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To address the sustainability challenge, a large variety of
footprints, aiming at capturing specific impacts of human
activities on natural environment, have emerged. But, how do
they fit into our addressing of environmental sustainability?
Here, we build on a critical literature review to (1) provide an
overview of existing footprints; (2) define their roles; (3) position
them within the broad spectrum of known environmental
problems and control variables of the planetary boundaries;
and (4) argue for the need of consistent thresholds to
benchmark footprint scores against absolute sustainability
measures defined using science-based sustainability targets.
Potentials, limitations and research needs are highlighted along
these four points.
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On-going development of footprints

Human activities are globally unsustainable, causing
several environmental impacts, such as climate change
and resource depletion, and jeopardizing the safe operating
space for humanity [1°°,2]. Over the past 2 decades, inter-
national and national initiatives, including the recently-
released United Nations Sustainable Development Goals
(SDG), have emerged to address this sustainability chal-
lenge and called for the development of methods, tools and
indicators for specifically assessing environmental sustain-
ability [3]. Environmental sustainability has commonly
been defined by the output/input rule, that is, ‘keeping
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waste emissions within assimilative capacities, harvesting
within regenerative capacities of renewable resources, and
depleting non-renewables at the rate at which renewable
substitutes are developed’ [4,5].

Among prominent tools to address environmental sus-
tainability are so-called footprinting tools, which emerged
in the 90s with the development of the ecological foot-
print and, later on, of the carbon footprint [6-9]. The large
recognition of these stand-alone indicators by industries,
authorities and non-governmental stakeholders and their
relative simplicity in communicating results have made
them increasingly used and led them to shape many
current debates on environmental sustainability in our
societies [1°°,10-12]. Following these two footprints,
other footprints have been developed, sharing the same
features of addressing a specific environmental concern
and quantifying the resource appropriation (e.g. use of
land or water; [13]) and/or waste generation (e.g. emissions
of CO,) associated with given human activities
[1°°,14°,15]. How does this suite of existing footprints
fit into our needs for effectively addressing environmental
sustainability?

Recent studies have exhaustively reviewed the use of
footprints, among which Cuéek ¢ @/. [15] and Fang and
co-workers [14°,16,17°,18] can be regarded as the most
advanced ones. Albeit with different scoping, the studies
by Cuéek ez al. [15] and Fang and co-workers [14°,16]
provided a comprehensive overview of existing footprints,
either addressing environmental, economic and/or social
dimension of sustainability [15] or just environmental
issues [14°,16], and reviewed their definitions, assessment
scoping and methodological practice. Fang ez al. [17°,18]
went further and explored the linkage of environmental
footprints with thresholds defined by planetary boundaries
to derive a framework for environmental sustainability
assessment. The definition of planetary boundaries aims
to define a ‘safe operating space for humanity’, that is a
globally-sustainable and/or regionally-sustainable space
that should not be exceeded to prevent abrupt and irrevers-
ible changes in Earth system like global climate [2,19°°].
None of these past studies critically related the suite of
existing footprints to their ability to cover all known envi-
ronmental issues, nor did they critically gauge the limita-
tions of the metrics from the planetary boundary framework
to serve as thresholds for footprints.

Building on up-to-date literature and recent scientific
advances, we therefore aim to (1) critically review existing
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footprinting tools; (2) position them with regard to a
comprehensive mapping of damages to ecosystems and
human health as commonly assessed in life cycle assess-
ment (see next section); and (3) clarify their roles and
limitations when addressing environmental sustainabil-
ity, particularly in relation to the development of consis-
tent and scientifically-sound thresholds and the possible
utilisation of the planetary boundary framework.

Definition and overview of existing footprints

A large variety of footprints addressing environmental
issues currently exists. Table 1 provides an overview of
these, covering footprints that are named as such by their
authors and have a generic focus on environmental inter-
ventions, that is flows drawn from the environment with-
out previous human transformation (e.g. land, water, metal
ores, efc.) and outputs released to the environment with-
out subsequent human transformation (e.g. emissions of
substances to air, water and soil) [20]. Footprints that are
named after the activities or sectors which they assess, for
example FOODPrint [21,22] or the EU-developed Prod-
uct and Organisation Environmental Footprints [23], are
therefore not explicitly listed here; they however usually
rely on the footprints listed in T'able 1 in their assessment
or on related tools such as the more broadly-encompassing
life cycle assessment (LCA).

LCA is a methodology, which aims to quantify a broad
range of environmental impacts caused by pollutant
emissions and resource consumptions (environmental
interventions) stemming from the life cycle of products
or systems, that is from extraction of raw materials
through production and use or operation of products/
systems up to their disposal stage [24,25°°]. Several
footprints can thus be considered subsets of LCA, being
LCA studies truncated to addressing single environmen-
tal issues. This is for example the case of carbon footprint
and water footprint (as defined in ISO14046, 2014; [26]),
which are the only ISO-standardised footprints and
largely borrow their assessment methodologies from
LCA practice, including the consideration of a life cycle
perspective [26-29].

Despite these important connections, some debates have
emerged about the positioning of the families of foot-
prints with regard to LCA and the nature of their relation-
ships [30,31°,32,33]. As part of the UNEP/SETAC Life
Cycle Initiative project on environmental life cycle
impact assessment (LLCIA), a task force has recently
acknowledged the different purposes of footprints and
LCA, which should be regarded as complementary tools
[34]. While footprints aim to inform society and non-
technical stakeholders on specific environmental pro-
blems, ILCA addresses stakeholders wishing to compre-
hensively assess environmental performances and iden-
tify environmental trade-offs. In light of this distinction,
Ridoutt ¢z a/. defined footprints as metrics to report LCA

results addressing a specific area of concern, that is an
environmental topic defined by the interest of society, for
example climate change (carbon footprint), water
resource depletion (scarcity water footprint) or biodiver-
sity threats (biodiversity footprint) [31°].

T'o enable communication to a broad variety of stake-
holders, for example public opinion, industrial stake-
holders, policy-makers or regulators, footprints may
require applications at different levels ranging from indi-
viduals or single products through companies or sectors to
large geographical areas such as cities, nations or the
world as a whole [1°°]. Most existing footprints currently
enable such multi-focus assessments, for example carbon
or blue water scarcity footprints, and some of them benefit
from ISO standards specifying a harmonised assessment
methodology (carbon footprint: 1SO14064, 1SO14067
[27,28]; water footprint: ISO14046 [26]; see Table 1).

T'racking the environmental flows or impacts contributing
to the footprint scores, that is identifying what the largest
causes of emissions, resource consumptions and/or asso-
ciated impacts are, is often an additional purpose of
footprinting. Footprints typically adopt a consumption-
based perspective, attempting to link the consumption
patterns and lifestyles within a given area to the resulting
impacts or emissions or resource extractions in other
locations of the world. This can be facilitated by the
use of muld-regional input-output (MRIO) models,
which have gained momentum over the past decade
for large-scale assessments, for example at national and
global scales, and are used in material footprints and
biodiversity footprints (see Table 1) as well as in more
established footprints, like nations’ carbon footprints (e.g.
Ref. [35]) or water footprints (e.g. Ref. [36]). Using those
models, Lenzen ¢ a/. and Moran and Kanemoto thus
demonstrated that consumption patterns in developed
countries, like in Europe, drove specific biodiversity
threats in developing countries through their imports
[37,38]. Further research to allow the use of MRIO
models for other large-scale footprint purposes (¢.g. chem-
ical footprint) and, more generally, to derive consistent
frameworks and methods for existing and new footprints
are still required (see also next section).

Limitations of existing footprints in covering
environmental impacts

A frequent criticism of footprints has been their narrow
focus on a specific environmental concern, thus missing
out other environmental problems. Taking the footprint
definition by Ridoutt ez a/. (see previous section; [31°]),
this is however not a limitation per se as footprints target
these specific environmental concerns on purpose (in line
with a societal context). However, the risk is high that
researchers and stakeholders misunderstand and/or inad-
vertently misuse footprinting results. An unfortunately
large number of studies in the scientific literature and in
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Table 1

Overview of existing footprints

Name

Environmental problems addressed®

Standards

Overall use®

Suggested
references®

Carbon footprint

Ecological footprint

Energy footprint

Land footprint

Water footprint

Materials footprint/
resource footprint

Nitrogen footprint®
Phosphorus footprint?

Chemical footprint

Biodiversity footprint

Emission footprint

Focus on climate change impacts, quantifying changes in radiative forcing
caused by emissions of the 7 GHGs (CO,, CH4, N,O, PFCs, HFCs, SFg, NF3)
framed by Kyoto Protocol [9,27,28,39]. Emissions are typically addressed in a
life cycle perspective, including all stages of the systems (from raw materials
extraction to end-of-life)

Focus on biocapacity, defined as the area of biologically productive space
required to produce consumed resources and to absorb generated waste
associated with given activities [6-8,40]. For nations/regions, the definition has
been extended to all land use required for population activities taking place on
the biosphere within a given year [14°,41]. It is closely related to land and energy
footprints

Subset of ecological footprint, originally defined as amount of forest area
required to absorb CO, emissions caused by fossil fuel combustion and
electricity generation [6,43]. Other definitions have been proposed, for example
aggregated areas used to provide non-food and non-feed energy [41]

Focus on areas required for specific activities, for example forest footprint (i.e.
forest area required for consumed forest products) or grazing land footprint (i.e.
land area used for livestock) [12]. See other examples in Cugek et al. [15]
Several indicators and methodologies exist:

- Green and/or blue and/or grey water footprints defined as cumulative virtual
water content of products/services consumed by individuals, organisations or
countries [13]

- Water scarcity footprint, comparing water consumptions against respective
water scarcity indices (e.g. Refs. [26,44])

- Water availability footprint, addressing water scarcity by also accounting for
reduced availability because of water pollution (e.g.[26,45])

- Water footprint, as defined in ISO 14046 [26], which addresses water
consumption and pollution through impact characterisation

Focus on economically-used materials, quantifying the consumption of raw
materials pulled by a final demand in a life cycle perspective, with use of multi-
regional input-output (MRIO) models [53]

Focus on total amount of reactive nitrogen released to the environment as a
result of an entity’s consumption patterns [55,56]

Focus on amount of mined phosphate required by a given demand/
consumption [58,59]

- Focus on the dilution capacity required to maintain safe concentrations
and prevent ecological damage from releases of chemicals to the environment
[60-62]

Several indicators and methodologies exist, including:

- Area required to compensate for the losses in mean species abundance
resulting from land use and carbon dioxide emissions associated with a system
life cycle [64]

Focus on quantifying biodiversity threats resulting from the expenditure of a
final consumer, by linking endangered and vulnerable species due to
anthropogenic threat causes with industrial sector activities via the use of multi-
regional input-output (MRIO) models [37,38]

Focus on total emissions to air, water and soil compartments from products/
services converted into area based on the requirements that anthropogenic
emissions shall not change the quality of the local compartment [15,66]

Yes (incl.
1ISO)

Yes

No

No

Yes (incl.
1ISO)°

No

No
No

No

No

No

Very large

Very large

Medium

Little

Large

Little

Little
Little

Little

Little

Little

[9,27,28,35,
36,39]

[6-8,40-42]

[6,41,43]

[12,15,36]

[13,26,36,
44-52]

[36,53,54]

[55-57]
[57-59]

[60-63]

[37,38,
64,65]

[15,66]

2 Definitions and descriptions based on reviews by Fang et al. [14°] and Cugek et al. [15], complemented by literature search. Most accepted
definitions are provided, except in cases where several evenly-used ones exist. In those cases, references to literature sources for further details are
provided.

® Flags defined to characterise the overall use are ‘little < medium < large < very large’. They are based on arbitrary judgement of the authors from
knowledge of the use of footprints in scientific literature, corporations, authorities and non-governmental organisations.

¢ List of suggested references not exhaustive.

9 International level: ISO 14064 (corporations and projects; [27]), ISO 14067 (products; [28]); GHG Protocol Standards (Corporations, projects,
products; http://ghgprotocol.org/standards); national level: PAS2050 [67], plus other national schemes.

¢ Ecological Footprint Standards 2009 [41].

f1SO 14046 [26] (ISO, 2014); Global Water Footprint Assessment Standard [13].

9 The term ‘Nutrient footprint’ has also been suggested, capturing both nitrogen and phosphorus footprints (e.g. Grénman et al. [57]). However,
authors also recommend to handle them individually because of differences in their respective environmental mechanisms [57].
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popular media evidence occurrences of such situations,
for example the many studies using carbon footprint
results to support claims about ‘environmental sus-
tainability’, ‘low environmental burden’, ‘green products’
or ‘environmental friendliness’.

Studies have however showed that stand-alone footprints,
for example carbon footprint or ecological footprint, can-
not act as acceptable proxies for systematically capturing
the broad spectrum of environmental problems, thus
making those claims inappropriate (see, eg, Refs.
[40,68,69°°]). Stakeholders using footprints should there-
fore take great care to remain consistent with the purpose
of their assessment and not to overstate their conclusions.
If the purpose of the assessment is to comprehensively
evaluate the environmental burden of a product, organi-
sation or system, they should draw on more encompassing
tools such as life cycle assessments [31°,68]. LCA is the
only tool that enables to prevent environmental burden
shifting, that is when decisions targeting the reduction of
a specific environmental impact, for example climate
change impacts, lead to increase in other nonetheless
relevant environmental impacts, for example impacts
on ecosystems and human health from toxic substance
releases [68].

Another issue, rarely addressed, is the representativeness
of the environmental concern by the respective footprint
indicators. Figure 1 shows a mapping of the different
footprints from Table 1 (colour-framed boxes) in relation
to the impact pathways characterising the different envi-
ronmental processes from the emission of pollutants and
the use of resources to the damages to ecosystems and
human health. Most footprints are observed to be defined
at the early stage along the cause-effect chain and several
of them are more inventory indicators than impact assess-
ment indicators (e.g. land footprint, material footprint,
phosphorus footprint). The environmental relevance of
those indicators may therefore be questioned, particularly
if one of the purposes of the footprints is to identify
environmental hotspots, for example substance or
resources largely contributing to the assessed area of
concern.

With respect to their assessment methodologies, the
different footprints can be divided in 3 groups: (i) those
that are well established, for example ecological footprint
or carbon footprint (benefitting from the IPCC works); (ii)
those that are less methodologically-advanced, for exam-
ple chemical footprint (only enabling assessment of
impacts on freshwater ecotoxicity; still under develop-
ment) or biodiversity footprint (limited coverage of causes
of damages to species composition); and (ii1) those that are
missing, albeit needed to assess uncovered areas of con-
cern (e.g. all damages to human health from particulate
matter or chemical pollution). In an effort to build a
consistent family of footprints, the development of

existing and new footprinting indicators should therefore
heavily draw on the knowledge accumulated within the
LCIA field to characterise damages to ecosystems and
human health from environmental interventions [31°,33].

Relevance of footprints’ thresholds and
calculation approaches

Footprints have originally been designed to quantify the
magnitude of the pressure on the environment without
necessarily benchmarking the results against absolute
limits or thresholds derived from ecological limits of
the planet (e finite resources, ecosystems’ carrying
capacities) or science-based environmental sustainability
targets. For example, a carbon footprint typically assesses
the contribution of an entity to climate change impacts
but it does not put the resulting score in perspective,
whether high or not. To be useful in decision-making
processes and informative contexts, it is important to
make the link between the footprint score of an analysed
system and the maximum allowed level of the environ-
mental pressure captured by the footprint indicator
(referred to as ‘footprint thresholds’ in the following),
above which the system is environmentally unsustainable
in absolute terms. This link is determinant to enable
fulfilling the output/input rule defining environmental
sustainability (see introductive Section ‘On-going devel-
opment of footprints’).

T'o estimate this state of absolute environmental sustain-
ability, the concept of planetary boundaries (PB) can be
used. PBs have been identified for a number of environ-
mental processes, which are essential for maintaining the
Earth System (ES) in a Holocene-like state, that is a
11 700-year-long stable era, during which key biogeo-
chemical and atmospheric parameters only fluctuated
within a relatively narrow range, thus allowing human
societies to flourish [71]. In this setting, a planetary
boundary is defined as a level above which there is a
substantial and increasing risk that perturbation of the
environmental process could lead to abrupt and irrevers-
ible change of ES state (Holocene-like). Using the PB
framework to set footprint thresholds has been suggested
[17°], although a number of additional issues needs to be
addressed to consistently set these thresholds and inter-
pret footprint results in relation to them.

As observed in Figure 1, there is a general misalignment
within the impact pathways between the position of these
footprint indicators (colour-framed boxes) and the control
variables of the PB framework (in grey-filled boxes).
Although land, nitrogen, phosphorus, water availability,
biodiversity and chemical footprints are defined close to
respective control variables from the PB framework, there
is still a need for linking one another and/or consistently
modelling the cause-effect chain mechanisms if the foot-
prints and PB have to be integrated into a common
framework. A simple example is the integration of a land
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Figure 1
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The footprints map in perspective with the environmental impact pathways covered in life cycle impact assessment (for damages to human health
and ecosystems) and with the planetary boundaries reported in Steffen et al. [19°°]. The impact pathways are described by cause-effect chain
mechanisms leading from pollutant emission or resource use (left side of figure) to impacts and damages to ecosystems and human health (right
side of figure). Thus, the square boxes represent environmental processes along these cause-effect chains (in a simplified manner). Boxes with
coloured frames (with indicated names) represent footprint indicators as positioned along the impact pathways (with their respective cause-effect
chains in color-matching arrows). Grey-filled boxes represent control variables of the planetary boundaries as positioned along the impact
pathways, with linkage to the Holocene state of the Earth system. Note that not all environmental pressures or impacts covered in life cycle
impact assessment and footprints have the potential to move the Earth system out of the Holocene state (e.g. damages to human health). The
figure is inspired by Figure 1 in Ryberg et al. [70°].
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ootprint with the control variable of the land-system
change PB, which is defined as the remaining forest cover
from the potential area of forest assuming no human land-
cover change and which thus could easily be linked to a
forest land footprint (see Figure 1), In the current setting,
the development of an aligned assessment framework
seems to be the most straightforward for carbon and water
scarcity footprints because of their respective positions in
relation to those of ES processes of climate change and
freshwater use in the PB framework—see Figure 1.

Determining thresholds for climate change can however
remain challenging. Fang ez /. [17°] in their framework
for integrating environmental footprints and planetary
boundaries used a global threshold for carbon footprint
based on the 2-degree target (same as in Refs. [1°°,72]). As
argued by Fang ez a/. [17°], this target has advantages over
the PB defined at the level of either atmospheric concen-
tration of CO; or energy imbalance at top-of-atmosphere.
However, its use leads to a resulting footprint threshold,
which is not strictly aligned with the PB as the 2-degree
target corresponds to the higher end of the uncertainty
zone of the planetary boundary, that is 350—450 ppm or 1-
1-5 W/m? [73]. Hence, there is a risk of moving the ES out
of the Holocene-like state when using a carbon footprint
threshold aligned with the 2-degree target. For a direct
match, the integration of any footprints with relevant PB
should therefore consider the area of protection of the PB
framework, that is the Holocene state of the ES, as a
starting point for defining footprint thresholds [70°]. Only
in the case of freshwater use, a direct match already exists
between the blue water scarcity footprint and the corre-
sponding control variable of the PB (see Figure 1). Both
have the same units and are based on the same (or nearly
the same) underlying data and approaches to modelling,
which make them aligned. At global scale, blue water use
thresholds of 4000 km>/yr (4000-6000 km®/yr; [19°°]) and
1100—4500 kms/yr (Refs. [1°°,74]) have been proposed.

Finally, as can be observed in Figure 1, not all footprint
thresholds can relate to the PB framework. The PB
framework ignores any interactions between human
activities and impacts on human health. Therefore, mate-
rial footprints, which may be linked to materials avail-
ability or scarcity, have no connection to the PB frame-
work. Likewise, albeit not yet defined, footprints that
would address environmental concerns linked to damages
on human health (e.g. health damages caused by particu-
late matter emissions) would fall outside the scope of the
planetary boundary concept. Other means of deriving
footprint thresholds from ecological limits of the planet
or more widely from science-based environmental sus-
tainability targets are thus required.

Conclusions and outlook
Although footprints have gained increasing momentum in
recent years, stakeholders should keep in mind that

environmentally-related footprints have the main pur-
pose to inform society and non-technical stakeholders
on specific environmental problems or areas of concern.
As such, because of their relative simplicity and broad
acceptance, they can be useful to sensitise different target
audience to environmental issues and, for some of them
like carbon footprint, to manage to some extent impacts
that products, organisations or nations have on specific
environmental issue. However, because of their narrow
focus and their limitations in comprehensively covering
the cause-effect chain of the environmental concern, they
should not be used as stand-alone tools to assess and
analyse total environmental burdens or environmental
sustainability as a whole. For that purpose, tools like life
cycle assessments should be used instead.

To strengthen their usefulness, footprint scores need to
be benchmarked against absolute thresholds, indicating
levels above which the assessed systems lead to environ-
mentally-unsustainable states. Such consistent thresholds
still need to be defined for many footprints. With the
exceptions of the carbon footprint and the blue water
scarcity footprint, links between existing footprints and
PB framework are weak or irrelevant, and science-based
sustainability targets should thus be developed to be used
as footprint thresholds. Additional footprints could also be
developed, matching the control variables of the PB
framework (e.g. see Ref. [70°]) or specific areas of concerns
not addressed by it (eg. damages to human health).
Finally, most scientific knowledge in addressing footprint
thresholds is currently limited to a global perspective.
Although the need for regionalisation of these has been
recognised and efforts in this direction have emerged
(see, eg. Refs. [18,19°°,60]), there are still many chal-
lenges left to derive footprint thresholds at the levels
matching the assessed entities, for example individuals,
products, organisations, industrial sectors. Such develop-
ments are required to make present and future footprints
consistently operational.
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