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A B S T R A C T   

Cities are a key target in the global quest for sustainability and are increasingly acting independently to take the 
lead in sustainability initiatives. To truly achieve sustainability, cities need to ensure that their consumption is 
compatible with absolute sustainability and validate achievements from a perspective that includes trans
boundary impacts. The aim of this review is to assess how well these topics are incorporated into commonly used 
urban sustainability assessment methods, using the safe and just space (SJS) framework definition of a minimum 
acceptable threshold for both ecological stability and standard of living. The review identified 277 different 
sustainability indicator frameworks that have been applied to cities and undertook a detailed assessment of the 
most commonly cited of these. Consumption-based footprint studies were separately assessed to determine the 
extent to which they measure SJS indicators for cities. Both indicator frameworks and footprint studies had a 
focus on boundaries of increasing risk, including carbon, water, and land use; however few measured highly 
exceeded boundaries including nitrogen and phosphorus use, biodiversity, and possibly chemical pollution. 
Social impacts were well covered in indicator frameworks, except food intake, but largely absent from footprint 
studies. Cities are largely not measuring their impact on planetary tipping points or transboundary impacts, 
risking resolving some environmental issues while exacerbating others.   

1. Introduction 

1.1. City challenges and opportunities 

Cities take advantage of divisions of labour and economies of scale, 
supporting the development of specialised services and networks. As 
cities grow they become hotspots of creativity and economic growth, but 
also increasing energy use, rates of crime, traffic congestion and disease 
(Batty, 2008; Bettencourt and West, 2010; Bristow and Kennedy, 2015). 

It is estimated that by 2030 urban areas will house 60% of people 
globally, with megacities (those with over 10 million inhabitants) 
increasing from 33 in 2018 to 43 in 2030, mostly located in developing 
countries (UN, 2018). While the majority of infrastructure and urban 
areas are yet to be built, infrastructure and urban form lock in patterns of 
land use, transport choice, housing and behaviour (IPCC, 2014), with 
significant potential environmental impact (Bai et al., 2018). 

The resource use of cities is a key determinant of world sustainability 
(IPCC, 2014) and understanding the interactions, tipping points, 
thresholds and limits of urbanisation is imperative to transition to 

sustainability (Seto et al., 2017). Cities are dependent on the availability 
of hinterlands for resources and to dissipate entropy (Bristow and Ken
nedy, 2015; Lenzen and Peters, 2010; Seto et al., 2017), and accordingly 
a critical component of city sustainability is understanding whether or 
not the total of a city’s activities are compatible with maintaining a 
liveable environment. 

Given that cities are essential to achieving sustainability, scientifi
cally rigorous approaches to city sustainability measurement are 
needed. This paper focuses on two concepts that aim to enable clear 
consistent measurement of sustainability – absolute sustainability and 
consumption based accounting, with a focus on how they are currently 
embedded in key city sustainability assessment schemes, including in
dicator frameworks and urban metabolism approaches. 

1.2. Defining sustainability 

Sustainability is an evolving concept, with many attempts to define 
and operationalise the sustainability across different disciplines and 
scales, so as to optimise the trade-off between planetary resources and 
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human needs (Patterson et al., 2017; Sala et al., 2015; Turcu, 2013). 
Absolute environmental sustainability assessment (AESA) refers to 

the use of environmental sustainability indicators that are benchmarked 
against environmental carrying capacity (Bjørn et al., 2016; Vea et al., 
2020), of which planetary boundaries (PB) are a widely used approach. 
These nine boundaries (see Fig. 4) are posited as the thresholds of 
tipping points leading to abrupt and potentially irreversible changes in 
planetary conditions, to an extent unfavourable to human development 
(Rockström et al., 2009). 

Some planetary boundaries are defined as a total global limit, such as 
climate change and ozone depletion, while others comprise cumulative 
individual regional thresholds, including nitrogen and phosphorus, land 
cover, biodiversity, aerosols, freshwater use and chemical pollution 
(Dao et al., 2015; Paul Lucas and Harry Wilting, 2018). 

Planetary boundary targets were originally set at a total global level, 
however in order to operationalise the concept at a more granular level 
an active body of research is considering how to allocate fair resource 
shares to national, regional, industry and now city levels (Li et al., 
2021). Typically researchers have used an equal per capita share of the 
global safe operating space, although assumptions about population 
levels and timescales vary (Ryberg et al., 2020). 

Inclusion of social indicators in sustainability analyses is essential to 
understand the interdependencies between societal well-being and use 
of biophysical resources (Haberl et al., 2019). The Safe and Just Space 
(SJS) concept expands the planetary boundary concept by defining an 
additional 12 indicators of basic human needs derived from the Sus
tainable Development Goals (see Fig. 5) (Raworth, 2012). Meeting these 
needs is posited as a “social foundation” required to achieve social as 
well as environmental sustainability. 

Assessing sustainability on an absolute basis is essential to avoid 
exceeding the capacity of the earth to maintain a stable environment 
that remains conducive to human development (Steffen et al., 2015), 
and accordingly it is imperative to embed this concept at multiple scales 
including the city scale. 

1.3. Consumption-based sustainability assessment 

A critical focus of sustainability thought is determining behavioural 
changes required to reach desired outcomes (Schröder et al., 2019), and 
relies on identification of key stakeholders and processes. 

Territorial and production-based accounting (PBA) approaches 
attribute impacts to where they are produced (Ottelin et al., 2019), 
while consumption-based accounting (CBA) attributes impacts to the 
ultimate purchaser and allocates to an entity both their own territorial 
emissions and upstream external supply-chain impacts of goods and 
services purchased, less any exports/sales. 

CBA is a more complicated and resource intensive process than PBA, 
with a high level of assumptions required (Afionis et al., 2017; Ottelin 
et al., 2019), however it is especially relevant for cities, with recent 
studies showing a majority of city footprints are generated outside the 
city boundaries (Athanassiadis et al., 2018; Lenzen et al., 2020; Li et al., 
2020). CBA helps avoid “leakage” of high-impact activities to 
extra-territorial trade and helps end-users target ‘hotspot’ consumption 
categories (Sudmant et al., 2018). 

CBA results are often badged as “footprints”, defined as “indicators of 
human pressure on the environment” (Hoekstra and Wiedmann, 2014). 

Hybrid approaches include varying combinations of territorial and 
transboundary impacts, often focused on infrastructure related emis
sions for carbon (such as Scope 2 carbon emissions) (Chavez and Ram
aswami, 2013; Chen et al., 2019, 2020, 2020; Teh et al., 2018; 
Wiedmann et al., 2020a; Ramaswami et al., 2021). 

A comprehensive understanding of absolute sustainability of cities 
requires both a territorial (production) and a consumption-based 
approach (Fang et al., 2015; Wiedmann et al., 2020; Wiedmann and 
Allen, 2021). 

Comparison of CBA and PBA total impact levels enables entities to 

understand whether to best focus on local impacts or on transboundary 
impacts (Wiedmann et al., 2021; Ramaswami et al., 2021). This is 
particularly important for cities, because cities are more trade exposed 
and dependent on other regions than any other form of human 
settlement. 

While PBA approaches have historically been the default approach 
taken to assess environmental impacts, CBA measurement of environ
mental impacts is less well understood and accordingly this review 
specifically focuses on the extent of CBA in city sustainability 
measurement. 

1.4. City sustainability assessment 

1.4.1. Sustainability measurement approaches 
Multi-dimensional sustainability assessment of cities is predomi

nantly undertaken using a proliferation of indicator frameworks (Cohen, 
2017; D’Alpaos and Andreolli, 2020; Huovila et al., 2019; Merino-Saum 
et al., 2020; Verma and Raghubanshi, 2018). 

An alternate but not distinct strand of assessment uses a group of 
techniques falling under the umbrella of urban metabolism (UM) that 
interrogate aspects of sustainability with goals such as assessing 
extended supply chain and whole-of-life impacts, and modelling com
plex interactions between indicators. Indicators calculated individually 
using these approaches may then be used as input to other UM tech
niques or indicator frameworks (see Fig. 1 and S2.2 Supplementary 
data). 

1.4.2. Sustainability assessment indicator frameworks for cities 
Sustainability indicator frameworks are the generally accepted 

approach to assessing city sustainability by policy makers, and may be 
seen as a de-facto definition of sustainability in the urban context 
(Merino-Saum et al., 2020). 

A quadruple bottom line approach is often used to choose categories 
of indicators, comprising economic, social, environmental and gover
nance or cultural classifications (Deng et al., 2017; Sharifi, 2020; Sharifi 
and Murayama, 2015). Increasingly, sustainable city concepts are being 
subsumed into smart city concepts and indicator sets (Huovila et al., 
2019; Marvin et al., 2015; Sharifi, 2019; Yigitcanlar and Kamruzzaman, 
2018), however there is not empirical evidence that an increase in city 
“smartness” is correlated with an increase in city sustainability perfor
mance (Yigitcanlar and Kamruzzaman, 2018). 

Despite the level of effort expended developing indicator frameworks 
there is still a lack of consistency in definitions and indicators, and 
schemes are frequently based on expert opinion rather than alignment 
with core sustainability principles and science-based targets, which may 
limit their general applicability, comparability and relevance (Cohen, 
2017; Feleki et al., 2018; Mischen et al., 2019; Pedro et al., 2019; Sharifi, 
2020; Verma and Raghubanshi, 2018). Issues in accessing timely, reli
able data, both to undertake assessments and benchmark results, un
dermine the useability of indicator schemes as a management tool 
(Huovila et al., 2019; Mischen et al., 2019; Sharifi, 2020). 

Recent reviews have considered city sustainability framework in
dicators as mapped to SDGs (Merino-Saum et al., 2020; Zinkernagel 
et al., 2018), triple bottom line categories (Feleki et al., 2018; Huovila 
et al., 2019; Kumar et al., 2020; Massaro et al., 2020), and type of in
dicator, such as MONET and STEEP categorisations (Merino-Saum et al., 
2020) and Input/Process/Output/Outcome/Impact and “soft” or “hard” 
sustainability categorisations (Huovila et al., 2019). 

Others categories considered include city sectors (Huovila et al., 
2019), or other self-defined themes (D’Alpaos and Andreolli, 2020; 
Pedro et al., 2019; Sharifi, 2020, 2019). These lenses have been applied 
to a wide and varied selection of indicator frameworks (see S2.1 Sup
plementary data). 

None of these reviews, however, have looked at the use of planetary 
boundary indicators within frameworks, or assessment of transboundary 
impacts. 
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1.4.3. Urban metabolism approaches 
Urban metabolism (UM) is commonly defined as “the sum total of the 

technical and socioeconomic processes that occur in cities, resulting in 
growth, production of energy, and elimination of waste” (Kennedy et al., 
2007), although the concept has subsequently been expanded to include 
subsets of processes, and processes occurring outside cities (Beloin-
Saint-Pierre et al., 2017). UM approaches are widely used as a tool to 
model sustainability of urban areas by researchers and academics. 

Techniques under this umbrella include accounting methods such as 
material and energy flow analysis, and modelling methods, such as life 
cycle assessment (LCA) (Bjorn et al., 2020), and input/output analysis, 
which have also been combined in various ways to form hybrid ap
proaches (Cui, 2018; Morris et al., 2020; Song et al., 2019; Zhang et al., 
2015). System based approaches used for cities (largely systems dy
namics and agency modelling based) are also categorised as UM ap
proaches (Musango et al., 2017). 

Approaches vary based on time frames, type of data used, use of 
physical or virtual flows and whether results produced are on a pro
duction or consumption basis (See S2.2, Supplementary data). 

UM approaches are increasingly used to enable the calculation of 
consumption-based impacts, especially multi-region input-output anal
ysis, which is frequently used in CBA and has been identified as essential 
for cities to accurately assess consumption based impacts without sig
nificant truncation errors (Fry et al., 2018). 

No comprehensive LCA assessments for cities have been completed, 
although first attempts at upscaling hybrid urban metabolism/LCA ap
proaches have been proposed (González-García et al., 2019; Maranghi 
et al., 2020; Mirabella et al., 2019). 

Recent reviews of urban metabolism approaches have identified 
methods frequently used (Beloin-Saint-Pierre et al., 2017; Shmelev and 
Shmeleva, 2019; Song et al., 2019) and indicators targeted (Cui, 2018; 
Shmelev and Shmeleva, 2019; Song et al., 2019) or focused on particular 
tools such as LCA (Mirabella et al., 2019), however have not analysed 
these against planetary boundaries explicitly, and rarely consider social 
outcomes (Céspedes Restrepo and Morales-Pinzón, 2018). 

1.4.4. Benchmarking and indexing 
Ranking approaches are used to identify relative weightings of 

different indicators to generate an index value, or determine key in
dicators, and include data envelopment analysis (DEA), multi-criteria 
decision analysis (MCDM), analytical hierarchical process (AHP) and 
VIKOR multicriteria optimization and compromise solution (Ameen 
et al., 2015; Suganthi, 2018). Different aggregation techniques can 
significantly affect rankings (Laslett and Urmee, 2020). 

1.5. City-specific sustainability policy targets 

Cities are increasingly acting independently of national governments 
to taking the lead in targeting sustainability in global networks (Bai 
et al., 2019), with initiatives such as ICLEI (International Council for 
Local Environment Initiatives, 2020), C40 cities (C40 Cities, 2020) and 
GCOM (Global Covenant of Mayors for Climate and Energy, 2020). 

Sustainability policy mechanisms include price-based, rights-based, 
regulatory, legal, information and financial instruments (Sterner et al., 
2019). Additionally, at a city level, several unique areas can be targeted, 
include infrastructure provision, spatial planning and public service 
provision, and these are frequently included in sustainability indicator 
frameworks. 

City-specific infrastructure is central to many urban sustainability 
policy initiatives and assessments (Sterner et al., 2019), and includes the 
built environment, public spaces, transport, energy and waste manage
ment systems, telecommunications, water supply and treatment (Ram
aswami et al., 2016). Much of this infrastructure is publicly owned or 
regulated and can have a significant impact on sustainability outcomes 
(Chen et al., 2020; Creutzig et al., 2016). 

Additionally, urban planners target sustainability outcomes with 
indicators specific to urban areas include liveability, density and walk
ability (Garau and Pavan, 2018; Hake et al., 2016; Newton, 2012; 
Ottelin et al., 2019). 

Increasing population density via built environment regulation is a 
key policy lever used in urban planning, such as compact city policies. 
Increasing density has been linked to a reduction in both local water 
usage under drought and regional biodiversity loss (Pautasso, 2007; 
Schreiber, 2016), however when viewed on a consumption basis 
increased density has often been shown to correlate with increased 
rather than reduced carbon footprints (Ottelin et al., 2019), with an 
increase in long-distance leisure travel (Czepkiewicz et al., 2018). 

Finally, public services including cultural activities, health and ed
ucation, social services, emergency services and governance can have a 
significant impact on achievement of social goals, and are often 
measured in sustainability assessment schemes, but focusing on local 
outcomes only (Feleki et al., 2018; Merino-Saum et al., 2020; Sharifi, 
2020). 

Understanding the impact of city policy targets on planetary 
boundaries would enable translation of absolute sustainability objec
tives to policy-relevant outcomes. 

Fig. 1. Relationship between city sustainability assessment approaches. MEFA = Materials and energy flow analysis, SFA = Substance flow analysis, EFA =
Ecological footprint analysis, Eff = Efficiency calculations, IOA=Input-output analysis, ENA = energy networks analysis, LCA = Life cycle assessment, SD = System 
dynamics, ABM = Agent-based modelling, DE = Discrete events, IAM = Integrated assessment models. 
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1.6. Motivation and review questions 

Initial attempts by cities to measure sustainability have generally 
focused on relative performance (benchmarked against historic perfor
mance or other cities) and events within city boundaries. The planetary 
boundaries concept has quantified for the first time an overarching 
framework of multiple critical environmental thresholds, which enable 
cities to identify and prioritise key environmental goals (Wiedmann and 
Allen, 2021). Meanwhile, efforts to address climate change have seen a 
shift to widespread understanding that city consumption can drive sig
nificant impacts outside city borders, which need to be addressed at a 
city level (C40, 2018). 

With these developments, the inclusion of absolute sustainability 
indicators and limits (including assessment of transboundary impacts) in 
city sustainability assessment is now both possible and essential to 
enable cities to benchmark progress to a sustainable future. However, it 
is not yet understood to what extent these concepts are included in the 
many frameworks currently in use. 

This literature review aims to answer the following two questions: 

1. To what extent do sustainability assessments for cities refer to ab
solute measures such as planetary boundaries? 

2. To what extent do city sustainability assessments include trans
boundary impacts? 

This review considers both indicator frameworks used by policy
makers and urban metabolism approaches used by researchers (see 
Fig. 2). 

2. Method 

2.1. Identification of the most frequently cited frameworks 

Web of Science (Birkle et al., 2020) was searched to identify recent 
sustainability assessment review articles from 2017 to 2020 using the 
search terms below. These abstracts were then scanned to identify those 

that were specifically targeted at sustainability assessment of cities. 
These articles were then read and further references were identified 
from forward and backward citations. This resulted in a final list of 39 
sustainability assessment of cities reviews from 2017 to 2020 (see S2.1 
Supplementary data).  

Search term Number of Results, 
2017–2020 

(AB=(City OR Cities OR Urban) AND ALL=(sustain* 
(assessment OR appraisal))) AND LANGUAGE: (English) 
AND DOCUMENT TYPES: (Review) 

250 

AB=(“ City” OR " Cities” OR Urban) AND AB=(sustain* 
(assessment OR appraisal)) 
Refined By: WEB OF SCIENCE CATEGORIES: (GREEN 
SUSTAINABLE SCIENCE TECHNOLOGY OR 
ENVIRONMENTAL STUDIES OR ENGINEERING 
ENVIRONMENTAL OR URBAN STUDIES OR REGIONAL 
URBAN PLANNING OR GEOGRAPHY OR ECOLOGY OR 
ECONOMICS OR MULTIDISCIPLINARY SCIENCES) 

1107  

The 39 review papers were then read to determine which indicator 
schemes and frameworks were discussed or mentioned in the review 
articles with or without providing a formal citation. Overall, 28 review 
articles published between 2017 and 1 Sept 2020 met the criterion of 
considering different suites of indicators. These articles identified 469 
references to sustainability indicator frameworks, with 277 individual 
frameworks mentioned up to nine times each (See Fig. 3 and S1.1 
Supplementary data). Of these, 179 frameworks were mentioned only 
once, and a further 61 were mentioned twice. 

These indicator schemes references were checked for details of year 
published and author/institution, and errors corrected where identified. 
A number of schemes did not have a year associated; however their age 
can be inferred from the fact they were predominantly included in re
view articles published in 2017. 

Schemes were then grouped into developer and target-based cate
gories based on observable clusters, as shown in Table S2.2, Supple
mentary data. 

The top 20 cited schemes, all of which had been mentioned four or 

Fig. 2. Map of research approach and outputs.  
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more times, were reviewed for actual application at a city level, resulting 
in four being discarded from further analysis. Notably many of the most 
popular schemes are pre-2010, showing the slow speed of adoption of 
new frameworks. 

Frameworks first published in 2018–2019 were also reviewed, as 
they are inherently less able to have been reviewed in the time frame, 
checking for categories that were highly cited previously (consultancy 
index, international consensus scheme, neighbourhood tools) and direct 
targeting of sustainability of cities (as opposed to liveability, smart city, 
resilience etc), and a further scheme (LEED v4.1 for Cities and Com
munities (USGBC, 2020)) was also added for further analysis, resulting 
in a final list of 17 indicator frameworks for detailed analysis (see 
Table 1). 

2.2. Review of identified frameworks for absolute sustainability indicators 

A detailed review of the 17 indicator schemes identified previously 
was undertaken to identify any indicators relating to the safe and just 
space (social foundations and planetary boundaries). Related indicators 
were interpreted generously, and indicators were either then identified 
as being similar or partially covering the SJS topic area (see S1.2-S1.6, 
Supplementary Material). Both similar and partially addressing in
dicators were included in the count of absolute sustainability related 
indicators. 

Indicators were also scanned for whether they were to be measured 
on a consumption or production basis, and whether they were bench
marked against planetary boundaries. 

2.3. Review of consumption-based urban metabolism studies 

A review of consumption-based urban metabolism studies of cities 
was identified using a search of web of science from 2018 to 2020 (see 
S1.7 Supplementary data). To keep the number of studies to a reasonable 
level and target those most likely to be relevant to the topic several 
searches were run looking for “City” or “cities” or “urban” in the title, 
and “input output” or “input-output” or “footprint” in the title or ab
stract. A further search looked for those studies with all three terms in 
the abstract only. This returned a total of 546 papers. 

The abstracts of identified papers were then read and papers were 
categorised based on observable clusters, whether they were 
consumption-based, indicators used, and whether these covered the 

whole economy or only subsectors (such as a particular industry, or 
types of households). This process resulted in identification of 162 
consumption-based studies that relate to all sectors of a city, of which 25 
calculated multiple different footprints, resulting in 209 total instances 
of footprints being identified (see S1.7 Supplementary data). With the 
exception of ecological footprint studies, consumption-based studies 
were equally or more likely to be returned using a search on the term 
“input output” than on the term “footprint”, potentially due to the 
popularisation of “footprint” terminology to refer to spatial impacts, and 
“reducing carbon footprint” and similar terms as common aspirational 
phrases in environmentally targeted studies. 

2.4. Review of absolute sustainability of cities studies in academic and 
grey literature 

A further Web of science search of articles relating specifically to 
cities and planetary boundaries was performed, resulting in 77 results. 

ALL=(City or Cities or Urban) and all=(“planetary boundar*") not all 
= (“boundary layer") 
Indexes = SCI-EXPANDED, SSCI, A&HCI, CPCI–S, CPCI-SSH, BKCI–S, 
BKCI-SSH, ESCI, CCR-EXPANDED, IC Timespan = 2011–2020 

These were reviewed for assessments of city sustainability, with two 
documents returning a combination of city, and sustainability assess
ment against planetary boundaries. 

Science Direct was searched using Title, abstract, keywords: (“ city” 
OR “cities” OR " urban”) AND (“planetary boundaries”) NOT (“planetary 
boundary layer”) from 2011 to 2020 and returned 7 results, also with no 
documents returning a combination of city and sustainability assessment 
against planetary boundaries. 

A further search of grey literature using Google identified the 
Thriving Cities Initiative (2020) as including city sustainability assess
ment against planetary boundaries. 

3. Results 

3.1. Overview of planetary boundary and SJS social foundation coverage 

Both sustainability indicator frameworks and urban metabolism 
approaches frequently address the climate change planetary boundary, 

Fig. 3. City sustainability indicator frameworks cited in city sustainability review articles published from 2018 to 2020 by type and year first released.  
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Table 1 
Top urban sustainability indicator frameworks by inclusion in sustainability assessment reviews 2017–2020.  

Type Assessment Scheme Year First 
Released 

Developed By Cited PBs 
(9) 

SFs 
(13) 

Sim 
% 

Consultancy Index European Green City Index 2009 Economist Intelligence Unit and Siemens (Economist Intelligence Unit, 2009) 9 3 3 67 
ARCADIS Sustainable Cities Index 2015 Arcadis/London Economic Research Institute Centre for Economics and Business 

Research (CEBR) (Arcadis, 2018) 
6 5 8 77 

International Consensus 
Scheme 

City Prosperity Index/Global City Report 2012 UN HABITAT (UN Habitat, 2016) 9 3 12 87 
ISO 37120 Sustainable cities and communities — Indicators 
for city services and quality of life 

2014 International Standards Organisation, Switzerland (International Standards 
Organisation, 2018) 

9 7 13 85 

City Development Index/Global Urban Indicators Database 1993 UN HABITAT (UN Habitat, 2004) 6 1 11 92 
Sustainable Development Goals (SDGs)/SDG 11+ 2015 United Nations (United Nations Statistics Division, 2016) 6 9 13 95 
Environmental Performance Index† 2002 Yale University and Columbia University (collaborating with World Economic Forum 

and European Commission) 
5 Not Analysed 

Human Development Index† 1990 United Nations Development Programme 4 Not Analysed 
Indicators of Sustainable development† 1995 United Nations Commission on Sustainable Development (CSD) 4 Not Analysed 
Global City Indicators Facility (Pre ISO 37120) 2007 Global Cities Institute (Global City Indicators Facility, 2008) 4 1 11 83 

National Gov’t Tool Reference Framework for European sustainable cities 2008 RFSC (French Ministry in charge of housing and urban development et al., 2008) 5 6 11 88 
Neighbourhood Tool BREEAM Communities 2009 Building Research Establishment Ltd, UK (BRE Global Limited, 2017) 8 4 7 36 

LEED for Neighbourhood Development 2009 US Green Building Council (USGBC, 2018) 8 4 7 27 
CASBEE Urban Development 2006 Institute for Building Environment and Energy Conservation, Japan (IBEC, 2014) 6 3 7 10 
STAR Sustainability Tools for Assessing and Rating 
Communities Community Rating System 

2008 ICLEI - Local Governments for Sustainability, US Green Building Council and Center 
for American Progress ( S.T.A.R. Communities, 2016) 

5 6 13 74 

DGNB Urban Districts 2009 German Sustainable Building Council (DGNB GmbH, 2020) 4 6 1 71 
Green Star Communities 2012 Green Building Council Australia (Green Building Council of Australia, 2012) 4 4 8 17 

NGO City Index Global Power City Index 2018 The Mori Memorial Foundation’s Institute for Urban Strategies (The Mori Memorial 
Foundation, 2019) 

4 2 6 75 

LEED for Cities and Communities* 2019 US Green Building Council (USGBC, 2020) 1 7 12 67 
Ecological Footprint/National Footprint Accounts 1992 Wackernagel and Rees/Global Footprint Network (Borucke et al., 2013) 9 3 0 89 
Environmental Sustainability Index† 1999 Yale University and Columbia University 5 Not Analysed 

PB number of planetary boundary topic areas covered in framework. 
SF number of social foundation topic areas covered in framework. 
Sim – % of indicators used that were rated as quite similar to SJS indicators. 
†Not analysed due to only being applied to countries. 
* Added in despite not being frequently cited due to recent publication. 
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and slightly less often land-system change and water boundaries (Fig. 4). 
Nitrogen and phosphorus flows, chemical pollution, ocean acidification 
and stratospheric ozone depletion, by contrast, are largely not 

considered. Aerosols, biosphere integrity and materials use indicators 
were relatively more prevalent in sustainability frameworks than foot
print studies. 

Fig. 4. Coverage of planetary boundaries in city sustainability frameworks and consumption-based studies 2018–2020. Rings of data from centre out show earth 
systems, planetary boundaries, % of analysed city sustainability frameworks including indicator, number of related footprint studies, footprint type, and SDGs. Green 
colouring indicates high coverage, yellow moderate coverage, and red low coverage. 

Fig. 5. Coverage of social foundations in city sustainability frameworks and consumption-based studies 2018–2020. Rings of data from centre out show need types, 
social foundations, % of analysed city sustainability frameworks including foundation, number of related footprint studies, footprint type, and SDGs. Green colouring 
indicates high coverage, yellow moderate coverage, and red low coverage. 
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Social foundations (SF) footprints addressed energy and water use 
for cities but not most other foundations, however all social foundations 
were generally well covered in indicator frameworks (Fig. 5). The 
exception to this was adequacy of food intake, which was covered in 
several consumption-based studies but less than a third of indicator 
frameworks. 

3.2. City assessment frameworks 

3.2.1. Safe and just space coverage 
Only one framework covers all PBs and SFs, being the Sustainable 

Development Goals, although these indicators (except those in SDG 11) 
are not necessarily being applied at a city scale (see Fig. 6 and Table 1). 
ISO 37120 had good coverage of all SJS categories except two planetary 
boundaries (biogeochemical flows of nitrogen and phosphorus and 
ocean acidification) and LEED for Cities and Communities missed the 
same planetary boundaries, and additionally a measurement of food 
sufficiency. 

Of the other schemes considered a number had poor coverage of all 
PBs and SFs, including the European Green City Index and National 
Footprint Accounts. 

UN Habitat indicators (City Prosperity Index and City Development 
Index) are heavily slanted towards social foundation indicators, while 
DGNB and Ecological Footprint are the only frameworks to have a better 
coverage of planetary boundaries than social foundation. 

Indicators used were also assessed for similarity to SJS topic areas, 
particularly looking at indicators that addressed outcomes versus pro
visioning of facilities, e.g. poverty levels vs average wages, life expec
tancy vs number of doctors, voter participation vs project consultation, 
protection of land area and sprawl vs local green space, water con
sumption vs rainwater tank provision. Neighbourhood assessment tool 
indicators were typically only loosely related to SJS indicators in the 
same area, while international consensus frameworks and RFSC were 
generally well-aligned. 

Overall ISO 37120 is the indicator scheme best aligned with SJS 

indicators for cities. 

3.2.2. Benchmarking against absolute measures of sustainability 
Benchmarking approaches in indicator schemes varied (see S1.6 

Supplementary data), from benchmarking against other cities (e.g. Eu
ropean Green City Index, Sustainable Cities Index, City Prosperity Index) 
or targeted improvement or required proof of actions taken (e.g. SDGs, 
LEED for Cities and Communities, LEED for Neighbourhood Develop
ment) or various proprietary points schemes (Green Star Communities, 
STAR, CASBEE, BREEAM). A notable exception was the National foot
print accounts, which benchmark land equivalents against biocapacity 
available, effectively an absolute measure of sustainability (Borucke 
et al., 2013). DGNB indicator set targets a climate neutral benchmark for 
greenhouse gas emissions only, also an absolute measure. 

Initiatives to increase natural capital, such as the United Nations 
Decade on ecosystem restoration 2021–2030, are not typically quanti
fied objectives in sustainability assessment schemes, although they are 
being targeted at a city level (Thomson and Newman, 2018). 

3.2.3. Other absolute sustainability assessments of cities 
A few attempts to model absolute sustainability of cities using indi

cator frameworks have been made, although these have not been cited in 
reviews yet (see Table 2), however of these, only one (Thriving Cities 
Initiative, 2020), considers both a consumption-based approach and a 
downscaled absolute boundary. That study identifies but does not 
quantify social indicators. 

3.2.4. Consumption-based measures in indicator frameworks 
Consumption-based measures in the indicator frameworks studied 

include greenhouse gas emissions in ISO 37120, and material footprint 
in the SDGs (again not specifically at a city-level). Greenhouse gas 
emissions are generally well understood to include a consumption 
(scope 2 and scope 3) component, however the indicator schemes 
reviewed here typically only measured direct emissions or did not 
specify a basis in documentation located. 
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Fig. 6. Consideration of safe and just space impacts in city sustainability indicator frameworks, by type of impact and similarity to absolute sustainability indicators.  
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The Ecological Footprint is a consumption-based scheme, and this is 
also included as an indicator in the European refence framework for 
sustainable cities. 

Two urban metabolism based indicator schemes identified but not 
frequently cited in recent reviews contain consumption-based measures, 
including the EEA urban metabolism scheme which includes carbon, 
energy, water and land footprints (Minx et al., 2011), and Kennedy 
megacity indicator set, which measures energy, water, material, and 
waste flows, but not embodied impacts (Kennedy et al., 2014). 

3.3. Urban metabolism assessment 

While there is limited use of consumption-based indicators identified 
in indicator frameworks, urban metabolism techniques, particularly 
input-output analysis, is being used extensively to assess consumption- 
based environmental impacts of cities, and to a lesser extent social im
pacts, with 169 different environmental footprints and 25 social foot
print studies identified from 2018 to 2020, as shown in Fig. 4 and Fig. 5. 
The material footprint has been included in Fig. 4 despite the lack of 
relevant planetary boundary, as a “missing boundary” as identified by 
several authors (O’Neill et al., 2018; Vanham et al., 2019). 

Notably half of all studies were based on cities in China, with the 
majority of the rest based in EU countries and North America (see 
Fig. 7). 

While most studies focus on single indicators there were also 9 
studies using multiple indicators, and 18 studies focused on nexus 
studies involving combinations of energy, carbon, water, food and land, 
as shown in Fig. 8, demonstrating the active research in this area (Arthur 
et al., 2019). 

Numbers show quantity of studies for each nexus, e.g. there were 
seven identified energy-water nexus studies. Colouring and shading has 
been added to improve legibility. 

Other areas of consumption-based study related to cities that have 
not been included in totals reported include assessment of particular 
industries and types of infrastructure, such as the construction sector, 
green spaces, energy, transport, waste and stormwater. Studies of 
different household types explore the relationship between household 
characteristics and environmental outcomes, such as comparing urban 
and rural consumption to understand impacts of increasing urbanisa
tion. Spatial footprinting aims to quantify the land-use impact of the 
built environment. A number of non-consumption footprints focused on 
the user of remote sensing, IoT and mobile phone data to measure urban 
form and environmental and social data. 

Input output analysis has been used widely to calculate city foot
prints including carbon footprints (Chen et al., 2019; Moran et al., 
2018), ecological footprints (Lu and Chen, 2017) and water footprints 
(Garcia et al., 2020; Heck et al., 2018; Hoff et al., 2014). 

4. Discussion 

4.1. Assessment ofabsolute sustainability in city indicator frameworks 

Understanding the link between environmental impacts and city 
consumption is essential to meet the long-term material, social and 
environmental needs of city dwellers, without sending other species to 
extinction. This review shows that absolute sustainability assessments 
are still largely not incorporated into the sustainability frameworks used 
to benchmark city efforts. Indicators used are rarely measured from a 
consumption-based perspective, despite input-output based techniques 
being frequently used to undertake full supply-chain assessment of cities 
by the research community, and thus provide only a partial view of the 
resources required to provision cities. Similarly, while popular city 
sustainability assessment frameworks include assessment of many 
planetary boundary-related issues in some form there is a limited ability 
to understand the extent to which individual cities are contributing to 
overshoot because they are not benchmarked against planetary 
boundaries. 

4.2. Consumption-based assessment 

Thi paper found many city consumption-based footprints available 
for carbon, water and ecological footprints, reflecting previous studies 
(Matuštík and Kočí, 2021; Vanham et al., 2019; Wiedmann and Allen, 
2021). Of particular use for decision makers may be an analysis of the 
carbon footprint of 13,000 cities (Moran et al., 2018), and water foot
prints from the city-sustainability.com website although city boundaries 
defined may vary from administrative boundaries. 

Data-based decision making is intended to improve policymaking; 
however it needs to be recognised that data collection itself is a political 
process, which can artificially limit transformation possibilities and 
delegitimise unmeasured concerns (Hughes et al., 2020). In the case of 
economic data used in CBA and PBA analyses, non-market transactions 
and benefits are often excluded, and research to understand the impact 
of this on results reported would give additional confidence in conclu
sions drawn (Medina and Schneider, 2018). 

Changes in consumption patterns, particularly relating to diet, have 
been identified as essential to achieve broad sustainability objectives 
(Sachs et al., 2019). On a micro-scale, however, individual consumers 
have a limited ability to affect production decisions, although group 
efforts can be more effective (García-de-Frutos et al., 2018). 

Consumption reduction in any area is likely to lead to a rebound 
effect in terms of alternative spending, and demand-inducing price de
creases, which will reduce the environmental benefits of the original 
consumption reduction (Ottelin et al., 2020; Sorrell et al., 2020; Wied
mann et al., 2020b), and identifying beneficial consumption choices 
may be useful in minimising this outcome. 

Table 2 
Published absolute sustainability assessments of cities.  

Study Cities Planetary Boundary Indicators Analysis 
method 

Downscaling approach 

(Hoornweg et al., 
2016) 

Toronto, Sao Paulo, 
Shanghai, Mumbai, Dakar 

Climate change, Biodiversity loss, Freshwater use, Change in land-use, 
Nitrogen cycle, pollution, geophysical risk, youth opportunity, 
economy, energy access and intensity, mobility and connectivity, 
institutions, basic services, security and public safety 

Indicator 
Sets 

Global average normalized to 1  

Hachaichi and 
Baouni (2020) 

62 big cities of the Middle 
East and North Africa 
(MENA) region 

CO2, Crop, and pasture land, Harvested primary crops (HANPP), 
nitrogen emissions from fertilizer and manure, Phosphorus emissions 
from fertilizer and manure, raw material inputs, total water footprint 

EE-IO Not downscaled  

(Thriving Cities 
Initiative, 2020) 

Amsterdam Climate change, Ocean acidification, Excessive nitrogen fertilizer use, 
fishing grounds, blue water footprint, ecological footprint, Waste 
generation, Ozone-Layer depletion, Air pollution. Local and global 
social goals and global social impacts are identified but not quantified 

EE-IO Divided equally among global 
population (CO2 footprint 
decreases each year)  
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4.3. Planetary boundary indicators in city sustainability 

Of all the planetary boundaries, greenhouse gas emissions were the 
best incorporated into indicator frameworks (94% of frameworks), 
reflecting a broad understanding and public concern over this issue. 
Land-use change was also well-represented, reflecting concerns about 
density and urban sprawl, and from a footprint perspective the popu
larity of the Ecological Footprint measure (76% of frameworks). 

Water is also frequently included (71% of frameworks) despite being 
one of the less-exceeded boundaries, presumably because of the imme
diate effect of water deficiency on human well-being. While the water 
usage planetary boundary currently focuses on freshwater use, five 
alternate sub-boundaries have recently been proposed, including soil 
moisture, atmospheric moisture, groundwater, frozen water and surface 
water (Gleeson et al., 2020b). Footprint analysis, meanwhile, has his
torically focused on grey (waste) water, blue (ground) water and green 
(rain) water footprints (Mekonnen and Hoekstra, 2011). City 

frameworks analysed here generally only considered freshwater and 
wastewater treatment availability, or total volume of water use, while 
footprints were a mixture of grey, blue and green water footprints. 

Biodiversity loss, nitrogen and phosphorus loading and land con
version have been identified as the most overshot boundaries, and 
accordingly should form an area of particular focus (Steffen et al., 2015). 
Additionally the novel entities/chemical pollution boundary/(ies) is 
both unelucidated and likely to have been exceeded, and is likely to 
become more prominent once better defined (Diamond et al., 2015a). 
Apart from land use change, there was very limited assessment of these 
boundaries, in the city literature reviewed (see S1.6 Supplementary 
data). 

Ocean acidification has largely not been incorporated in assessments, 
however is also often characterised as directly driven by the climate 
change boundary, and accordingly redundant (O’Neill et al., 2018). 

Both aerosol loading and ozone production have largely been 
incorporated in indicator frameworks as reference to local concentra
tions only. Given that all forms of carbon combustion produce signifi
cant aerosols (Steffen et al., 2015) it is likely that addressing climate 
change will simultaneously address the aerosol boundary. Similarly 
ozone depletion has sometimes been excluded from analysis on the basis 
that the Montreal Protocol response is already effectively addressing this 
issue (O’Neill et al., 2018), so targeting both these boundaries on a 
consumption basis at a city scale may not be worth significant data 
collection effort. 

A materials boundary has been suggested but not included in the 
planetary boundary framework. This issue has been covered in 
approximately half of the frameworks assessed and some consumption- 
based studies. 

Urgent research is required for planetary boundaries that are both 
high-priority and not currently included in city assessments. High- 
priority boundaries are defined as those that are highly transgressed 
or undefined, independent of other boundaries (e.g. several boundaries 
are largely driven by burning fossil fuels and therefore are dependent on 
climate change mitigation), and not effectively managed (see Table 3). 

4.4. Assessment of social outcomes of cities 

The social foundation in the safe and just space focuses on basic 

Fig. 7. Urban metabolism footprint studies by country and type. Excludes nexus and multiple indicator studies (but see Fig. 8).  

Fig. 8. Consumption based nexus studies 2018–2020.  
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human needs that fit within the sufficiency perspective of the affluence 
vs sufficiency vs poverty paradigm., where poverty refers to an inability 
to meet basic needs, and affluence refers to a level of consumption that is 
both unessential and in excess of natural resource availability, referred 
to as ‘overconsumption’. (Håkansson, 2014; Millward-Hopkins et al., 
2020; Raworth, 2017; Wiedmann et al., 2020). Several of the indicator 
frameworks assessed, by contrast, were more focused on assessing the 
most appealing cities and urban areas to live in, especially the Global 
Power City Index and Arcadis Sustainable Cities Index. 

Overall, all frameworks had a reasonable level of coverage of social 
goals except DGNB, Ecological Footprint, and the European green city 
index. The indicators used in neighbourhood tools were generally 
focused on provision of community facilities, project consultation and 
local employment, rather than outcomes such as life expectancy and 
unemployment rate. 

The most common SJS indicators across all non-neighbourhood 
schemes were homicides per 100,000 population, access to electricity, 
improved shelter and access to internet, while many other social foun
dations had an array of measurement approaches. 

Unlike the concept of staying within planetary boundaries, it is less 
clear that meeting social foundations for an individual city requires a 
consumption based approach, particularly if the SJS is conceived as a 
system with environmental impacts as inputs and social goods as out
puts. Additionally, there is often not a clear line of causation from the 
general production of economic goods and services to social impacts, 
which may be more dependent on local political contexts than economic 
transactions, despite increasing trends towards social procurement 
policies. This is reflected in the difference between the large number of 
social framework indicators versus the small number of footprint ana
lyses identified here, with the exception of water footprint which is an 
indirect measure of total rather than individual water access. 

Social footprints for value added, employment (including indecent 
employment), gender equality, mother and child health, governance, 
corruption and access to clean water have been studied at a national 
level (García-Alaminos et al., 2020; Wiedmann and Lenzen, 2018; Xiao 
et al, 2017, 2018) to “unravel trade-implicated inequality and questions 
of (corporate) social responsibility” (Wiedmann and Lenzen, 2018), and 
have the capacity for identifying the areas in which cities are likely to be 
impacted by a global achievement of basic needs. 

Alternative methods of social assessment include well-being assess
ment (Costanza et al., 2014; Kubiszewski et al., 2018), and human needs 
assessment (Vita et al., 2019) using frameworks such as Max-Neef or 
Maslow needs hierarchy (Maslow, 1943; Max-neef et al., 1992). 

5. Further research needs 

There is a clear need for cities to achieve absolute sustainability of 

cities (on both a territorial and consumption basis), however at this 
stage an absolute sustainability perspective has not been applied in most 
of the commonly used city sustainability assessment frameworks. 

To assist cities in this process, further research is needed. 
Firstly, planetary boundaries need to be fully understood and 

expounded on at a global level (Downing et al., 2019). Locally relevant 
cut-offs for planetary boundaries (such as freshwater use) are not 
well-understood and incorporated, and significant work is required to 
define these local boundaries globally. Chemical pollution and novel 
entities often negatively impact both environmental and human health 
and need urgent attention to establish a planetary boundary(ies) (Dia
mond et al., 2015; Naidu et al., 2021; Persson et al., 2019; Sala and 
Goralczyk, 2013). Similarly, the water boundary is currently being 
further refined (Gleeson et al., 2020a). 

Understanding significant corollaries between both indicators and 
outcomes (social foundation and planetary boundaries) is needed to 
confirm that indicators recommended are both necessary and sufficient. 
For example, the biosphere boundary is highly dependent on other 
boundaries and has significant overlap with physical human needs 
(sometimes competing directly for resources), and social foundation 
indicators could be assessed against well-being outcomes. 

Secondly, widespread city data collection and assessment of all 
planetary boundaries needs to be undertaken, on a consumption basis. 
As identified, nitrogen and phosphorus have limited research despite 
being the most overshot boundary, and are important in understanding 
the unintended consequences, and similarly biodiversity. However, all 
boundaries except possibly climate change are largely not considered 
from a consumption perspective. 

Downscaled benchmarks are required as part of this process, and it is 
worth reconsidering the “equal per person per capita” approach that is 
currently commonly used, to ensure that the selection of timeframes and 
initial conditions do not result in unfair outcomes given that flows are 
being used as an approximation for natural capital stock levels. Bench
marks chosen need to appropriately consider future population growth 
and be congruent with reducing boundary overshoot. Consideration 
could be given to incorporating research on household variations by 
reporting indicators as the % population living within boundaries rather 
than average impact per capita across a population. 

Geographically, existing frameworks and footprints largely focus on 
European, American and Chinese cities. Studies that include cities 
worldwide would expand knowledge, particularly looking at rapidly 
expanding megacities in Asia and Africa. 

Thirdly, to enable cities to implement policy and track movement 
towards SJS on a timely basis, it would be useful to understand re
lationships between SJS indicators and other more immediate tools of 
city policy (Creutzig et al., 2019). Similarly, sustainability assessment 
indicators need to be functional on a cross-disciplinary basis, and 

Table 3 
Coverage gap for planetary boundaries in city sustainability assessment.  

Planetary 
Boundary 

Boundary Transgression ( 
Steffen et al., 2015) 

Redundancy Dependence on other 
boundaries/effectively managed ( 
O’Neill et al., 2018) 

Priority Level average of 
boundary transgression and 
redundancy 

Literature 
Inclusion (from  
Fig. 4) 

Coverage Gap (priority 
level less literature 
inclusion) 

Climate ChangeP Medium Low Medium High Low 
Nitrogen/ 

PhosphorusP 
High Low High Low High 

Chemical/Novel 
EntitiesP 

Undefined Low High Low High 

Ocean 
AcidificationP 

Low High (Climate change) Low Low Low 

Freshwater UseR Low Low Medium High Low 
Land-use changeR Medium Medium (Climate change) Medium High Low 
Biosphere 

Integrity 
High Low High Low High 

Atmospheric 
AerosolsP 

Undefined High (Climate change) Medium Medium Low 

Ozone Layer Low High (Montreal Framework) Low Low Low  
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operationally useful to practitioners implementing programs (Dijst 
et al., 2018). 

Linking absolute sustainability outcomes to city design options 
(spatial and infrastructure) would help drive development that leapfrogs 
unsustainable choices. Identification of both ecologically and socially 
positive or negative initiatives would provide direction under conditions 
of future uncertainty (Saltelli et al., 2020). 

Finally, detailed research on areas of known sustainability challenges 
would help focus effort where the greatest positive outcome is possible 
and untangle difficult choices. Examples of this are informal settlements, 
food nexus studies, and trade-offs between reforestation and alternate 
land and water uses. 

Flipping the current focus on how those consuming more than their 
fair share can reduce consumption to focusing on how those not over
consuming can better meet their needs may provide further insights into 
socially acceptable low-consumption choices. 

6. Conclusion 

Sustainability increasingly forms an aspiration for global citizens, 
with an objective of lasting prosperity for all. Global cities are to be 
commended for increasingly committing to net zero carbon emissions. 
However, the current failure to assess their impact on all planetary 
boundaries runs the risk of solving one environmental issue while 
exacerbating others. 

High-risk planetary boundary pressures that are particularly poorly 
understood at a city level include nitrogen and phosphorus use, biodi
versity, and chemical pollution; while adequate nutrition is a frequently 
overlooked basic social foundation despite the long-term consequences 
of malnutrition, and its persistence in pockets of even wealthy cities. 

Measuring the transboundary impacts of cities is critical in ensuring 
cities have a sustainable level of resource use. While there is currently a 
large body of research work assessing these impacts in the field of urban 
metabolism, particularly for greenhouse gases, water and land use, the 
indicator frameworks commonly used by cities typically only measure 
impacts generated within city boundaries. This oversight may create 
perverse incentives to “offshore” impacts to external locations, generate 
a false sense of security, and delay effective action that could be taken. 

It is recommended that as a priority all cities undergo a regular re
view of the compatibility of their resource use, generated both within 
and outside their boundaries, with planetary boundaries, and, the extent 
to which they are meeting basic human needs, using culturally agnostic 
and outcome focused measures. 

This represents a base threshold level of sustainability distinct from 
the manifold social, environmental, and economic goals often targeted 
in aspirational sustainability schemes. From this basic level of sustain
ability information cities are then able to formulate intermediate goals 
and targets relevant to their circumstances, and track performance over 
time and between cities. Researchers need to support this with data and 
methodology, including an understanding of linkages between policy 
target areas and social and environmental outcomes. 

Breaching any planetary boundary will ultimately lead to loss of 
productive environmental capacity with necessary impact on the ability 
to meet human and other species needs. 

Navigating a path to an acceptable standard of living that is within 
the earths carrying capacity without invoking ecological population 
controls such as starvation, disease and violence is a substantial but 
worthwhile challenge. While still theoretically possible at this stage, at a 
minimum it requires excellent information, substantial innovation, and 
widespread social support for a rapid transformation to an 
environmentally-bounded level of total consumption. 

Cities and citizens have demonstrated their ability and willingness to 
address environmental issues, the challenge now for the research com
munity is to light the way with best-practice assessment methods, ap
proaches and data at a city level. 
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Gallego, B., Geschke, A., Gómez-Paredes, J., Kanemoto, K., Kenway, S., Nansai, K., 
Prokopenko, M., Wakiyama, T., Wang, Y., Yousefzadeh, M., 2020. Global socio- 
economic losses and environmental gains from the Coronavirus pandemic. PloS One 
15, e0235654. https://doi.org/10.1371/journal.pone.0235654. 

Li, M., Wiedmann, T., Liu, J., Wang, Y., Hu, Y., Zhang, Z., Hadjikakou, M., 2020. 
Exploring consumption-based planetary boundary indicators: an absolute water 
footprinting assessment of Chinese provinces and cities. Water Res. 184, 116163. 
https://doi.org/10.1016/j.watres.2020.116163. 

Li, M., Wiedmann, T., Fang, K., Hadjikakou, M., 2021. The role of planetary boundaries 
in assessing absolute environmental sustainability across scales. Environ. Int. 152 
https://doi.org/10.1016/j.envint.2021.106475. 

Lu, Y., Chen, B., 2017. Urban ecological footprint prediction based on the Markov chain. 
J. Clean. Prod. 163, 146–153. https://doi.org/10.1016/j.jclepro.2016.03.034. 

Lucas, Paul, Wilting, Harry, 2018. Using planetary boundaries to support national 
implementation of environment-related Sustainable Development Goals. PBL 
Netherlands Environ. Assess. Agency, The Hague, 2748. 

Maranghi, S., Parisi, M.L., Facchini, A., Rubino, A., Kordas, O., Basosi, R., 2020. 
Integrating urban metabolism and life cycle assessment to analyse urban 
sustainability. Ecol. Indicat. 112, 106074. https://doi.org/10.1016/j. 
ecolind.2020.106074. 

Marvin, S., Luque-Ayala, A., McFarlane, C., 2015. Smart Urbanism : Utopian Vision or 
False Dawn? Routledge, London, UK.  

Maslow, A.H., 1943. A theory of human motivation. Psychol. Rev. 50, 370–396. 
Massaro, E., Athanassiadis, A., Psyllidis, A., Binder, C.R., 2020. Ontology-based 

integration of urban sustainability indicators. In: Binder, C.R., Wyss, R., Massaro, E. 
(Eds.), Sustainability Assessment of Urban Systems. Cambridge University Press. 
https://doi.org/10.1017/9781108574334. 
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