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A B S T R A C T

Humanity is continuing a path towards ecological instability. While resource consumption is unprecedented,
significant parts of the human population are still deprived of decent living. The safe and just operating space
postulates that it is possible to simultaneously stay within ecological limits and fulfil basic needs. However,
evidence that such a state can be achieved given existing population and available technologies is lacking.
Here, we attempt to show whether a safe and just space exists by modelling material and energy requirements
for satisfying basic needs with various technological scenarios. Environmental impacts of a basket of products
representing basic needs satisfaction are measured through life cycle analysis and compared to planetary
boundaries for the first time. We find that all planetary boundaries considered can be respected for 8.0
and 10.4 billion people with a probability of 81% and 73% respectively. However, this requires a fossil-free
energy system, and an essentially vegan diet as well as no additional cropland conversion. To actually create
and enlarge a safe and just operating space, carbon dioxide emissions, biodiversity, Phosphorus and Nitrogen
emissions would need to be further reduced, mainly by improved agricultural practices and material circularity.

Significance Statement
The purpose of this study is to find out if humanity can fulfil basic needs for all humans without

destabilizing the Earth system. This information is relevant for identifying pathways to futures in which all
humans can live good lives without compromising the livelihoods of future generations. Our results show that
it is theoretically possible to satisfy the basic needs of 10.4 billion people within ecological limits. However,
large-scale transformations in all sectors and dietary changes are necessary to guarantee safe climate conditions.
1. Introduction

Throughout human history, societies existed that sustained them-
selves over millennia (Suzman, 2020; Gowdy, 1998). In contrast, mod-
ern society is appropriating an unprecedented amount of natural re-
sources (Krausmann et al., 2013, 2018; Flörke et al., 2013; Elhacham
et al., 2020), altering natural geo-chemical cycles on global scales, and
exceeding multiple planetary boundaries (PBs) (Steffen et al., 2015a).
Destabilizing Earth system processes threaten the very foundations that
have allowed humans to prosper over the last 11 000 years (Rockström
et al., 2009b; Steffen et al., 2015b). For example, unabated anthro-
pogenic emission of greenhouse gases subjects future generations to the
dangers of self-amplifying global heating—with potentially existential
consequences for humankind (Steffen et al., 2018; Lenton et al., 2019;
Armstrong McKay et al., 2022; Wunderling et al., 2022).

Despite enormous resource consumption and stocks available in the
technosphere (Elhacham et al., 2020), basic needs are not satisfied
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for all humans (O’Neill et al., 2018). For example, an estimated 720
million people were undernourished in 2020 (Food and Agricultural
Organisation, 2021). Multidimensional poverty coexists alongside ex-
cessive luxury (Chancel et al., 2021; Oswald et al., 2020). The rich
are disproportionately responsible for exceeding PBs (Otto et al., 2019;
Wiedmann et al., 2020). Returning to an operating space within PBs
is, however, not just a matter of redistribution, but also of reducing
overall consumption and transforming the provisioning systems. Kate
Raworth postulates the existence of a safe and just operating space for
humanity (SJOS), i. e. a society living above satisfying basic needs for
all while respecting environmental limits (Raworth, 2012, 2017).

Previous studies analysed whether a particular society achieves
social goals for all without exceeding allocated environmental lim-
its. Investigations have been made on regional (Dearing et al., 2014;
Cooper and Dearing, 2019), national (Cole et al., 2014; Sayers and
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Abbreviations

CO2 carbon dioxide
DLS decent living standards
EF environmental footprint
FF fossil-free (scenario)
GWP global warming potential
ISIC International Standard Industrial Classifica-

tion of All Economic Activities
LCA life cycle assessment
LCIA life cycle impact assessment
LD, HD low, high demand (scenario)
N Nitrogen
noLT no land transformation
P Phosphorus
𝑃𝑣 probability of violation
PB planetary boundaries
SDG sustainable development goals
SJOS safe and just operating space
SoS safe operating space
WB wooden buildings (scenario)

Trebeck, 2015; Allen et al., 2021; Roy and Pramanick, 2020), conti-
nental (Heijungs et al., 2014) and global scales (Randers et al., 2019;
O’Neill et al., 2018; Hickel, 2019; Ehrenstein et al., 2020; Conijn et al.,
2018; Fanning et al., 2022). Some studies focus on specific social goals
– like food supply (Conijn et al., 2018; Gerten et al., 2020; Willett et al.,
2019), happiness levels (Ehrenstein et al., 2020), and the gross national
product (Heijungs et al., 2014) –, while others account for multiple
social objectives (Soergel et al., 2021; Randers et al., 2019; Allen et al.,
2021) included in the Sustainable Development Goals (SDGs) (United
Nations, 2015). The strength of the SDGs lies in their international
acceptance. Yet it is questionable if SDGs are adequately representing
social standards for sufficiency as they (i) lack a consistent scale of
normalization (Drees et al., 2021), (ii) are not always quantified or
quantifiable (Drees et al., 2021), and (iii) have been criticized for
containing contradictions between individual goals (Eisenmenger et al.,
2020; Alcamo et al., 2020; Menton et al., 2020). Also, outcomes are
sensitive to which and how many indicators per goal are selected (Drees
et al., 2021).

In a different approach, fulfilling basic needs for all is seen as an en-
abler for reaching social objectives (Rao and Baer, 2012). Defining ma-
terial and energy requirements necessary to provide decent living stan-
dards (DLS) (Rao and Min, 2018; Kikstra et al., 2021; Millward-Hopkins
et al., 2020), allows to operationalize the theory of human needs via
quantifiable and physical prerequisites for human well-being. However,
difficulties arise for needs whose satisfaction is not directly linked to
resource inputs (e. g. participation, safety, or mental health). Gough
(2020) draws from the DLS approach and conceptualizes consumption
corridors, another form of the ‘‘Doughnut’’ idea, which are characterized
by a lower limit of consumption consistent with need satisfaction
and an upper limit to curb excessive consumption incompatible with
environmental limits or social norms.

Environmental limits, which should not be transgressed, can be
defined in different ways. On a local or regional scale, studies fre-
quently define limits for air, water and soil quality indicators (Dearing
et al., 2014; Sayers and Trebeck, 2015) or specific ecosystem features
(e. g. fish populations; Cooper and Dearing, 2019). Studies investigating
larger scales make use of (allocated) PBs (Randers et al., 2019; Conijn
et al., 2018; Sayers and Trebeck, 2015), sometimes in combination
with environmental footprints (PB&EF) (O’Neill et al., 2018; Cole et al.,
2014; Ehrenstein et al., 2020; Allen et al., 2021; Roy and Pramanick,
2

2020). c
In an analysis of 150 countries, none achieved all SDGs nor stayed
within all allocated PBs (O’Neill et al., 2018). Few of these countries
could theoretically enter SJOS by reducing inequality within the coun-
try and modestly increasing resource consumption (Hickel, 2019). But
analysing trends between 1995 and 2015 for 91 of these countries
suggests that biophysical limits are being transgressed faster than social
goals are achieved (Fanning et al., 2022). When extrapolating these
trends until 2050, it becomes apparent that no country is likely to enter
SJOS (Fanning et al., 2022). Even under ambitious climate policies, not
all targets may be achieved until 2050 (Soergel et al., 2021). Much
more ambitious scenarios are necessary to come close to SJOS (Stock-
holm Resilience Centre, 2018). For example, the Giant Leap scenario in
the Earth4All model (Dixson-Declève et al., 2022) is claimed to enter
SJOS. However, quantitative evidence for this claim is missing.

Empirical evidence on the non-existence of the SJOS is no proof
that the SJOS cannot be achieved, since existing studies do not reflect
the potential of more eco-efficient provisioning systems (e. g. 100%
renewable energy systems (Breyer et al., 2022)). Studies that consider
eco-optimized technologies, however, either lack a multidimensional
social objective (Ehrenstein et al., 2020; Conijn et al., 2018; Gerten
et al., 2020; Willett et al., 2019), environmental objectives (Millward-
Hopkins et al., 2020), or a global scale (Allen et al., 2021). Soergel et al.
(2021) consider all of the above aspects, yet they use questioned SDGs
as social objectives and a carbon budget consistent with 1.5 ◦C heating
as the climate objective. Although this is reasonable for the short-
or medium-term, the question remains if humanity can stay at or
below an atmospheric concentration of 350 ppm CO2 in the long-term,
meaning that global net-emissions do not exceed natural CO2 removal
capacities (Myhre et al., 2013; Stein, 1991). Therefore, the question
whether or not the ‘‘Doughnut’’ exists remains unanswered, i. e. if it is
possible to provide decent living for everyone within ecological limits.

This study aims at filling this research gap by analysing environ-
mental impacts of baskets of products representing DLS under various
provisioning system scenarios and considering uncertainties. To do so,
we seek to find out if a steady-state SJOS can be achieved and – if yes
– to estimate its size. Furthermore, a sufficiency-based allocation key
will be derived that mediates between impact categories and resource
segments. This can help in finding sustainable resource budgets (as
resources are the physical ‘‘currency’’ of our economy (Desing et al.,
2020b,a)) based on fulfilled needs.1 To sum up, this study is the first
one attempting to determine whether a ‘‘Doughnut’’ (SJOS) can poten-
tially exist—whether a good life for all is possible. Our understanding of
‘‘possible’’ refers to technical feasibility – i. e. achievable with existing
technologies – and does not consider e. g. political or societal obstacles.

A five-step method (Section 2) is developed to estimate the existence
of SJOS and derive an sufficiency-based allocation key (Section 3). The
implications and limitations are discussed in Section 4; a summary
of the findings and outlook to future research provided in Section 5.
Details in the procedure as well as additional data, justifications for
selected values, and code can be found in the supplementary materials
(see Section S1).

2. Method, data and case study

To measure SJOS, we take the following approach: first, we define
the social foundation through a basket of products and services rep-
resenting DLS, upscale the associated environmental impacts with the
world population and, finally, compare them to Earth system bound-
aries, which set limits to maximal impacts compatible with the long-
term stability of the Earth system within a Holocene-like state (Rock-
ström et al., 2009a) (the PB framework being one approach of de-
scribing them). Per definition, SJOS exists if impacts resulting from

1 Heide et al. attempt to operationalize human need fulfilment for al-
ocation, however relying on social and environmental indicators of ‘‘most
ustainable countries’’. This is a questionable approach since none of the
ountries provides sufficiency for all.
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Fig. 1. Overview on the method used in the case study. Numbers correspond to the
general method steps described in the text.

providing DLS for a given population do not exceed Earth system
boundaries. The distance between fulfilling DLS for all and Earth
system boundaries demarcates the ‘‘Doughnut’’ (Raworth, 2012). Fi-
nally, impact shares are allocated to resource segments yielding a
sufficiency-based allocation key.

The analysis assumes a steady state, i. e. all resource inputs and
provisioning systems are constant over time. This represents a post-
transformation economy that can be maintained sustainably. Different
scenarios for provisioning systems can be considered to test the effect
of technological change. Transitions towards such a steady state are
not investigated here, as we are interested in measuring the potentials
of social – i. e. reducing consumption to sufficiency – and technological
change to achieve a possibly sustainable socio-economic system.

The method consists of the following five steps (Fig. 1):

1. Specifying the social foundation by defining sufficiency require-
ments for an average person and defining the basket of products
necessary to fulfil these requirements.

2. Selecting the provisioning systems (e. g. food production, en-
ergy infrastructure, transport system) that provide the basket of
products for sufficient living. Selection of world population sce-
narios (UN Department of Economic and Social Affairs, 2022).

3. Selecting environmental objectives: impact categories, Earth sys-
tem boundaries, and life cycle impact assessment (LCIA) meth-
ods.

4. Measuring SJOS: Calculating the impacts of sufficiency (scaled
up with the selected population) and benchmarking them against
Earth system boundaries.

5. Sufficiency allocation: Allocating Earth system boundaries to
resource segments.

Multiple options exist for carrying out the method described above.
For example, the social foundation may be defined either by SDGs or
decent living standards, and Earth system boundaries can be described
either by Planetary Boundaries or limits defined for environmental
footprints. In our case study, we translate basic needs into a physical
basket of products based on DLS, scale up the environmental impacts
on the PBs (using life cycle assessment, LCA), and compare them to PBs
using the current and expected peak world population.

2.1. Decent living requirements

In the first step, the social foundation – defined in abstract terms
such as subsistence, access to education or freedom of speech – needs
to be defined. We choose the DLS approach (Rao and Min, 2018),
which have already been operationalized to measure decent living en-
ergy (Millward-Hopkins et al., 2020; Millward-Hopkins, 2022; Kikstra
et al., 2021) and material requirements (Vélez-Henao and Pauliuk,
2023). However, so far they have not been benchmarked against en-
vironmental objectives.
3

The idea that every human is entitled to a certain level of well-being
is widespread and manifested in international agreements (United Na-
tions, 1948, 1966, 2015) and is also mirrored in several scientific
concepts (e. g. Brand-Correa and Steinberger, 2017; Rawls, 1971; Rein-
ert, 2011; Gough, 2019; Rao and Baer, 2012; Rao and Min, 2018).
Basic human needs and capabilities are identified as thresholds for well-
being (Max-Neef, 1992; Sen, 1993; Nussbaum, 2000), however, they
are too abstract to be applied practically (Doyle and Gough, 1991).
Therefore, universal satisfiers that represent cross-cultural means of
satisfying human needs were proposed (Doyle and Gough, 1991) (for
details on needs and satisfiers, see Section S2). These universal satisfiers
have been translated into physical requirements by the decent living
standards (DLS) (Rao and Baer, 2012; Rao and Min, 2018; Millward-
Hopkins et al., 2020; Kikstra et al., 2021). In this study, we build
on DLS, expand it where necessary with additional literature (see
Section S2), and define a globally representative basket of products able
to provide the social foundation. This sufficiency basket is modelled
in LCA as the foreground system (Table 1), while the provisioning
system supplying this basket is modelled as the background system.
As background databases we use ecoinvent v3.8 (Ecoinvent, 2021)
and modifications thereof Gómez-Camacho et al. (in preperation) (see
Section 2.2). This makes it necessary to express the sufficiency basket
in units consistent with ecoinvent.

For nutrition, we follow the detailed recommendations for a plane-
tary healthy diet (Willett et al., 2019) and translate the calories needed
per food category into kilogrammes of specific food items which are
globally representative and modelled in ecoinvent (see Section S2).
Shelter requirements are modelled according to DLS with additional
assumptions necessary regarding building life times and room heights.
For clothing we add life cycle inventory data for shoes (Gottfridsson
and Zhang, 2015). For quantifying physical requirements of health care,
hospitals are modelled based on life cycle inventories and functional
requirements from Switzerland (Keller et al., 2021; BAG, 2020), which
can be seen as globally desirable. Access to schools and communication
are modelled following DLS, yet without specifying the number of
teachers required, because their number does not relate to a material
or energy requirement. Freedom of expression relies on public space
large enough to support mass demonstrations. We estimate the re-
quired public space that can accommodate largest gatherings in recent
history (Ortiz et al., 2022). The modal split for mobility is based
on Millward-Hopkins et al. (2020), however, excluding air travel, as it
is hard to justify as a universal satisfier, and including scooters in the
modal split. For details on data collection and justification for values,
see Section S2.

For some universal satisfiers, it is not feasible to define resource
requirements. For example, family and childhood upbringing, childhood
safety, physical security and economic security cannot be directly cor-
related with physical requirements. We argue that such immaterial
satisfiers can be met as long as all other material satisfiers are fulfilled.
For example, children’s mental health primarily depends on parental
affection, which is more likely to be granted if parents do not need
to worry about food or shelter. The correlation between poverty and
children’s development as well as violence (Hsieh and Pugh, 1993;
Letourneau et al., 2013; Brooks-Gunn and Duncan, 1997) supports this
assumption. Secondly, we argue that having access to the material and
energy requirements for a decent life provides economic safety per
definition. Therefore, we do not define material and energy require-
ments for needs concerning family, childhood, physical and economic
safety dimensions, and assume that they can be satisfied without further
resource inputs (see Section 4 for a discussion).

DLS cannot be defined with ultimate precision. Therefore, we con-
sider a range of possible values (Table 1 and Section S1). Three different
scenarios – low demand (LD), base and high demand (HD) – are defined
to explore possible deviations in the demand to satisfy basic needs. The
base scenario relies on centre or average values stated in the literature
(see Section S2); the average household size is assumed to be four
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Table 1
Requirements for decent living standards (LD: low demand, HD: high demand). Green: household scale, yellow: community scale, red: national/global scale. 𝜇: mean value (Grubler
et al., 2018).

Universal satisfier Decent living requirements Per capita Value from literature

Nr. Dimension Requirements Value [LD, base, HD] Unit

1a Food Calories, proteins, micro-nutrients [2000, 2250, 2500] kcal∕acap [Millward-Hopkins et al. (2020), 𝜇, Willett et al.
(2019)]

1b Cold storage Refrigerator (100 L) [0.2, 0.25, 0.33] 1∕cap Millward-Hopkins et al. (2020)Nutrition
1c Cooking Clean stove [0.2, 0.25, 0.33] 1∕cap Rao and Min (2018)

Toilet [0.2, 0.25, 0.33] 1∕cap Rao and Min (2018)
Water 2 Hygiene Water supply / disposal [18.25, 21.17, 23.73] m3∕acap [Millward-Hopkins et al. (2020), 𝜇, Kikstra et al.

(2021)]

3a Building Solid wall, roof,
minimal floor
space

Electricity,
water, sanitary
infrastructure

[10, 15, 30] m2∕cap [Kikstra et al. (2021), Millward-Hopkins et al.
(2020), Grubler et al. (2018)]

Shelter 3b Final energy Energy infrastructure [676, 1093, 1512] kWh∕acap see Table S3

4a Light Illumination [73, 137, 243] klmh∕acap Millward-Hopkins et al. (2020)
4b Comfort Modern heating,

cooling system
[0.2, 0.25, 0.33] 1∕cap Rao and Min (2018)

Clothes [1.3, 2.6, 4] kg∕acap [min Kikstra et al. (2021), 𝜇, Millward-Hopkins
et al. (2020)]

Laundry [59, 78, 98] kg∕acap [-25%, Millward-Hopkins et al. (2020), +25%]

Harmless living,
working
conditions 4c Clothing

Shoes [0.45, 0.9, 1.35] kg∕acap [−50%, Kikstra et al. (2021), +50%]

Healthcare 5 Healthcare Area of healthcare facility [0.25, 0.41, 0.57] m2∕cap based on [min Rao and Min (2018), 𝜇, Kikstra
et al. (2021)]

6a School Equipped schools [1, 2, 3] m2∕cap [−50%, Millward-Hopkins et al. (2020), +50%]
6b Access to

information
TV / laptop, internet [0.2, 0.25, 0.33] 1∕cap Millward-Hopkins et al. (2020)Education,

information,
relationships 6c Communication Telephone / smartphone ICT

infrastructure
[0.2, 0.56, 0.93] 1∕cap [Kikstra et al. (2021), 𝜇, Millward-Hopkins et al.

(2020)]

7a Freedom
of expression
and assembly

Public space [0.28, 0.84, 1.39] m2∕cap based on Ortiz et al. (2022)

Participation 7b Mobility Motorized transport, infrastructure [5000, 8527, 15000] pkm∕a [min Millward-Hopkins et al. (2020), Kikstra et al.
(2021), max Millward-Hopkins et al. (2020)]

Family,
children
upbringing

8 resource requirement unspecified – –

Childhood safety 9 resource requirement unspecified – –

Physical safety 10 resource requirement unspecified – –

Economic safety 11 resource requirement unspecified – –
t
f

n
(
m
t

people (which is the mean average household size across 153 analysed
countries; United Nations, Department of Economic and Social Affairs,
Population Division 2019). The high demand (HD) scenario assumes
that more material and energy are needed to provide a decent living
standard. Defined HD requirements are oriented on the upper limits
specified in the literature, and average household size is three people.
In the low demand (LD) scenario, DLS requirements consist of lower
values found in the literature, and average household size is specified
to be five people. Additionally, the LD scenario assumes an essentially
vegan diet (fish consumption remains). Threshold values for these three
scenarios are listed in Table 1.

Even though there are regional differences for satisfying basic needs
(e. g. varying energy requirements for heating or cooling (Kikstra et al.,
2021)), this study is looking at globally representative material and
energy requirements only.

We choose two different world population scenarios. The today
scenario takes population size as of 2023, which is 8 billion, whereas
the peak scenario refers to the maximum projected population of 10.4
billion (median of projections), which is expected to be reached around
the year 2085 (UN Department of Economic and Social Affairs, 2022).

2.2. Provisioning systems

Supply chains provide all necessary inputs for the sufficiency basket
(modelled as the foreground system in LCA) and are called provision-
ing systems, modelled here as LCA background system. Provisioning
systems extract natural resources from the environment, transform
them into products and useful energy (production systems) (O’Neill
et al., 2018; Fanning et al., 2020), but also recover materials at the
end of life (recycling systems) and release substances back to the
environment (waste disposal and emissions). The same products can
be provided by different provisioning systems (e. g. energy from fossil
fuels or hydro power). We use two different ecoinvent databases as
background systems to model provisioning systems for two levels of
eco-efficiency. The ecoinvent 3.8 database (Ecoinvent, 2021) represents
4

a system of conventional energy and transport technologies (e. g. , coal
power, gas boiler, internal combustion cars, etc.), which mainly runs
on fossil fuels (conventional provisioning). As fossil emissions are the
most pressing environmental concern (Desing et al., 2020a; Desing and
Widmer, 2021), we use a fossil-free version of ecoinvent 3.8 (Gómez-
Camacho et al., in preperation), where all fossil energy and transport
processes are replaced by renewable counterparts (e. g. , photovoltaics,
heat pumps, electric vehicles, etc.; fossil-free provisioning).

Ecoinvent allocates historical expansions of cropland to agricultural
processes (Reinhard J., 2017). To better reflect the steady state, we
additionally test the effect of halted agricultural land transformation
(noLT), i. e. allocated land use changes to agricultural processes are set
to zero. Note that land use occupation remains unchanged.

Buildings are modelled in two different scenarios (concrete/bricks
as modelled in ecoinvent, and wooden (Kakkos et al., 2020)), to assess
he effect of different building materials, which are the largest material
lows by mass today (Krausmann et al., 2018).

Combining three demand scenarios (LD, base, HD), two supply sce-
arios (conventional, fossil-free), two building type scenarios
concrete/brick, wooden, only in combination with fossil-free low de-
and), two scenarios with no further (crop)land conversion (with land
ransformation, no land transformation, only in combination with fossil-

free low demand), and two population scenarios (today, peak), results
in 18 investigated scenarios (see fig. S3 for overview).

2.3. Biophysical limits

Calculating SJOS requires the definition of ecological limits, impact
categories, confidence levels and life cycle impact assessment (LCIA)
methods. Preserving a Holocene-like state is described by ten translated
PBs (Steffen et al., 2015b; Desing et al., 2020a) and one additional PB
for energy appropriation from the Earth system (Desing et al., 2019).
Threshold ranges and distribution types are taken from Ref. Desing
et al. (2020a), as a long-term CO2 boundary is consistent with the

steady-state approach of the investigation. This results in eleven impact
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categories: Direct CO2 emissions, global warming potential, biodiver-
sity loss, ozone depletion potential, Phosphorus to ocean, Phosphorus to
soil, reactive Nitrogen emissions, appropriable land area, appropriable
cropland area, blue water consumption and appropriable technical
potential of renewable energy. The PB for ocean acidification is dis-
regarded, as it is covered by the threshold for direct CO2 emissions.
PB for green water flows (Wang-Erlandsson et al., 2022), atmospheric
aerosol loading (Richardson et al., 2023) and novel entities (Persson
et al., 2022) exist, but are excluded from this study due to lack of data
and LCIA methods. PB-LCIA are taken from Desing et al. (2020a) (see
also Section S5). Threshold ranges for PBs and calculation procedures
for indicators are detailed in the SM (S8).

2.4. Measuring the safe and just space

Having defined the social foundation and the ecological ceiling, we
derive SJOS by benchmarking the impacts of sufficiency scaled with
world population against PBs. A Monte-Carlo simulation (N=1 000) is
conducted to determine the probability distribution of the sufficiency
basket’s impacts. To yield the threshold contribution of the PBs, a
second Monte-Carlo simulation is run based on the PB range and
distribution type (Desing et al., 2020a). The probability of violation 𝑃𝑣
s calculated for each boundary category and the highest value indicates
he limiting boundary (see S8 for calculation code). If all 𝑃𝑣 are smaller
han a defined acceptable probability of violation 𝑃𝑣,𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 (the value

of which needs to be decided by society), the ‘‘Doughnut’’ exists. SJOS
can be measured as the difference between PBs and the sufficiency
basket’s impacts leading to 𝑃𝑣 = 𝑃𝑣,𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒. Violation of one boundary
category cannot be compensated by operating space in other categories.

2.5. Sufficiency-based allocation

Absolute sustainability assessments at sub-global scales (e. g.
countries, industrial sectors, products) require the allocation of global
boundaries to the activities under investigation (Ryberg et al., 2020).
The sufficiency basket developed here allows the derivation of a
sufficiency-based allocation key, which we exemplify here for alloca-
tion to resource segments. The key is derived by allocating impact
shares of identified material producing processes to resource segments.
The allocation of shares to nine resource segments (chemicals, metals,
energy(carriers), minerals, textiles, plant-based agriculture, animal-
based agriculture and processed food, wood, and water) is based
on the built-in International Standard Industrial Classification of All
Economic Activities (ISIC) system (UN, 2008) in ecoinvent. For details
on identified processes, contribution analysis, and segment aggregation
scheme, see Section S7.

3. Results

In 2011, six out of eleven translated PBs had been violated (Fig. 2)
(Desing et al., 2020a). The energy, metal, and chemical sectors con-
tributed most of the climate impacts and were responsible for more
than 40% of biodiversity impacts (Fig. 2a, Grandfathering). Reducing
consumption to sufficiency levels for all without transforming provi-
sioning systems cuts impacts on all PBs roughly in half (reduction factor
of 1.8 to 4.2 for 8 billion and of 1.4 to 3.2 for 10.4 billion people,
respectively). Reductions in P to soil and oceans are much larger,
because phosphate emissions to soil are not accounted in ecoinvent
in contrast to exiobase, which is the data source for global impacts
in 2011 (Wood et al., 2015; Desing et al., 2020a). Sufficiency already
brings two more boundaries – P to soil and land use – into the safe
operating space (see Fig. 2b, base 10.4 bn.). Sufficiency alone is,
however, insufficient to navigate into the ‘‘Doughnut’’, as the CO2,
GWP, biodiversity and N boundaries are still transgressed. In a scenario
of sufficiency, the agricultural sector grows in relative importance in
5

climate and biodiversity categories (see Fig. 2a, Base). The shift in
importance towards the agricultural sector can be explained due to
the higher reduction in material footprint (from 11.9 t/a per capita
in 2011 to 4.7 t/a per capita in the base scenario) compared to food
upply (from average per capita supply of 2870 kcal/d in 2011 United
ations Environment Programme, World Environment Situation Room
023 down to 2250 kcal/d in the sufficiency case).

As multiple PBs are still transgressed in the sufficiency case, it
s inevitable to transform the provisioning systems in addition to re-
uced consumption. Providing decent living with a fossil-free (FF)
nergy system, i. e. replacing all fossil energy inputs with renewable
nergy (Gómez-Camacho et al., in preperation), significantly reduces
limate impacts further. It brings GWP impacts below the bound-
ry, CO2 impacts into the boundary range (𝑃𝑣,𝐶𝑂2

= [0.51, 0.62]2)
nd reduces the probability of transgression for biodiversity (down to
𝑣,𝑏𝑖𝑜𝑑𝑖𝑣 = [0.15, 0.23]) and N emissions (down to 𝑃𝑣,𝑁 = [0.26, 1]). Even
hough the fossil-free provisioning systems increase land use, cropland
se, P to soil, blue water consumption, and energy demand – due to,
or example, increased forestry, solar energy conversion and wood ash
isposal via land-farming – impacts remain in the safe zone. Reducing
onsumption to sufficiency and fully defossilizing the economy is still
ot enough to navigate into a ‘‘Doughnut’’.

To further reduce impacts, we test low demand scenarios: ‘‘FF LD’’
escribes a scenario where sufficiency demand is reduced to the lower
nd of the estimates for DLS and a vegan diet is introduced alongside
fossil-free provisioning system (FF); the scenario ‘‘FF LD WB noLT’’

dditionally changes construction types to wooden buildings (WB) and
alts cropland expansion (noLT). Both reduce N emissions and biodi-
ersity loss below the boundary. CO2 remains the last boundary which
s transgressed now with a probability of violation of 𝑃𝑣 = [0.19, 0.27].
n the wooden building scenarios, CO2 emissions are decreased due
o lower clinker production and higher urea production needed for
ibre-boards (urea takes up CO2 during production). This lowers the
O2 impact of building provision by 73% compared to concrete/brick
uildings (4% of total impact of FF LD WB versus FF LD). Halted
ropland expansion further decreases total CO2 by 27% compared to
F LD WB. The best scenario – i. e. low sufficiency demand provided
ith fossil-free energy, no cropland expansion and wooden buildings
achieves a decent life within planetary boundaries with 73% proba-

ility (population of 10.4 bn). With the current world population of 8
illion, probability for achieving a ‘‘Doughnut’’ would increase to 81%.
n the FF LD WB noLT scenario, agriculture is the largest contributor
n all impact categories except energy demand (see FF LD WB noLT
n Fig. 2a). Note that the contribution of animal-based agriculture and
rocessed food is not zero despite vegan diets, because this segment also
ncludes fish and processed products like biopolymers, and plant oil
same division according to ISIC (UN, 2008)).

. Discussion

This study for the first time measures the technical feasibility of
chieving SJOS under consideration of uncertainty by jointly applying
LS, LCA and ESB.

Sufficiency alone is insufficient to create a SJOS for humanity under
urrent or expected population estimates. To return to safe spaces for
limate, biodiversity and the nitrogen cycle, large scale transformations
f our provisioning systems are necessary. Complete defossilization of
he electricity, heat and transport sectors, as well as switching fossil-
ased industrial feed to bio- and synthetic mass reduces climate and
iodiversity impacts significantly. To fulfil basic needs within planetary
oundaries with high confidence, demand would need to reduce to the
ower estimates for sufficiency (low demand, including an essentially
egan diet), and cropland expansion stopped in addition to a fossil-free
rovisioning system. In our tested scenarios, the existence of a safe

2 [today, peak] population scenario
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Fig. 2. (a) Share of safe operating space (SoSOS) for nine resource segments measured for three scenarios: Grandfathering for 2011 (from Desing et al. 2020a) Base (base demand scenario, conventional), FF LD WB noLT (low demand
scenario, fossil-free, wooden buildings, no land transformation). (b) impact distributions of DLS baskets scaled with a population of 10.4 bn and normalized to the 0.5% quantile of PBs (red line): base demand, conventional; base
demand, fossil-free (FF); low demand, fossil-free, wooden buildings, no land transformation (cropland) (FF LD WB noLT); impact in 2011 Desing et al. 2020a. 𝑃𝑣 (y-axis, right hand side) describes probability of violating PB in FF LD
WB noLT scenario (overlap of impact and PB distribution). Crosses show medians of distributions; bars range from first to third quartile of distributions. The impacts are plotted on a logarithmic scale. An exception are CO2 emissions,
which are plotted on a linear scale, because negative net emissions are possible in some scenarios. A limited set of scenarios are depicted in Fig. 2b for clarity; for other scenarios, see Section S6.
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and just operating space can only be confirmed once the acceptable
probability of violation is defined. As shown in Section 3, the best
scenario violates the CO2 boundary with 𝑃𝑣 = 0.27 (10.4 bn people). If
he acceptable probability is higher (e. g. in the current climate debate,
cceptable probabilities to exceed climate targets are set to around
0%; IPCC, 2022; Desing and Widmer, 2021), a safe and just operating
pace exists for this case. However, if it is lower (e. g. in technical
ystems – such as aircrafts, power plants, or vaccines – acceptable
robabilities of failure are typically ≪ 10−4 (Desing and Widmer,

2021)), not even basic needs could be fulfilled.
To create and increase SJOS, further improvement options exist,

which have not yet been assessed in this study. For example, improving
efficiency in provisioning systems by technological and operational
advances can decrease impacts generated by the sufficiency basket. The
results of this study provide the basis for investigating further improve-
ments and direct development efforts. As more than half of residual CO2
missions in the best achieving scenario stem from soil and biomass,
he largest potential for further reduction lies in improved agricul-
ural practices (e. g. permaculture, agro-diversity, less food waste, etc.).

C-absorbing agricultural practices can play an important role in in-
creasing SJOS. More generally, sustainable land use practices need to
be investigated, since biodiversity impacts and Nitrogen emissions also
need to be reduced. Care needs to be taken regarding burden-shifting
induced by changes in agricultural practices when generating trade-offs
with biochemical flows, biodiversity, and land use (however, operating
space for (crop)land use would exist).

In our background model, we do not assume technological learning
(in contrast to Sacchi et al. 2022), following a conservative perspec-
tive on future technical capabilities. Thus, we might overestimate the
ecological impacts from future provisioning systems. However, to our
knowledge other studies do not consider technological learning for
agricultural systems either, which according to our results is the most
crucial provisioning system for entering SJOS. Thus, it is not likely that
learning in regard to energy conversion, industrial processes, etc. would
affect our results qualitatively.

Another area for further improvements are circular strategies (Desing
et al., 2020b; Desing and Blum, 2023). The predominantly linear nature
of the current provisioning system has not been changed in this study.
Metals, minerals, textiles and chemicals account for 16% of residual
CO2 impacts, which can be reduced by increasing circularity. However,
these gains may be offset by depleting stocks of natural resources
(e. g. declining ore grade), which increase the efforts for extraction
and processing in the future. Ultimately, the complex interactions are
dynamic in their very nature, thus analysing them requires modelling
the transition into SJOS.

Theoretical evidence that a ‘‘Doughnut’’ state exists is no evidence
that it is possible to transition towards a ‘‘Doughnut’’ state. The possi-
bility of transitioning is governed by a multitude of factors, including
but not limited to (geo)political collaboration and will, social accep-
tance, energy and material feedback constraints of transitions, tipping
elements in the Earth system, the challenge to return to safe CO2
oncentrations (Desing et al., 2022), etc.—each of these factors po-
entially pose a constraint for achieving the ‘‘Doughnut’’. Investigating
ransitions into the ‘‘Doughnut’’ using the DLS approach was outside
he scope of this study and is a potential area for future research.

We modelled material and energy requirements only for need satis-
iers correlated to direct physical inputs. This means that no universal
hysical input is assumed for needs such as childhood security and
pbringing, and physical security. We deem this approach legitimate,
ecause (i) emotional needs (e. g. those of children) require social ca-
acities, which are intangible and require no direct material input,
ii) potential satisfiers for physical security can also potentially harm
he fulfilment of human needs (e. g. police brutality and war for police
nd military respectively), which contradicts conditions in the DLS
oncept (Rao and Min, 2018), and (iii) eligible satisfiers for physical se-
7

urity are not universal (e. g. infrastructure in case of natural disasters,
like tsunami protection, earthquake-proof buildings, etc.). Identifying
niversal satisfiers for such needs and illuminating their potential
esource requirements is a future task for engineers, anthropologists,
ocial scientists and psychologists.

The requirements for DLS, environmental impacts, and ESB in this
tudy are not regionalized, but defined as globally representative prod-
cts providing universal satisfiers, globally average impacts, and global
oundaries. We argue that a global approach is appropriate, because
SBs are operationalized in previous studies on global scale, many
upply chains are global, DLS are defined as universal, and we aimed
t selecting globally representative products for the sufficiency basket.
ecently, ESBs have been defined on local and regional scale (Rock-
tröm et al., 2023; Richardson et al., 2023); however, suitable LCIA
ethods are lacking. To better reflect regional differences in impacts

nd carrying capacities, it is first necessary to develop suitable LCIA
ethods and operationalize regionalized ESBs for LCA. Also, ESBs could

hange in the future. In our scenarios, we assume a post-transformation
ociety, which has returned to safe climate conditions. Hysteresis,
owever, could make future Earth systems less resilient, and thus future
SB thresholds might be different from today. Furthermore, data is
acking to regionalize satisfiers for DLS (e.g., mobility needs, living
rea, clothing, etc.) and regional provisioning systems (in ecoinvent,
ost products are modelled only for some regions, but not all).

Our model likely underestimates Phosphorus impacts, since phos-
hate flows to soil are not modelled in the ecoinvent 3.8 database.
ertilizer use is a main driver for both P and N flows into the envi-
onment. If we assume P emissions to be reduced by the same factor
s N emissions, this would result in P to soil emissions within the
afe boundary, even though they would be roughly 80 times higher
han calculated with ecoinvent. Also, some technology metals like
ridium, neodymium, and dysprosium used in electrolysers and wind
urbines are not modelled in ecoinvent and their impacts are therefore
ot accounted for. Furthermore, CO2 emissions of plastics produc-
ion (polystyrene, ethylene, and xylene) and end-of-life of plastics are
verestimated, since processes are modelled in a blackbox approach
n ecoinvent. This is why feed substitution with bio-based or syn-
hetic materials (which might reduce fossil CO2) requires more detailed
odelling of the background system.

A sufficiency-based allocation key between eleven translated PBs
nd nine resource segments was derived. This allocation key can be
pplied next to other principles for allocation to arrive at resource or
mpact budgets for sectors or stakeholders in absolute sustainability
ssessments (Ryberg et al. 2018, 2020, Hjalsted et al. 2021). Future
esearch can explore this possibility further.

. Conclusion and future research directions

Today, humanity is neither ensuring decent living for all, nor is it
afeguarding the ecological livelihoods for future generations. Previous
tudies show evidence that progress can be made in aligning minimum
iving standards for all and long-term ecological stability. However,
vidence is lacking that this progress is sufficient to achieve a safe
nd just operating space (SJOS). Here we show that it is possible to
chieve decent living for all with at least 73% confidence with known
echnologies and under expected population scenarios. This would,
owever, require the following:

• Providing decent living standards for 10.4 billion people within
eleven translated PBs with a high confidence, requires far-reaching
dietary changes, minimal consumption and completely defos-
silized energy systems. This is possible with currently available
technologies, however, we cannot find evidence for ecological
space for providing luxury.

• The SJOS is limited by the CO2 boundary, followed by boundaries
for biodiversity loss and biogeochemical flows. Defossilizing the
economy completely is therefore necessary, but not sufficient for

entering the ‘‘Doughnut’’.
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Future research may focus on improving agricultural practices – such
as organic farming, permaculture, improved land management –, as
it holds the largest potential to further reduce impacts from DLS.
This will be particularly relevant for climate, biodiversity and biogeo-
chemical flows. Another potential for improvement is to increase the
circularity of material systems (Desing et al., 2020b). Furthermore,
provisioning systems, DLS needs, environmental impacts, and Earth
system boundaries vary depending on local conditions. As this was
excluded here, future research will need to address regional differences
to increase significance of our findings for local governance. Overall,
these improvements to our study can show if a safe and just operating
space above satisfying DLS could possibly exist.
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