of sharing principle categories 

Questions about how to distribute an operating space between individuals has been a topic of investigation 
and debate for scholars in distributive justice theory at least since the philosopher John Stuart Mill (1859) 
claimed that “the only freedom which deserves the name, is that of pursuing our own good in our own way, so 
long as we do not attempt to deprive others of theirs, or impede their efforts to obtain it”. By this definition, 
Mill set the constraint to personal liberty that it should not affect the personal liberty of others. Hence, there is 
a need for defining the size of the personal space in which each individual is free to operate. Different ways for 
defining and assigning the personal space has since then been proposed (e.g. Dworkin 1981a; Dworkin 1981b; 
Rawls 1999; Sen 1999; Meyer and Roser 2006).  
 
The following description of Egalitarian, Utilitarian, Prioritiarian, Acquired rights based sharing principles is 
based on different literature related to distribution justice theory and distribution of ecological spaces (e.g. 
Dworkin 1981a; Banuri et al. 1996; Rose et al. 1998; Meyer and Roser 2006; Vanderheiden 2009; Caney 2009; 
Grasso 2012). 
 
2.1 Egalitarian  

Egalitarian based sharing principles focus on a strict equal sharing between people (Dworkin 1981a). A key 
question in egalitarian distribution is the indicator on which to determine the shares (Dworkin 1981a). For 
Allocation-based Egalitarian, the indicator is the resources. For instance, an equal per capita sharing of the 
tolerable greenhouse gas emissions without exceeding the safe operating space. For Outcome-based 
Egalitarian, the indicator is the outcome of the sharing, for instance equal wellbeing from emitting the 
tolerable greenhouse gas emissions without exceeding the safe operating space (Vanderheiden 2009). Here, 
the choice of indicator becomes even more important and will likely be subject to value-laden choices. 
 

2.2 Utilitarian 

Utilitarian based sharing principles focus on formulating a distribution which maximizes the total utility across 
all persons. Again the choice of indicator (or indicators) on which to measure utility will influence how the 
shares of the safe operating space are distributed. Moreover, as the goal is to maximize total utility, utilitarian 
sharing principles does not take into account potential increases in inequality (Meyer and Roser 2006). 
 

2.3 Prioritiarian 

The prioritiarian based sharing principles focus on formulating a distribution which maximizes the total utility 
across all persons, but where increase in utility for persons that are worse off is weighted higher. Again the 
choice of indicator (or indicators) on which to measure utility will influence how the shares of the safe 
operating space are distributed. The choice of weighting is also important (Meyer and Roser 2006). This choice 
of weighting can range from equal weighing, where prioritiarian becomes equal to utilitarian, to absolute 
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weighting of increasing utility of the worse off (Meyer and Roser 2006), the so-called ‘maximin’ principle  (Rose 
et al. 1998; Rawls 1999) which entails that the welfare of the worse off nations is maximized. Thus, in contrast 
to utilitarian sharing principles, prioritiarian sharing principles takes into account inequality persons that are 
worse off are assigned a larger share (Meyer and Roser 2006). 
 

2.4 Acquired rights to the safe operating space 

The acquired rights based sharing principles cover all sharing principles which are based on a peoples, nations, 
companies, or sectors’ acquired rights either historically or currently (Banuri et al. 1996). For instance, the 
share of greenhouse gas emissions without exceeding the safe operating space should according to the 
acquired rights ‘status quo’ principle, be distributed between people based on their current contribution to 
total greenhouse gas emission levels. Thus, the assigned share should be proportional to their contribution to 
total emissions. The rationale is that people, countries, companies, or nations’ historical acquisition of rights to 
emit are there property (Banuri et al. 1996), thus, although, they will need to reduce to remain within the safe 
operating space, they should retain their acquired relative share of the tolerable emissions. 
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3 Application of the defined sharing principle categories at different scales of study 

Table S2. Overview of the sharing principles categories which could be defined based on previous studies on assigning share of the safe operating space 

Sharing 
principle 
category 

Sub-
category 

Person Country Company Sector 

Acquired rights Allocation The share assigned to a person 
should correspond to the person’s 
current contribution to impacts 

The share assigned to a country 
should correspond to the country’s 
current contribution to impacts 

The share assigned to a company 
should correspond to the company’s 
current contribution to impacts 

The share assigned to a sector 
should correspond to the sector’s 
current contribution to impacts 

 Outcome The share assigned to a person 
should correspond to the person’s 
current wellbeing level 

The share assigned to a country 
should correspond to the country’s 
current wellbeing level 

The share assigned to a company 
should correspond to the company’s 
current contribution to peoples’ 
wellbeing 

The share assigned to a sector 
should correspond to the sector’s 
current contribution to peoples’ 
wellbeing 

Egalitarian Allocation Each person is assigned an equal 
share of the safe operating space 
(e.g. equal GHG emission or 
freshwater withdrawal) 

Each country is assigned an equal 
share of the safe operating space 
(e.g. based on country population, 
equal per-capita GHG emission or 
freshwater withdrawal) 

Not applicable in a person-
perspective, as distribution between 
companies or sectors should be based 
on the outputs (or utility) they 
provide for people. A company or 
sector can, therefore, not be directly 
assigned an equal share on the same 
premises as persons. 

Not applicable in a person-
perspective, as distribution 
between companies or sectors 
should be based on the outputs 
(or utility) they provide for people. 
A company or sector can, 
therefore, not be directly assigned 
an equal share on the same 
premises as persons. 

 Outcome Each person is assigned equal benefit 
or equal burdens from occupying the 
safe operating space (e.g. equal 
wellbeing) 

Each country is assigned equal 
benefit or equal burdens from 
occupying the safe operating space 
(e.g. based on country population, 
equal per-capita wellbeing) 

Not applicable in a person-
perspective, as distribution between 
companies or sectors should be based 
on the outputs (or utility) they 
provide for people. A company or 
sector can, therefore, not be directly 
assigned an equal share on the same 
premises as persons. 

Not applicable in a person-
perspective, as distribution 
between companies or sectors 
should be based on the outputs 
(or utility) they provide for people. 
A company or sector can, 
therefore, not be directly assigned 
an equal share on the same 
premises as persons. 

Prioritiarian Allocation Not directly applicable as utilitarian 
distribution is based on outcome as 
utility 

Not directly applicable as utilitarian 
distribution is based on outcome as 
utility 

Not applicable in a person-
perspective, as distribution between 
companies or sectors should be based 
on the outputs (or utility) they 
provide for people  

Not applicable in a person-
perspective, as distribution 
between companies or sectors 
should be based on the outputs 
(or utility) they provide for people  

 Outcome The share assigned to a person 
should be based on a utilitarian 
formulation that seeks to maximize 
the sum of utilities across all persons. 
However, utility increases for the 
worse off is weighted higher (e.g., 
measured as marginal utility of 
income; Layard et al. 2008) 

The share assigned to a country 
should be based on a utilitarian 
formulation that seeks to maximize 
the sum of utilities across all 
countries. 
However, utility increases for the 
worse off countries is weighted 
higher (e.g., measured as marginal 

The share assigned to a company 
corresponds to its contribution to 
wellbeing (utility). Shares are 
assigned  based on a  utilitarian 
formulation that seeks to maximize 
the sum of utilities across persons, 
but increase in poor peoples’ 
wellbeing is weighted higher 

The share assigned to a sector 
corresponds to its contribution to 
wellbeing (utility). Shares are 
assigned  based on a  utilitarian 
formulation that seeks to 
maximize the sum of utilities 
across persons, but increase in 
poor peoples’ wellbeing is 
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utility of income; Layard et al. 
2008) 

weighted higher 

Utilitarian Allocation Not directly applicable as utilitarian 
distribution is based on outcome as 
utility 

Not directly applicable as utilitarian 
distribution is based on outcome as 
utility 

Not applicable in a person-
perspective, as distribution between 
companies or sectors should be based 
on the outputs (or utility) they 
provide for people  

Not applicable in a person-
perspective, as distribution 
between companies or sectors 
should be based on the outputs 
(or utility) they provide for people  

 Outcome The share assigned to a person 
should be based on a utilitarian 
formulation that seeks to maximize 
the sum of utilities across all persons. 
Thus, the share will depend on the 
formulation for maximizing utility 

The share assigned to a county 
should be based on a utilitarian 
formulation that seeks to maximize 
the sum of utilities across all 
countries. Thus, the share will 
depend on the formulation for 
maximizing utility 

The share assigned to a company 
corresponds to its contribution to 
wellbeing (utility). Shares are 
assigned  based on a  utilitarian 
formulation that seeks to maximize 
the sum of utilities across persons 

The share assigned to a sector 
corresponds to its contribution to 
wellbeing (utility). Shares are 
assigned  based on a  utilitarian 
formulation that seeks to 
maximize the sum of utilities 
across persons 
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ERRATA to article VI and  SI in Thesis 
Type of 
correction 

Reason Change Values changed 

January 
2019; 
Technical 

Corrected population number for 
calculation of tolerable emissions for 
respiratory effects – inorganics. 
 

Per capita calculation was originally 
based on European population, but was 
corrected to be based on world 
population 

Tolerable emission of PM2.5 changes from 204 
kg/cap/yr to  13.96 kg/cap/yr. All numbers and 
figures which use this value or values derived 
from it have been updated. 

January 
2019; 
Technical 

Alignment between shaded areas and 
impact categories in Figure 2 were 
incorrect and have been updated. 

 Figure 2 updated using correct values 
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Abstract 

Purpose 

Absolute sustainability assessments (ASAs) have started to emerge as part of life-cycle assessments where the 

potential impacts associated an activity is related to absolute environmental boundaries. However, ASAs have 

so far focused on impacts on the natural environment and equivalent absolute boundaries for impacts on 

human health have received little attention. Thus, to facilitate more comprehensive ASAs in LCA where both 

the natural environment and humans are taken into account, this study sought to derive absolute boundaries 

for impacts on human health. The boundaries were based on socially constructed guardrails which express the 

level of damage on human health that is considered tolerable by society.  

Methods 
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Guardrails were derived for each midpoint impact category contributing to the Area of Protection human 

health in the life-cycle impact assessment methodology IMPACT World+. Guardrails were based on 

internationally recognized legislations and guidelines which set out limits for tolerable perturbations on 

humans. Based on the guardrails, corresponding tolerable damage level (TDL) scores were estimated for each 

impact category and the sum across impact scores gave a total TDL. The applicability of the derived TDLs as 

normalization references (NRs) was tested by relating the TDLs to human health damages estimated using a 

global inventory of elementary flows for year 2010. 

 Results and discussion 

Total tolerable damage on human health was found to 0.23 DALY capita-1 yr-1 corresponding to around 81 days 

lost per capita from annual environmental perturbations. Freshwater use and Respiratory effects from 

inorganic pollutants contributed most to TDLs with 87.0% and 10.6%, respectively. Impacts related to 

estimated damages for 2010 were about 7 days lost per capita and did not exceed total TDL. This was primary a 

result of the high TDL for freshwater use, where freshwater abundance in certain areas counterweighted the 

damages related to freshwater extraction in water scarce regions as well as the damages from other impact 

categories. Yet, exceedance of TDL was observed for three out of eight impact categories. Human toxicity from 

carcinogenic substances showed the largest exceedance of TDL with a factor 87.2. TDLs were found to vary by 

as much as four orders of magnitude across impact categories. This shows that certain impacts (e.g. respiratory 

effects) are more tolerated while other impacts are considered unacceptable by society (e.g. carcinogenic 

substances). This illustrates an inconsistency in derivation of guardrail values which are not necessarily a 

reflection the actual damages on human health.  

Conclusions 

The TDLs can be directly used as NRs in LCAs for evaluating an activity’s performance relative to the level of 

damage on human health that can be considered tolerated by society. This allows for conducting more 

comprehensive ASAs where for both the natural environment and human health are taken into account. The 

identified inconsistency in derivation of guardrail values calls for a reconsideration of the definition of 

guardrails. It was recommended to apply methods for defining guardrails which are consistent across impact 

categories and which reflect the actual damage that a particular impact type has on human health.  
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1 Introduction 

Life cycle assessment (LCA) is a standardized method (ISO 2006a; ISO 2006b; EC-JRC 2011) for quantifying the 

potential environmental impacts of anthropogenic activities, such as products and services. LCA can be used for 

identifying the environmental hotspots in the life-cycle on an activity (environmental accounting) and for 

comparing the environmental performance of different activities that provide the same function (comparative 

environmental assessment). A strength of LCA is that it provides a comprehensive assessment of an activity’s 

environmental performance covering its full life cycle and all relevant impact categories (Hauschild 2005). 

However, LCAs often include a larger number of impact category indicators which are all expressed in 

individual metrics specific to the impact category. Thus, unless one activity performs better across all impact 

categories, it can be difficult for decision-makers to identify the best performing activity and to identify the 

impact categories with the most relevant impacts. Therefore, normalization is often performed to aid 

interpretation of the LCA result to facilitate a better communication of the results to decision-makers. During 

the normalization step, the potential impacts of the assessed activities are compared to a reference system 

(Laurent 2015). Normalization differs between internal and external normalization. The characterized LCA 

results can be internally normalized where the reference system is often a function of the impact indicator 

scores or one of the assessed alternatives. Else, the LCA results can be externally normalized where the impact 

scores of the assessed activity are compared to the “background” impacts of a reference system (e.g. global 

impact levels from all human activities) (ISO 2006b; Laurent 2015). Normalization can be used to (i) evaluate 

the magnitude of the assessed activity’s impact category indicator scores relative to those of the reference 

system, (ii) serve as a reality check where e.g., impacts from a single function or product should not be larger 

than impacts related to a global inventory (only for external normalization), and (iii) express the different 

impact category indicator scores on a common scale, which can support a comparison of results across impact 

categories (ISO 2006b; Laurent 2015). Although, a direct comparison across impact categories can only be done 

after accounting for the severity of the different impact categories which is done in the weighting step (Laurent 

2015).  

Normalization is often performed as part of an LCA, and external normalization is the most commonly used 

type of normalization (Laurent 2015). However, external normalization against an anthropogenic reference 

system can be problematic as the perceived environmental performance of the assessed activities will depend 

on the environmental performance of the reference system. However, the performance of the reference 

system does not necessarily reflect what is environmentally sustainable. For instance, impact levels can be 
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above environmental boundaries for one or more impacts (Steffen et al. 2015). Indeed, normalization against 

an unsustainable reference system can give a wrong impression about the assessed activity performing 

environmentally well, although this might not be the case in relation to absolute environmental boundaries.  

In an attempt to avoid such potentially misleading conclusions there has been a focus on developing absolute 

sustainability assessment (ASA) methods where the estimated impacts from an activity are related to absolute 

sustainability references (ASRs). Indeed, a number of studies have developed methods for comparing the 

potential environmental impacts associated with an activity with either absolute environmental boundaries 

(such as environmental carrying capacities or Planetary Boundaries) or with an assigned share of the absolute 

environmental boundaries (i.e. an ASR) (Tuomisto et al. 2012; Bjørn et al. 2014; Fang et al. 2015; Kerkhof et al. 

2015; Bjørn and Hauschild 2015; Bjørn et al. 2016; Ryberg et al. 2018b). This has allowed for expressing 

potential impacts on the environment relative to ‘sustainable’ levels of impacts (Bjørn and Hauschild 2015). 

However, these studies have focused on impacts on the natural environment and equivalent absolute 

boundaries for impacts on human health have so far received little attention. Yet, in order to conduct a 

comprehensive ASA in LCA, impacts on both the natural environment and on human health must be taken into 

account. This is important to avoid decisions that increase sustainability of the natural environmental at the 

expense of human health.  

However, derivation of absolute boundaries for human health is more normative than the derivation of 

absolute environmental boundaries, in which environmental science plays a large role. Indeed, absolute 

boundaries for human health are bound to be value-based and will depend on the values of influential societal 

actors such as policy-makers. An absolute boundary on impacts on human health could be based on the United 

Nations’ universal declaration of human rights where “everyone has the right to a standard of living adequate 

for the health and well-being of himself and of his family…” (UN 1948). Thus, a universally accepted principle is 

to protect the health and wellbeing of all humans. It should be noted that conflicts between those two goals 

often occurs. This is because the production of the goods and services making up the material foundation of 

wellbeing currently is associated with many stressors (resource uses and pollution) that potentially affect 

human health. To safeguard economic activity or other indicators of human wellbeing, certain levels of impacts 

on human health are therefore in practice tolerated. For instance, although air pollution, such as particulate 

matter (PM), is considered among the biggest environmental risks to human health (WHO 2016), a certain 

concentration of PM in ambient air is, e.g., via legislation (EC 2008) or guidelines (WHO 2006), tolerated by 

society because activities that are currently significant sources of PM, such as mobility and energy generation, 
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are considered critical for basic functions of societies. Indeed, the legislations and guidelines can be considered 

as guardrails which define the level of impact on human health that is tolerated by society. In the example of 

PM, air concentration limits in the EU legislation and WHO guideline serves as guardrails. Thus, as long as PM 

concentrations remain within the guardrail, impacts on human health related to PM can be considered 

tolerable as these are compensated by other ‘gains’ such as the wellbeing of humans living in a well-

functioning society.  

To facilitate the conduction of more comprehensive ASAs in LCA where both the natural environment and 

humans are taken into account, this study sought to answer the following question: What are the tolerable 

damages on human health? This question was addressed by identifying guardrails for midpoint impact 

categories which contribute to impacts on human health in the life cycle impact assessment (LCIA) 

methodology IMPACT World+ (Bulle et al.; IMPACT World+ 2018). Based on the identified guardrails, 

corresponding tolerable impacts at midpoint level and at damage level per impact category was determined. 

The outcome of this study is a set of impact category specific tolerable damage levels (TDLs) which can be used 

as normalization references (NRs) for impact category indicator scores on human health at both midpoint- and 

damage level. These NRs can be used in an LCA to identify the share of the TDL on human health that impacts 

associated with human activities occupy.  

2 Methods 

2.1 Definition of guardrails and impact specific response function 

The definition of guardrails for human health are often based on a scientifically based characterization of risk 

coupled with a politically based decision on the acceptability of the level of risk (van Leeuwen and Vermeire 

2007). The politically based decision can, for instance, be based on a utilitarian approach where a certain level 

of impact on human health is tolerated if this is sufficiently compensated by an overall increase in value to 

society. Because guardrails are defined by a combination of scientific characterization of risk and political risk 

acceptance, the definition of the guardrails can depend on the shape of the response function for the particular 

impact category.  

Indeed, for a number of impacts, the shape of the response function shows a threshold where perturbations 

below the threshold pose negligible risks (Evans and Baird 1998)(Figure 1a). For instance, dose-response curves 

for toxic non-carcinogenic chemicals which cause systemic toxicity exhibit a threshold based response function 

(Barnes et al. 1988). Threshold based impacts are more likely to be scientifically based with the guardrail being 
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defined based on the known threshold or at a safe level before the threshold to minimize risk of exceeding the 

threshold. For instance, done through inclusion of safety factors that account for uncertainty related to the 

location of the threshold as done when defining tolerable daily intakes (TDI) based on measured no-observed-

adverse-effect levels (NOAELs) (Evans and Baird 1998; Herrman and Younes 1999). In contrast, the shape of the 

response function for some impacts does not show any threshold between perturbation and response, instead 

the impact increases incrementally with the perturbations (Figure 1b). This is, for instance, the case with 

respiratory effects from particulate matter (Atkinson et al. 2012). Impacts without a known threshold are more 

likely to be politically based at levels where impacts are considered tolerable. For instance, a 10-5 risk of cancer 

from a carcinogen over a lifetime are often considered tolerable (van Leeuwen and Vermeire 2007).  

 
Figure 1 Schematic illustration of (a) a threshold based impact reponse curve where increased perturbations do not cause adverse 
effecet on human health; and (b) an impact reponse curve without a threshold where impact is proportional to the perturbations. 

 

2.2 Identification of guardrails and tolerable damage levels for human health 

Guardrails were identified for each midpoint impact category in IMPACT World+ which contribute to damage 

on human health. The guardrails can, depending on the impact category, be defined at any stage along the 

impact pathway. In the case of PM, guardrails could potentially be defined at the level of driver (e.g. use of 

fossil fuels), pressure (e.g. emissions of particulates), state (e.g. increased air concentration of PM), or impact 

(e.g. loss of human lives). In cases where more than one guardrail was identified for the same impact category, 

a hierarchy of criteria for selecting a single guardrail was used.  

I. Guardrails defined by institutions providing global guidance, such as the WHO, were ranked higher than 

guardrails defined by territorially restricted institutions, such as the European Union (EU) or the US 

Environmental Protection Agency (US EPA). This criterion sought to ensure that guardrails encompassed as 

large an area as possible to avoid introducing a bias towards or against specific territories. 
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II. If guardrails are defined for more than one elementary flow within the same impact category, the guardrail 

relating to the elementary flow in closest agreement with the reference elementary flow used for the 

particular impact category was used. For instance, PM2.5 rather than SO2 was selected as guardrail for 

inorganic respiratory effects as PM2.5 is the reference elementary flow used for this impact category in 

IMPACT World+ (Humbert et al. 2011; Gronlund et al. 2015). By seeking to use the same elementary flow 

for guardrail and impact category indicator, this criterion sought to avoid introducing additional 

uncertainty related to translating between different elementary flows. 

 

Guardrails for different impact categories are defined at different spatial (e.g. local, regional, or global) and 

temporal (e.g. daily average, annual average, lifetime exposure) scales. Hence, guardrails were harmonized to 

express the same spatial and temporal scale. Thus, all guardrails were transformed to express the tolerable 

perturbations per capita at global scale (with global population of 7.35 billion (United Nations 2015)) as a result 

of annual elementary flows. For spatially differentiated impacts, the tolerable impacts were estimated at the 

specific spatial resolution and then aggregated to a global tolerable impact in order to be used as global NRs. 

An overview of the identified guardrails is provided in Table 1. The following section describes the identification 

of the guardrails and subsequent estimation of the tolerable midpoint impact category impact score (TmidIS) 

for each impact category per capita per year.  

Table 1 Midpoints impact categories for human health in LCA, the type of response function for the particular impact category, and 
the guardrail value and what the value is based on. 

Midpoint impact category Response function type Guardrail value  

Global warming Threshold-based Threshold defined as 1.5˚C above pre-industrial level (UNFCCC 2015) 
Toxicity cancer  No known thresholds  A 'tolerable' risk level for carcinogens in the society generally does not exist. However, 

cancer risk levels have been set and used in a number of different contexts (ECHA 2012). A 
tolerable cancer risk level of 10-5 cases of cancer over a lifetime per capita per year is 
reported as often applied (van Leeuwen and Vermeire 2007; defra 2008; ECHA 2012) and 
was, therefore, used in this study  

Toxicity non cancer  Threshold-based Threshold defined as tolerable daily intake (TDI) of non-carcinogenic toxic substances. 
Used by e.g. WHO (2011) and European Commission (EC 2016)  

Respiratory effects inorganics No known thresholds  Legislative limit of 10 μg PM2.5 m-3 annual average concentration in air (WHO 2006) 
Respiratory effects organics No known thresholds  Legislative limit of 100 μg O3 m-3 maximum daily 8-hr mean concentration (WHO 2006) 
Ozone layer depletion No known thresholds Because the main risk of ozone depletion is the additional cancer risk due to increased UV-

B radiation, the same guardrail as for carcinogenic substances was selected as guardrail 
for ozone layer depletion (i.e. 10-5 additional cases of cancer over a lifetime per capita per 
year) 

Water use - Human health Threshold-based Threshold defined as minimum blue water availability to satisfy minimum human water 
requirement of 20 liter capita-1 day-1 (WHO 2013)  

Ionizing radiations  No known thresholds  Legislative limit of 1 milli-Sievert (mSv) capita-1 year-1 (EC 2013) 
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2.2.1 Global warming 

The climate system is characterized as a non-linear system of slow and fast feedback systems with a large 

number of potentially irreversible thresholds (Hansen et al. 2008; Lenton et al. 2008). The politically accepted 

target of limiting “global average temperature to well below 2 °C above pre-industrial levels and pursuing 

efforts to limit the temperature increase to 1.5 °C above pre-industrial levels” (UNFCCC 2015) was selected as 

guardrail. This guardrail seeks to avoid exceeding the thresholds in the climate system and, thereby, protect 

both humans and ecosystems (Hansen et al. 2008; Collins et al. 2013). Rogelj et al. (2015) evaluated 37 

emission scenarios for limiting end-of-century (2100) warming to below 1.5 °C (See Supplementary Information 

(SI) Figure S1). Due to the long atmospheric lifetime of CO2, the principal driver of long-term warming is total 

cumulative emissions (Collins et al. 2013). Thus, the arithmetic mean of the 37 emission scenarios was used to 

estimate the tolerable cumulative CO2-eq emissions between 2018 and 2100 for staying within 1.5 °C, i.e. 1046 

Gt CO2-eq. Based on the tolerable cumulative emission level a tolerable average annual emission level (i.e. the 

TmidIS) of 1,714 kg CO2-eq capita-1 yr-1-between 2018 and 2100 (i.e. until end of the century) was estimated. 

Here, it should be noted that the tolerable cumulative emission stock for staying within the guardrail is subject 

to development over time as the tolerable stock diminishes. Thus, the derived TmidIS represent the currently 

tolerable emissions of CO2-eq. capita-1 yr-1. However, the TmidIS should be adjusted in future updates of the NR 

to reflect the change in the tolerable emission stock. Here, the TmidIS will decrease over time, eventually 

shifting to negative net CO2-eq. capita-1 yr-1 around 2080 in accordance with the emission scenarios in Rogelj et 

al. (2015). 

2.2.2 Toxicity cancer 

The response curve for carcinogenic substances does not indicate a threshold (van Leeuwen and Vermeire 

2007). The guardrail for human health from exposure to carcinogenic substances was defined as additional 

lifetime cancer risk of maximum 10-5 excess cases of cancer over a lifetime (70 yr) per capita per year which 

reflect a societal maximum permissible level (van Leeuwen and Vermeire 2007; defra 2008; ECHA 2012). From 

this guardrail value, the TmidIS for human health from carcinogens was estimated to be 1.43E-07 cases capita-1 

yr-1 (See SI Section S1.2). 

2.2.3 Toxicity non cancer  
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Toxic non-carcinogenic substances cause systemic toxicity which is found to be threshold-based (Barnes et al. 

1988). For toxic non-carcinogenic substances, thresholds for chemicals are primarily founded in risk assessment 

frameworks. TDI which is often used in legislation on toxic non-carcinogenic (Evans and Baird 1998; Vermeire 

et al. 1999) was used as guardrail. By converting effect factors in USEtox (Hauschild et al. 2008; Rosenbaum et 

al. 2008) from ED(50) to TDI values (See SI Section S1.2), the TmidIS for human health from toxic non-

carcinogens was estimated to be 5.5E-04 cases capita-1 yr-1.  

2.2.4 Respiratory effects inorganics 

Studies on the exposure-response function for inorganic and organic respiratory effects generally show a lack 

of thresholds and impacts are caused at any perturbation level (Atkinson et al. 2012; Fantke et al. 2015). For 

inorganic respiratory effects, PM2.5 was used for defining TDL as it is used as reference substance in LCIA 

models (Humbert et al. 2011; Gronlund et al. 2015) and also believed to best describe the component of 

particulate matter responsible for adverse health effects (Fantke et al. 2015). An annual mean concentration of 

10 μg PM2.5 m-3 was used as guardrail based on WHO (2006) guidelines. Using the TM5-FASST source-receptor 

model (EC-JRC 2016), the fate factor expressing causality between PM2.5 emissions and change in PM2.5 

concentration was estimated for five regions covering the Earth. The TM5-FASST model models the change in 

concentration per unit change in emission by a linear relationship. TM5-FASST was used to estimate the change 

in PM2.5 concentration from a 10% change in emission of PM2.5 relative to year 2000 and the average change in 

distance between PM2.5 concentration per unit change in emission of PM2.5 was estimated. As a proxy global 

fate factor for PM2.5, the arithmetic mean of the change in PM2.5 concentration for each region for emissions 

from each source region was found to be 9.75E-11 μg PM2.5 m-3 per kg PM2.5 emitted yr-1. By dividing the 

guardrail of 10 μg m-3 with the fate factor, the TmidIS was found to be 13.96 kg PM2.5-eq capita-1 yr-1.  

2.2.5 Respiratory effects organics 

For organic respiratory effects the guardrail was defined as a maximum mean concentration of 100 μg O3 m-3 

measured over 8 hours (WHO 2006) which was interpreted as the maximum yearly average concentration 

which should not be exceeded. Ozone concentration was modelled as a function of NMVOC emissions because 

NMVOC-eq. is used as metric for organic respiratory effects in IMPACT World+ (van Zelm et al. 2008). The TM5-

FASST model was used to estimate fate factors [ΔμgO3 m-3 / Δkg NMVOC yr-1] for 5 source regions. The TM5-

FASST model was used to estimate the change in concentration per unit change in emission by changing 

NMVOC emission by 10%. The arithmetic mean of the change in O3 concentration for each region for emissions 

from each source region was found to be 2.36E-11 μg O3 m-3 per kg NMVOC yr-1. This value was used as proxy 
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for a global fate factor for NMVOC, i.e. change in O3 concentration per unit change in NMVOC-eq emission. By 

the guardrail of 100 μg m-3 (WHO 2006) with the fate factor, the TmidIS was estimated to be 8.43E+03 kg 

NMVOC-eq capita-1 yr-1.  

2.2.6 Ozone layer depletion  

The impact of stratospheric ozone depletion on human health is not characterized as threshold based and risk 

of cancer and cataract appear proportional to the level of UV exposure (Slaper et al. 1996; Kelfkens et al. 2002). 

While a specific guardrail has not been defined for ozone layer depletion, the risk of cancer from increased UV-

B radiation, due to ozone depletion, bear resemblance to cancer risks from exposure to carcinogenic 

substances. Hence, the non-threshold guardrail for carcinogenic substance, i.e. additional lifetime cancer risk of 

maximum 10-5 cases of cancer over a lifetime (70 yr) per capita per year, was used as guardrail for stratospheric 

ozone depletion. A TDL of 6.3E-05 ‘disability adjusted life years’ (DALY; yr) capita-1 yr-1 was derived by 

multiplying the guardrail value with an effect factor of 6.3 DALY per skin cancer case (Huijbregts et al. 2005).  

CFC-11 was used as reference substance for deriving the TmidIS because it is the reference substance used in 

IMPACT World+. TmidIS was estimated by dividing the TDL with the damage factor for ozone depletion for CFC-

11 (i.e. 1.74E-02; Struijs et al., 2010) giving a TmidIS of 3.62E-03 kg CFC-11-eq capita-1 yr-1. It should, however, 

be noted that the choice of ozone depleting substance used as reference for deriving the TmidIS influences the 

resulting TmidIS. This is due to an inconsistency in the midpoint and endpoint modelling of stratospheric ozone 

depletion. The norm in LCIA is that midpoint indicators are selected at the earliest point in the impact pathway 

beyond which environmental processes are the same for all substances classified to that impact category 

(Guinée 2015). Further damage modelling traditionally takes it starting point from the midpoint indicator. 

Thereby, a consistency between midpoint impact scores and damage scores are ensured. However, for 

stratospheric ozone depletion there is an inconsistency between midpoint and endpoint methods (EC-JRC 

2011). Midpoint level characterization is based on the ozone depletion potential (WMO 2003) while damage 

characterization is substance dependent based on Struijs et al. (2010). Thus, emissions of two different ODSs 

leading to the same impact at midpoint level (i.e. kg CFC-11-eq yr-1) may differ in damage score because of the 

difference in the models for midpoint and endpoint characterization.  

2.2.7 Water use  

For human health, spatially differentiated tolerable annual withdrawals without affecting human health was 

estimated as the natural freshwater flow (based on WaterGAP 2 model (Döll et al. 2003)) potentially utilizable 
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for human (based on IWMI, 2000) use minus the minimum human water requirements (see SI Figure S5). The 

minimum human water requirements was retrieved from the WHO and was defined as 20 liter capita-1 day-1 

which is considered as the minimum quantity of safe water required to realize minimum essential levels for 

health and hygiene (WHO 2013). This gave a TmidIS of 5.96E+03 m3 water capita-1 yr-1. The spatially 

differentiated tolerable annual withdrawals were multiplied with corresponding spatially differentiated 

damage factors (Boulay et al. 2011) to estimate the TDLs on human health for freshwater use. 

2.2.8 Ionizing radiations  

The response function for ionizing radiation on humans is generally found not to have thresholds (Brenner et 

al. 2003; Gilbert 2009). The guardrail for ionizing radiation was defined as 1 mSv (milli-Sievert) per person per 

year (EC 2013) which delimit tolerable amount of radiation the public can be exposed to. The amount of 

ionizing radiation in mSv per Bq Carbon-14-eq was estimated to be 1.40E-14 mSv per capita per Bq Carbon-14-

eq emitted based on Frischknecht and Braunschweig (2000) which correspond to a TmidIS of 9.7E+03 Bq 

Carbon 14-eq capita-1 yr-1.  

2.3 Estimation of tolerable damage levels  

The TDLs for the each midpoint impact category x (TDLx) expressed as DALY capita-1 yr-1 were estimated 

according to Eq. 2. 

𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 = 𝑇𝑇𝐷𝐷𝑥𝑥 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥          Eq. 2 

Where DFx is a damage factor which translate the TmidIS for impact category x to damages for impact category 

x. The sum of TDLx across all impact categories can be interpreted as the total TDL on human health (Eq. 3). 

𝑇𝑇𝑇𝑇𝑇𝑇 = ∑𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥            Eq. 3 

The aggregation to total TDL assumes additivity of damages between impact categories. This was assumed in 

lack of better knowledge about the interactions and feedback mechanisms between different impacts, and the 

lack of knowledge about when and where specific impacts occur, which essentially makes it impossible to 

predict antagonistic or synergistic responses.   

The usage of TDLs as global NRs for human health was illustrated by comparing the TDLs with the estimated 

impact of human activities based on a global inventory of elementary flows for the reference year 2010 (Flörke 

et al. 2013; Sala et al. 2016) (see SI Section 3 for details on derivation of the global normalization inventory).  
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3 Results 

3.1 Contribution of midpoint impact categories to total tolerable damage level 

Table 2 shows how tolerable damage of each midpoint impact category contributes to an aggregated total TDL 

that takes into account all impact categories contributing to damage on human health. The total tolerable 

damage on human health from all midpoint impact categories was found to be 0.09 DALY capita-1 yr-1, 

corresponding to around 33 days lost per capita from environmental perturbations per year. However, TDLs 

between impact categories were found to vary by more than four orders of magnitude. Indeed, the total 

tolerated damage levels for human health are dominated by water use and respiratory effects from inorganic 

pollutants, accounting for ca. 87.0% and 10.6%, respectively, of the total TDL. For water use, the large 

contribution was due to the large amount of water which is globally available for withdrawal without actually 

having an impact on human health, either because there is an abundance of water available or because the 

population is in a position to acquire water from elsewhere. Yet, it should be noted that large geographical 

variations in freshwater availability exist. For instance, essentially all freshwater withdrawals lead to increased 

damage on human health through water deprivation in arid and population dense areas. The large contribution 

for respiratory effects is due to a combination of relatively high guardrail value (i.e. relatively high tolerable 

emissions) and a relatively high damage factor as damage to human health per kg PM2.5 emitted. 

Table 2 Tolerable midpoint impact scores and tolerable damage levels for all midpoint impact categories contributing to damage on 
human health. 

Impact category Tolerable midpoint 

impact score level 

[(Midpoint impact 

score) capita-1 yr-1] 

Damage factor [DALY (Midpoint impact score) -1] Tolerable 

damage level 

[DALY capita-1 yr-

1] 

Share of total 

tolerable damage 

level 

Global warming 1.71×103 kg CO2-eq 2.16E-07 DALY per kg CO2-eq (average of EFs for 

hierarchist and egalitarian perspective as derived 

by De Schryver et al. (2009))  

3.69×10-4 0.4% 

Toxicity cancer  1.43×10-7 cases  11.5 DALY per case (Huijbregts et al. 2005) 1.64×10-6 0.002% 

Toxicity non cancer  5.50×10-4 cases 2.7 DALY per case (Huijbregts et al. 2005) 1.48×10-3 1.6% 

Respiratory effects 

inorganics 

1.40×101 kg PM2.5-eq  6.90E-04 DALY per kg PM2.5 (Gronlund et al. 2015) 
9.63×10-3 10.6% 

Respiratory effects 

organics 

8.43×103 kg NMVOC-eq 3.90E-08 DALY per kg NMVOC-eq (van Zelm et al. 

2008) 
3.29×10-4 0.4% 

Ozone layer depletion 3.62×10-3 kg CFC-11-eq  1.74E-02 DALY per kg CFC-11-eq (Struijs et al. 

2010) 
6.30×10-5 0.07% 

Water use - Human 5.96×103 m3 water Spatially differentiated DFs [DALY per m3 water] 7.94×10-2 87.0% 
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health (Boulay et al. 2011) 

Ionizing radiations  9.72×103 Bq Carbon 14-

eq 

2.1E-10 DALY per Bq Carbon-14-eq (Frischknecht 

and Braunschweig 2000) 
2.04×10-6 0.002% 

Total tolerable damage 

level 

  
9.13×10-2 100% 

 

3.2 Tolerable damage relative to actual damage 

Figure 2 shows how TDLs at midpoint compare to damages stemming from the global annual inventory of 

environmental interventions in year 2010. The estimated damages stemming from environmental 

interventions in year 2010 was found to exceed the TDL for five impact categories. The largest relative 

exceedance was for human toxicity from carcinogenic substances where the estimated damage for 2010 

exceeded the TDL by about a factor 87.2 (Figure 2). This highlights that emissions of carcinogenic substances 

are clearly exceeding levels which are considered tolerable by society. The lowest relative occupation of the 

tolerable damage was for respiratory effects from organic air pollutants which only occupy ca. 0.5% of the TDL. 

The estimated damage level from the global inventory for year 2010 was 0.02 DALY capita-1 yr-1 or about 7 days 

lost per capita from perturbations in 2010. In comparison to the total TDL of about 33 days lost per capita from 

perturbation in a year, this indicate that damages on human health in year 2010 were within the level tolerated 

by global society. 

 
Figure 2 Comparison between tolerable damage levels and predicted damages for the reference year 2010 for midpoint impact 
categories contributing to damage on human health. Green means that actual damages are lower than tolerable damage levels, 
yellow and red means that actual damages exceed tolerable damage levels by a factor two and three, respectively. Absolute ratios 
between actual damages for the reference year 2010 and tolerable damage levels are shown in brackets.  
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4 Discussion 

4.1 Application of tolerable damage levels as normalization references 

The TmidIS and TDLs can be used as NRs for characterized LCA results to show the share of the absolute 

tolerable levels of impact that an activity occupies. The NRs can be applied to normalize the human health 

related midpoint impact categories separately (as done in Figure 2). This allows for identifying the impact 

categories where the activity occupies most of the TDL and, thus, which impact categories to prioritize with 

regards to reducing impacts. The NR can also be applied at aggregated level to evaluate whether the combined 

impacts on human health exceed the total TDL as shown for the total estimated damages for year 2010. Here, 

it is important to note that the aggregated total TDL was driven by two impact categories i.e., ‘respiratory 

inorganics’ and ‘water use’ which accounted for ca. 98% of the total TDL. Hence, there is a risk that 

exceedances of TDLs at midpoint impact category level are ‘hidden’ during aggregation to total TDL due to non-

exceedance of TDL for the impact categories which contributed most to the total TDL. It is, therefore, 

recommended not to solely evaluate whether the total TDL is exceeded, but also evaluate whether 

exceedances occur for specific impact categories. As for conventional NRs, it is recommended to update the 

TmidIS values and the TDL value about every fifth year (Wenzel et al. 1997) to ensure that these are 

representative of society’s tolerable levels of impacts on human health which will develop over time.  

The TmidIS and TDLs for human health can be directly used as NRs in LCAs using the IMPACT World+ life-cycle 

impact assessment (LCIA) methodology. A transformation of the units for the TmidIS is required for use with 

other LCIA methods which apply other metrics than IMPACT World+. For instance, ReCiPe2016 (Huijbregts et 

al. 2016) uses the metric 'kg 1,4-DCB-eq to urban air as metric for human toxicity cancer where IMPACT World+ 

used cases of cancer as metric. To apply the NRs to ReCiPe2016, a metric conversion from cases of cancer to kg 

1,4-DCB-eq to urban air must be made. This can, in this case, be done with the USEtox model (Hauschild et al. 

2008; Rosenbaum et al. 2008). Hence, it is possible to apply the NRs to LCA results based on other LCIA 

methodologies with different metrics. More detailed description of how to convert units between different 

LCIA methodologies are given in Owsianiak et al. (2014). 

To obtain a comprehensive set of NRs covering both human health and the natural environment, the TDL based 

NRs for human health can be coupled with the carrying capacity based NRs for the natural environment as 

derived by Bjørn and Hauschild (2015). Moreover, by relating impact scores to TDLs, it is possible to identify the 
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share of the yearly per capita tolerable damage that a function takes up. This can in particular be used for 

consumer guidance. By providing information about the share of TDLs per capita per year that a product or 

service takes up, it is possible for citizens to construct their consumption habits in a ‘sustainable’ way which is 

within the TDLs. Similar initiatives have been developed for climate change where a ‘personal allowance’ was 

developed. This gives consumers the opportunity to construct their annual personal consumption in a way that 

respects the personal allowance (Carbon Trust Advisory and The Coca-Cola Company 2012). 

4.2 Derivation of tolerable damage levels 

TDLs were derived for all the midpoint impact categories contributing to human health and a variation of more 

than four orders of magnitude between impact categories was found. This indicates that society may place 

more focus on reducing impacts for certain impact categories relative to other categories where a larger 

damage is, either explicitly or implicitly, accepted. For instance, it appears that impacts for some impact 

categories are simply not tolerated by society, such as carcinogenic substances where a very low TDL was 

defined. This is in contrast to other impact categories where larger damages are tolerated. For instance, 

damage from respiratory effects from inorganic pollutants was found to contribute most to total TDL. This 

might be a result of the guardrail being defined at a high tolerable level relative to other impact categories 

because there is a lack of clear thresholds for this impact category. Hence, the guardrail is defined at a level 

where health effects are known to occur and not at a no-effect level.  

This is problematic as the comparison with the global inventory for 2010 showed that respiratory effects from 

inorganic pollutants was the second largest contributor to impact on human health (see SI Figure S6) and 

particulate matter is generally found to be a major cause of adverse human health effects (Lim et al. 2012; 

Fantke et al. 2015; WHO 2016). Indeed, the TDL for inorganic particulates appears to be too high relative to 

other impacts affecting human health. For the estimated global damages for 2010, damages related to 

inorganic particulates exceeded damages from carcinogenic substances by more than one order of magnitude 

(SI Figure S6). However, due to the definition of the TDL, damages from inorganic particulates did not exceed 

the TDL while damages from carcinogenic substances did. This illustrates a potential inconsistency in the 

derivation guardrails that are defined in policy and guidance documents, where the guardrails do not 

necessarily reflect the actual damages caused by specific impact. The relatively lenient definition of the 

guardrail might be attributed to human health impacts related to inorganic particulates being implicitly 

accepted as a consequence of processes (e.g. combustion processes related to mobility and energy generation) 

which are required for society. Moreover, the implicit acceptance of impacts on human health might be due to 
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the lack of available technological alternatives that can be implemented at present. Nevertheless, stricter 

guardrail definitions for important contributors to human health, such as inorganic pollutants that cause 

respiratory effects, might be relevant for reducing damages on human health to a level that is, at least, 

comparative to damages from other impact categories. Indeed, there might be a need for policy- and decision-

makers to redefine the guardrails on which the TDLs are based on. Such redefinition should seek a more 

consistent definition of the guardrails where the guardrails for each impact type are defined at a level where 

tolerable damages on human health are similar across different impact categories. 

However, it is acknowledged that the definition of guardrails depend on subjective choices, such as how to 

balance the dual goals of meeting human needs through production of goods and services and, in doing so, not 

causing too much damage to human health. Indeed, the acceptability of potential damages varies with time 

and space. What was tolerated in the past may no longer be tolerated due to new knowledge or technology. 

What is tolerated in one county may not be tolerated in another country (van Leeuwen and Vermeire 2007). 

Moreover, the definition might be influenced by the values of different stakeholders in society where the 

tolerated level of damage might not match with the actual damage caused (van Leeuwen and Vermeire 2007). 

For instance, impacts from carcinogenic substances might be completely unacceptable to certain actors in 

society while emissions of inorganic pollutants might be accepted even though these cause more damage to 

human health than carcinogenic substances. 

Due to the normativity related to defining guardrails for human health, we strived to base the TDLs on 

guardrail values found in legislations and guidelines by international institutions which were considered to best 

reflect what is tolerated by a global society. However, other sources for deriving TDLs could have yielded 

different results, potentially changing the overall findings. For instance, a maximum permissible level of 10-5 

cases of cancer over a lifetime per capita per year was used as TDL for carcinogenic substances. However, other 

values such as 10-6 or 10-4 have also been reported as tolerable levels (WHO 2011; ECHA 2012) which would 

shift the result by an order of magnitude in either direction. This introduces an uncertainty related to the 

choice of specific TDLs and underlines the importance of transparency in the definition of TDLs. For application 

as NRs, the increased uncertainty related to choice of guardrail might be compensated by the ability to relate 

impacts of activities to absolute boundaries to better indicate if an activity actually performs in contrast to 

conventional externalization where the activity’s performance is influenced by the performance of the 

reference system. Moreover, uncertainty related to incomplete inventories for external normalization 

reference is also avoided, which, in particular, is a problem for toxicity related impact categories (Laurent et al. 
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2011). Nevertheless, there is a need for further investigation on implications of choice of guardrails. This should 

include testing different guardrails and investigating the values that underlie the guardrail definitions.  

4.3 Spatial variations in impacts 

Global warming and ozone depletion are the only truly global impact categories. Indeed, most impacts vary 

across space and impacts on human health depend on where perturbations occur and if perturbations are 

concentrated in specific areas. For instance, if emissions of toxic non-carcinogenic substances are being 

emitted in one specific area this can potentially exceed the TDL value for persons living in that particular area 

and, thereby, cause adverse impacts to those persons health. On the other hand if the same level of emission 

were equally distributed globally, this might not exceed TDL. The global TDL based NRs cannot take into 

account such variability and cannot be used for assessing whether exceedance of thresholds that leads to 

damage on human health occurs. This is due to a lack of spatial differentiation in the TDLs, where 

geographically specific influencing factors such as sensitivity of exposed individuals (e.g. children), and existing 

background pollution (which might yield synergistic or antagonistic effects) is not known. Such assessments of 

exceedance of guardrails require more location specific assessments, such as Risk Assessment. However, if a 

spatially differentiated LCI is used for the LCA then the TDL based NRs can be used to indicate impacts which 

are uncharacteristically large relative to the TDLs and the areas where impacts occur. This can be used as 

guidance for directing more precise and location specific Risk Assessments to assess whether guardrails are 

actually exceeded.  

The lack of spatially differentiated information is a known limitation when normalizing against absolute 

references where geographical variations cannot be adequately accounted for (Bjørn and Hauschild 2015). 

Thus further investigation of the spatial variation for the different TDLs is needed. This could include assessing 

geographical variations such as background pollution level, environmental fate of pollutants, and sensitivity of 

humans, cultural and political acceptance of risk. Indeed, for a better assessment of spatially variable impact 

categories there is a need for spatially differentiated assessment to provide a more robust estimate on the 

absolute sustainability of the assessed activity and if local or regional exceedances of TDLs occur. It is, 

therefore, recommended not to solely rely on normalized results when evaluating the absolute environmental 

performance of an activity but ideally also look into specific spatially differentiated impact categories to 

identify if local or regional exceedances of TDLs occur. Essentially, this would require integration of the TDLs as 

part of impact characterization in the LCIA phase, with results expressing the share of the TDL occupied at the 

level of the spatial resolution. Research on methods for integrating sustainability references, such as TDLs, into 
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the LCIA phase is ongoing. Studies attempting to evaluate to performance of systems using LCA and taking into 

account spatially differentiated impacts and relating the impacts to spatially differentiated carrying capacities 

have been conducted (Bjørn et al. 2016; Ryberg et al. 2018a) but further testing and validation still appear to 

needed before such assessments can be considered robust.  

5 Conclusion 

This study provides a set of TDLs for human health based on levels of perturbations considered tolerable by 

society. The TDLs can be directly used as NRs in LCA for evaluating an activity’s performance relative to the 

level of damage on human health that can be considered tolerated by society. This allows for conducting 

comprehensive absolute sustainability assessments in LCA where absolute boundaries for both the natural 

environment and human health can be taken into account. The use of the absolute NRs for human health was 

illustrated in a comparison with a global inventory for year 2010. Here, TDLs were exceeded in 3 out of 8 

impact categories. The largest exceedance was for carcinogenic substances which exceeded the TDL by about a 

factor 87.2. Overall, damages related to perturbation in 2010 did not exceed the total TDL. This was primary a 

result of the high TDL for freshwater use, where freshwater abundance in certain areas counterweighted the 

damages related to freshwater extraction in water scarce regions as well as the damages from other impact 

categories. The TDLs were found to vary by as much as four orders of magnitude across impact categories. This 

shows that certain impacts (e.g. respiratory effects) are more accepted while other impacts are considered 

unacceptable by society (e.g. carcinogenic substances). This may illustrate an inconsistency in derivation of 

guardrail values which are not necessarily a reflection the actual damages on human health. This calls for a 

reconsideration of the definition of guardrails for perturbations and highlight the need for more consistent 

methods for setting guardrails in order to have guardrails which are consistent across impact categories and 

reflect the actual damage that a particular impact type has on human health. 
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damages from global emissions of elementary flows in year 2010 are also provided in the Supplementary 

Information. 
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Section S1 – Detailed description of derivation of impact category specific guardrails and 

derivation of tolerable damage levels  

S1.1 Global warming 

Tolerated annual emissions of CO2-eqs were defined as the average of the cumulative emissions tolerated 

between now (2018) and end-of-century (2100). The tolerated cumulative emissions of CO2-eqs were 

estimated as the mean cumulative emissions for 37 emission scenarios for staying within 1.5 ˚C (see Figure S1 

(Rogelj et al. 2015)).  

 

Figure S1 Key statistical parameters for the 37 emission scenarios from Rogelj et al. (2015) for keeping global temperature within 
1.5˚C relative to pre-industrial levels 

 

The tolerable midpoint impact category impact score (TmidIS) was derived as the average annual emission 

levels of the tolerable cumulative emission between 2018 and 2100. The TmidIS was, thereby, found to be 

1,714 kg CO2-eq capita-1 yr-1 which is around a 26% of current emission levels. 

The tolerable damage level (TDL) for global warming was estimated by multiplying the TmidIS with the damage 

factor (DF) for human health. To comply with both the medium-term and-long term perspective of IMPACT 

World+, an average of the hierarchist (i.e. medium-term DF of 2.55E-07 DALY per kg CO2-eq) and egalitarian 

(long-term DF of 1.76E-07 DALY per kg CO2-eq) perspective based EFs from De Schryver et al. (2009) giving an 

DF of 2.16E-07 DALY per kg CO2-eq. This gave a TDL of 3.69E-04 DALY capita-1 yr-1 for impact on human health 

from climate change. 
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S1.2 Human toxicity – Carcinogens and Non-carcinogens 

Toxicity cancer 

For human toxicity a distinction is made between carcinogenic and non-carcinogenic substances as the 

exposure-response function of the former does not indicate a threshold (van Leeuwen and Vermeire 2007) 

while the latter is found to be threshold-based (Barnes et al. 1988). The guardrail for human health from 

exposure to carcinogenic substances are defined as maximum 10-5 cases of cancer over a lifetime (70 yr) per 

capita per year which reflect a societal maximum permissible level (van Leeuwen and Vermeire 2007; defra 

2008; ECHA 2012). The TmidIS for human health from carcinogens was estimated to be 1.43E-07 cases capita-1 

yr-1 according to Eq. S1. 

LT
guardrail

=scarcinogenTDLm            Eq. S1 

Where guardrail is the maximum 10-5 cases of cancer over a lifetime (70 yr) per capita per year and LT is the 

average life time of a person (i.e. 70 yrs (Rosenbaum et al. 2008). By multiplying scarcinogenTDLm with the DF of 

11.5 DALY case-1 (Huijbregts et al. 2005), a tolerable damage level at endpoint of 1.64E-06 DALY capita-1 yr-1 was 

found. 

Toxicity non-cancer 

For non-carcinogenic substances, thresholds for chemicals are primarily founded in risk assessment 

frameworks. The tolerable daily intake (TDI; kg capita-1 day-1) which is often used in legislation on toxic 

substances (Vermeire et al. 1999; WHO 2011; EC 2016) was used as guardrail. The TDI expresses the daily 

intake of a contaminant chemical which, during the entire lifetime, appears to be without appreciable risk on 

the basis of all known facts at the time (Vermeire et al. 1999). The TDI is traditionally derived based on 

measured no-observed-adverse-effects-levels (NOAEL) multiplied with a safety factor that accounts for 

uncertainty related to e.g. intra (human) species variability; inter (animal to human)-species variability; 

allowance for sensitive human populations due to illness when compared with healthy experimental animals; 

and possible synergistic action of the many intentional and unintentional contaminants a human may be 

exposed to (Vermeire et al. 1999). 
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For use in LCA, the consensus toxicity LCIA model USEtox (Hauschild et al. 2008; Rosenbaum et al. 2008) was 

used for modelling tolerable damage to humans in LCA. The tolerable damage was estimated for 444 non-

carcinogenic substances in USEtox. The USEtox model estimate potential damage on humans based on effect 

factors based on ED50 values. Hence, the ED50 based effects factors used in USEtox were converted from ED50 

values to TDI values, to express the tolerable impacts from contaminant without causing appreciable risk.  

 

Further, the ED50 value in USEtox express the lifetime (i.e. 70 yrs) daily dose resulting in a probability of effect 

of 0.5 (Rosenbaum et al. 2008). By converting the ED50 in USEtox to TDI, the resulting TDI will express the over 

a lifetime of 70 yrs cumulative tolerable daily intake without causing appreciable risk (i.e.kg capita-1 lifetime-1). 

The conversion from ED50x to TDI x where x refers to a specific contaminant was done according to Eq. S2. 

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 = 𝐸𝐸𝐸𝐸50𝑥𝑥
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁→𝑁𝑁𝐸𝐸(50)

× 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠          Eq. S2 

Where 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑁𝑁𝑁𝑁𝐸𝐸𝑁𝑁→𝐸𝐸𝐸𝐸(50) is the NOEL(or NOAEL)-to-ED50 conversion factor (i.e. 9) (Huijbregts et al. 2005), and 

𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is a safety factor of 0.01 when going from NOEL to TDI (Vermeire et al. 1999). 

The distribution of the TDIs for the 444 carcinogenic substances in USEtox show a difference of about 9 orders 

of magnitude between the maximum and minimum TDI (Figure S2). 

 

Figure S2. Variance in estimated Tolerable daily intake for the 444 carcinogenic substances in USEtox 

To obtain a tolerable intake for the entire global population (i.e. TDIx , TDIx was multiplied with the global 

population (i.e. 7.35 billion) to express tolerable intake of contaminant x over 70 yr lifetime. 
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𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥

𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 × 𝑝𝑝𝑐𝑐𝑝𝑝𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔            Eq. S3 

Based on the total tolerable intake (𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔), the global tolerable emitted mass of contaminant x 

(𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔 ; kg) was estimated according to Eq. S4. 

𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔 = 𝑇𝑇𝐸𝐸𝑇𝑇𝑥𝑥

𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑎𝑎𝑔𝑔

𝑖𝑖𝑖𝑖𝑥𝑥
            Eq. S4 

Where iFx [𝑘𝑘𝑘𝑘𝑖𝑖𝑐𝑐𝑠𝑠𝑠𝑠𝑖𝑖𝑠𝑠𝑘𝑘𝑘𝑘𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒−1 ] is the specific intake fraction (iF) for contaminant x, which express the fraction 

of an emitted mass that will eventually be taken up by people (Bennett et al. 2002; Rosenbaum et al. 2008). 

The iF takes into account fate of the contaminant in the environment as well different uptake routes from the 

environment to humans. The used iF related to emissions to urban air and covers intake related to inhalation of 

air, intake via drinking water, intake from food as vegetable, meat, dairy, and fish. 

By multiplying the 𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔 with the midpoint characterization factor (CF) of contaminant x for midpoint 

impacts for emissions on non-carcinogenic substances (CFmidpoint,x; cases 𝑘𝑘𝑘𝑘𝑠𝑠𝑒𝑒𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒,𝑥𝑥
−1  ), it is possible to estimate 

the resulting TmidIS of contaminant x.  

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥
𝑔𝑔𝑔𝑔𝑐𝑐𝑔𝑔𝑠𝑠𝑔𝑔 × 𝐶𝐶𝐶𝐶𝑒𝑒𝑖𝑖𝑒𝑒𝑚𝑚𝑐𝑐𝑖𝑖𝑐𝑐𝑠𝑠,𝑥𝑥          Eq. S5 

The TDL at endpoint [DALY] was estimated according to Eq. S6. 

𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 × 𝑇𝑇𝐶𝐶           Eq. S6 

Where DF [DALY cases-1] is the damage factor for non-carcinogenic substance of 2.7 DALY per case (Huijbregts 

et al. 2005).  

As given from Figure S3, both TmidISx and TDLx is generally equal for all substances. This is because of the 

definition of the guardrail for all substances was based on effect and, thus, all contaminant are tolerated a 

similar effect level (i.e. the NOEL). The relative hazardousness of the different substances is reflected in Figure 

S2 by the large difference in tolerable daily intake. Thus, the tolerable emissions of substances are inversely 

proportional to their hazardousness.  

As seen from Figure S3, a few substances differ from the general trend. This difference is due to the modelling 

of effects stemming from intake via inhalation or ingestion or the contaminant. Generally, the effects from 
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inhalation and ingestion are, in USEtox, equal, however, some substances showed a difference in effects from 

intake via inhalation or ingestion. In this study, the 𝑇𝑇𝑇𝑇𝑇𝑇𝑥𝑥 (Eg. S2) was estimated based on substance 

hazardousness related to inhalation, however, when estimating the impacts related to the tolerable emissions 

(Eg. S5) effects from intake via both inhalation and ingestion where included. In the cases where there was a 

difference in effects from intake via inhalation or ingestion, this resulted in TmidISx and TDLx values which differ 

from the general trend in Figure S3. 

 

 

Figure S3. Variance in estimated tolerable midpoint indicator impact scores and tolerable damage level for the 444 carcinogenic 

substances in USEtox  

The TmidIS and TDL was estimated by taking the arithmetic mean of the substance specific TmidISx and TDLx, 

respectively and dividing with global population to get the results on a per capita level. This gave a tolerable 

midpoint impact score of 5.5E-04 cases capita-1 yr-1 and a tolerable damage level of 1.48E-03 DALY capita-1 yr-1. 
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S1.3 Respiratory effects  

Studies on the exposure-response function for inorganic and organic respiratory effects have not indicated 

levels of perturbations at which no effects are found. Instead, impacts are caused at any level of perturbation 

(Atkinson et al. 2012; Fantke et al. 2015). The tolerable guardrail levels for respiratory effects is based on the 

air quality guidelines by WHO (2006) for inorganic and organic respiratory effects.  

Respiratory effects inorganics 

For inorganic respiratory effects, PM2.5 was selected as primary pollutant for defining the TmidIS because it is 

the reference flow used in the characterization model (Humbert et al. 2011; Gronlund et al. 2015) while PM2.5 

is also believed to best describe the component of particulate matter responsible for adverse health effects 

(Fantke et al. 2015). The WHO (2006) guideline value for PM2.5 was used to define a guardrail level as an 

annual mean of 10 μg m-3. The environmental fate from change in emission of PM2.5 to change in 

concentration [Δμg PM2.5 m-3 / Δkg PM2.5 yr-1] was estimated using the source-receptor model TM5-FASST 

(FAst Scenario Screening Tool) hosted by the European Commission Joint Research Centre (JRC) (EC-JRC 2016) 

and previously used for LCIA modelling (van Zelm et al. 2016). The TM5-FASST model was run for different 

emission location to identify how fate of PM2.5 may vary between geographical regions.  

The TM5-FASST model estimates the change in PM2.5 concentration from a change in emission of PM2.5 

relative to year 2000 using a linear relationship. The emission of PM2.5 was increased by 10% and the average 

change in distance between PM2.5 concentrations per unit change in emission of PM2.5 was estimated. By 

estimating changes relative to a reference year with known human perturbation (i.e. year 2000) and not to a 

year before the existence of human perturbation, the TM5-FASST model can be considered a marginal model. 

This is generally not good for application in absolute environmental sustainability assessments and Bjørn et al. 

(2016) recommended using the distance between the environmental state associated with zero human 

perturbations and the state at which a boundary has been defined.  

However, because the change in concentration per unit change in emission is generally linear for aerosols and 

particulates (Chin et al. 2014), the use of an average approach relative to a marginal reference point is 

considered reasonable in this case. The change in PM2.5 concentration was estimated for 5 regions covering 

the Earth (see Figure S4).  
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Figure S4 Overview of the five regions in the TM5-FASST model for which fate factors were derived inorganic and organic respiratory 
effects. 

 

As a proxy global fate factor for PM2.5, the arithmetic mean of the change in PM2.5 concentration for each 

region for emissions from each source region in Table S1 was used, i.e. 9.75E-11 μg PM2.5 m-3 per kg PM2.5 

emitted yr-1.  

Table S1 Fate factors for particulate matter derived from the TM5-FASST model. 

  
FF [μg PM2.5 m-3 / kg yr-1] 

  
Receptor region 

  
Africa 

North America & 
Europe 

East/South East Asia & 
Pacific 

South West 
Central Asia 

Latin America & 
Caribbean 

Emission 
region 

Africa 3.05E-10 6.33E-13 1.90E-12 1.27E-12 8.86E-12 
North America & 
Europe 0.00E+00 5.56E-10 0.00E+00 0.00E+00 1.46E-11 
East/South East Asia & 
Pacific 6.33E-13 0.00E+00 2.87E-10 6.33E-13 0.00E+00 
South West Central 
Asia 6.96E-12 6.33E-13 1.90E-12 3.04E-10 4.43E-12 
Latin America & 
Caribbean 4.43E-12 1.90E-11 0.00E+00 3.16E-12 9.15E-10 

 

 

 

Africa

North America 
and Europe

Latin America 
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South West 
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East/South East 
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By dividing the guardrail of 10 μg m-3 (WHO 2006) with the fate factor of 9.75E-11 μg PM2.5 m-3 per kg PM2.5 

emitted yr-1, the TmidIS was found to be 13.96 kg PM2.5-eq capita-1 yr-1. TmidIS was converted to TDL by 

multiplication with the population-weighted average DF for primary PM2.5 emitted at ground level i.e., 6.9E-04 

DALY per kg PM2.5 (Gronlund et al. 2015), giving a TDL of 9.6E-03 DALY capita-1 yr-1. 

 

Respiratory effects organics 

For organic respiratory effects the guardrail was defined as a maximum mean concentration of 100 μg O3 m-3 

measured over 8 hours (WHO 2006) which was interpreted as the maximum yearly average concentration that 

should not be exceeded. The concentration of ozone was modelled as a function of NMVOC emissions because 

the impact category for organic respiratory effects in IMPACT World+ uses kg NMVOC-eq. as metric (van Zelm 

et al. 2008). As used by van Zelm et al. (2016), The TM5-FASST was also used for estimating the change in 

ozone concentration per unit change in NMVOC emissions. The change in zone concentration from a 10% 

change in NMVOC emissions relative to year 2000 was estimated and used to calculate the average change in 

distance between ozone concentrations per unit change in emission of NMVOCs.  

Again, this is based on reference with known human perturbation (i.e. year 2000) and not to a year with zero 

human perturbation. However, due to a lack of better models and lack of data on the ozone concentrations 

before human perturbations, this approach was considered as a best-estimate. However, it is acknowledged 

that this estimate may not fully reflect the emission-concentration relationship between environmental state 

associated with zero human perturbations and the state at which a guardrail has been defined. As with 

inorganic respiratory effects, the TM5-FASST model was split into 5 regions and the model was run for different 

emission sources to identify how fate of NMVOC may vary between geographical regions. The arithmetic mean 

of the change in O3 concentration for each region for emissions from each source region (Table S2) was found 

to be 2.36E-11 μg O3 m-3 per kg NMVOC yr-1. This value was used as proxy for a global fate factor for NMVOC 

[ΔμgO3 m-3 / Δkg NMVOC yr-1].  
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Table S2 Fate factors for NMVOC derived using the TM5-FASST model. 

 
  FF [μg O3 m-3 / kg NMVOC yr-1] 

 
  Receptor region 

    
Africa 

North 
America & 
Europe 

East/South East Asia & 
Pacific 

South West Central 
Asia 

Latin America & 
Caribbean 

Emission 
region 

Africa 4.54E-11 4.94E-12 3.51E-12 7.80E-12 1.14E-11 

North America & Europe 2.97E-11 1.28E-10 2.15E-11 2.39E-11 1.16E-11 

East/South East Asia & 
Pacific 6.89E-12 1.04E-11 8.62E-11 9.96E-12 5.95E-12 

South West Central Asia 1.74E-11 1.58E-11 1.90E-11 9.19E-11 5.49E-12 

Latin America & 
Caribbean 6.04E-12 3.94E-12 2.80E-12 4.68E-12 1.66E-11 

 

By dividing the guardrail of 100 μg O3 m-3 (WHO 2006) with the fate factor of 2.36E-11 μg O3 m-3 per kg NMVOC 

emitted yr-1, the TmidIS was estimated to be 8.4E+03 kg NMVOC-eq capita-1 yr-1. TmidIS was multiplied with a 

DF of 3.90E-08 DALY kg NMVOC-eq-1 (van Zelm et al. 2008) to give arrive a TDL of 3.3E-04 DALY capita-1 yr-1.  

 

S1.4 Ozone layer depletion  

For stratospheric ozone depletion, regarding environmental thresholds there are no clear thresholds outside of 

the Polar Regions while thresholds leading to ‘holes’ in the ozone layer may exist for Polar regions (Rockström 

et al. 2009). However, thresholds for human health are not known and studies find that risk of cancer and 

cataract is proportional to the UV exposure (Slaper et al. 1996; Kelfkens et al. 2002) which again is inversely 

proportional to increases in stratospheric ozone concentration. This impact category is, therefore, treated as 

having no thresholds and all perturbations cause an impact independent of its magnitude.  

For ozone layer depletion, a specific tolerable damage level has not been defined. Hence, the guardrail for non-

threshold impacts (such as carcinogens) are applied as a representative guardrail for impacts on ozone 

depletion because the impacts on human health and the nature of the impact’s dose-response curve bear 

resemblance to impacts from exposure to carcinogenic substances.  

Because skin cancer cases will occur even for an ozone layer not affected by emissions of ozone depleting 

substances (ODS), only the increase in skin cancer cases from emissions of ODSs should be considered. The 

guardrail was, therefore, defined as 1×10-5 additional cases of cancer over a lifetime (70 yr) capita-1 yr-1. Based 
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on a DF of 6.3 DALY per skin cancer case (Huijbregts et al. 2005) this gives a TDL of 6.3E-05 additional DALY 

capita-1 yr-1. The yearly emission per capita per year of ODSs leading to the TDL (i.e. the TmidIS) was estimated 

by dividing with the CF for damages to human health from ozone depletion i.e., 1.74E-03 DALY per kg CFC-11-

eq emitted (Struijs et al. 2010) which gives a TmidIS of 3.62E-03 kg CFC-11-eq capita-1 yr-1.  

Here, it should be noted that there is an inconsistency between applied midpoint and endpoint methods (EC-

JRC 2011) where the midpoint level characterization is based on the ozone depletion potential (WMO 2003), 

while the damage characterization is based on (Struijs et al. 2010). Hence, the damage characterization is 

substance dependent which differs from the traditional LCIA framework, i.e. having a single damage factor for 

CFC-11-eq. Thus, the damage from two different substances emitted at the same level of CFC-11-eq yr-1 will 

differ, and in this study the values of CFC-11 were used because this is the reference value used for IMPACT 

World+. 

 

S1.5 Water use  

For human health the tolerated water withdrawal without causing impacts on humans (i.e. TmidIS) was 

estimated as shown in Eq. S4 

𝑇𝑇𝑇𝑇𝑇𝑇 = (NF × 𝑃𝑃𝑃𝑃𝐶𝐶) −𝑇𝑇𝑇𝑇𝐻𝐻          Eq. S4 

Where THW is tolerable human water withdrawal without causing impacts on humans (see Figure S5). NF is the 

natural water flow, PUF is the potentially utilizable fraction of water for human use, i.e. the fraction of the 

water flow that is actually available for human withdrawal (IWMI 2000), and HWR is the minimum human 

water requirements. The minimum human water requirements was retrieved from the United Nations and was 

defined as 20 liter capita-1 day-1 which is considered as the minimum quantity of safe water required to realize 

minimum essential levels for health and hygiene (WHO 2013). 

THW in each area is multiplied with the areas’ corresponding damage characterization model indicating the 

tolerated impact on human health in each area in an LCA before actual impact on human health occurs. The 

damage characterization models for damage on human health from freshwater withdrawal were based on 

(Boulay et al. 2011). Damage to human health is only characterized for areas where the population is actually 

harmed by increased water withdrawal. Thus, there are not impact on human health in areas where there is 
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either no water scarcity or the population is able to obtain water from outside the area they live in or where 

the water quality in the area is too poor for clean domestic water users who do not treat their water before 

consumption for use a drinking water. The TDL for human health from freshwater use was found to be 7.94E-

02 DALY capita-1 yr-1. 

  

Figure S5 Map showing the spatial differentiation in tolerable additional water withdrawals without exceeding the minimum human 
water requirements) 

 

S1.6 Ionizing radiations 

The shape of the response function for ionizing radiation on humans are generally thought not to have 

thresholds (Brenner et al. 2003; Gilbert 2009) and there is a risk of cancer for even low doses of radiation 

exposure. For ionizing radiation, the guardrail for human health is defined as 1 mSv (milli-Sievert) per person 

per year (EC 2013) which delimit the tolerable amount of radiation the public can be exposed to. The amount 

of ionizing radiation in mSv per kBq Carbon-14-eq was estimated to be 1.40E-14 mSv per capita per Bq Carbon-

14-eq emitted based on (Frischknecht and Braunschweig 2000). This corresponds to a tolerable emission of 

7.14E+13 Bq Carbon 14-eq yr-1 which correspond to a TmidIS of 9.7E+03 Bq Carbon 14-eq capita-1 yr-1. By 

multiplying the TmidIS with the DF in (Frischknecht and Braunschweig 2000), i.e. 2.1E-10 DALY per Bq Carbon-

14-eq, the TDL was estimated to be 2.04E-06 DALY capita-1 yr-1.  
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Section S2 – Additional result table 

Figure S2 shows how the derived TDLs compare to the damages estimated based on a global inventory of 

elementary flows for 2010 (see Section S3). 

 

Figure S6. Comparison between tolerable damage levels and estimated damages from global emissions and resources uses in year 
2010 for midpoint impact categories contributing to damage on human health. Note that the scale is logarithmic. 
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Section S3 – Global inventory for year 2010 

Global normalization references for the impact categories contributing to impacts on human health for 2010 

are given in Table S3. The normalization references were derived from the global inventory for 2010 from Sala 

et al. (2016), except for water use where global water withdrawal was based on the annual freshwater 

consumption inventory from the WaterGAP 2 model (Alcamo et al. 2003) for the year 2010 (Flörke et al. 2013; 

Boulay et al. 2018). The unit of the normalization references from Sala et al. (2016) are for the ILCD 

recommended impact categories, which correspond to the units used in IMPACT World+ except for ionizing 

radiation which was converted to the unit used in IMPACT World+ by applying the conversions factors given in 

Owsianiak et al. (2014). The normalization reference value at midpoint impact indicator level were converted 

to damage level by multiplication with the damage factors [DALY (Midpoint impact score) -1] given in Table 2. 

The normalization reference values at damage level per capita per year were estimated by dividing with the 

global population of 7.35 billion people. There, the human health impacts from the impact categories 

contributing to human health amount to a total of 0.02 DALY capita-1 yr-1. This value matches with the value 

derived by Weidema and Fantke (2018), although they used 2012 as reference year. 

 

Table S3. Global normalization references for year 2010 for IMPACT World+ methodology expressed at midpoint impact category 
indicator value and as damages. 

Impact category 

midpoint 
impact 
indicator unit 

Normalization reference 
value at midpoint impact 

indicator level per year 

Normalization reference 
value at damage level 

as DALY per year 

Normalization reference value at 
damage level as DALY per capita 

per year 

Global warming kg CO2 eq 4.81E+13 1.04E+07 1.41E-03 

Ozone layer depletion kg CFC-11 eq 1.34E+08 2.33E+06 3.17E-04 

Human toxicity, cancer CTUh (=cases) 9.16E+04 1.05E+06 1.43E-04 

Human toxicity, non-cancer CTUh (=cases) 1.13E+06 3.05E+06 4.15E-04 
Respiratory effects - inorganic 

kg PM2.5 eq 6.86E+10 4.73E+07 6.44E-03 
Respiratory effects - organic 

kg NMVOC eq. 2.80E+11 1.09E+04 1.49E-06 

Ionizing radiations Bq C-14 eq  2.04E+13 4.28E+02 5.83E-08 

Water use m3 water  4.81E+13 8.30E+07 1.13E-02 

Total   
1.47E+08 2.00E-02 
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