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Abstract

Efforts to steer the social metabolism (i.e., how human societies interact with nature) toward sustainability are pulling as-
sessment practice in two directions: “relative” product-to-product comparisons and “absolute” product-to-limit bench-
marking, where the limit works as a benchmark for the assessment. Within approaches such as Safe and Sustainable by
Design, inherently threshold-based “absolute” chemical risk assessment is coupled to life cycle assessment, which has tra-
ditionally been used as a tool for comparing alternatives. This coupling is driving the development of methodologies for
comparative assessment of (eco)toxicological impact potentials (e.g., chemical footprinting). In parallel, the emergence of
the Planetary Boundaries framework has renewed the interest in shifting from comparative assessments toward absolute
benchmarking against global environmental limits, leading to absolute environmental sustainability assessment. This arti-
cle reviews how environmental limits are incorporated into life cycle assessment through early distance-to-target meth-
ods, such as ecological scarcity, environmental themes, and Eco-Indicator 95, to support business-driven eco-efficiency
decisions and how impacts were anchored in national or regional targets and critical loads. We then discuss how the
Planetary Boundaries framework reorganizes limits around Earth system processes and how Planetary Boundaries-based
life cycle assessment translates global boundaries into life cycle assessment indicators and Planetary Boundaries-based
“budgets” for products and sectors. Across these developments, we show that setting and allocating thresholds reflects
conflicting notions of “weak” and “strong” sustainability and is unavoidably value laden, and we argue that making this
“valuesphere” explicit is crucial if Planetary Boundaries-based life cycle assessment is to inform credible, product-level
Safe and Sustainable by Design decisions on absolute sustainability.
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Introduction

Efforts to steer the social metabolism of nature toward sustain-
ability are increasingly organized around the idea of environ-
mental limits. From The Limits to Growth in 1972 (Meadows
et al., 1972) to the more recent Planetary Boundaries (PB )
framework (Richardson et al., 2023; Rockstrom et al., 2009;
Steffen et al., 2015), the idea that humans must respect environ-
mental limits is based on the recognition that the substitutabil-
ity of the natural capital is limited (i.e., the stock of resources
but also the set of interactions of biotic and abiotic natural sys-
tems), while the ecosystem services provided are essential for
life-supporting functions. Therefore, consumption of natural

capital should be monitored and constrained to avoid irrevers-
ible losses. This paradigm is known as strong sustainability. In
contrast, the current socioeconomic system and structures are
grounded in the weak sustainability paradigm: the acceptance
of technological substitution for natural functions that often pri-
oritizes what is politically feasible over what is ecologically nec-
essary (Pelenc et al., 2015). As a result of this tension, some
tools and methodologies have been developed in the field of en-
vironmental science to perform “absolute” product-to-limit and
“relative” product-to-product assessments, where limits and ref-
erence products respectively function as benchmarks for the as-
sessment. A typical example of the first direction is risk
assessment (van Leeuwen & Vermeire, 2007), while life cycle
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assessment (LCA) is a characteristic case of the latter (Olsen
et al,, 2001). Chemical risk assessment compares exposure con-
centrations against specified effect thresholds, yielding a binary
notion of safety (safe: yes/no), while LCA commonly reports
comparative impact profiles (sustainable: more/less). Emerging
frameworks such as the European Commission’s Safe and
Sustainable by Design (SSbD) for chemicals and materials
(Caldeira et al., 2022; Garmendia Aguirre et al., 2025) aim to cou-
ple chemical risk assessment to LCA to guide safe and sustain-
able innovation. This coupling exposes an asymmetry at the
core of current SSbD practice.

Two lines of LCA method development have emerged in re-
sponse to this asymmetry. First, comparative toxicological impact
assessment methods, often framed as chemical footprinting,
have been developed to quantify human and ecotoxicological im-
pact potentials analogously to other LCA impact categories, such
as global warming and ozone depletion (Bjern et al., 2014). This
approach extends the relative nature of LCA to toxicity-related
pressures and aligns naturally with weak sustainability interpreta-
tions that emphasize trade-offs and substitutions within an over-
all environmental impact budget.

Second, “absolute” sustainability assessment methods have
emerged, aiming to benchmark product systems against explicit
environmental limits rather than alternatives, as is typical in
conventional LCA. The PB framework plays a central role in this
second line, serving as the backbone for methods such as abso-
lute environmental sustainability assessment (AESA), of which
PB-based LCA (PB-LCA) is the most popular subset (Bjgrn et al.,
2020). By identifying control variables and boundary ranges for
key Earth system processes, PB reorganizes environmental lim-
its from a list of more context-dependent and politically defined
regional targets into a set of nonnegotiable global Earth sys-
tem boundaries.

Emergence of the PB framework coincided with the standardi-
zation phase of LCA (ISO, 2006a, 2006b) and the advancement of
assessment methods (Finnveden et al., 2009), renewing the in-
terest in including environmental limits in LCA to support deci-
sion making (Bjgrn & Hauschild, 2014). However, incorporating
environmental limits in sustainability assessments has been a
long-standing objective, well before the PB framework and the
corresponding emergence of PB-LCA and AESA.

Historically, incorporating limits in LCA has been based on
weighting methods. Weighting methods in LCA can be grouped
by their approaches for aggregating results in three classes: ex-
pert panel or similar, monetary valuation, and distance to target
(DtT; Pennington et al., 2004). Developed in the 1990s, early DtT
methods responded to industrial needs for a gradual definition
of environmental limits at a time when LCA was still establishing
its methodological robustness and gaining broader acceptance
as a decision support tool (Guinée et al., 1993). Distance-to-
target methods such as the ecological scarcity method (ESM),
environmental themes (ETs), and Eco-Indicator 95 (EI95) an-
chored impacts in national or regional targets, critical loads,
and risk-based criteria, largely to support business-driven eco-
efficiency decisions. Their goal was to condense complex impact
profiles into a single score for products or processes to support
fast and informed design choices. The choice of targets was
based on scientific evidence but also reflected political accep-
tance (Muhl et al., 2021). These approaches already moved LCA

beyond purely internal comparisons but did so within frag-
mented, context-specific notions of “absolute” grounded in par-
ticular policy and protection goals.

The integration of environmental limits in sustainability as-
sessment has matured alongside the development of (a) produc-
tion systems; (b) the state of scientific knowledge, including the
PB framework; and (c) the social and political readiness to im-
plement changes in production, partially reflected in the SSbD
agenda. We thus need to explore the emergence of the PB and
absolute sustainability concepts within the history of LCA thus
far, to provide a perspective on their potential development. We
critically review how environmental limits have been historically
integrated into LCA, and we analyze how the PB framework
reshapes this integration and what this implies for operationaliz-
ing absolute sustainability, especially within SSbD. The need for
this review emerged in discussions among researchers working
in the Horizon Europe projects BioSusTex (GA 101135372),
SunRise (GA 101137324), and CheMatSustain (GA 101137990), as
these seek to address similar questions on the relationship of
absolute sustainability and SSbD. Our aim is to address the risk
assessment-LCA asymmetry in the SSbD framework from the
perspective of the historical integration of environmental limits
into LCA—from early DtT methods to PB-LCA and AESA—and ex-
amine how these developments reflect different understandings
of sustainability.

We pay particular attention to how thresholds are defined
and allocated, how strict boundaries are set and global limits
are shared among actors and functions, and how these practices
encode conflicting notions of weak and strong sustainability. We
propose to conceptualize these normative underpinnings as a
“valuesphere” that co-evolves with scientific and methodologi-
cal advances, as introduced in Hofstetter et al. (2000). We argue
that making this valuesphere explicit is crucial for the future de-
velopment of PB-LCA and absolute sustainability approaches
and for their credible use in product-level decision making
within SSbD and related agendas. The article is organized as fol-
lows: first, the materials and methods used to carry out this re-
search are presented; the following section presents the results,
which include an overview of the past, present, and future of en-
vironmental limits in LCA; the discussion elaborates on findings
and possible developments for the operationalization of abso-
lute sustainability; and the final section summarizes the conclu-
sions of the study.

Materials and methods

This study seeks to explore the historical evolution of the con-
ceptualization and use of limits in LCA. We reviewed seminal sci-
entific and gray literature to (a) identify LCA studies that apply
the “relation to standards” weighting and (b) evaluate their con-
ceptual and methodological connection to the PB framework.
Exchanges with experts within and outside the Horizon Europe
projects BioSusTex, SunRise, and CheMatSustain helped refine
the research questions and ensure comprehensive coverage of
the relevant literature. Given the historical character of our
study, we organized the material into three sections: past (from
early DtT methods until the emergence of PB-LCA), present (PB-
LCA), and future.
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The literature review was structured around the research
questions of this study and does not aim to be exhaustive. The
research team met regularly to discuss the historical methods,
current methodological developments, challenges, and oppor-
tunities ahead, which collectively informed the discussion pre-
sented in this article. The work began with a review of some the
LCA-based methods developed in the 1990s that integrated DtT
weighting to support decision making; regarding PB-LCA, sev-
eral approaches have been proposed, including weighting, nor-
malization, and the calculation of new characterization factors
for PB processes.

Literature review

Past

The selection of DtT methodologies included in the “Past” sec-
tion was based on an initial screening proposed by one of the
authors, who was active in the LCA community during the period
in which these approaches were developed. This preliminary list
was subsequently discussed and validated by the research
team. Table 1 lists the methods reviewed and included in the
“Past” section. These methods were selected as historically rele-
vant, well-documented, and frequently discussed examples of
DtT weighting approaches in life cycle impact assessment
(LCIA). They were developed or consolidated during the forma-
tive phase of LCIA in the 1990s, when weighting methods were
actively explored as a way to support interpretation and aggre-
gation of environmental impacts. In addition, sufficient method-
ological documentation is available for these approaches,
allowing a transparent critical analysis. The selection was not
intended to provide an exhaustive review of all DtT methods but
rather to examine representative examples that show how
target-based reasoning entered early LCIA practice and in-
formed subsequent methodological developments. For the ESM
method, the reference indicated is citing the original document,
which was not found in literature. The analysis relied on the ear-
liest accessible official publication (Frischknecht et al., 2009), as-
suming continuity of the underlying conceptual framework
across updates. For the ET method, the reference reported is
the earliest description of the method retrieved from literature,
even though the original version is dated a few years before.

Table 1 Distance-to-target weighting methods reviewed in this study.

Present

The “Present” section was developed through a targeted critical
review aimed at identifying methodological contributions to
operationalize the integration of PB into LCA. The process began
with the review paper of Bjgrn et al. (2020), which provided a
consolidated starting point. References cited therein were
screened through backward snowballing, and additional rele-
vant studies were identified through an independent literature
search using combinations of terms related to “Planetary
Boundaries,” “life cycle assessment,” “absolute environmental
sustainability assessment,” and “PB-LCA.” Articles were not in-
cluded if they focused on the operationalization of one bound-
ary or presented case studies rather than methodological
advancements. Table 2 summarizes approaches that integrate
PB into LCA.

Future

To complement the historical and methodological analysis, we
examined selected application contexts in which PB is being
operationalized for industrial decision making. The selection
was guided by two criteria: (a) an explicit conceptual or method-
ological link to AESA and/or operationalization and (b) relevance
for industrial decision making at the level of products, technolo-
gies, chemicals, value chains, or companies. Based on these cri-
teria, we focused on three application contexts: the Science
Based Targets (SBTs) for nature initiative, research addressing
the novel entities boundary, and the SSbD framework (Table 3).
These contexts were selected because they represent possible
pathways for the development of applied and practical research
on PB, where limits are proposed at the level of industrial activ-
ity. Moreover, they represent key topics in the research field.
The SBTs are mentioned by Rockstrom et al. (2024) as a con-
crete example of PB operationalization; the PB for novel entities
is a critical unresolved question in the PB control variables defi-
nition (Jahnke et al., 2026); finally, SSbD is a central element of
the European Green Deal, focusing on integrating early assess-
ment for better future planning at the company level, and the
context in which our research question arose. Through these
efforts, the PB concept is moving from a global perspective to-
ward an operational tool to use in product development, chemi-
cal management, and corporate sustainability strategies.

Method Year  Region

Commissioner

References

Ecological scarcity 1978  Switzerland

method

1990s The Netherlands

(adapted for Sweden)

Environmental
themes method

Eco-Indicator 95 1995 The Netherlands

Frisco-Findus AG

Dutch chemical industry
and the Dutch government

National Reuse of Waste

Muller-Wenk (1978): Die okologische Buchhaltung:
Ein Informations- und Steuerungsinstrument fir
umweltkonforme Unternehmenspolitik.

Campus Verlag Frankfurt (cited by Frischknecht
et al., 2009)

Annema (1992), McKinsey & Company Inc

(1991, cited by Baumann & Rydberg, 1994),
Lindfors et al. (1995)

Goedkoop (1995)

Research Program

Note. AG = Aktiengesellschaft (Swiss joint stock company).
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Table 2 Planetary Boundaries-based life cycle assessment approaches reviewed in this study.

Method Year Commissioner References

PB for normalization 2015 Technical University of Denmark Bjern and Hauschild (2015)

PB for interpretation 2015 Chalmers University of Technology Sandin et al. (2015)

PBin LCIA 2018 Technical University of Denmark (Ryberg, Owsianiak, Richardson, & Hauschild, 2018)
PB for weighting 2019 L’Oréal Research and Innovation Vargas-Gonzales et al. (2019)

PB for normalization 2020 European Commission Sala et al. (2020)

Note. PB=Planetary Boundaries; LCIA = life cycle impact assessment.

Table 3 Research streams operationalizing Planetary Boundaries for industry reviewed in this study.

Method/topic Year Commissioner

References

Science Based Targets 2015
for nature initiative
Resources Institute

Novel entities 2015 Stockholm Resilience Centre
Safe and Sustainable 2022 European Commission Joint
by Design Research Centre

World Wide Fund for Nature, the United
Nations Global Compact, and the World

Bjorn et al. (2022), Tilsted et al. (2023),
Romito et al. (2024),
https://sciencebasedtargetsnetwork.org/
Steffen et al. (2015), Tulus et al. (2021),
Persson et al. (2022), Kosnik et al. (2022),
Richardson et al. (2023)

Caldeira et al. (2022),

Garmendia Aguirre et al. (2025)

Comparative approach

We focused on four dimensions for analyzing the literature and
synthesizing it comprehensively: (a) comparing the reviewed
LCA methods in terms of the included impact categories, weight-
ing approach, and target setting; (b) describing the historical
transformation of environmental limits in the scientific research
to which these LCA methods correspond; (c) exploring the
broader limits-based LCA practices within their historically spe-
cific scientific and political era; and (d) reflecting on subjective
elements included in the methods. The literature reviewed for
the first two dimensions is the same as the one listed in Tables 1
and 2. For the third dimension, we turned to literature on eco-
logical/environmental limits (e.g., carrying capacities, critical
loads, socioecological principles, and the PB) and revisited ma-
jor global agendas that served as sustainability-steering instru-
ments (e.g., Millenium Development Goals, Rio Declaration,
Sustainable Development Goals). The scope of this review is to
understand the origins and future of the limits-based LCA from
an SSbD perspective; therefore, for third dimension we focused
on key studies/agendas. For the last dimension, we analyzed the
same literature paying attention to how subjective decisions
were described and reported for each section.

Results
Past

We identified and reviewed three distinct DtT methods estab-
lished prior to the emergence of the PB-LCA approaches: the
ESM, ET, and EI95. In these approaches, targets were typically
calculated as annual load limits set at the national level by envi-
ronmental protection agencies, legislations, or regulations. The
aim of introducing DtT approaches was to streamline the use of

LCA in industry practice as a day-to-day decision-making tool to
provide fast and informed design choices. To integrate LCA into
product development and support industrial application needs,
weighting was used to guide impact prioritization and obtain a
single score associated with products/processes. At a time when
LCA was still establishing its methodological robustness and
gaining broader acceptance as a decision support tool, target
setting based on scientific evidence and political acceptance
aligned with the need for a gradual definition of environmen-
tal limits.

Specifying a value for each target requires a vast set of data,
detailed environmental models, and political acceptance of
what constitutes a defined threshold. The ESM, proposed by
Muller-Wenk in 1978 to interpret LCA impacts, was the earliest
DtT method that we identified (Frischknecht et al., 2009). The
EI95 (Goedkoop, 1995) and ET method (Baumann & Rydberg,
1994; Lindfors et al., 1995) were independently developed in the
Netherlands and Nordic countries, respectively. In the following
paragraphs, the ESM, ET, and EI95 DtT weighting methods are
presented according to their intended application, coverage and
target values, weighting principles, and use of results.

Ecological scarcity method

The ESM was introduced for the internal environmental assess-
ment of the Frisco-Findus AG company, based in Switzerland.
Later, the Migros corporate group set up a team (S. Ahbe, A.
Braunschweig, R. Muller-Wenk) to improve the calculations and
based it on the Swiss national objectives. The company was
driven by the need for a method to measure its efforts toward
improved sustainability, particularly in packaging selection. The
results of the study were published by the Federal Office for
Environment, Forestry, and Landscape as a series of articles en-
titled “Methodology for Ecobalances” from the study group in
1990 (Eco-Scout, 2025). The ESM covers several resource/sub-
stance flows for the Swiss region, considering the current values
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(i.e., at the time) and the critical values (i.e., the values accepted
and implemented into policy targets). The critical values are
based on national or international targets adopted by
Switzerland. For the environmental impact assessment, all pro-
cesses included within the system boundaries are assigned
eco-factors, which are calculated through characterization, nor-
malization, and DtT weighting. Each emission, resource use, or
substance flow is thus assigned a number of eco-points (i.e., the
unit of eco-factors) that reflect its environmental burden, based
on the actual values measured and the corresponding environ-
mental target. For example, the eco-factor assigned to CO,
for 2010 is 0.023 eco-points, resulting from characterizing
greenhouse gases, normalizing to Switzerland, and weighting
based on the 10% reduction goal (current flow/critical flow;
Frischknecht et al., 2009). In ESM, products or processes receive
an aggregated eco-point score that represents the overall envi-
ronmental burden of the system, with contributions weighted
according to the severity of each environmental issue. This
method is particularly useful for facilitating the practical use of
LCA results, especially in industrial contexts, where it informs
design choices in a fast and comprehensible manner. Many
product-oriented applications of ESM are documented in gray
literature and industrial reports rather than in peer-reviewed sci-
entific articles, while published contributions have often fo-
cused on methodological development and the derivation of
national or regional eco-factor sets (Ahbe et al., 2018; Grinberg
et al.,, 2012). A useful example, even if based on a theoretical
case study, is the steel and aluminium study by Muhl et al.
(2021). The work provides a useful example of how ESM can be
applied to product systems and supply chain interpretation. The
authors derived regional eco-factors and tested three DtT
weighting perspectives: consumer regions, producer regions,
and worst-case regions. The study shows how the choice of
target-setting perspective can substantially affect the aggre-
gated eco-point results and the relative importance of impact
categories and producing countries. Under the EU consumer
regions perspective, acidification dominated the aggregated
results for both metal products. By contrast, under the producer
region perspective, the aluminium results shifted strongly to-
ward water resources because part of the production mix was
allocated to highly water-scarce countries. The study also shows
that countries with smaller production shares may still drive the
final eco-point score when their country-specific eco-factors are
high. Integrating these perspectives into product design and
supply chain assessment can therefore help identify not only
which environmental issues dominate a product system but also
where regional environmental scarcity and target-setting
assumptions drive the final single-score result.

Environmental themes method: ET short, ET long

With a similar aim of supporting industry in integrating sustain-
ability into product design, the ET method was developed in the
Netherlands through an initiative by the Association of the
Dutch Chemical Industry and the Dutch government in the early
1990s. Its development was carried out by the Centre of
Environmental Science in Leiden, the Dutch National Institute
for Health and Environment, and the McKinsey & Company Inc
(Baumann & Rydberg, 1994; Seppala & Hamalainen, 2001). The
method was later refined by Chalmers Industriteknik to be

adapted to the Swedish condition (Baumann et al.,, 1993;
Rydberg, 1996). Two versions of the method were established to
address short- or long-term sustainability targets, using political
goals (ET short) or ecological critical loads (ET long). The latest
development of the method was tested and implemented in
several Chalmers Industriteknik projects, in contrast with the
rest of the methods designed for industrial application. As
the scientific literature mainly covers the Swedish adaptation,
the present work refers to this version.

The ET method groups environmental pressures into a set of
impact themes (or categories), for which the required reduction
and an associated weighting factor are determined. The ET short
uses the 1995 policy targets, whereas the ET long is based on a
set of scientifically derived criteria. In both cases, sustainable
loads are defined according to assumptions on ecological criti-
cal loads for each theme. For example, the global warming criti-
cal load is defined by the 1995 Swedish policy target of reducing
or maintaining emissions constant (short) or by the calculated
sustainable load of 0.1°C increase every decade (long). The
themes addressed include global warming, ozone depletion,
acidification, eutrophication, photochemical ozone formation,
dispersion of toxic substances, disruption, disposal of waste,
and depletion of natural resources. Weighting in ET is calculated
as the ratio between the normalization reference and the se-
lected target reference. Baumann and Rydberg (1994) tested
this adaptation of the ET method through a milk-packaging ex-
ample, comparing 1-L brick-shaped cartons with refillable poly-
carbonate bottles. The environmental loads from the life cycle
inventory were first assigned to ETs, expressed as theme-
specific impact fractions, and then aggregated after weighting
according to the relative severity of each theme. The resulting
impact ratio between the packaging options was used to com-
pare their environmental performance. The ET score indicated
no substantial difference between the systems, while the disag-
gregated results helped identify the main contributors and thus
possible priorities for environmental improvement. Since nor-
malization is based on the geographical location scope of the
assessment, the resulting weighting factors are region specific.
These weights are then used to calculate an indicator of total
impact for each category relative to the system under study. The
indicators can then be aggregated into a single score, producing
a one-number result. The ET thus provides a structured tool to
support the integration of environmental considerations into
product design.

Eco-Indicator 95

Around the same time as the ET method, the EI95 was devel-
oped in the Netherlands by the National Reuse of Waste
Research Program. A multidisciplinary team, including represen-
tatives from industry, science, and government, contributed to
defining a weighting approach for the Dutch LCA method
(Heijungs et al., 1992). The target values incorporated into EI95
were supported by a scenario study produced by the Dutch
National Institute for Health and Environment for the GLOBE
Europe organization and complemented by the World Health
Organization’s air quality (World Health Organization Regional
Office for Europe, 1987) and water quality (World Health
Organization, 1993) guidelines for Europe. Unlike methods
based on policy goals, EI95 relies on scientifically derived
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targets, defined as low damage thresholds. Targets were se-
lected by evaluating the effects of processes detrimental to the
environment and/or human health. Each target corresponds to
a specific level of damage caused to the environmental effect
considered. For instance, the greenhouse effect is characterized
in terms of ecosystem impairment resulting from rising temper-
atures. From this, a reduction factor is estimated to bring the
impairment down to an acceptable level. An acceptable damage
level was assumed to correspond to one human fatality per mil-
lion inhabitants per year, impairment of 5% of the ecosystem
(e.g., reduction of agricultural yield by percentage), or the ab-
sence of smog periods. These three levels were selected as
equivalent reference points. The EI95 method evaluates the
effects of a product system on human health and ecosystem at
the European scale. The resulting impacts are weighed accord-
ing to how close the measured effects are to the defined target
level. Based on the shape of the damage effect curve, a reduc-
tion factor is derived to reach the acceptable damage level, and
this value is applied as the weighting factor. The EI95 developed
a set of 100 material and processes associated with eco-
indicators, intended to support decision making in research and
product development. As illustrated in The Eco-Indicator 95:
Manual for Designers (Goedkoop et al., 1996), a product’s life cy-
cle inventory can be linked to these predefined materials and
processes, and the final score is calculated by multiplying each
process amount by the corresponding eco-indicator. In the
worked example of a coffee machine, the use phase dominates
the overall result due to electricity consumption, highlighting
where design intervention would be more effective.

Present

In this section, we review the process that led from the concep-
tualization of the PB framework to setting “absolute sus-
tainability” targets in LCA. Absolute sustainability builds on the
PB concept, in which environmental limits are defined as a set
of global thresholds that integrate scientific evidence and nor-
mative judgment. The former refers to the Holocene-based con-
trol variables of key Earth system processes, while the latter
reflects societal perception of safety, risk, and uncertainty
(Rockstrom et al., 2009). Each boundary is defined using prein-
dustrial Holocene conditions as target levels, as the industrial
revolution is a candidate watershed of pre- and post-
Anthropocene periods. With that set as the baseline, the extent
of human-driven planetary deviations is evaluated. Rockstrom
et al. (2009) used various approaches to establish and quantify
individual boundaries, depending on data availability and the
current scientific understanding derived from analytical and
modeling studies of the relevant Earth system processes. Data
availability is considered a limitation for the definition of appro-
priate control variables, and continuous updates aim at inte-
grating the best available knowledge. Modeling includes
estimations of the levels of disturbance that may trigger impacts
or alter interactions and feedbacks, potentially leading to irre-
versible changes in Earth’s life support systems (Richardson
et al., 2023). Since the first released version (Rockstrom et al.,
2009), numerous studies have been published on it, with note-
worthy updates of the framework published by Steffen et al.

(2015), Richardson et al. (2023) and annual Planetary Health
Check reports since 2024 (Sakschewski et al., 2025).

The need to operationalize PB within an AESA has positioned
LCA as the most robust methodological framework for this pur-
pose. The LCA methodology provides a comprehensive repre-
sentation of environmental impacts across the life cycle of a
system, reducing the risks of burden shifting while covering a
broad set of impact categories (Hauschild, 2015). The relevance
of LCA in this context was reinforced by the explicit call to move
beyond eco-efficiency and toward absolute sustainability in LCA
practice (Bjern et al., 2015), which coincided with a sharp in-
crease in scientific output following the introduction and first
update of the PB framework (Rockstrom et al., 2009; Steffen
et al., 2015). Supporting our comparison of DtT weighting and
AESA, early attempts to integrate PB into LCA focused on
weighting and normalization. Tuomisto et al. (2012) proposed a
PB-based DtT weighting, framing weighting as a necessary step
to support the interpretation of LCA results. They argued that
this method could become the optimal way to define weights, in
a research field where the incomplete but sufficient understand-
ing of environmental systems is the key to prevent dangerous
tipping points. Although grounded in PB, these factors require
further adaptation for LCA use, as direct equivalence between
PB control variables and LCA impact categories is not yet estab-
lished. Then, Bjgrn and Hauschild (2015) developed carrying ca-
pacity-based normalization factors, highlighting that several
LCA indicators implicitly address carrying capacity but only in
terms of threshold exceedance, failing to consider values close
to but below the threshold. By explicitly integrating appropriate
measures of carrying capacity, they proposed the use of PB as
sustainability reference within the normalization step of LCA.
This approach was adapted to align with the Product
Environmental Footprint method (Sala et al., 2020), which pro-
vided equivalences between PB metrics and Product
Environmental Footprint indicators.

Parallel developments explored how to link the global thresh-
olds to lower scales. The set of PB delimits the global safe oper-
ating space (SOS): the ecological space within which humans
can operate while maintaining the planet in predictable and sta-
ble conditions (Rockstrom et al., 2009). To operationalize AESA
and PB-LCA, it is necessary to determine whether a product, pro-
cess, or sector’s environmental impact is compatible with a
specified share of SOS. Sandin et al. (2015) proposed product-
level reduction targets by linking current PB values to a future
time horizon (2050), representing one of the first attempts to as-
sign a share of SOS to a regional market scale (i.e., the Swedish
clothing market segment). In contrast, Ryberg, Owsianiak,
Richardson, & Hauschild (2018) proposed redefining LCIA impact
categories such that Earth system processes could be used as
new impact categories in the LCIA phase; that is, conventional
LCA impact category indicators could be replaced with Earth
system processes and their control variables, effectively revers-
ing the integration logic by adapting LCA to PB rather than
vice versa.

Following these foundational contributions, recent literature
has refined the operationalization of PB-LCA and AESA rather
than replacing their core methodological architecture. Recent
work has addressed specific unresolved issues, including the al-
location of the SOS through alternative sharing principles, the
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treatment of uncertainty, impact category prioritization, pro-
spective modeling, and the development of practical guidance
for applying AESA at different scales. For instance, Heide et al.
(2023) proposed a sharing principle based on human needs ful-
filment; Lund et al. (2025) used AESA to prioritize impact catego-
ries in building LCA; and Manthos et al. (2026) combined
prospective LCA, AESA, Shared Socioeconomic Pathways, and
market penetration modeling to evaluate emerging biorefinery
products against future environmental thresholds. These devel-
opments confirm the increasing methodological maturity of the
field. However, a comprehensive review of recent AESA refine-
ments is beyond the scope of the present article, which focuses
on the historical and conceptual transition from DtT weighting
methods to PB-based absolute sustainability approaches. For de-
tailed and up-to-date reviews of PB-LCA and AESA operationaliza-
tion, see Paulillo and Sanyé-Mengual (2024), Acevedo et al. (2026),
and the recent Joint Research Centre guidance on AESA applica-
tion at different scales (Bjern et al., 2025). These approaches have
been tested across case studies at different scales.

A comprehensive review by Bjern et al. (2020) published a few
years ago highlighted that a key challenge lies in linking global
PB to the assessed system when assigning a share of SOS
according to distributional justice theory principles. This is cur-
rently one of the main limitations of AESA studies for compara-
bility, as discussed more recently by Paulillo and Sanyé-Mengual
(2024) and Zhang et al. (2025). As no unequivocal allocation
principle exists, most studies carry out a sensitivity analysis ap-
plying multiple sharing approaches to avoid an impossible
choice of defining a just principle (Paulillo et al., 2026). The out-
come is a few sets of limits, which struggle to be operational
due to significant variability. We identify this issue as a debate
for the “valuesphere” of AESA, as this methodological choice
cannot avoid a subjective element that significantly affects
results. This concept was introduced by Hofstetter et al. (2000)
to indicate the inevitability of integrating and explicating the
subjective element in a LCA assessment; that is, in a study the
decision maker’s views and the practitioner’s choices are build-
ing blocks of the analysis as much as the techno- and ecosphere.
This element is part of the current ReCiPe LCIA method, grouped
in three perspectives that account for different sets of uncer-
tainty and choices regarding each impact category (Huijbregts
et al., 2016). As proposed in their work, we use the valuesphere
term to denote the broader normative environment within
which PB-LCA and absolute sustainability approaches become
operational. The concept does not refer to a single value choice
nor to one specific allocation rule. Rather, it captures the set of
ethical, social, institutional, and methodological commitments
that shape how biophysical limits are translated into decision-
relevant thresholds for products, sectors, actors, or functions.
Additional challenges arise from the regional nature of environ-
mental processes (i.e., they have location-specific thresholds), the
uneven availability of data, and the globalized structure of supply
chains in contemporary socioeconomic systems. While regional
thresholds can sometimes be calculated, their limited feasibility
often leads to the use of global boundaries, increasing uncer-
tainty. This trade-off is widely acknowledged in literature (Bjorn
et al., 2020), and ongoing efforts aim to develop regionalized
boundaries. In the meantime, a degree of uncertainty is accepted

to enable practical application of AESA without restricting its use
to data-rich, predominantly high-income countries.

Future

What is absolute sustainability (assessment) for? The answer to
this question can help to set targets for the future of sustainability
assessment. On the global level, it is evident that avoiding the ex-
ceedance of the PB is crucial to support human development
through the stable Holocene conditions. Yet, when it comes to
economic dynamics, business models, and individual companies,
the path is less straightforward. The framework is positioned in a
context of strong sustainability, while policy and decision makers
instead aim for weak sustainability principles. With this prevailing
dissonance, the question of how to define pragmatic yet scientifi-
cally sound absolute sustainability thresholds remains unan-
swered. To address this question with practical examples, in this
section we review approaches to operationalize absolute sustain-
ability for industrial decision making.

Science-based targets for nature

The first practical application of absolute sustainability in case
studies grounded in the PB framework is found in the Science
Based Targets Network (SBTN; 2026b), which supports compa-
nies in setting validated greenhouse gas reduction targets.
Established in 2015 following the Paris agreement, the initiative
initially focused on aligning corporate greenhouse gas emission
reduction with global climate goals. Its founding partners in-
clude the World Wide Fund for Nature, the United Nations
Global Compact, and the World Resources Institute (Romito
et al., 2024). With the growing influence of the PB framework,
the SBTs initiative was developed to integrate ecological limits
into its scientific basis for target setting. Complementing the
SBTs initiative, which addresses only the climate change bound-
ary, the SBTN provides companies with a framework to assess
and prioritize impacts on freshwater, land, ocean, and biodiver-
sity. Companies calculate their responsibility share or their
allowed SOS share and define a reduction pathway consistent
with PB compliance in a target year. This allocation is based on
distributional justice theories, with grandfathering being the most
applied. As discussed earlier, this approach raises concerns re-
garding fairness (Bjorn et al, 2022; Tilsted et al, 2023).
Nonetheless, SBTs represent the first concrete example of practi-
cal implementation of PB-informed science, and the methodology
continues to be refined. The recent adoption of SBTN (2026a)
land targets by the H&M Group illustrates how science-based tar-
gets can operationalize absolute sustainability thinking in corpo-
rate decision making. Rather than relying on only relative
improvements, the company defined measurable land-related
targets for its upstream supply chain, including no conversion of
natural ecosystems, absolute agricultural land footprint reduc-
tion, and engagement in regenerative landscape projects.
Although not an LCA-based AESA application, this example shows
how boundary-oriented approaches are increasingly translated
into corporate targets for specific environmental pressures and
value chain hotspots (SBTN, 2026b). The scope of the SBTN is
now expanding to cover target setting not only for companies but
also for cities.
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Novel entities

Chemicals and materials have come to play a central role in the
global economy, making chemical and material pressure on PB
a growing concern, as the rapid expansion in production and di-
versification of synthetic substances increasingly outpaces the
capacity to assess their potential health and environmental
impacts prior to market release. This pressure, originally framed
within the PB framework as chemical pollution (see
“Comparison and synthesis” section), has progressively ex-
panded to encompass a broader set of anthropogenic compo-
nents, including plastic polymers (Villarrubia-Gémez et al.,
2018), engineered nanomaterials (Jahnke et al., 2026), and ra-
dioactive materials (Bose et al., 2026). Renamed novel entities,
the boundary now covers “anthropogenic and naturally occur-
ring chemicals, materials, and other human-generated entities
that have the potential to disrupt Earth system processes
through biological or physical effects, whose likelihood and
scale of impact are increased by persistence, mobility, accumu-
lation, and delayed detectability” (Jahnke et al., 2026). The
novel entities boundary thus functions as a placeholder for a yet
unknown boundary lacking a well-defined control variable and
is characterized by interactions with other PB (Kosnik et al.,
2022). Persson et al. (2022) and Richardson et al. (2023) suggest
to define the boundary as “no release of untested anthropo-
genic introductions,” implying that the threshold is already
transgressed due to the large numbers of new substances syn-
thetized and introduced every year without comprehensive as-
sessment. A growing body of literature is exploring alternative
definitions, metrics, and potential control variables for novel en-
tities (Dragsdahl et al., 2025; Reppas-Chrysovitsinos et al., 2025),
highlighting concerns related to their persistence, long-range
transport, accumulation pathways, and pace of production,
which hinders systematic safety evaluation and long-term envi-
ronmental sustainability assessment.

Safe and Sustainable by Design

A further opportunity for operationalization is currently being
explored within the European Commission’s SSbD framework
for chemicals and materials. One of the framework’s key objec-
tives is to aggregate the results of safety and sustainability
assessments, echoing the interpretation need of the DtT weight-
ing methods. This is challenged by the comparative approach
used in sustainability assessment, which generally prevents the
formulation of a yes/no conclusion regarding the sustainability
of a system. In this context, the SSbD framework suggests that
Step4 (i.e., environmental sustainability assessment) should
consider an absolute perspective based on the PB and carrying
capacity concepts, aiming to safeguard the resource needs of fu-
ture generations (Caldeira et al., 2022). The LCA combination
with the limits established within the PB framework could pro-
vide a way to overcome the question by prospectively assessing
whether emerging products and technologies operate within
their share of the SOS. Yet, the recent update of the framework
does not explicitly mention a shift toward absolute sustainabil-
ity but redefines benchmarks to function as threshold values
(Garmendia Aguirre et al., 2025). The definition of PB-based sus-
tainability impact thresholds is currently being investigated,
building on emerging applications of AESA at the product level,

a scale that is central to the SSbD framework. Although SSbD
has already been tested in several application contexts and case
studies, examples explicitly integrating SSbD with PB-based
AESA are missing. This confirms the prospective character of
this research stream. As highlighted by Hussein et al. (2025),
there is currently no general framework to guide the SSbD as-
sessment of chemicals, materials, and products using PB.
Existing AESA applications are still often disconnected from
early-stage design decisions, low technology readiness-level
technologies, and material- or component-level assessment.
Ultimately, translating global environmental boundaries to the
product level is essential for implementing the PB framework in
practice: companies must be able to understand and manage
their contribution to respecting these boundaries. Indeed, poli-
cies set directions, but businesses are the primary actors tasked
with measuring and managing their environmental perfor-
mance. Translating global boundaries to smaller systems intro-
duces substantial variability, depending on the principle used,
and high uncertainty, increasing as the system scale narrows. In
other words, assigning a share of SOS to a product system
involves considerably greater uncertainty than assigning it to a
country system. Nevertheless, this translation is particularly im-
portant, especially for emerging technologies, which are often
expected to support sustainability transitions by improving or
substituting existing practices. An SSbD assessment should
therefore also consider whether their potential large-scale de-
ployment would improve the product system compatibility with
environmental limits. In this perspective, integrating PB-based
considerations into SSbD could help orient innovation toward
solutions that are not merely less impactful but aligned with the
strong sustainability and transformative change required to re-
spect PB.

Comparison and synthesis

We present our findings from (a) comparing the LCA methods
reviewed (Table 4), (b) describing the historical transformation
of environmental limits (Figure 1), (c) placing the limits-based
LCA within a historical context (Figure 2), and (d) identifying ele-
ments of the valuesphere across methods. Table 4 summarizes
the criteria applied for the emission or damage levels used as a
representation of the PB or other boundaries used in the meth-
ods reviewed in the “Past” and “Present” sections. Direct nu-
merical comparison among the methods is not feasible because
the control variables, spatial scales, and indicator definitions
are not harmonized. This lack of comparability reflects method-
ological differences in how environmental limits are conceptual-
ized and operationalized. A recurring pattern is the
transgression of the limits measured in the current values,
across most methods and impact categories. This indicates a
shared understanding of the entity of anthropogenic pressure
on the environment and the urgency of reducing. As evident
also in Figure 1, the control variables for the “Toxic/ecotoxic
chemicals” impact category become increasingly aggregated
over time, going toward the novel entities PB that represents an
umbrella term including all the substances included in the
early methods.

Figure 1 illustrates how impact categories associated with en-
vironmental limits have changed over time, supporting the
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Table 4 Threshold in early attempts to link life cycle assessment impacts to planetary or other related absolute boundaries.

Impact category

Ecological scarcity
method?

Eco-Indicator 95°

Environmental
themes: short®

Environmental
themes: long®

Planetary
Boundaries
framework®

GW/GHG effect
Current (CH): baseline,
1990; 41.1 million t

CO,-eq

Target: CO,/yra010 <37
million t or 10% re-
duction by 2010 CO,/
Y050 <80.6 million t
or 80% reduction
by 2050

Criteria: 10% fuel reduc-
tion from the 1990
baseline in the Swiss
CO, Act (2010); Swiss
Sustainable
Development
Strategy (2050)

Ozone depletion

Current (CH): 2006; 391 t
R11l-eqg/a

Target: R11-eq/a <188
in 2015

Criteria: estimation on
releases of the stocks
of substances already
in use and substan-
ces ban

Acidification

Current (CH): 2006
91,000 t NO, as
NO,/yr
44,000 t NH3-N/yr
19,000 t SO,/yr

Target: 45,000 t NO, as
NO,/a 25,000 t NH5-N/
a 25,000 t SO,/a

Criteria: ambient limit
values defined within
the Swiss Federal Air
Pollution
Control Ordinance

Eutrophication
Current: n/a

Current (EU): AT =
+0.2°C/10yr

Target: 60% reduction

Criteria: AT <+0.1°
C/10yr or ecosystem
impairment <5%

Current (EU): 2.6% of
ozone layer depletion
Target: CFC emissions =
0 by 2000 or 60%
reduction

Criteria: probability of
1 death per year per
million people (due

to melanoma)

Current (EU): location
dependent,
value missing

Target: 90% reduction

Criteria: 5% system
impairment

Current (EU): ~200 kg
P-eq/ha per year in
Benelux countries,
North-Rhine Westphalia,
and Po valley region

Current (SE): CO,-eq =
9.0x10% g

Target: CO,-
eq<9.0x10% g

Criteria: policy target for
year 1995

Current (SE): R11-eq
=4.1x10°
Target: 95% reduction

Criteria: policy target for
year 1995

Current (SE): SO2-eq
=7.6x 10"

Target: 50% reduction

Criteria: policy target for
year 1995

Current (SE): NO,-eq
=6.4x 10"

Current (SE):
not specified

Target: CO,-
eq<2.7x10% gor
70% reduction

Criteria:
AT <0.11°C/10yr

Current (SE):

not specified

Target: R11-
eq<3.1x10% gor
92.5% reduction
Criteria: Cl/Br concen-
trations below forma-
tion of the polar
ozone hole

Current (SE): not
specified

Target: SO2-
eq<3.0x 10" or
60% reduction

Criteria: ion balance
(Ca + Mg+K):Al >1
in soils

Current (SE):
not specified

Current (GLO):
[CO,]): 417 ppm CO,,
RF: +2.91 W/m?
Target:

[CO,]): 350 ppm CO,,
RF: + 1.0 W/m?

Criteria: possibility of
extreme Earth system
impacts >1.5°

C warming

Current (GLO): 284.6 DU

Target: 276 DU

Criteria: max <5% re-
duction from preindus-
trial level

Current (GLO): carbon-
ate ion concentration
on the ocean surface =
2.8 Qaragonite

Target: carbonate ion
concentration on the
ocean

surface >3.44 Qaragonite
Criteria: avoid major
disturbance in marine
ecosystems (i.e., arago-
nite desaturation, lead-
ing to inhabitable
corrosive water)

Current (GLO): 22.6 Tg
P/yr global, 17.5 Tg P/yr
regional; 190 Tg N/yr

(continued)
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Table 4 (continued)

Impact category

Ecological scarcity
method?®

Eco-Indicator 95°

Environmental
themes: short®

Environmental
themes: long®

Planetary
Boundaries
framework?

Target: 17,000 t N/yr
20 mg/m?> P in lakes

Criteria: n/a

Photo-oxidants
Current: 2006
116,000 t/yr NMVOCs

Target: 81,000 t/yr
NMVOCs

Criteria: ambient limit
values defined within
the Swiss Federal Air
Pollution
Control Ordinance

Toxic/ecotoxic
chemicals

Current: 2006
22,000 t PM10/yr
12,745 t PM2.5/yr
9,255 t PM2.5-10/yr
Pbin air, 91 t/yr
Cd in air, 2 t/yr
0.004 pg PAH/L

Target:
Particulate matter:
12,000 t PM10/yr,
6,952 t PM2.5/yr,
5,048 t PM2.5-10/yr
Lead emissions to air:
58 t Pb/yr
Cadmium emissions to
air: 2.08 t Cd/yr
Carcinogenic substan-
ces: 0.1 ug PAH/L

Target: NO, <2.2 mg/L;
PO, <0.15mg/L or

80% reduction

Criteria: rivers and
lakes, impairment of an
unknown number of
aquatic ecosystems
(5% degradation)

Current (EU): average,
0% = 25 ppb; summer
peak, 300 ppb

Summer smog;:

Target: <25 ppb or
90% reduction

Winter smog:

Target: 50 ug/m? or
75%-80% reduction
Criteria: occurrence of
smog periods health
complaints, particularly
among patients with
asthma and older peo-
ple. For summer period,
occurrence of agricul-
tural damage.

Current (EU): pesticide
exceedance in 65% of
EU, heavy metals in air
exceeded (GLOBE re-
port), heavy metals in
water exceeded in
Rhine (GLOBE report),

carcinogenic substances

(PAHSs) in Western
European cities
~1ng/m?

Target:

Pesticides: 0.5 ug/L or
96% reduction

Heavy metals in air:
Pb <0.5-1 pug/m> or
80% reduction

Heavy metals in water:
80% reduction of Cd
Carcinogenic substan-
ces: 0.01 ng/m> or
90% reduction

Target: 40%

Criteria: policy target for
year 1995

Current (SE): g ethene-
eq =1.84x 10"

Target: 30% reduction

Criteria: policy target for
year 1995

Current (SE): tox.-eq
=1.27x 108

Target: 60% reduction

Target: NO,-

eq <9.2 x 10™ or -40%
(no reduction needed)
Criteria: critical loads of
nutrients to sea water
surrounding Sweden

Current (SE):
not specified

Target: g ethene-
eq <5.6 x 10" or
70% reduction

Criteria: 5%-il for
damages of ozone
to crop

Current (SE):
not specified

Target: tox.-
eq <2.5x 107 or
80% reduction

Target: P global <11
Tg/yr, Regional <6.2
Tg/yr; N <62 Tg/yr
Criteria:

Phosphate: avoid large-
scale anoxia

Nitrogen: water quality
standards (Steffen

et al., 2015)

Current (GLO): AAOD
=0.076

Target: annual
AAOD <0.1

Criteria: estimation of
preindustrial annual
AAOD

Current (GLO):
transgressed

Target: no release
without adequate
safety testing

(continued)
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Table 4 (continued)

Impact category

Ecological scarcity Eco-Indicator 95°

method?

Environmental
themes: short®

Environmental Planetary
themes: long® Boundaries
framework®

Criteria:

Pesticides: groundwater
contamination, 5%
system impairment
Heavy metals in air: Pb
levels in children’s
blood, limited life ex-
pectancy and learning
ability in an unknown
number of people
Heavy metals in water:
cadmium content in
rivers, ultimately also
effect on people
Carcinogenic substan-
ces: probability of 1
death per year per
million people

Criteria: ambient limit
values defined within
the Swiss Federal Air
Pollution Control
Ordinance, PAH
target within the
International
Commission for the
Protection of
the Rhine

Criteria: policy target
for year 1995

Criteria: critical load of
deposition of mercury

Criteria: percentage of
untested synthetics
released globally; e.g.,
among chemicals cur-
rently registered under
the EU REACH regula-
tion, at least ~80% had
been in use for at least
10yr without yet having
undergone a safety as-
sessment (Richardson
et al., 2023)

Note. The Planetary Boundaries biosphere integrity, land system change, and freshwater change are missing in the early methods and are not reported for the
purpose of comparison. The ecological scarcity method includes more substances under the impact category “Toxic/ecotoxic chemicals,” not listed for the purpose of
comparison. GW = global warming; GHG = greenhouse gas; Current = at the time of the reference publication; CH = Switzerland; EU = Europe; SE = Sweden; GLO = global;
CO, = carbon dioxide; AT = temperature change; yr =year; [CO,] = CO, concentration; RF =radiative forcing; R11 = trichlorofluoromethane; DU = Dobson units;

CFC = chlorofluorocarbons; Cl=chlorine; Br=bromine; NO, = nitrogen oxides; NO, = nitrogen dioxide; NHs-N = nitrogen content in ammonia; SO, = sulphur dioxide;
Qaragonite = aragonite saturation state; Ca = calcium; Mg =magnesium; K = potassium; Al=aluminum; n/a = not available; P = phosphate; N = nitrogen;

NMVOC = nonmethane volatile organic compound; AAOD = interhemispheric difference in aerosol optical depth; PM = particulate matter; PAH = polycyclic aromatic
hydrocarbons; Pb =lead; Cd = Cadmium; REACH = Registration, Evaluation, Authorization and Restriction of Chemicals.

@Frischknecht et al. (2009).
bGoedkoop (1995).
“Rydberg (1996).
dRichardson et al. (2023).

notion that the underlying concept is not new, while the lan-
guage, frameworks, and methodologies developed around it are
progressively changing. Almost all impact categories across
methods could be grouped according to the environmental
pressure that they assess, differing mainly in the control variable
adopted or in impact nomenclature. The historical development
of impact categories such as climate change, stratospheric
ozone depletion, acidification, and novel entities (using PB
Earth system processes terminology) can be traced back to ear-
lier methods and show substantial continuity over time.
Notably, the precursors of the novel entities category consist of
a collection of substances included in the current definition of
the corresponding PB, reflecting a progressively improved un-
derstanding of the global issue. On the contrary, land system
change, change in biosphere integrity, and freshwater use
emerged only with the conceptualization of the PB framework
(and in some updates of DtT methods, which are outside the
scope of this review; e.g., Frischknecht et al., 2009. Waste- and
energy-related impact categories were included only in ESM and
ET methods.

Figure 2 provides a conceptual overview of the co-evolution
of environmental limits (“Science”), LCA practice integrating

targets (“LCA”), and policy frameworks (“Policy”) previously
discussed. The relevant elements to describe the process of co-
evolution are organized along a timeline. LCA is positioned in
the center as the methodology in focus in this review. It repre-
sents the practice in which environmental limits have been
operationalized, thanks to the theory provided by scientific pro-
duction and the decisions taken within policy frameworks. The
LCA practice has been shaped by both streams, as influenced by
the historical context (gray arrows). Scientific production on en-
vironmental limits has progressively contributed to the formali-
zation of LCA as a standardized methodology, initially
addressing a need to measure and reduce impacts at the local
scale—for example, by informing weighting approaches to
thresholds, targets, or critical loads. These developments con-
solidated the use of LCA as a predominantly comparative tool,
pursuing eco-efficiency in the short term. More recently, the
emergence of the PB framework has reopened the discussion on
the role of environmental limits in LCA, fostering the develop-
ment of PB-LCA approaches that explore absolute sustainability
benchmarking at various scales. This trajectory has been rein-
forced by national and international policies, steering sustain-
ability efforts and informing environmental law with global
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ET

Baumann & Rydberg, 1994

ESM Lindfors et al., 1995
Frischknecht et al., 2009
(Miiller-Wenk, 1978) &Company, 1991)
Global warming potential

Climate impact

Greenhouse effect

Climate change
Ozone depletion potential
0Ozone layer depletion
Stratospheric ozone depletion
Acidification potential

Acidification

Ocean acidification

Characterization of radioactive emissions
Toxic substances emission

Carcinogenic substances

Airborne heavy metals

Waterborne heavy metals

Chemical pollution

Novel entities

[ Characterization of plant protection products
L Pesticides
Land system change

Rate of biodiversity loss

| Change in biosphere integrity

Photooxidant formation

Summer smog, Winter smog

Atmospheric aerosol loading

Eutrophication

"Bwo-geochemicalﬂows: interference with P and N cycles
‘ Bio-geochemical flows: P and N cycles
Landfilled waste

Environmentally hazardous waste
Characterization of primary energy resources
Resources (fossil fuels)

Electricity use

Global freshwater use

Freshwater use

1978 1083 1088

(Annema, 1991; McKinsey

1993

EI95 PB PB PB
Goedkoop, 1995 Rockstrom et al., Steffenetal., Richardson etal.,
2009 2015 2023

1008 2002 2008 2013 2018 2023

—Seminal publications

Figure 1 Comparison of impact categories in distance-to-target weighting methods and PB Earth system processes over time. Each term starts with
the method that developed it. The reference used, if not corresponding to the original document, is cited in brackets. Some categories have been
grouped as pertaining to the same area of protection, either broadening or narrowing the scope with scientific understanding of the processes.

W ESM: ecological scarcity method. The impact categories introduced in 2009 were excluded. m ET long: environmental themes-long term. m EI95:
Eco-Indicator 95. W PB: Planetary Boundaries; shaded light (2009) to dark (2023). The overlap of colors in “ozone layer depletion,” “acidification,”
and “eutrophication” represent an overlap of terms in the methods. Timeline diagram shows the evolution and continuity of environmental impact
categories across the ESM, ET method, EI95, and successive PB frameworks from 1978 to 2023. Horizontal bars indicate when related environmental
categories appear across methods, highlighting continuity in climate change, ozone depletion, acidification, and eutrophication, as well as the
emergence of Earth system processes such as biosphere integrity, land system change, freshwater change, and novel entities.

P =phosphorus; N =nitrogen.

agendas as prevalent instruments to address planetary-level
sustainability questions (e.g., Millenium Development Goals, Rio
Declaration, Sustainable Development Goals). The PB frame-
work gained momentum because it offers a scientifically robust
basis to assess sustainability at the planetary scale, addressing
the need to coordinate action in response to weak sustainability
practices that have proven inadequate (Downing et al., 2019).
The underlying idea is that LCA practice depends on how society
thinks and takes decisions about the environment through poli-
cies, as visible in Figure 2 showing science and policy mostly
preceding LCA innovation.

The relation between societal preferences and environmental
management is closely related to the previously discussed val-
uesphere dimension. In each method, a background overarching
configuration of value choices, normative judgments, distribu-
tional justice, and allocation principles functions as the underly-
ing narrative scenario in which the methods operate. According
to Hofstetter et al. (2000), cultural theory is the framework used
to systematically organize sets of value choices within the value-
sphere environment in which they operate. The DtT, AESA, and
“Future” section’s approaches do not explicitly define the virtual
valuesphere environment in which they operate. We have

identified political acceptability as the main subjective element
in the DtT weighting methods; the allocation of global SOS to
smaller levels in AESA and, consequently, in SBTs and SSbD; and
the boundary definition for the novel entities environmental
pressure. Although valuesphere dependence is more explicit for
the DtT methods, to the point of being one of the main criticisms
of the LCA weighting step, it is less evident in AESA and absolute
sustainability. The approaches that have operationalized these
methods include few elements attributable to the valuesphere,
such as selecting a temporal horizon, the reference population
entitled to that environmental space, which functions are so-
cially necessary, and how responsibility should be distributed.
Organizing these elements in structured and coherent sets
would help overcome some of the methodological challenges
that arose in this first decade of AESA application.

Discussion

Linking past and present methods

Conceptually, despite their differences in goal and scope, we ar-
gue that AESA and PB-LCA (a) aim to evaluate how a given
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Figure 2 Conceptual representation of the interactions of LCA practice, scientific understanding of environmental limits, and policy frameworks.

M Science. W LCA. | Policy. Timeline shows the co-evolution of environmental science, LCA practice, and sustainability policy. Scientific concepts and
policy developments precede and influence successive LCA approaches, from early environmental limits and DtT weighting methods to PB, PB-LCA,
AESA, and SSbD. LCA = life cycle assessment; DtT = distance to target; PB = Planetary Boundaries; PB-LCA = Planetary Boundaries-based life cycle
assessment; AESA = absolute environmental sustainability assessment; SSbD = Safe and Sustainable by Design; CH = Switzerland; NL = the Netherlands;

CE =circular economy; EU = Europe; NEPA = National Environmental Policy Act;

Development Goals.

system performs relative to predefined environmental limits or
targets, (b) align with the weighting step of the LCA procedure,
and (c) support the interpretation phase of LCA by indicating
which impact categories should be prioritized. In what follows,
we discuss each point with a comparative perspective.

Evaluation against environmental limits

In the case of the DtT methods examined in this study, the envi-
ronmental limits are conceived as the maximum acceptable
load in a given area. Acceptability is defined at the government
level, according to the reference body that produced the evi-
dence. As a result, ideological profiles and societal preferences
play a crucial role in accepting targets proposed by the scientific
community (Seppala & Hamalainen, 2001) and define the value-
sphere of reference for the specific DtT method. Because of this
dependence on value choices and stakeholders’ judgment, it is
essential to clearly explain how the weighting factors were de-
termined. For PB environmental limits, definition depends on an
integrated Earth system perspective that synthesizes evidence
on key biophysical processes and their interactions across scien-
tific disciplines, aiming to capture the most important anthropo-
genic influence at the planetary level of the boundary in focus
(Richardson et al., 2023). Targets are defined as preindustrial
Holocene conditions for each boundary, where the elements at-
tributable to the valuesphere are (a) the selection of studies to

MDGs = Millenium Development Goals; SDGs = Sustainable

produce the evidence synthesis and (b) the assumption that pre-
industrial conditions correspond to Earth system stability.

Weighting perspective

According to 1SO 14040:2006a and 1SO 14044:2006b, the integra-
tion of impact categories results using weighting methods is an
optional step in LCA. It consists of assigning weights to the envi-
ronmental impact categories considered in the assessment to
support the interpretation of the results. The PB-LCA for AESA
also aligns to this definition, as it includes an evaluation of the
systems according to the targets defined for each boundary.
When DtT weighting is applied, weights are calculated by the rel-
ative severity of the current environmental impact for each spe-
cific impact category. The greater the deviation of an impact
indicator from its target, the more urgent the category is consid-
ered. While DtT approaches assume that all targets are consid-
ered equally important and no impact has more severe
consequences than others (Tuomisto et al., 2012), AESA obtains
disaggregated values for each boundary to avoid trade-off.

Interpretation and prioritization

In the interpretation phase, DtT weighting and PB-LCA discuss
results considering the deviation from target levels, according
to the purpose of the study. When these DtT approaches were
conceptualized, datasets and models were less comprehensive
than in 2009, when Rockstrom et al. (2009) consolidated existing
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knowledge and proposed the PB framework. Accordingly, DtT
weighting methods have typically been developed from a local
perspective, tailored to specific countries or regions and based
on a consumer-oriented perspective (i.e., the country where the
product system is consumed). This represents a limitation for
interpreting environmental pressures that transcend borders
and global production systems, as impacts occurring along their
value chain are weighted according to the conditions of the re-
gion for which the method was developed (Muhl et al., 2021).
The PB-based approaches, by contrast, seek to anchor LCA in
global Earth system limits to account for planetary-level
changes, globalization of supply chains, and shared responsibil-
ity in environmental management, facing different challenges
regarding boundary choice and allocation.

Valuesphere

In this article, we review how the concept of environmental lim-
its was interpreted and implemented in the past and present
and how we envision it to be in the future of LCA. The differen-
ces in the thresholds set in the past and present stress how
much a boundary for absolute assessment is dependent on the
criterion set for its establishment. This choice will ultimately be
made by a partly subjective decision depending on the social
and historical context to which it pertains. In weighting, setting
a target value can coincide with the definition of a threshold for
PB, where pollutant critical loads (i.e., ESM), ET limits (i.e., ET),
or eco-points (i.e., EI95) are substituted by Earth system process
control variables. The values to set the limits for DtT methods
were found to be predominantly subject to political willingness
to integrate scientifically defined targets in policy or else fo-
cused on compromise-based targets. A limitation of this ap-
proach is the gap between policy limits and best-case scenario
for environmental protection, as they are the results of debates
matching science and societal acceptance. This is evident when
comparing the different definitions of goals in the environmen-
tal sciences context and in global agendas, even with the shared
aim of maintaining the Earth system in an acceptable status for
human prosperity. On the contrary, the PB framework, although
openly anthropocentric, was conceived to be independent from
any country or policy. However, while pursuing objectivity in
boundaries definition, AESA too cannot, at this point, be
decoupled from social values and preferences. This happens
when selecting the principles that guide the sharing of the PB al-
lowance: choices that reflect various understanding of fairness.
The share of SOS works additively, meaning that the sum of all
production and consumption should equal the Earth system car-
rying capacity, resulting in a set of scenarios of sustainability
results for the same system according to different distributions
of SOS. In this way, the “absolute” element of sustainability ad-
vocated by this approach falls into relativity because of the very
nature of distributional justice theories, by definition providing
options rather than an unequivocal answer of what is fair. To
support this claim, most of the studies developing such an as-
sessment were obliged to test a few sharing principles, obtain-
ing a set of possible limits rather than an operative result
(Ryberg, Owsianiak, Richardson, & Hauschild, 2018; Sandin
et al., 2015). This distinction is particularly important because
AESA is absolute in its reference to biophysical limits but not
value-free in its operationalization. The definition of thresholds,

the translation of PB into LCA-compatible indicators, the alloca-
tion of global limits to product-level functions, and the interpre-
tation of transgressions all involve context-dependent
normative judgments. Making the valuesphere explicit therefore
should be one of the scientific ambitions of absolute sustainabil-
ity assessment, along with methodological development. This
element would improve transparency, interpretability, and cred-
ibility, especially when these methods are used to support
product-level decision making in SSbD contexts. This tension
contributes to the resistance to adopt such an absolute perspec-
tive in our system, missing an operational level. We concluded
that the valuesphere has in both approaches a significant role
that inevitably shapes the results of the study. Our question is
this: can absolute sustainability aim to produce stronger claims
than DtT weighting?

Future

Toward absolute sustainability

Grounded in the principles of strong sustainability, the PB con-
cept has been proposed to move from pursuing what is merely
acceptable or marginally improved to identifying what is essen-
tial for maintaining natural capital in the long term. The LCA and
its consolidated methodological structure can be combined
with the decision support strengths of the PB framework, creat-
ing a coherent basis for assessing sustainability (Ryberg,
Owsianiak, Clavreul, et al., 2018). The PB framework offers a
suitable pathway to operationalize absolute environmental sus-
tainability and address the asymmetry between strong and
weak sustainability paradigms. The concept of sustainability is
inherently linked to the carrying capacity concept, although it is
now widely used to describe any effort aimed at reducing
impacts, lowering emissions, or optimizing resource uses. Its orig-
inal meaning, indicating a status that can be sustained in the long
term, is now being reintroduced with the “absolute” specification.
Within this perspective, traditional comparative approaches are
characterized as “relative,” since product-to-product assessments
primarily promote eco-efficiency, which does not necessarily
equate to a sustainable system. The shift from regionalized DtT en-
vironmental limits to the global PB framework reflects this change
in perspective, supported by emerging evidence that human activi-
ties drive global environmental change (Steffen et al., 2007, cited
in Rockstrom et al., 2009). This finding supported the debate
around the Anthropocene, a concept rejected by the International
Commission on Stratigraphy and the International Union of
Geological Sciences yet still influential as a scientific and societal
narrative. As environmental change increasingly manifests at a
planetary scale, the regional level of analysis has become insuffi-
cient to guide a sustainable transition.

We associated the relative/absolute contrast to the tension
between the strong/weak sustainability paradigms. The stress
on the “absolute” terms, we believe, serves to differentiate it ex-
plicitly from comparative sustainability, which means trying to
be “less unsustainable” without engaging on concerns on
growth (Steffens et al., 2025). Yet, PB implicitly sets limits to
growth. By stating that the system studied exceeds its shares of
SOS, AESA results call for fewer impacts. This cannot derive only
from technological improvements but must be paired with
changes in production and consumption patterns, when seven
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out of nine boundaries are well beyond the SOS (Sakschewski
et al., 2025). Weak and relative sustainability has proven more
operational; yet, by missing a path to get to the SOS in a safe,
just, and economically viable way, it is not enough to address
the ecological crisis. This perspective is characterized by aware-
ness of risk exceeding capacity for practical action, which is ulti-
mately a major obstacle to operationalizing strong and absolute
sustainability.

Addressing asymmetry in SSbD

We identify an asymmetry in the SSbD framework arising from a
methodological mismatch between safety assessment, which
follows a product-to-limit logic, and sustainability assessment,
which is predominantly product to product. This asymmetry
might limit the ability of SSbD to support early-stage innovation,
as sustainability assessments (a) rely on context-specific refer-
ence systems that may not yet exist for novel solutions and (b)
lack a boundary perspective to account for intra- and intergen-
erational justice. We therefore ask whether a shift toward AESA
within SSbD could help overcome these constraints. As one of
the key conceptual differences between past and present meth-
ods reviewed in this article is their positioning with respect to
the comparative approach, it was proposed that integrating the
PB framework into Step4 of SSbD may offer a pathway to move
beyond comparison (Caldeira et al., 2022). The latest update of

the SSbD framework (Garmendia Aguirre et al., 2025) proposed
another way to address the asymmetry and the relative/abso-
lute tension, defining benchmarks on average impacts of chemi-
cals and not grounding the assessment in concepts of absolute
sustainability or PB. Considering the role of the SSbD framework
as a support for redesign, substitution, and early-stage decision
making, we agree that the definition of benchmarks remains
crucial in the assessment. We suggest that the asymmetry
should be resolved by complementing a relative LCA with AESA
to expand the assessment and account for environmental limits.
Alternatives would be compared against each other within the
share of SOS assigned to the system. To support the vision out-
lined here, Figure 3 represents a conceptual overview of the pro-
posed workflow. Rephrasing the popular statement of absolute
sustainability, we suggest that systems should be better and
good enough. Improvement of environmental profiles should re-
main a priority, especially considering the high level of bound-
aries transgression that studies up to now have proved. This
suggestion, acknowledging the limitations discussed so far on
operationalization of AESA, provides a different perspective on
the relative/absolute assessment relations, within SSbD, and
more in general in the field of sustainability assessment.
Matching the two types of assessment is essential to avoid two
opposite limitations. Comparative LCA anchors the evaluation of
emerging technologies in the current system, identifying

Comparative = Absolute

SAFETY

NO YES

SUSTAINABILITY

(R

SSbD

SUSTAINABILITY

LESS

Comparative + Absolute

SAFETY

N\

NO YES

SSbD

(J
SUSTAINABILITY

Figure 3 A proposal to reframe the asymmetry between safety and sustainability in SSbD. Conceptual diagram compares two approaches to
sustainability assessment within SSbD. The upper panel shows a shift from comparative to absolute assessment: safety is evaluated against a yes/no
threshold, while comparative LCA based on more/less impact is replaced by an absolute LCA assessment against an allocated share of the SOS. The
lower panel shows the proposed combined approach: safety retains its yes/no threshold, and sustainability integrates comparative LCA between
alternatives and absolute assessment against the SOS. SSbD, Safe and Sustainable by Design; LCA, life cycle assessment; SOS, safe operating space.
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whether they are environmentally preferable to existing alterna-
tives and where trade-offs may arise. The AESA framework, in
contrast, situates these improvements within planetary condi-
tions but may lose interpretability if disconnected from bench-
marks and realistic substitution pathways. Combining
comparative LCA with AESA therefore allows SSbD to connect
the short- to medium-term question of whether an innovation is
environmentally “better” than current practice with the long-
term sustainability question of whether it is “good enough” in
relation to planetary conditions.

Recommendations and outlooks

Our systems—economic, political, social—are not (yet?) built to
function within the PB. To bring the Earth system back into its
SOS, several perspective changes are required, along with a
more radical socioeconomic transition. The PB limits are applied
on systems that depend on many factors and stakeholders,
across life cycle stages. For this reason, absolute sustainability
in practice has to go beyond the assessment-committing party.
First, it is important to make discourses on essential use and
sufficiency at the global level practical. The AESA community
has started to address the question of ideal consumption levels
in terms of which products and how much of them (Schlesier
et al.,, 2024). This opens a further question on how to distribute
responsibility between producers and consumers and how to
deal with individual people’s behavior. This point must be
addressed jointly with social sciences, broadening the meaning
of just SOS (Rockstrom et al., 2023). To support sufficiency
efforts from the producers’ side, sustainable business models
need to be adapted to integrate a link to limits and fair share.
Concerning LCA, we believe that the shift to an absolute sustain-
ability perspective demands prioritizing integration of scenarios
to model sets of possible futures targeted at SOS compliance.
Scenarios would have to account for the allowed size of the mar-
ket sector, possible sustainable business models for companies
to adopt, the role of stakeholders along the value chain, and so
on. An interesting and established framework to construct sce-
narios is the Shared Socioeconomic Pathways (O’Neill et al.,
2017), which provide development narratives to reach climate
goals. These pathways provide five scenarios posing different
challenges for mitigation and adaptation strategies, offering a
solid basis to discuss possible roads to make our system sustain-
able in a PB-based absolute way. Parallel to this modeling work,
we encourage discussion on the definition of absolute sustain-
ability, which can shape results of this transition and help imag-
ine how the future will look like. We agree with Guinée et al.
(2022) that absolute sustainability, as currently framed, is also
relative because its validity depends on strong assumptions, in-
cluding that carrying capacity shares are perfectly assigned to
all existing product systems, that functional units are defined by
annual consumption levels, and that production remains con-
stant over time. We complement this reasoning by arguing that
such relativity also derives from its grounding in a weak sustain-
ability paradigm. To avoid contradictions and greenwashing, we
suggest that the absolute sustainability narrative should be pri-
marily coupled to systems aimed at strong sustainability rather
than growth. Reframing this discourse to support societal and
economic transition could be complemented by the develop-
ment of global pathways toward PB compliance, envisioning a

future where companies are ready to decouple from mar-
ket dynamics.

Conclusions

We critically reviewed the historical integration of environmen-
tal limits in LCA, motivated by an asymmetry in assessing safety
and sustainability within an SSbD context. Our comparison of
early DtT weighting methods and modern PB-based approaches
showed that the first attempts for LCA-based decision making in
industrial contexts were also limited by policy-based target set-
ting as compared with the science-based target-setting ap-
proach, which, underpinned by the PB framework, forms the
basis of the modern PB-LCA. The main PB-LCA approaches iden-
tified include PB-based weighting, carrying capacity-based nor-
malization, product-level reduction targets, and substituting
current LCA impact assessment methods with PB-aligned im-
pact categories. The current discussion on limits revolves
around the methodologies of integrating the PB in sustainability
assessment and agreeing on the strength of the PB framework.
In our view, PB-LCA needs to address the challenges of (a) link-
ing global and local scales, including the use of appropriate
data in sustainability assessments, and (b) considering the great
variability of system-level thresholds and their role in target set-
ting. We highlighted the role of the valuesphere in selecting the
distributional justice theory and sharing principles. To overcome
the safety-sustainability asymmetry identified in SSbD, we pro-
pose a safety-sustainability integration rather than transitioning
from a comparative to an absolute sustainability assessment
paradigm for novel entities. In the future, we envision the need
to strengthen the discussion and modeling of scenarios and con-
sumption, as well as the definition of the role of absolute sus-
tainability for consumers and companies, taking as examples
the SBTs initiative and the SSbD framework.
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