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• We integrate pollution and scarcity within
a water footprint impact assessment.

• We model impacts on freshwater avail-
ability to humans and biodiversity.

• We test the framework assessing the sus-
tainability of water use in the European
Union.

• Pollution from industry and agricultural
water consumption cause most impacts.

• Impacts exceed sustainability limits over 5
to 8 % of the area.
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A R T I C L E I N F O
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Several water footprint indicators have been developed to curb freshwater stress. Volumetric footprints support water
allocation decisions and strive to increase water productivity in all sectors. In contrast, impact-oriented footprints are
used to minimize the impacts of water use on human health, ecosystems, and freshwater resources. Efforts to combine
both perspectives in a harmonized framework have been undertaken, but common challenges remain, such as pollu-
tion and ecosystems impacts modelling. To address these knowledge gaps, we build upon awater footprint assessment
framework proposed at conceptual level to expand and operationalize relevant features. We propose two regionalized
indicators, namely the water biodiversity footprint and the water resource footprint, that aggregate all impacts from
toxic chemicals, nutrients, and water scarcity. The first impact indicator represents the impacts on freshwater ecosys-
tems. The second onemodels the competition for freshwater resources and its consequences on freshwater availability.
As part of the framework, we complement the two indicators with a sustainability assessment representing the levels
above which ecological and human freshwater needs are no longer sustained. We test our approach assessing the sus-
tainability of water use in the EuropeanUnion in 2010.Water stress hampers 15% of domestic, agricultural and indus-
trial water demand, mainly due to irrigation and pesticide emissions in southern Europe. Moreover, damage to the
freshwater ecosystems is widespread and mostly resulting from chemical emissions from industry. Approximately 5
% of the area is exceeding the regional sustainability limits for ecosystems and human water requirements altogether.
Concerted efforts from all sectors are needed to reduce the impacts of emissions and water consumption under the sus-
tainability limits. These advances are considered an important step toward the harmonization of volumetric and impact-
oriented approaches to achieve consistent and holistic water footprinting as well as contributing to strengthen the pol-
icy relevance of water footprint assessments.
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1. Introduction

Water resources are under pressure due to the increase of human popu-
lation, socio-economic development, changing consumption patterns and
this pressure is expected to increase in the coming decades (UNESCO
World Water Assessment Programme, 2019). The biodiversity crisis is pro-
found in the freshwater realm, with indications that we are entering in the
6thmass extinction in the history of the planet (Ceballos et al., 2015; Cowie
et al., 2022; WWF, 2020, 2021). Biodiversity loss is a major concern ac-
knowledged by governments and economic stakeholders (World
Economic Forum (2022), Sustainable Development Goals). The case of
freshwater biodiversity is particularly sensitive, with a larger species
abundance decline than for terrestrial species (WWF, 2020). The decline
of freshwater biodiversity relates to the impacts of human activities,
such as water pollution, river flow regulation, water consumption, and
climate change (Reid et al., 2019). Besides the consequences on ecosys-
tems, freshwater overuse also prejudices human development and wel-
fare. Today, 10 % of the global population lives in areas where water
scarcity is extreme, and half of the global population has limited access
to safe drinking water (FAO and UNWater, 2021; UNICEF/WHO, 2021).
Freshwater resources and ecosystems should be better preserved also
because United Nations Sustainable Development Goals (SDG) for
sanitation and clean water (SDG 6), zero hunger (SDG 2), and clean
and affordable energy (SDG 7) all rely on water resources. A holistic
water use assessment is needed to support decision-makers in achieving
multiple, sometimes conflicting, goals involving water use (Berger et al.,
2021; Boulay et al., 2021).

Severalwater footprint (WF)methodologies have been developed to ad-
dress different issues in water management, such as scarcity, pollution, and
impacts on ecosystems and human health (Boulay et al., 2018; Hoekstra,
2017; Mikosch et al., 2021; Motoshita et al., 2018; Wang et al., 2021).
Two main approaches can be categorised. The first one, i.e. the volumetric
WF assessment, focuses on water allocation and productivity (Hoekstra,
2017). It quantifies the blue (i.e., surface water and groundwater), green
(precipitation stored in the soil available to crops) and grey water (pollut-
ants dilution volume) appropriation of product systems (Hoekstra et al.,
2011). The volumetric WF (blue and green) can then be compared to
water availability after reserving environmental flow requirements that se-
cure the functioning of terrestrial and freshwater ecosystems.

In contrast, a second approach, namely the impact-oriented WF (ISO,
2016), aims to reduce the consequences of water use on the environment.
It builds on the volumetric WF and combines it with Life Cycle Impact As-
sessment (LCIA)models that translatewater consumption volumes and pol-
lution emissions into impacts on ecosystems, human health, and natural
resources (Boulay et al., 2013). For example, the AWARE model has been
used for quantifying water scarcity regional impacts throughout global sup-
ply chains (Boulay et al., 2018). Vivid discussions have occurred around the
pros and cons of the volumetric and the impact-oriented approaches (Boulay
et al., 2013; Pfister et al., 2017, 2022; Vanham and Mekonnen, 2021).
Nonetheless, the overarching objective is the same: enabling sustainable
water use. Researchers have undertaken efforts toward a harmonized ap-
proach (Boulay et al., 2021; Lathuillière et al., 2018), and highlighted sev-
eral common challenges (Berger et al., 2021; Gerbens-Leenes et al., 2021;
Gerbens-Leenes and Berger, 2021). For example, most WF studies focused
on the quantitative aspects of water use (Mikosch et al., 2021). The ones
considering pollution often considered the substance with the highest tox-
icity when determining the grey WF (Gerbens-Leenes et al., 2021). Com-
mon challenges to both water footprinting approaches therefore include
modelling the impact of pollution onwater availability, including all pollut-
ants, quantifying comprehensively the impacts of water use on ecosystems,
and integrating the social welfare dimension of water use (Berger et al.,
2021; Gerbens-Leenes and Berger, 2021; Hoekstra, 2017; Mikosch et al.,
2021; Van Vliet et al., 2017).

In this study, we aim to tackle the above-mentioned challenges and
operationalize a framework that captures all impacts from consumptive
and degradative water use. We take Lathuillière et al. (2018)’s harmonized
2

WF assessment framework as a starting point, which combines the territo-
rial and the product-system perspectives. In that framework, the impacts
of water use, the sustainability of the consumed volumes, and water pro-
ductivity are assessed to support decision-makers. We consider that such
a harmonized water footprint framework that combines the benefits of a
volumetric and impact based approaches is meaningful. Lathuillière et al.
demonstrated in a case study the usefulness of such integrated framework
to mitigate blue and green water scarcity impacts and enhance water pro-
ductivity. Nonetheless, the operational impact assessment in the case
study did not include the impacts of pollution on ecosystems and
Lathuillière et al. pointed that integration between LCIAmodels for scarcity
and pollution is needed. Moreover, the introduced volumetric WF sustain-
ability assessment, which included absolute limits to freshwater availabil-
ity, ecosystem water requirements, and human water needs, does not
entirelymitigate the risk of damage to ecosystems and freshwater resources
due to the crude representation of pollution impacts. Therefore, defining
absolute limits for water use protecting ecosystems and resources remains
a challenge and the water footprint sustainability assessment could benefit
from life cycle impact assessment developments (Boulay et al., 2013). Our
goal is therefore to revisit Lathuillière et al.'s harmonized water footprint
assessment framework by enhancing the WF impact assessment and the
WF sustainability assessment. We improve these parts of the framework
by (i) developing environmental indicators quantifying the regional im-
pacts of water scarcity and pollution on freshwater ecosystems and fresh-
water availability, (ii) providing absolute sustainability limits to
environmental impacts protecting freshwater ecosystems and human wel-
fare, and (iii) testing the operability of such improvements with a proof of
concept assessing whether and where water use was sustainable in the
European Union (EU) in 2010.

2. Methods

2.1. Overview of the revised harmonized water footprint assessment framework

In the following, we adopt the terminology from the water footprint ISO
standard (ISO, 2016). We also designate surface water and groundwater as
blue water, and precipitation stored in the soil as green water, following
Hoekstra et al. (2011). Our starting point is the harmonizedWF assessment
framework proposed by Lathuillière et al. (2018). It includes the same
stages as the ISO standard (ISO, 2016), i.e., a goal and scope definition,
WF inventory analysis, a WF impact assessment. The first step determines
the product system to be assessed by defining the functional unit and the
reference flow. The inventory analysis delivers the volumes of blue, grey,
and green water consumed, while the impact assessment translates the in-
ventory into quantitative impacts on ecosystems, human health, and re-
sources. Lathuillière et al. added a volumetric WF assessment, a
volumetric WF sustainability assessment, and a policy decision stage. The
volumetric WF assessment benchmarks water productivity by comparing
the volume of water consumed per functional unit among similar products.
Then, the volumetric WF sustainability assessment verifies whether the
total water consumption volume of all unit processes in the hydrological
unit (e.g., river basin) is smaller than thewater available regionally and sea-
sonally, following the guideline from the Water Footprint Network
(Hoekstra et al., 2011). It defines environmental, social and economic sus-
tainability criteria for the volumetric WF. The environmental sustainability
assessment compared the blue and green WF with the freshwater availabil-
ity subtracting environmental flow requirements and the grey WF is com-
pared to the dilution capacity in the hydrological unit (Hoekstra et al.,
2011). The social sustainability assessment verifies whether the water
availability, removing the environmental flow requirements, can satisfy
the water requirements for drinking, washing, cooking, and food
(Hoekstra et al., 2011). Finally, the policy decision stage compiles the re-
sults from the previous stages to provide relevant insights to decision-
making in water management and product eco-design decision contexts,
similarly to the interpretation stage of the ISO standard. The revised harmo-
nized WF assessment framework (Table 1) maintains the many elements



Table 1
Revision of the harmonized water footprint assessment step by step (modified from Lathuillière et al. (2018)).

WF assessment stage Water Biodiversity
Footprint (WBF)

Water Resource Footprint
(WRF)

Goal and scope (ISO, 2016) Defines the objectives of the study, the product system, the functional unit, the hydro-geographic extent, the intended audience, and how
results will be used.

WF inventory analysis (ISO, 2016) Compiles all the inputs and outputs from the product system to obtain the elementary flows emitted into the environment, i.e., emissions to
air, soil, and freshwater (regionalized, monthly values).
Consumptive water use refers to water incorporated into the product, evaporated, transpired, released into a different watershed, or directly released
into the sea. Surface water, groundwater (blue water), and green water (rain stored in the soil) consumption rates are calculated separately.

WF productivity assessment
(called volumetric WF assessment in
Lathuillière et al. (2018)

Compares blue- and green- water consumption, and emissions per functional unit to similar product systems (equivalent to efficiency
assessment). The objective is to identify possible water and chemicals savings to improve the efficiency of water use in the product system.

WF impact assessment
(ISO, 2016)

Translates the results of the WF inventory analysis into impacts on
ecosystems.
It represents the damage to global freshwater biodiversity and is expressed
in potentially disappeared fractions of species integrated through time
(global PDF yr).

Translates the results of the WF inventory analysis into impacts
on freshwater resources.
It represents the impacts to freshwater resources in terms of
water deprivation potential and is expressed in m3 unavailable
water (m3 yr).

WF sustainability assessment Compares the total WBF with the absolute sustainability limit for
freshwater ecosystems (SLWBF).
Impact exceedance indicates a potential risk of regional freshwater
ecosystem collapse.
Impact exceedance is shared among water users.

Compares the total WRF with the absolute sustainability limit
for human welfare (SLWRF).
Impact exceedance indicates a potential risk to human health.
Impact exceedance is shared among water users.

Decision-making (called policy
decisions in Lathuillière et al. (2018))

Integrates the findings fromWF productivity, impact assessment, and sustainability assessment, to provide recommendations for the product system (per
functional unit from the WF productivity assessment and impact assessment) and the hydro-geographic extent (from the sustainability assessment). The
uncertainty of the impact assessment, sustainability assessment, and the limitations of results should be assessed. Conflicting decisions should be
highlighted with potential cost and benefit analyses.
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from Lathuillière et al. (2018) but we introduce some modifications which
we present hereafter.

• Goal and scope definition

Following Lathuillière et al. (2018), the functional unit can be defined
as all activities over a region or representing the function of a specific prod-
uct system. In the first case, the WF assesses water use sustainability of ter-
ritories for supporting water management and meso-scale decisions
(Lathuillière et al., 2018; Loiseau et al., 2018). In the second case, the WF
aggregates the results for all the unit processes in the product system,
which eventually occur in different hydrological units, and support decision
related to the product sustainability (Lathuillière et al., 2018).

• Water footprint inventory analysis stage

The collection of the blue and green WF inventory and emissions fol-
lows the scope determined by the functional unit. We do not calculate the
grey water footprint because emission-based LCIA models are more accu-
rate to represent the impacts of pollution in the WF impact assessment
stage (Pfister et al., 2017).

• Volumetric WF assessment and decision-making stage

We propose to maintain the volumetric WF assessment and the policy
decision stages in the revised framework while renaming them to WF pro-
ductivity assessment stage, and decision making stage respectively, so
that the terminology is aligned with the goal of each stage. Indeed, the re-
sults from theWF assessment can be used to support decision in policymak-
ing but also in product development decision contexts. Moreover, WF
productivity should refer both to water consumption and chemicals (in-
cluding fertilizers) use per functional unit. The decision making stage
should also include an uncertainty assessment of the results of the previous
stages, in particular the WF impact and WF sustainability assessments, and
a statement of the limitations as required by the ISO 14046 (ISO, 2016).

• WF impact assessment stage

We expand theWF impact assessment stage so that it covers the impacts
of water consumptive and degradative use in the river basin (Fig. 1). Fig. 1
3

includes the water footprint inventory and productivity assessment for
completeness purpose but they are not modified in the revised framework.
The ISO 14046 defines water availability as the “extent to which humans
and ecosystems have sufficient water resources to satisfy their needs” (in-
cluding quality degradation). Since the ecosystem and human water
needs are different (timing-, quantity- and quality-wise), we propose
two indicators to represent them: the Water Biodiversity Footprint
(WBF) and the Water Resource Footprint (WRF). While, the WBF repre-
sents the combined damage to freshwater ecosystems from pollution
and water scarcity, the WRF represents the competition between water
users for fulfilling their water demand and includes the potential depri-
vation due to scarcity and pollution. Therefore, combined WRF and
WBF cover the four dimensions of the ISO water availability footprint
i.e. water quality degradation and scarcity impacts on water availability
to humans and ecosystems.

• WF sustainability assessment stage

Unlike Lathuillière et al. (2018) and Hoekstra et al. (2011), who com-
pared water consumption volumeswith the freshwater availability, we pro-
pose comparing impact scores (WBF andWRF) with regional sustainability
limits (SLWBF and SLWRF) in theWF sustainability assessment (Table 1). The
WBF and WRF, better represent the possibility of fulfilling water needs of
ecosystems and humans than volumetric WFs because WBF and WRF in-
clude pollution mechanisms comprehensively. Therefore, we argue that
the volumetric WF sustainability assessment from Lathuilière et al.'s frame-
work can be advantageously substituted by an impact sustainability assess-
ment using WBF and WRF in the revised framework. The WBF and WRF of
all facilities in the river basin are then compared to the absolute sustainabil-
ity limits of the basin (Fig. 1), similarly to the carrying capacity approach
developed by (Bjørn and Hauschild, 2015) and the geographical sustain-
ability assessment in Hoekstra et al. (2011). The carrying capacities define
the maximum impact that the environment can sustain without suffer-
ing irreversible impairment for each impact pathway. Setting absolute
limits for environmental impacts (i.e., WBF and WRF) can better inform
decision-makers and support preventing irreversible damages to ecosys-
tems and human health. Defining absolute thresholds (for water use and
the resulting impacts) also prevents rebound effects because the total
impact is constrained, no matter the water efficiency. Because the im-
pacts on freshwater ecosystems and resources are regional, SLWBF and
SLWRF should be defined at the regional scale. The SLWBF is the “ceiling”



Fig. 1. Water footprint assessment overview and impact coverage.
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of acceptable environmental impacts, while the SLWRF is the “social
foundation” guaranteeing human rights to freshwater (Raworth,
2012). Water overuse occurs when one or both limits are exceeded. As
part of the WF sustainability assessment, we share the impact exceed-
ance among water users to distribute the efforts to reduce impacts
within sustainable limits. In doing so, we go beyond the previous
sustainability assessment from Hoekstra et al. (2011) and Lathuillière
et al. (2018), which did not include a practical approach to re-allocate
water resources within sustainability limits.
4

2.2. Water footprint impact assessment

2.2.1. Water biodiversity footprint (WBF)
The WBF assesses the potential damage to freshwater ecosystems, de-

fined as the species living in freshwater wetlands and water bodies. WBF
compatible with LCIA is expressed in Potentially Disappeared Fraction of
Species (PDF) integrated through time (i.e., PDF·yr) (Verones et al.,
2017). It includes a transformation factor so that regional species losses
can be converted into global species loss and can be aggregated throughout
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the life cycle (Verones et al., 2017), i.e., the Global Extinction Probability
(Verones et al., 2022).

The operational WBF includes eutrophication and ecotoxicity impacts,
for which LCIA models exist (Fig. 1 solid lines). It also covers the impacts
of water consumption (Fig. 1 solid lines) from each water source,
i.e., surface water, groundwater, and green water, are reported separately
whenever possible.Water consumption associatedwith crops, i.e. soil mois-
ture consumption (also called blue-green water consumption), can alter
evapotranspiration over land and, consequently, precipitation regimes,
which affects terrestrial and freshwater ecosystem (Boulay et al., 2021;
Hoekstra, 2019; Quinteiro et al., 2015). Assuming that the water cycle
and the ecosystems are in equilibrium with the current land use, only the
change of green water use and land use affecting evapotranspiration are in-
cluded in WBF (Boulay et al., 2021; Milà I Canals et al., 2009). The opera-
tional WBF supported by existing LCIA models (Fig. 1 solid lines) is
expressed by Eq. (1). Impacts are calculatedfirst permonth then aggregated
for the year.

WBFk ¼ 12 ∑
m
CFwcWCm,k þ ∑

i,m
CFFET,ir

m,k
i

1
Vm þ ∑

m
CFFE,P � rm,kP

� � 1
Vm

� �
GE (1)

where:WBFk is thewater biodiversity footprint ofwater user k (PDF·yr), the
characterization factors for freshwater ecosystem impacts are CFWC, for
water consumption (expressed in PDF·yr/m3), CFFET,i for ecotoxicity
(expressed in PDF·month·m3/kg), CFFE,P,is the CF of freshwater eutrophica-
tion impact on freshwater ecosystem from phosphorus (expressed in
PDF·month·m3/kg), Vm is the monthly river volume in month m (m3),
WCm,k is thewater consumption of user k inmonthm (m3), rm,k

i is the emis-
sion of toxic substance i from user k in month m (in kg/month), rm,k

P is the
emission of phosphorus from user k in month m (in kg/month), GEP (di-
mensionless) is the conversion factor translating regional freshwater fish
species extinctions into global extinctions. Background document behind
Eq. (1) can be found in Section S1.1 of the supporting information.

Eq. (1) only represents the operational part of the potential damages of
water use because globally-applicable LCIAmodels aremissing to address a
number of impacts covered in the framework, e.g., for thermal emissions,
nitrogen emissions, green water consumption (Fig. 1, dashed lines).
Eq. (1) should therefore be completed as soon as these become available.
Likewise, atmospheric moisture travels across river basins' boundaries
and surface water, groundwater, and soil are interconnected, thus water
consumption impacts may extend beyond the river basin where consump-
tion takes place (De Graaf and Stahl, 2022; Link et al., 2021; Pierrat et al.,
in review). However, in the current operationalisation, water consumption
impact interactions between river basins could not be accounted for due to
Fig. 2. Illustrative example of the water resource footprint at the river basin scale in the
wet season with higher water quality (qj = 0) and no water shortage (s = 1) (B).

5

lack of data. Finally.multiple stressors can have synergistic or antagonist ef-
fects on freshwater organisms, which can change impacts on ecosystems
significantly (Reid et al., 2019). For example, over-exploitation of ground-
water can result in quality degradation (Gejl et al., 2018), and streamflow
reduction can also concentrate pollutants in the environment (smaller vol-
ume of the exposure medium) and increase their residence time. More re-
search is needed to enable modelling and integration of such multi-
stressor mutual interactions in the footprint calculations. Until it becomes
operational, Eq. (1) assumes additivity of the impacts, as is typically done
in the LCIA framework (Hauschild, 2005) .

2.2.2. Water resource footprint (WRF)
We develop the indicator WRF to model the impacts of freshwater

stress, i.e., pollution and scarcity, on water resource availability (Fig. 1,
Table 1). The WRF is the water deprivation potential, expressed in m3 of
freshwater unavailable (m3/yr), caused by a water user k (e.g., a farmer).
Themain innovation of theWRF, compared to otherwater stress indicators,
is that it distinguishes the pollution deprivation potential (PDP) from the
scarcity deprivation potential (SDP) (see section S1.2 for the
operationalization) for the three main sectors using water (sector j),
namely: the industry, domestic, and agricultural sectors (Fig. 2A, B). We re-
port sectoral deprivation separately because the availability for each sector
depends on its demand and quality requirements, and the consequence of
depriving each sector from water are different. Therefore, the WRF of
each user k (for instance, a farmer part of the agricultural sector; or a facility
part of the industrial sector) on all sectors j (domestic, industrial, agricul-
tural sectors) are reported.

First the SDP and PDP are defined at the river basin scale (Fig. 2). The
PDP depends on the quality of the water present in the environment. The
water quality is insufficient when the environmental concentration of at
least one pollutant exceeds the limit of the sectoral water quality require-
ment. The water quality requirement considers a conjunction of chemical
and biological parameters, typically devised to minimize risks to human
health. Public authorities (e.g., EU Commission or national governments)
or other authoritative organizations (e.g., FAO, UN-Water) often distin-
guish quality parameter thresholds according to the intended water use
(Boulay et al., 2011). If the quality is insufficient, the PDP of a sector is
equal to the water demand of that sector scaled by the water availability
in the river basin (Fig. 2A, Eq. (2)). The PDP focuses on surface water re-
sources because emission data and transport models are available while it
is not the case for groundwater and soil moisture.

PDPm
j ¼ qmj � sm � ∑kWCm,k

j (2)
dry season with lower water quality (qj = 1) and water shortage (0 < s < 1) (A) and
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with sm ¼ Am

∑k,jWCm,k
j

for 0 ≤
Am

∑k,jWCm,k
j

≤ 1

and sm ¼ 1 otherwise

where PDPjm is the pollution deprivation potential of sector j in monthm for
the river basin, qmj is a Boolean water quality assessment for sector j in
month m (equals one if water quality is insufficient), sm is the ratio of
water availability to demand in month m (ratio between 0 and 1), Am is
the monthly water availability (m3), WCm,k

j is the water consumption of
user k in sector j in month m.

The SDP is defined only when the water available in the environment
i.e., the surface water, groundwater, and green water availability, is lower
than the total demand in the river basin (Fig. 2A). When there is a shortage,
the SDP quantifies the fraction of the sectorial water demand that is not
attended due to the water shortage (Eq. (3)) and we assume that the SDP
is distributed across water users proportionally to their water demand.

SDPm
j ¼ 1 � smð Þ � ∑kWCm,k

j (3)

where SDPjm is the scarcity deprivation potential of sector j in month m for
the river basin, sm is the ratio of water availability to demand in month m
(ratio between 0 and 1), WCm,k

j is the water consumption of user k in
sector j in month m.

The WRF associated with water user k is a fraction of the monthly PDP
and SDP calculated at the river basin scale, and this fraction corresponds to
the user's contributions towater scarcity andwater quality degradation.We
define a scarcity weighting factor (noted ws, see Eq. S13) to calculate the
SDP of a specific water user, which is calculated as the ratio of the user's
water consumption by the total sectoral demand. The pollution weighting
factor (noted wp, see Eq. S10) is proportional to the user's emissions and
the severity of the pollution compared to the quality requirements. It is cal-
culated as the product of the ratios between the user's emissions by the total
emissions, and the pollutant's concentration exceedance by the sum of all
pollutants' concentration exceedances. Therefore, the operational form of
WRF can be described as in Eq. (4).

WRFk ¼ ∑
m, j

wpm,kj PDPmj þ wsm,kj SDPmj
� �

(4)

where WRFk is the water resource footprint of water user k (m3), PDPmj is
the pollution deprivation potential in sector j in month m (m3), SDP m

j is
the scarcity deprivation potential in sector j in month m (m3), wpm,k

j is
the pollution weighting factor of water user k in month m for sector j
(expressed as a unitless ratio between 0 and 1), wsm,k

j is the scarcity
weighting factor of water user k in month m for sector j (expressed as a
ratio between 0 and 1). The detailed calculations with the intermediary
steps leading to Eq. (2) are presented in Supplementary Methods
Section S1.2. Thus, WRF is positive or null, and it cannot exceed the total
water demand in the river basin. Positive WRFmeans that water consump-
tion exceeds water availability, including pollution issues. Thus, SDP
(hence WRF) already covers the volumetric WF sustainability assessment
in Lathuillière et al. (2018), where the volumetric water footprint is com-
pared to freshwater availability in the basin.

Eq. (4) can be derived for surface water, groundwater and green water
because surface water stress, groundwater stress (PDP and SDP), and
green water scarcity (SDP only) stress can differ in each water cycle com-
partment. Nonetheless, it requires monthly groundwater quality and crop
data (e.g., irrigation efficiency, fertilizer and pesticide use) that are not al-
ways available. The blue water availability is the total blue water available,
i.e., water in the river, lakes, reservoirs and groundwater storage. We con-
sider that all freshwater can be used during a given month, even though
this would jeopardize the ecosystem because ecosystem damage is quanti-
fied separately with WBF. It is noteworthy that it is possible to consider
only the renewable part of water availability so that a positive SPD includes
the risk of multi-annual groundwater depletion. However, it likely leads to
overestimating the monthly water scarcity. In this case, the monthly
6

groundwater recharge can be an estimate of renewable groundwater avail-
ability. Greenwater availability can be estimated by translating land use data
and agronomy constraints into crop evapotranspiration budget (green water
flow) (Schyns et al., 2019). Alternatively, blue-green water availability can
be estimated using soil moisture over the cropland (Erlandsson et al.,
2022). Here the assessment of the soil moisture scarcity (green or blue-
green water) depends on the water accounting scheme for crop water con-
sumption (e.g. Hoekstra (2019); Link et al. (2021)). However, the choice of
a water accounting scheme is outside the scope of this study.

2.3. Water footprint sustainability assessment

The WF sustainability assessment stage compares the total WBF and
WRF with the absolute sustainability limits of the river basin (Fig. 1 dia-
mond and oval shapes). The proposed absolute sustainability limit for
WRF is defined as the minimal volume of freshwater needed to fulfil
human water requirements, including hygiene and irrigation demand for
food (Hoekstra et al., 2011; Motoshita et al., 2020). This limit is aligned
with the universal human rights to food, water, and sanitation recognized
by the United Nations (United Nations, 1948, 2010). It represents the
socio-economic limit under which freshwater in the environment cannot
fulfil human physiological needs (see details in Section S1.3.2). Water dep-
rivation exceeding this threshold can potentially affect human health if ad-
aptation is insufficient (Debarre et al., 2022; Motoshita et al., 2018). The
sustainability limit for WBF corresponds to the ecological carrying capacity
beyond which the ecosystems are damaged irreversibly (Bjørn and
Hauschild, 2015). Previous approacheswere based on specific environmen-
tal mechanisms, e.g., carrying capacities and planetary boundaries for nu-
trients, chemicals, and water consumption (Bjørn et al., 2020a, 2020b;
Kosnik et al., 2022; Steffen et al., 2015).

In contrast to these, in the current assessment, we propose defining SLWBF

in terms ofmaximum species losses because it should guarantee that the com-
bined pressure does not threaten the ecosystem integrity. The planetary
boundary framework proposed some regional biodiversity boundaries be-
yond which ecosystems start malfunctioning (Mace et al., 2014; Steffen
et al., 2015). These proposals are valid, but incompatible with existing LCIA
methods because most LCIAmodels currently quantify potential species rich-
ness loss (PDF) rather than functional biodiversity loss or extinction rates. An-
other solution compatible with the PDF metrics is to minimize the risk of
ecosystem collapse, i.e., catastrophic ecosystem regime shift. Such shift can
be triggered by snowballing species extinctions that propagate throughout
the freshwater food web (Brook et al., 2013; Keyes et al., 2021). Based on
Curtsdotter et al. (2011)’s study of food web response to species extinctions,
a conservative estimate of biodiversity tipping point equals a PDF of 0.08. Be-
yond the threshold, the survival rate in a generic ecosystem is lower than 50
% of the species. A safe SLWBF should include the uncertainty on the biodiver-
sity threshold, a buffer to avoid reaching the threshold as in the Planetary
boundary framework (Steffen et al., 2015), and the WBF (e.g., uncertainty
on the inventory, LCIAmodels, impact coverage). Thus, we propose adopting
a safety coefficient when determining SLWBF.

WhenWBF or WRF exceed the sustainability limit, we calculate the im-
pact exceedance as the difference between the water footprints and the sus-
tainability limits (see Eqs. (7) and (8) and section S1.3.3 for the details).
Therefore, reverting the river basin situation to a sustainable level of pres-
sure requires to bring the impact exceedance down to zero. In the current
framework, the impact exceedance is assumed to be shared following the
widely used sharing principle of “polluters pay”, which dictates that the re-
sponsibility of a polluter to an exceedance is assigned proportionally to the
magnitude of its caused impacts (note that other sharing principles may be
applied, e.g. see Section 4.3 and Ryberg et al. (2020)). The share of water
user k to WBF (Eq. (4)) and WRF (Eq. (5)) exceedances are thus propor-
tional to its environmental impacts.

SkWBF ¼ WBFk

∑kWBFk ð5Þ
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where SkWBF is the share of user k in the impact exceedance for WBF
(expressed as a ratio between 0 and 1).

SkWRF ¼ WRFk

∑kWRFk
(6)

where SkWRF is the share of user k in the impact exceedance for WRF
(expressed as a ratio between 0 and 1). Therefore, the impact exceedances
for WBF and WRF for user k are described by Eqs. (5) and (6). Additional
details are available in in Section S1.3.3.

Ek
WBF ¼ SkWBF ∑

k

WBFk

GEP
� SLWBF

� �
≥0 (7)

where EkWBF is the impact exceedance for the freshwater ecosystem attrib-
uted to user k expressed in (expressed in local PDF·yr), SkWRF is the share of
user k in the impact exceedance for WRF (expressed as a ratio between 0
and 1), WBFk is the water biodiversity footprint of user k (expressed in
global PDF·yr), GEP is the global extinction probability of freshwater spe-
cies in the river basin, SLWBF is the sustainability limit for WBF in the
river basin (expressed in local PDF·yr).

Ek
WRF ¼ SkWRF SLWRF,dom � ∑

m
WCm

dom � WRFm
dom

� �� � 
þ SLWRF,agri � ∑

m
WCm

agri � WRFm
agri

� �� �!
≥ 0

(8)

where EkWRF is the impact exceedance for the water resource attributed to
user k expressed in (m3); SkWRF is the share of user k in the impact exceed-
ance for WRF (ratio between 0 and 1); SLWRF,dom is the human water re-
quirement for domestic use (m3), SLWRF,agri is the human water
requirement for agricultural use (m3), WRFmdom is the domestic water dep-
rivation in month m (m3), WRFmagri is the agricultural water deprivation in
monthm (m3),WCm

dom is the total water consumption for the domestic sec-
tor inmonthm (m3),WCm

agri is the total water consumption for the agricul-
tural sector in month m (m3).

The operationalisation ofWF sustainability assessment is tightly related
to the availability of LCIA models and their ability to calculate WBF and
WRF. Ideally, theWF sustainability assessment should compare the sustain-
ability limits with the total impacts on the ecosystems and freshwater re-
sources, including the background stressors. The total impact on the
ecosystems and freshwater resources should thus be the sum of WBF or
WRF for all water use in the river basins with the WBF or WRF impacts of
the background stressors. Background stressors (Fig. 1 dashed lines) in-
clude pressures on freshwater ecosystems unrelated to consumptive and
degradative water use (e.g., fisheries, flow regulation for hydropower,
etc.) and indirect pollution from soil and air-borne emissions deposition
into freshwater (e.g., freshwater acidification). Although not yet possible
due to lack of knowledge and data gaps, these could be included in EWBF

by introducing the impact of background stressors WBF background in
Eq. (6) (Eqs. S16, S18), and accounting for indirect pollution in the calcula-
tion of the PDP and the pollution weighting factor (Eqs. (2) and S10). Data
generation in this area (e.g., enabling modelling of all indirect pollution)
and the development of new LCIA models to cover these pathways
(e.g., flow regulation impacts on ecosystems) is therefore warranted to fill
these gaps (see Section 3.1).

2.4. Proof of concept: water footprint assessment of the EU-27

To illustrate the workability of the proposed framework, we focus on
the WF impact assessment and the sustainability assessment of 1031 river
basins in the EU-27 in 2010. We adopted a territorial perspective, where
the functional unit includes all the activities consuming water. We distin-
guish three major water users in the assessment: the domestic, the indus-
trial, and the agricultural sectors (the users k: the domestic, the industrial,
and the agricultural users aggregated at sector scale). We use Eqs. (1)–(8)
to calculate the regionalized WRF, WBF, and impact exceedances for each
sector (sectors j: domestic, industrial, and agricultural sectors).
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The life cycle inventory (LCI) data and the LCIAmodels forWBF are pre-
sented in details in Section S2 of the Supplementary Material. We retrieved
monthly sectorial water consumption and monthly river basin volume at
grid cell scale (5 degree resolution) from a state of the art global hydrolog-
ical model WaterGAP 2.2 (Müller Schmied et al., 2021). Moreover, we ex-
tracted yearly chemicals emissions at country scale from Leclerc et al.
(2019). Annual crop harvest and nutrient emissions were collected from
Eurostats (2022) and Scherer and Pfister (2015). Chemicals and nutrient
emissions were disaggregated at basin and monthly scale assuming that
they were uniformly distributed in space and time.

We used state of the art regionalized LCIA models to calculate WBF
(Rosenbaum et al., 2008; Scherer and Pfister, 2015; Verones et al., 2022),
except for the impacts of blue water consumption for which we used the
most recent update (Pierrat et al., 2023). For WRF calculation we consid-
ered the water quality requirements from Boulay et al. (2011). We defined
groundwater availability as themonthly groundwater recharge so thatWRF
captures groundwater depletion risk and surface water availability as the
monthly river volume. We adopted the precautionary absolute sustainabil-
ity limits equal to 0.04 PDF·yr for WBF (Sections 2.3 and S1.3.1) and to the
domestic monthly water consumption for WRF.

We adopted the absolute sustainability limits equal to the domestic
monthly water consumption for WRF. ForWBF, we assumed that a safety co-
efficient of two is sufficient for buffering the uncertainty on WBF
(Section 2.3). Several sharing principles based on ethical norms exist
(Ryberg et al., 2018, 2020) and adopting one is always a value choice that
should ideally involve all the stakeholders. We proposed to share the impact
exceedance following the “polluters pay” principle where the impact mitiga-
tion efforts are shared among the sectors proportionally to their impacts.

For this illustration, we focus on blue water consumption and surface
water quality because we had sufficient data to show the combined effects
of surface water pollution and consumption for this water resource.We dis-
regard green water consumption and groundwater quality due to a lack of
data and to simplify the case study.

TheWF sustainability assessment stage includes several value choices that
may influence the results: the sustainability limit definition and the sharing
principle (Section 3.4). First, we investigate the effect of WBF selectivity on
species using generic SLWBF that correspond to average ecosystem robustness
values from literature (Curtsdotter et al., 2011). One scenario corresponds to
the best estimate of the sustainability limit where consumer species are ran-
domly affected andwe obtain SLWRF= 0.28/2=0.14 PDF·yr. The other sce-
nario corresponds to a conservative scenario where producer species are
affected first, then SLWRF = 0.08/2 = 0.04 PDF·yr. Second, we further ana-
lyze the spatial sensitivity of SLWBF because each freshwater ecosystem has
a different limit, aligned with the local species abundance, species richness,
and the configuration of the food web (Brose et al., 2017; Curtsdotter et al.,
2011). We arbitrarily divide by a factor ten SLWBF to simulate the response
of a fragile ecosystem. Third, we compare the impact exceedances for WBF
obtainedwith the “polluters pay” and “gross value added” sharing principles.
Adopting the “gross added value” sharing principle gives a higher share of the
impact exceedance (i.e., more ambitious impact reduction targets) to wealth-
ier users who can financemore efforts to reduce impacts, hence including eq-
uity questions partially.

3. Results

3.1. Water biodiversity footprint

The highest WBF occur around the Mediterranean, and Baltic seas, in
western France and Italy (Fig. 3A and Fig. S1 for maps impacts for each
pathway). Ecotoxicity (FET) impacts cause by far the greatest damage to
freshwater biodiversity (99.99 % of total impacts), followed by eutrophica-
tion (FE) and water consumption (WC) (Fig. 3B). FET impacts dominate
WBF due to the emissions of the industry sector, especially zinc and stron-
tium compounds (substance contribution analysis in Table S1), while the
agriculture sector dominates FE and WC (Fig. 3B). Nevertheless, the FE
and WC impacts should not be neglected because their spatial distribution



Fig. 3. Map of the water biodiversity footprint where the colour scale corresponds to quantiles (number of river basins) (A) and contribution analysis of the industry, the
agriculture and the domestic sector (B).
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differs from FET's (Fig. S1). For instance,WC impacts are particularly strong
in Spain, where irrigated agriculture is important (Fig. S1).

This impact map shows some resemblance to the EU ecological quality
assessment (2009–2018) that identified Central Europe and Northern
Europe, France, and Italy as regions with low to poor freshwater ecosystem
quality (EU waters, 2018). Some identified areas strongly exposed to toxic
emissions (e.g., Eastern Europe and North Germany), and areas exposed to
FE (e.g., Northern Italy, Northern and Western France, Northern and East-
ern Spain, Eastern Europe) (EU, 2018; Payen et al., 2021; Posthuma et al.,
2019) do not stand out in our calculated pollution impact assessment.
This discrepancy may come from the LCI data, which lacks spatial and tem-
poral resolution, and is only available for the year 2010 and at the country
scale (Sections 3.1, S2). Calculated WC impacts are consistently found in
arid regions where irrigated agriculture is strong (e.g., Spain, Italy,
Greece) and in small coastal river basins. The low contribution of WC to
WBF is consistent with the correlation analysis of multiple anthropogenic
pressures with water quality in the EU, but the high contribution of FET
is contrasting (Lemm et al., 2021). Discrepancy in toxicity scores may
come from inventory data, the assumption that all metallic emissions are bi-
ologically available (Section S2), the modelling of substances transport,
which is not regionalized at the basin scale in USEtox.

3.2. Water resource footprint

A first estimate of water stress deprivation in the EU yielded 15% of the
total water demand (total water deprivation 10 km3 divided by total
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demand 65 km3) (Fig. 4A, B). SDP amounted to 6 km3 in 2010 of blue
water shortage, representing 60 % of the total freshwater deprivation
(Fig. 4B). Nonetheless, 40 % of the potential deprivation was caused by to
pollution effects (PDP = 4 km3). Overall, scarcity caused 80 % of agricul-
ture sector deprivation but<20% of industry and domestic sectors depriva-
tion (Fig. 4B). High PDP for domestic and industry sectors is consistent with
more stringentwater quality requirements here than for water for irrigation
(Fig. 4B) (Boulay et al., 2011). The agriculture sector was the largest con-
tributor to SDP and PDP (Fig. 4C). Where intensive agriculture takes
place, the high demand for irrigation leads to SDP, and use of pesticides
and fertilizers cause PDP that, in turn, limits the access to water for all sec-
tors, including other farmers (western France, Spain, Italy, Croatia, Greece,
Fig. 4A,D). Therefore, it is relevant to include pollution in sectoral water
stress studies. Nonetheless, the agriculture sector is most affected by
water stress (SDP) in absolute volume (Fig. 4B). In contrast, the industrial
sector is the most deprived in relative terms (19 % of the demand)
(Fig. 4B). Comparing our WRF map with the water stress assessment for
the year 2018 by the UN (FAO and UNWater, 2021), our indicator captures
well low and medium water stress regions in Southern France, Italy, and
Spain and pinpoints regions in Greece that were assess as not stressed.
Yet, the WRF fails to identify medium water stress regions in Germany
and low water stress regions in Spain, central and eastern Europe. By de-
sign, our WRF pinpoints only regions where water demand exceeds avail-
ability in at least one month of the year (Fig. 2), which may lead to a
different assessment from the water stress index used by the UN. Overall
the WRF is biased toward medium water stress regions.



Fig. 4.Map of the water resource footprint where the colour scale corresponds to quantiles (number of river basins) (A); contribution of water pollution scarcity to sectorial
deprivation (B); and contribution analysis of the industry, the agriculture and the domestic sector (C).
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3.3. Sustainability assessment and impact mitigation strategy

Overall, 93 % of the EU landmass corresponded to ecologically and so-
cially sustainable basins. WBF and WRF exceeded sustainability limits for 5
% (base scenario) and 8 % of the EU landmass. Combining the area of unsus-
tainable WBF and WRF, the sustainability single score of the EU is 8 %
(Eq. S22). The map of unsustainable basins for the WRF (Fig. 5B) resembles
the map of impacts (Fig. 4A) because the sustainability limit is aligned with
Fig. 5.Map of impact exceedance for ecosy
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the domestic water demand (Section S2). Indeed, the domestic sector is
more likely to be deprived than other sectors due to the high water-quality re-
quirements and the assumption thatwater shortage affects all sectors. To bring
impacts below sustainability limits, WBF andWRF impacts should be reduced
by 80 % and 14 %, respectively. Adopting the principle that “polluters pay”,
the industry should bear 64%of the ecosystempreservation effort (agriculture
20%, domestic 17%), while agriculture should assume 77%of resource pres-
ervation efforts (industry 12 %, domestic 11 %) in unsustainable river basins.
stems (A) and freshwater resources (B).



Table 2A
Sensitivity of the sustainability assessment results to the sustainability limit definition for the water biodiversity footprint (WBF) considering species extinction sequences.

Sensitivity on species selectivity on SLWBF Producer species extinctions Consumer species random extinctions Change (%)

Sustainability limit WBF (local PDF.yr) 0.04 0.14 +250 %
Percentage of the area exceeding SLWBF (%) 4.67 % 5.67 % +20 %
Total WBF exceedance (global PDF.yr) 0.85 0.85 0 %

Table 2C
Sensitivity of the sustainability assessment results to the sharing principle assuming
a high sustainability limit (0.04 PDF.yr) for the water biodiversity footprint (WBF).

Polluters pay (average) Gross added value Change (%)

Ratio of the total exceedance for the sharing principle SkWBF (%)
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3.4. Sensitivity analysis to value choices in the WF sustainability assessment

Analyzing the WBF impact exceedances in the different scenarios
(Tables 2A-2C) we identify parameters of the WF sustainability assessment
that can influence the results and therefore, the decision-making. We ob-
tained similar results when considering that primary producers are extinct
first (SLWBF = 0.04 PDF.yr) and when random producers go extinct (SLWBF

= 0.14 PDF.yr), which indicate skewed results for WBF and a moderate
sensitivity when considering global species extinction in the sustainability
assessment (Table 2A). Nonetheless, the spatial uncertainty on SLWBF is
key to analyze because, if SLWBF were 0.004 PDF·yr (instead of 0.04) then
the area of unsustainable basins in the EU-27 areawould double (Table 2B).

Changing the “polluters pay” sharing principle for the “gross added
value” influences greatly the distribution of responsibilities to reduce im-
pacts (Table 2B). In that case, the industry should reduce even more their
impacts on freshwater ecosystems (+39 %) while the agriculture would
do much less efforts (−90 %) than with the “polluters pay” principle
(Table 2C).

4. Discussion

4.1. Relevance to decision making

The harmonized WF assessment framework (Table 1) can support deci-
sions in product development and water management (Lathuillière et al.,
2018) because results can be aggregated per water user (e.g., for a facility),
sector, and river basin. For example, from a product-development perspec-
tive, the contribution analysis (Fig. 2B, Fig. 3C, D) shows the impacts of spe-
cific sectors (e.g., the industry) across Europe, while the maps (Fig. 2)
highlight the regions where impacts are most intense. Moreover, the pro-
posed WF impact and sustainability assessments bring additional informa-
tion to support the policy decision stage (Table 1). We illustrate each
contribution using examples from the proof of concept (Section 3).

First, including multiple pollutants improves the WF impact assessment
accuracy. Impacts of nutrients and chemicals are modelled with specific
LCIAmethods for each environmental mechanism. Hence,WBFwithmulti-
ple pollutants is more accurate despite the uncertainty of toxicity models
(Rosenbaum et al., 2008). Moreover, the sectorial water quality require-
ments include many quality parameters, i.e. 169 in the guidelines we
used for the proof of concept (Boulay et al., 2011). Therefore, including
multiple pollutants allows distinguishing PDP for each sector, which is rel-
evant because impacts on human health (and the economy) caused by do-
mestic, agricultural, or industry water deprivation are different.

Second, the WBF andWRF indicators enable solving trade-offs between
pollution and scarcity impacts. For example, impacts of water stress are
minor compared to toxicity (and eutrophication) impacts on ecosystems
in most river basins (Fig. 3A). Moreover, WRF models the competition for
water resources, and sectorial PDP and SDP can be compared (Figs. 4,
Table 2B
Sensitivity of the sustainability assessment results to the sustainability limit defini-
tion for the water biodiversity footprint (WBF) considering spatial variability.

Spatial sensitivity on SLWBF Higher Lower Change (%)

Sustainability limit WBF (local PDF.yr) 0.04 0.004 −90 %
Percentage of the area exceeding SLWBF (%) 4 % 11 % +175 %
Total WBF exceedance (global PDF.yr) 0.85 0.86 +1 %
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S3). Thus decision-makers can manage water resources knowing if scarcity
or pollution dominates water stress. Eventually, the WF sustainability as-
sessment stage can help prioritize WBF or WRF in specific river basins
when one sustainability limit is exceeded. For example, actions to reduce
SDP (i.e. water consumption) should be prioritized in the Ebro River
(Northern Spain) because WRF exceeds the sustainability limit while WBF
does not (Fig. 5). Theoretically, WRF and WBF could also pinpoint trade-
offs between consuming water from surface water, groundwater and soil
(green water) because the scarcity indicators include impacts on each
water source separately (e.g., in Fig. S2).

Third, theWF sustainability assessment adds to theWF impacts andWF
productivity assessment in the prioritization of economic resources be-
tween regional actions. Actions supporting sustainable water use should
be directed toward the most unsustainable basins first. For example, Italy
appears as one of the countries with the highest WBF and WRF in the EU-
27 (Figs. 3A and 4A). Water productivity improvement should start with
the unsustainable basins where the exceedance for WRF and WBF is the
highest, e.g., on the Adriatic coast (Fig. 5). Because theWF sustainability as-
sessment is holistic, theWF impact hotspot of the product systemmay point
to other regions than the WF sustainability assessment. Nonetheless, river
basins where impacts are assessed as sustainable should not be excluded
from the action plan due to the uncertainty in the impact assessment and
on the sustainability limit definition (Section 4.3). Refined hotspot analysis
with impact exceedances maps (e.g. Fig. 5) are relevant to both water man-
agers and industry decision-makers. For example, it allows for identifying
unstainable elements of an existing supply chain or guide the development
of one to ensure its sustainability.

Fourth, the shared impact exceedance for WRF and WBF (Fig. 5) could
be used by decision makers to set sustainability targets in multi-annual
water management plans, e.g., revising water allocations or redefining
emission limits for specific users. For this, comprehensive LCI data is war-
ranted. An unsustainable basin can revert to sustainable if the impact ex-
ceedance goes down to zero. Paths toward that goal can be delineated by
identifying opportunities to increase water use efficiency. Nonetheless,
the exceedances are null when the overall impacts are below the sustain-
ability limits, which entails that the WF assessment does not prescribe
quantitative impact reduction targets or new water allocations. Moreover,
the WF sustainability assessment does not prescribe how much water
each sector should use to maximize productivity. It only sets the “social
foundation” and the “ecosystem ceiling” for sustainable water use, and
agriculture 20 % 2 % NA
industry and services 64 % 88 % NA
domestic 16 % 10 % NA

Shared WBF exceedance among sectors EkWBF (global PDF.yr)
agriculture 0.17 0.02 −90 %
industry and services 0.54 0.76 +39 %
domestic 0.14 0.09 −37 %

Obs. The gross added value ratio of the domestic sector is calculated as the differ-
ence between the total GDP and the GDP of the agriculture, services, and industrial
sectors. The GDP of the industry and services sectors were grouped. Source for the
Gross Added Value sharing principle: (The world bank, 2021).
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anything in between would be considered acceptable (Raworth, 2012).
Therefore, the WF assessment does not substitute productivity, economic,
and political decisions about water use allocation (Biswas, 2008).

4.2. Interpretation and potential application of the water resource footprint

To date, there is no consensus in the LCIA community on modelling
damages to natural resources, unlike the damage modelling for ecosystems
quality. Hence, we focus on modelling impacts to freshwater resources in
the following. The impact to freshwater resources could represent the
long-term (e.g., 100 years) loss of freshwater availability due to groundwa-
ter depletion and persistent pollution (Pradinaud et al., 2019). However,
the multi-annual perspective may ignore intra-annual water stress issues
and appear less appropriate to support water allocation decisions. There
is therefore a multi-temporal perspective to consider when assessing dam-
ages to freshwater resources. Previously, domestic and agricultural water
scarcity and human toxicity models have been used in LCIA models
assessing the impacts of water use on human health (Debarre et al., 2022;
Motoshita et al., 2018; Rosenbaum et al., 2008). The agricultural and do-
mestic SDP and PDP may or may not result in human health damage de-
pending on the adaptation capacity. Thus, the WRF overlaps partially
with these models. The WRF components should be used with care in the
context of LCA to avoid double counting issues when quantifying damages
to human health and natural resources.

TheWRF is a resource functionality impact indicator that represents the
seasonal competition for freshwater. It shows howwater use reduces fresh-
water availability for all users. The WRF bridges both the product and the
territorial perspectives because WRFk depends on the total pressure of all
facilities on water resources in the river basin (Eq. (2)). Some authors
have argued that a consistent water impact indicator should not reflect
the impacts of other water users (Hoekstra, 2016, 2017). This view omits
the feedback between water use and availability explained in
Section 4.2.1. Moreover, managingwater allowances efficiently can benefit
from understanding the detail of water deprivation (what causes it and
which sectors are deprived) because it becomes possible to model the ben-
efit of allocating water to one user versus the loss of productivity due to the
deprivation of another water user. Another concern regarding an impact-ori-
entedWFhas been that scarcity-weighted indicators are difficult to interpret
(Hoekstra, 2016, 2017). In contrast, the proposed WRF corresponds to a
fraction of the monthly water demand in the river basin, which is straight-
forward. Moreover, PDP and SDP have the same nature i.e. they represent
water demand volumes. In contrast, the blue, green, and grey WF from
(Hoekstra et al., 2011) are less comparable because the greyWF is a pollut-
ant assimilation volume while the blue and green WF are freshwater con-
sumption volumes.

The WRF intrinsically proposes an anthropocentric, instrumental per-
spective on freshwater availability, thus it is a relevant candidate for mea-
suring impacts on natural resources, ecosystem services, and socio-
economic assets in the LCIA framework (Verones et al., 2017). Humans
adapt to water shortage with technology, infrastructures, and importation
of water-intensive goods; or, if adaptation is insufficient, deprivation may
lead to human health damage (Debarre et al., 2022; Motoshita et al.,
2018). Freshwater consumption impacts on freshwater natural resources
have been modelled in LCIA as the cost of adaptation, e.g., the cost of desa-
lination to compensate for thewater shortage (Pfister et al., 2009). The pro-
posed PDP may be useful to specify better the cost of adaptation to water
quality degradation. Moreover, the sectorial SDP (i.e., SDPjb), the river
basin PDP, and the river basin WBF can be identified with some relevant
freshwater ecosystem services in the river basin i.e., provision of water
for agricultural, domestic, industrial water use, self-purification, and biodi-
versity support (Rinke et al., 2019). Depending on the reason for freshwater
deprivation, the adaptation cost (in $/m3) can be combined with the water
deprivation volumes (m3) to obtain a damage score on freshwater resources
in monetary terms ($) following a similar approach to Cao et al. (2015) for
land use damage to ecosystem services. Combining the deprivation vol-
umes with the cost of missed opportunity (e.g., loss of crop yield), the
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components of the WRF may be used to calculate monetary damages to
socio-economic assets in LCA (Verones et al., 2017).

4.3. Defining sustainability limits and sharing principles

The choice of the sustainability limits in river basins can change the re-
sults, especially for WBF (Section 3.4). More research is needed to deter-
mine regional SLWBF reflecting the local ecosystem configuration and to
integrate food web models with LCIA, e.g., specifying the selectivity of
each impact pathway toward specific,.functional traits. Such regional
values should ideally be calculated for the pristine ecosystem. Nonetheless,
there will probably be little regional data about the species composition in
the pristine ecosystem. More pragmatically, the current ecosystem could
also be taken for reference, assuming that it is in equilibrium with the cur-
rent state of background pressures. Similarly, we proposed in Section 0 an
ideal SLWRF equal to the irrigation and domestic water for food and hygiene
(Motoshita et al., 2020). However, the irrigation water requirement for
food depends on water productivity and food import. Thus, the SLWRF

should also be regionalised to reflect location, time, and technology
choices.

The sharing principle was also a key value choice in the WF sustainabil-
ity assessment. Contrary to the “polluters pay” sharing principle, the gross
added value is not necessarily correlated to water use or impacts and there-
fore this sharing principle might result in unfeasible impact reduction tar-
gets. Hence other sharing principles are relevant to explore. For instance,
the WF productivity could be combined with the “polluters pay” so that
water inefficient and impact-intensive unit processes would receive a larger
share of the impact exceedance (VanhamandMekonnen, 2021). The choice
of the sharing principle is particularly important, because the perceived
fairness of the cost distribution associatedwith reducing the impact exceed-
ance may influence greatly collective action toward sustainable water use
(Boyd et al., 2018).

All in all, the choice of the sustainability limit value should result from a
consensus around an acceptable impact, e.g., how many species is it tolera-
ble to lose to satisfy human demand?What is an essential need for humans?
Prioritising human welfare or ecosystems is an ethical choice because the
WBF and WRF impact exceedances are not comparable (different units).
For example, should we first reduce scarcity that mostly affects humans
or reduce pollution that primarily affects ecosystems (Section 3.1)?

4.4. Limitations and future research needs

The proof of concept put forward several caveats of the WF assessment,
i.e., LCI regionalization and completeness requirements, LCIA of green
water consumption, incomplete impact pathway coverage of WBF, and
the resulting uncertainty of WF sustainability assessment.

The proposed water footprint assessment is data intensive. The proof of
concept results showed that the poor spatial and temporal resolutions of LCI
data hampers the hotspot mapping. For example, the case study failed to
identify toxic impact hotspots in Northern Germany because emissions
were assumed to be uniformly distributed over the country for lack of better
information (Section 3.1). WBF is dominated by ecotoxicity impacts from
industrial and urban emissions which are likely unevenly distributed in
space but the regionalization of the LCI from country-scale to basin scale ig-
nored the distribution of point source emissions relative to the basins.
Moreover, the impacts in basins such as the Danube River, Rhine River,
Rhone River basin are underestimated because the emissions from non-
EU countries were not included (e.g., Bosnia, Macedonia, Swizerland).

The water quality requirement and the LCI chemical coverage influ-
enced the WF impact assessment results in the proof of concept. For in-
stance, contaminants dissolved in stormwater were not included despite a
significant ecotoxicity impact related to metals such as copper (Brudler
et al., 2019). In addition, only 59 out of 151 chemicals could be considered
in thewater quality assessment due to the lack of LCI data for the remaining
chemicals for which concentration limits exist (Boulay et al., 2011). Other
data gaps prevented a complete chemical coverage in WBF. Moreover, we
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did not account for other chemicals for which we had LCI data (321 sub-
stances) due to the lack of specific concentration limits in the water quality
requirement (Boulay et al., 2011). Finally, due to the lack of characteriza-
tion factors, we only assessed the ecotoxicity impacts (WBF) of 380
chemicals while LCI data for >1000 chemicals were available. Therefore,
overall PDP and toxicity WBF are very likely to be underestimated in the
proof of concept.

WF impact assessment accuracy may increase by using higher spatial
resolution and temporally differentiated LCI data (at least at the river
basin scale). Global geospatial models estimating environmental concentra-
tions in freshwater dynamically (surface and groundwater) would also be
helpful to refine the impact assessment of pollution and support achieve-
ment of the UNSustainable Development Goal for water (SDG6), especially
in data sparse regions (Hofstra et al., 2019). We believe that these models
would help, but obstacles are preventing their use. First, they are complex
to operate; and second, they are specialized for one type of emissions
(e.g., faecal coliforms, nutrients, toxic chemicals, and temperature). To sup-
port the WF assessment, we would ideally need software to integrate all
substances transported in soil, air, surface water and groundwater, includ-
ing water consumption.

Greenwater consumption impacts onWRF andWBF could not be quan-
tified in the proof of concept. Indeed, LCIA models are currently lacking for
quantifying terrestrial and freshwater species loss due to green water con-
sumption (changing evapotranspiration). Understanding the consequences
of blue and green water consumption on evapotranspiration rates, precipi-
tation patterns, streamflow, and soil moisture would help develop such
LCIA models (Link et al., 2021; Pierrat et al., in review). In future research
works, the impact of green water consumption on freshwater ecosystems
may be derived from existing LCIA models relating freshwater species
loss with streamflow change (Pierrat et al., 2023) combined with models
quantifying the consequences of evapotranspiration change on streamflow
(Link et al., 2021).

Given the multiplicity of pressures affecting freshwater ecosystems, the
total WBF in the river basin is likely underestimated, i.e. representing the
combined impact of the background pressure and water use (as mentioned
in Sections 2.2.2 and 2.3). This causes the absolute sustainability assess-
ment of WBF to end up too optimistic even though the safety coefficient
used in SLWBF may buffer part of this uncertainty. For this reason, we rec-
ommend that the WF sustainability assessment should be used to prioritize
sustainability and water use efficiency actions, but these actions should not
be restricted to the unsustainable basins. The decision-making stage should
also consider sustainable basins with low water efficiency and high im-
pacts.

5. Conclusions

We further developed the impact assessment and sustainability assess-
ment stages of the harmonized water footprint assessment proposed by
(Lathuillière et al., 2018) and tested the revised framework on the EU-27
river basins. The main contributions to water use LCIA and water footprint
assessments are that (i) the introduced Water Resource Footprint and the
Water Biodiversity Footprint quantify the impacts of water use on freshwa-
ter availability to humans and ecosystems, (ii) we propose a practical ap-
proach to regionalize the impacts of multiple chemical emissions and
combine themwith the impacts of water consumption, and (iii) theWF sus-
tainability assessment verifies whether water use impacts are small enough
to ensure human welfare and ecosystem stability in river basins. The Water
Resource Footprint represents the competition for water use, which is use-
ful to allocatewater efficiently between users. The proof of concept showed
that the new framework helps pinpointing trade-offs between pollution and
scarcity impacts. For example, the damage to ecosystems stemmed for >99
% from ecotoxcity impacts while scarcity only represented<0.01%. In con-
trast, water scarcity caused 62 % of human water deprivation. The maps of
impact exceedances pinpoint regions wherewater impacts are environmen-
tally and socially unsustainable with a few river basins in southern Europe
where impacts exceeded both thresholds. We find therefore that including
12
pollution in water footprinting is relevant because it has often higher im-
pacts on biodiversity than scarcity and reduce water availability to sectors
with high water quality requirements.

The environmental relevance of the results can be expected to increase
when new Life Cycle Impact Assessment models and comprehensive re-
gionalized Life Cycle Inventory data become available. Further improve-
ments require research, particularly in the field of LCIA, with for example
the regionalization of pollutant transport models, development of charac-
terization factors for green water consumption impacts on ecosystems and
freshwater availability, and the spatially-differentiated determination of
sustainability limits for freshwater ecosystems. Finally, future water foot-
print research should also investigate how to integrate the relationship be-
tween water productivity, water demand, and human water needs. Indeed,
satisfying human needs for food and energy may require different amounts
of water depending on productivity. Nonetheless, the proposed water foot-
print assessment is considered a step forward to supporting the implemen-
tation of water-related sustainable development goals.
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