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Extended life cycle assessment reveals the
spatially-explicit water scarcity footprint of a
lithium-ion battery storage
Anna C. Schomberg 1✉, Stefan Bringezu 1 & Martina Flörke 2

The life cycle water scarcity footprint is a tool to evaluate anthropogenic contributions to

regional water scarcity along global supply chains. Here, we complement it by a classification

of the risk from human water use, a comprehensive conceptualisation of water use and a

spatially-explicit impact assessment to a midpoint approach that assesses the risk of on-site

and remote freshwater scarcity. For a 2 MWh Lithium-ion battery storage, the quantitative

Water Scarcity Footprint, comprising physically used water, accounts for 33,155 regionally

weighted m3 with highest contributions from Chilean lithium mining. The qualitative Water

Scarcity Footprint, the virtual volume required to dilute pollutant emissions to safe con-

centrations, is approximately determined to 52 million m3 of regionally weighted deminer-

alised water with highest contributions from copper and aluminium mining operations. As

mining operations seem to have the highest impact, we recommend to consider the spatially-

explicit water scarcity footprint for assessment of global material supply.
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Preliminary work on the water footprint. The original con-
cept of the water footprint (WF)1,2 defines three compo-
nents of the WF: 1) Blue water is the sum of evaporation

from ground- and surface waters, of water transfer to different
basins and of product incorporated water. 2) Green water is the
sum of evapotranspiration from soils and plants as well as of
water incorporated in plant products. 3) Grey water is the virtual
volume needed to adequately dilute pollutions that are discharged
into water bodies below generally valid thresholds. Having
established that water scarcity exists at regional and local level3,
this has been developed further by a variety of “water scarcity
footprint” (WSF) approaches4–8 to include the assessment of
water use with respect to regional water supply conditions. The
DIN ISO EN 14046:2016-079 standard also proposes the WSFs as
current state of art. Moreover, the integration of the WF into Life
Cycle Assessment (LCA) has been a central focus of many sci-
entific studies10: With the help of extensive inventory databases
WSFs have been integrated into Life Cycle Assessment to quan-
tify and assess the WSF of processes and products with respect to
different water related risks5,6,8,11–17. Currently, there is con-
sensus about the DIN EN ISO compliant approach AWARE8

(Available WAter REmaining) within the LCA community8,18, a
midpoint Life Cycle Impact Assessment (LCIA) method to
evaluate water stress on basin level by comparing human water
consumption and environmental water requirements to hydro-
logical water availability.

Requirements for a modified water scarcity footprint concept.
Despite these general guidelines, there are still many conceptual
inconsistencies, particularly noticeable when comparing different
systems. In order to determine spatially explicit WSFs of product
supply chains, this research wants to overcome the issues
that (1) classifications of the risk associated with human water
consumption differ, (2) there is a lack of a comprehensive con-
ceptualisation of water use in LCA within a consistent hydro-
logical framework and (3) that there is a lack of applied
regionalisation.

Regarding the first issue, the risk classification spans the frame
for goal and scope of a life cycle wide WSF. Different W(S)F
studies refer to different burdens or damages or define “water
scarcity” differently. Table 1 gives an overview of classifications of
the potential burden (midpoint) and the potential (damage),
referred to as “risk” in general in the following, of some selected
studies. While it becomes evident from Table 1, that there is not

one common risk related to human water consumption, there is a
general perception of “water scarcity” and thus supply risk. As a
first step, this study classifies a risk of human water consumption
at midpoint level for LCA applications and then goes one step
further by defining impacts as exceedance of the Safe-Operating-
Space (SOS), which is derived from the Sustainable Development
Goals19.

Second, blue, green and grey water have been established as
commonly used sub-indicators for the W(S)F. However, it has
often been discussed whether green water does contribute to
environmental water flows and water scarcity at all or if it is more
a matter of land use change assessment11. From a systems
perspective, blue and green water are inseparably linked. In LCA,
the distinction between blue and green water is not consistent
because the term blue water refers to the source of the water,
while green water refers to the fact that it has been used by plants.
The indicator “grey water” (as per definition2), representing a
virtual volume that is initially not a real environmental flow, has
often been critically reviewed as well20,21. Nevertheless, it offers
the opportunity to quantify the impact on water quality on a
volumetric basis22. As reduced water quality can lower water
availability for users with higher demands for quality, it can
contribute to the risk of “water scarcity”. This study balances
natural and process water flows within the classified risk and
comprehensively conceptualises water use in LCA against the
background of a consistent hydrological framework. After that,
sub-indicators of the WSF are derived from this.

Third, while the locations of a production facility or a final
consumer are often known within life cycle wide WSF
assessments, the upstream supply chains are not or only partly
spatially explicit. However, identifying the place of water use is
crucial for an impact assessment with respect to regional water
supply conditions. Some conceptual, data and software modifica-
tions are necessary to implement a spatially explicit impact
assessment of the supply chain.

Global lithium demand and mining. The energy transition in
Western industrialised nations should help to lower their fossil fuel
footprint23 and minimise harmful environmental effects caused by
greenhouse gases. However, promoted new technologies could
contribute to environmental issues, such as regional “water scar-
city”, in other regions of the world. As lithium-ion (Li-ion) based
energy storages are a promising technology24, global lithium
demand is expected to double or even triple by 202525. In total

Table 1 Risk definition of existing W(S)F concepts.

LCA Assess-ment Potential burden (midpoint) Potential damage (endpoint)

Hoekstra et al.2 No No Not defined (indicator of freshwater
resources appropriation)

No

WTA No LCIA Increase of withdrawal-to-availability ratio
on an annual basis

No

WSI Yes LCIA Water stress (= ratio of total annual
freshwater withdrawals to hydrological
availability)

Damage to human health from malnutrition, vegetation
loss related to water shortages, water resource
depletion

WAVE Yes LCIA Regional blue water depletion for drainage
basins (increased vulnerability of basins to
freshwater depletion)

No

AWARE Yes LCIA Depriving human beings or nature of
freshwater by water consumption

No

DIN ISO EN 140469 Yes No Potential environmental impacts (not further
specified)

Risks relevant to natural environment, human health
and resources (not further specified)

Risk definition of W(S)F concepts using LCA terminology although not all studies are carried out as LCA. If not stated explicitly, they were derived from the context to the best of the authors
understanding. Water withdrawal refers to total water use, while water consumption refers to consumptive water use, meaning that return flows are not regarded. Sources: WTA from Alcamo et al.3, WSI
from Pfister et al.5, WAVE from Berger et al.7, AWARE from Boulay et al.8.
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67% of the world’s economically mineable lithium resources are
supposed to be located in Argentina, Bolivia and Chile26. There,
lithium is predominantly made up of unconsolidated brines in
extensive, arid salt flats (called salars)27. Applied mining techni-
ques are based on the concept of evaporation: Lithium-rich
groundwater is pumped to the surface and injected into evapora-
tion ponds28 to concentrate the brine to a Li-content of 6.7%29 by
the process “lithium brine inspissation”. Actually, mining of brines
is not extraction of rock, but water. This specific setting already
points to regional water scarcity. In terms of hard rock mining
water quality is affected by flotation, leaching and filtration of
lithium minerals30,31.

Hence, a spatially explicit supply chain for global lithium
mining (Supplementary Table 1) is linked to the production of a
Li-ion battery storage, which serves as case study with great
relevance and topicality to illustrate the presented concept. This
study 1) classifies the risk that the WSF addresses, 2) balances
natural and human controlled water flows comprehensively in a
consistent hydrological framework to also derive WSF (sub-)
indicators, 3) adapts the sustainability assessment with the
existing LCA midpoint indicator AWARE8 and 4) demonstrates
the methodological framework on a Li-ion battery storage.

Results
The methodological framework (presented in the “Methods”
section below) is demonstrated calculating a spatially explicit
water scarcity footprint of a Li-ion battery storage32 with the open
source LCA software openLCA 1.9.0 (https://openlca.org) and the
ecoinvent 3.5 database29. Water use is evaluated cradle-to-gate for
the construction phase of the battery. Processes for global
Lithium mining, manufacturing of battery cells and building of
the storage were created (Supplementary Figures 1, 2 and Sup-
plementary Tables 2–5) and are spatially explicit, for all other
processes along the supply chain default data are used. The
evaluation thus takes into account the entire supply chain, as
modelled with ecoinvent 3.5, not only the regionalised lithium
input. All processes that contribute more than 1% to the total
quantitative and qualitative WSF are shown in the evaluation of
the results. The functional unit of the Li-ion battery was chosen to
ensure comparability to other electrical energy storage technol-
ogies and is the amount of usable electricity, which can be pro-
vided based on a unified energy feed-in of 2 MWh per day32. The
resulting storage consists of 34,800 kg Li-ion battery cells,
requiring 1523 kg of lithium carbonate.

Results can for example be downscaled by a factor 700,000 to a
50 g battery cell, which would be the typical weight of a standard
smartphone battery pack. The share of the contributions from
regionalised Li-mining and the distribution of remote impacts
along the global supply chain stay the same.

Quantitative water scarcity footprint of the modelled Li-ion
battery storage. The quantitative Water Scarcity Footprint,
WSFquan of the modelled Li-ion battery storage is 33.155
regionally weighted m3 along the entire supply chain from cradle
to gate per functional unit (Supplementary Table 6 and 7). Eva-
potranspiration losses represent the largest part of the physical
water consumption with 29.352 m3. Product-incorporated water
accounts for 3803 m3, which equals 11% of the total WSFquan.
Water transfers have not been detected along the supply chain of
the case study.

Figure 1a shows processes and flows that contribute more than
1% to the total WSFquan, respectively. They account for 62% of
the total WSFquan altogether. The remaining 38% consist of a
large number of processes, each of which contributes very little.

Figure 1 illustrates hotspots of water use along the supply chain—
in an unweighted (Fig. 1c) as well as a globally weighted manner
(Fig. 1a).

Looking at unweighted, physical water use, four flows are
particularly relevant in terms of quantity (position in the supply
chain indicated in Fig. 1a): A combined process that extracts gold,
silver, zinc, lead and copper, the production of liquid oxygen and
nitrogen as well as direct water inputs of the lithium manganese
cathode production and the graphite anode production that are
not further differentiated.

Weighted flows are classified uncritical (green), semicritical
(yellow) and critical (red) depending on their AWARE
characterisation factor CFAWARE (uncritical with CFAWARE < 5,
semicritical with CFAWARE between 5 and 10, critical CFAWARE >
10). Figure 1a reveals hotspots of water use especially in resource
extraction at the beginning of the supply chain: Lithium
extraction from lithium brine in the Salar de Atacama in Chile
and the Lake Zabuye in China accounts for 31% of the total
regionally weighted WSFquan. This is due to high CFAWARE for
these regions. Copper production in “Northern America” (Cu –
RNA, as referred to by ecoinvent 3.5) and “Asia” (Cu – RAS, as
referred to by ecoinvent 3.5) as well as coal production in China
also reveal great regionally weighted volumes.

The weighting accounts for 91% of the final result in the Li-ion
battery storage case study, meaning that without weighting the
WSFquan would be 3007 m3 instead of 33.155 m3 (Fig. 1b).
However, in a few limited cases the regional weighting can
decrease the physical water use as well, if the CFAWARE is below 1.
Since CFAWARE are given in relation to the world average, this
applies to regions of the world where the available water
remaining is greater than the world average (chapter 2.3). For
example in case of lithium carbonate production in Guemes,
Argentina, the CFAWARE is 0.29, and the physical water use
diminishes from 90 m3 to 26 m3 by multiplication with 0.29.

Figure 2 illustrates the spatially explicit analysis of WSFquan.
Circles are representing the size of water use on a water stress
map according to CFAWARE, classified according to the regional
water scarcity. The spatial resolution is very different depending
on data availability: Lithium mining processes are indicated by
point coordinates, while most other processes refer to a country.
Some processes can only be resolved down to geographical
regions. Figure 2 shows no higher levels of aggregation, such as
Rest-of-World or global. The lowest level of disaggregation of the
CFAWARE is basin level.

Qualitative water scarcity footprint of the modelled Li-ion
battery storage. The qualitative Water Scarcity Footprint WSFqual
requires 19 to 85 (median 52) million globally weighted m3 of
demineralised water for process aluminium emissions to water
per functional unit (Supplementary Table 8). It outnumbers
WSFquan by far, which is less than 1% of WSFqual. The span of
19–85 million m3 results from using a high and a low value for
the geogenic background concentration for processes without
specific location (Table 2).

The processes listed in Table 2 account for approximately 92%
of the total WSFqual. The listed processes are ecoinvent
3.5 standard processes and are used repeatedly along the supply
chain, if no further regionalisation is provided. Hence, the results
are aggregated, meaning that the respective process can be part of
the supply chain more than once. Most deliver to global copper
production needed for the production of the battery anode or are
associated to global aluminium production, which is needed in
cathode production and construction in general. The lithium
brine mining processes that were considered in this study do not
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produce emissions to water based on the reviewed literature and
are not regarded relevant in virtual dilution, consequently.

Uncertainty analysis. Uncertainties are determined by Monte-
Carlo-Simulation, “a stochastic method to estimate the uncertainty
of the model output”33, using the simulation tool of the software
openLCA and the ecoinvent 3.5 database. It contains uncertainties
for most data, while for inventory data created for this study for
the global lithium supply (Supplementary Chapter 1) no uncer-
tainties can be determined and a log-normal distribution with a
standard deviation of 1 is assumed. This is in line with the
recommendations of the LCA guidelines34. For the product system
Li-ion battery storage, including the entire supply chain with
approximately 110,000 linked processes, the uncertainties are huge
(relative standard deviation (RSD) of 60% for WSFquan and of
450% for WSFqual).

Lee et al.33 carried out an uncertainty analysis with AWARE
for a case study in Korea and also revealed high RSD values (177

and 185%). They found that Monte-Carlo-Simulation can have
problems to display the distribution function of the CFAWARE

correctly. This is supported by Hung & Ma35 who generally note,
that the selection of the LCIA method is an important source of
uncertainty.

Discussion
Conceptual innovations. The presented LCA-WSF can com-
prehensively assess the risk of natural freshwater scarcity for
humans and nature caused by water use associated to a distinct
global supply chain in a spatially explicit way. A precondition is
to regionalise and conceptualise the LCA water inventory by
using the water flows we identified in the risk analysis. This was
carried out for the lithium supply chain. From the identified
water flows WF (sub-)indicators were derived. These are
weighted in a spatially explicit LCA, for which the AWARE
software implementation was adapted.

Fig. 1 Distribution of process water uses along the supply chain. a Shows the distribution of process water uses greater than 1% along the supply chain of
the Li-ion battery-storage in m3 from left to right. Processes are represented by boxes, abbreviations see below. Inputs with no provider are direct inputs.
Water flows are weighted with the CFAWARE of the respective region if known. Flows weighted with a CFAWARE < 5 are classified as uncritical (green), with
5–10 as semi-critical (yellow) and with > 10 as critical (red, see also chapter 2.3). There is only one small flow in green from “Li – Guemes, AR” to “cathode
prod”. The bar charts in (b) illustrate the effect of weighting for the three greatest flows in numbers: The left number represents the unweighted
evaporative water loss, respectively, whereas the right number is the unweighted evaporation multiplied by the CFAWARE, which is 89 for Atacama, Chile,
88 for Zabuye, China, and 25 for Rest-of-Asia (RAS). c Shows all flows from (a) unweighted for visual comparison to demonstrate the effect of weighting.
prod, production; liq, liquid; elec prod, electricity production; roll, rolling. Regions: CL, Chile; CN, China; AR, Argentina; RNA, Rest-of-North-America; RAS,
Rest-of-Asia; RoW, Rest-of-World.
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Hence, hotspots of water use can be identified along the supply
chain for unweighted, purely physical water volumes as well as
regionally weighted volumes. Other spatially explicit studies on
water footprints and other footprints also attach great importance
to this difference36. However, the regionalisation of the upstream
supply chain has not been the focus of most analyses of the WF of
energy systems for different reasons37–40. Different kinds of water
use in the course of human-induced processes can be illuminated
with the help of the deduced sub-indicators (evapotranspiration
losses, product incorporated water, water transfers, virtual
dilution volumes), while uniting them under a common risk,
which is the reduction of available water remaining if it results
in an exceedance of the SOS. Previous water footprint studies
have placed less emphasis on this. Inseparable forms of freshwater
(former blue and green water) are no longer distinguished,
which in the past often led to confusion and ambiguity in WF
studies.

Data shortages. Challenges still arise from data shortages.
Within the scope of this study, only the inventory data for Li-
mining have been enhanced and regionalised. Any other rele-
vant mining processes within the analysis, for example copper
mining, rely on data that have not been further regionalised so
far. The contribution of Li-mining may be overestimated
compared to other mining resources. For better-resolved
results, more detailed regionalisation of more processes along
global supply chains is required; an effort the LCA community
is continuously working on. This analysis gives a first hint
which processes contribute the most and should be focused on,
e.g., “treatment of sulfidic tailings”, weighted with a CFAWARE

of one here, would reveal even higher LCA-WSFs in regions
with high CFAWARE. Figure 1 shows that the production of
liquid oxygen and nitrogen is responsible for a relative high
share (5.8%), of the total WSFquan. The authors presume a

mistake in the ecoinvent 3.5 database in this special case
(Supplementary Tables 9–14).

Moreover, the underlying hydrological modelling data do not
contain all kinds of human water consumption, e. g. mining
activities are not considered (Table 3). First calculations indicate
that CFAWARE may be underestimated by up to 100% in some
basins due to that.

Virtual dilution volumes outnumber physical volumes by far.
This is because aluminium emissions along global supply chains
are high and the suggested target concentration of 0.2 mg/l41 is
low. In addition, the variable geogenic background concentration
has a decisive influence on the final result that spans from 15,
calculated with high geogenic background concentration to 80
million unweighted m3, calculated with low geogenic background
concentration, so it must be determined with sufficient accuracy.
The data basis for geogenic background concentrations on a
global level should be further improved.

To measure, assess and reduce product water footprints more
research is needed in particular in the field of water use in the
mining sector. Water pollution from diffuse sources, such as
leakage from stockpile overburdens, may be a serious threat to
water resources and a subject to future research.

Findings and recommendations. Zhang et al. 201742 analysed
the water footprint of inter-provincial electricity transmission
in China and found that 12.7% of the national total thermo-
electric water consumption are transferred as virtual water
across provinces. This indicates that water use plays an
important role in the electricity sector in general. The presented
study goes a step further and for investigates the remote
impacts of an electric storage technology, a Li-ion battery sto-
rage, along its regionalised upstream supply chain. The hotspots
of water use along the global supply chain of the modelled Li-
ion battery storage are mainly associated with mining activities.
Lithium brine mining in Chile and in China are responsible for

Fig. 2 Spatially-explicit quantitative water scarcity footprint of processes with highest impact. Quantitative Water Scarcity Footprint (WSFquan) per
functional unit of processes that contribute most along the supply chain of the Li-ion battery storage on a CFAWARE background map. Processes that
contribute more than 1% to WSFquan are shown with their spatial reference: Blue dots are point coordinates, blue lines are countries or geographical
regions according to ecoinvent 3.5. “Asia” is marked with a black line for better differentiation from “CN”. The circles represent the weighted physical
volume of water (WSFquan) used at the respective location along the Li-ion battery storage supply chain. The colour of the circles corresponds to the
colour of the CF with which the corresponding water volume is assessed: For point coordinates basin CFAWARE are used as shown in the map, for
countries or geographical regions weighted average CFAWARE are used that are calculated by the presented LCA software implementation of AWARE
(Supplementary Chapter 4.3). CL, Chile; CN, China; Cu-mining, copper mining; Li-mining, Lithium mining. The map was created by the authors using the
data from Boulay et al.8.
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the greatest evapotranspiration losses along the supply chain of
the Li-ion battery, while the probability of natural freshwater
scarcity for humans and nature is very high in these countries.
Satisfying the global lithium demand by extracting lithium
there or in regions with similar conditions will probably cause
problem shifting: Climate footprints may be reduced by using
electric vehicles in European countries, but in turn, the prob-
ability of natural freshwater scarcity will increase in lithium
supplying countries. More attention should be paid to this fact
before politicians and companies in Western nations increas-
ingly focus on electric mobility. We regard the avoidance of
problem shifting as a crucial task on the way to a sustainable
and long-term global energy transition. The reduction of water
quality by other mining processes like copper or aluminium
extraction is another critical issue within this nexus as the
associated volumes can be huge: The virtual dilution required
along the supply chain of the Li-ion battery storage is in the
order of magnitude of 23% of the German total annual drinking
water demand. However, impacts from water pollution on
regional freshwater scarcity have not been part of LCA WF so
far, as the water quality has not been assessed in an integrated
manner as virtual dilution volume before. To evaluate product
water footprints and identify critical hotspots, it is crucial to
consider virtual dilution of pollution in order to capture scar-
city of (clean) water sufficiently.

Methods
Classification of the risk associated with human water consumption. For an
appropriate risk definition the interaction between drivers, pressures and state
(as defined in the Drivers-Pressures-State-Impact-Response (DPSIR) frame-
work43) is systematically described for human freshwater consumption: Fig. 3
shows how the anthroposphere as driver puts pressure on the state via inputs
and outputs, such as water intake or return of wastewater. The state on basin
level is the natural freshwater availability, prescribed by the natural hydrological
flow system. The impact from the input and output related pressures on the
hydrosphere is the change of natural freshwater availability, in terms of quantity
and quality. Within the DPSIR concept, any change of natural freshwater
availability can be considered as impact. The concept provided here goes further
and compares this change of the state to what is regarded the SOS, as outlined by
the Sustainable Development Goals. Here, we consider as impact the risk of an
exceedance of the SOS. The SOS is defined in accordance with Alcamo et al.3,
where “water scarcity” in a river basin has been defined as a withdrawal-to-
availability ratio greater than 0.43 (details in chapter 2.3). The DPSIR framework
includes that detrimental impacts are considered by politics and society. To
implement the objectives of the Sustainable Development Goals, human activ-
ities would have to be directed and production and consumption processes to be
adapted in order to meet the SOS. In addition, other pressures, such as climate
change, also influence natural freshwater availability, and, similar to other water
users, contribute to the change of natural freshwater availability (Fig. 3). These
external factors are not considered explicitly in the LCA-WSF, while the cor-
responding data enter the hydrological modelling. The risk of human freshwater
consumption can now be classified as the potential change of natural freshwater
availability that exceeds the SOS, and thus describes the risk of freshwater
scarcity for humans and nature. It is expressed in volumes of available freshwater
remaining8. This goes beyond conventional life cycle impact assessment meth-
ods, where the SOS is usually not considered. Within LCA framework the
classified risk can be located at midpoint level. The presented midpoint LCA-
WSF assesses the on-site and remote probability of natural freshwater scarcity
for humans and nature caused by water use along human supply chains in a
spatially explicit way. “Natural freshwater” refers to basin-specific water in its
naturally occurring water quality.

Distinction of relevant water flows and deduction of WSF (sub-)indicators.
The deduction of LCA-WSF (sub-) indicators is based in Fig. 3, but carried out on
grid cell level to relate the indicators, prepared for use in LCA, spatially to the
hydrological modelling data. The entire surface of the earth can be subdivided into
single grid cells with a 5 × 5 arcminute spatial resolution (about 9 × 9 km at the
equator), which is the basis of geospatial data structures. One such grid cell is
currently the smallest scale to combine local process inventories along supply
chains and hydrological modelling data needed to identify the SOS (further
explanations in chapter 4.3). As the scale of assessment can vary depending on the
scope of the LCA-WSF (global, country, basin, regional, local), the basic concept
(Fig. 3) as well as the grid cell balance (Fig. 4) can be applied to any of these scales
(more information Supplementary Figure 3, 4). The balance is carried out on gridT
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cell to match the resolution of the global hydrological model WaterGAP. Due to
uncertainties of the model, water scarcity is not determined on grid cell, but basin
level.

Figure 4 shows the physical water balance for natural water flows on grid cell
level with AMDi, representing the Availability-Minus-Demand. This term is
consistent with the work of Boulay et al.8. The index “i” represents the respective
catchment area. AMDi is determined by the inflow from upstream cells inaw,
precipitation paw, outflow from water using processes to AMDi outp, the water
intake by water using processes inp, evapotranspiration eaw and the outflow to
downstream cells outaw. AMDi is determined for each grid cell by balancing the
sum of the aforementioned flows, respectively, i.e., there is no distinction between
different sources of water, water uses or water users.

Balancing AMDi,t=x+1 with the general equation mt=x+1=mt=x+ dm dt−1,
where m represents a stock, t= x a certain point in time and t= x+ 1 a later point
in time, results in Eq. (1).

AMDi;t¼xþ1 ¼ AMDi;t¼x þ inaw þ paw þ outp � inp � eaw � outaw ð1Þ

inp þ ininc � ep � transp � outinc � outp ¼ 0 ð2Þ
The time period between x and x+1 depends on the particular case study and

can be varied. In hydrological considerations, a year or a month is common. The
reference is the functional unit of the product systems under consideration, e.g.,
1 kg lithium. An indirect time reference can be established by taking into
account the time needed to produce this functional unit. To isolate the
contribution of a single process within the totality of water-using processes, an
allocation of inp, ininc, ep, transp, out, and outinc is performed based on the
percentage of water use of the respective process out of the total water use of all
processes. Equation (2) provides an important basic condition for this: The
balance of inflows and outflows of water using processes is zero, respectively,
meaning that processes do not have an own water stock. Water that is actually

taken from AMDi and stored by water using processes is treated as still being
available and belonging to AMDi. Changes, either caused by the implementation
of a new process or the change of an existing process, are reflected by an increase
or decrease of inp or outp and influence the result of the balance according to Eq.
(1)). Since it is necessary to consider all water-using processes in order to
identify the potential contribution to water stress, water flows are not related to a
previous, potentially natural or reference state, but are counted as such
(Supplementary Chapter 4.2).

The water balance shows, which water flows are relevant to identify the
contribution of the sum of all water-using processes in a reference area to water
stress. The same water flows are used to describe the water use of a single process
(e. g. a case study for which a WSF should be calculated). If they are weighted
according to the regional water stress, water footprint indicators are obtained.
They are grouped into two LCA-WSF midpoint indicators: (1) The quantitative
Water Scarcity Footprint WSFquan comprises all physical volumes of water use.
According to the physical water balance (Fig. 4 and Eq. (2)), used water is the
portion of water taken from AMDi that is not returned. It includes
evapotranspiration losses (ep), water transfers (transp) and product incorporated
water (outinc) per functional unit. Thus, the abstraction or intake of water on the
input side of a water-using process per functional unit is indirectly considered as
water use by accounting of the resulting output flows. Evapotranspiration loss ep
refers to consumptive, evaporative water use and is already well-known from
former W(S)F studies7,8. Evapotranspiration from plant systems is included in
this indicator, which represents the former “green” water2. The indicator transp
accounts for water that is removed from the hydrological water cycle by water
transfers, e.g., through water pipelines. Product incorporated water outinc
represents water that is bound to the output product flow. For example,
concentrated Li-brine, the output product of the first refinement step in lithium
production, has a water content of approximately 90% weight. (2) The
qualitative Water Scarcity Footprint WSFqual comprises all virtual dilution

Table 3 Comparison of specifications of WaterGAP2, AWARE (using WaterGAP data) and this study.

WaterGAP2 AWARE CF LCA-WSF

Level Sub-basin Sub-basin Grid cell
Established processes Agriculture, manufacturing, industry, households, electricity

generation
/ /

New processes or process changes / + nature + Lithium mining
indicator eaw ep ep, outinc, transp, VDVs,i,demin

Fig. 3 Classification of the risk from human water consumption. Interaction of drivers (anthroposphere), pressures (input and output), state
(hydrosphere), impacts (change of state) and response (Sustainable Development Goals, SDGs) for human water consumption according to the Drivers-
Pressures-State-Impacts-Response (DPSIR) approach43. SOS Safe Operating Space.
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volumes (VDV) per functional unit. Different methodological approaches for the
assessment of water quality exist20,21,44, and the concept of virtual dilution is
best suited here to assess the contribution of water pollution to a potential
change of natural freshwater availability that exceeds the SOS: Each emission to
water represents an additional burden (“material emission to water” Fig. 3) and,
in practical terms, reduces the availability of water with adequate quality. To
ensure that the water quality of AMDi is not reduced any additional emission
would have to be diluted. Table 4 summarises the sub-indicators and establishes
their relationship to the Sustainable Development Goals.

The “grey water footprint” is a commonly used approach to determine the
VDV2,45–50, usually calculated according to Hoekstra et al. 2011 2. The grey
water footprint is calculated by the VDV required to dilute the additional of a
specific substance loads introduced by a human activity in a specific catchment
area i. The calculation takes into account a target concentration for s, defined as
ctarg,s [mg l−1], as well as the geogenic preload with s of the regionally available
water measured as cgeo,s [mg l−1]. The dilution volume is calculated by dividing
the loads [mg] by the difference of ctarg,s [mg l−1] and cgeo,s [mg l−1].

However, the equation is undefined for ctarg,s = cgeo,s and leads to negative
results for ctarg,s < cgeo,s (Supplementary Figures 5, 6). The authors present here a
different approach with the following basic rationale: 1) For loads of substances
which occur also naturally in water, the human activity should not alter cgeo,s. 2) For
loads of natural and anthropogenic substances, for which cgeo,s equals zero, specific
target values should not be exceeded. 3) Consequently, the minimum volume of
water to dilute load,s to cgeo,s would assume the use of demineralised water. This is a
general difference to the approach of Hoekstra et al. 2011, where regionally pre-
loaded water is used for dilution (Supplementary Chapter 4.2). The VDV with
demineralised water VDVs,i,dem is calculated by dividing load,s in a catchment area i
by the cgeo,s (Eq. (3), FU = functional unit).

VDVs;i;dem½m3 FU�1� ¼ load; s kg FU�1½ �
cgeo;s kgm�3½ � ð3Þ

For better applicability in LCA, units are changed to kg and m3 and loads
measured per functional unit. Within an LCA analysis, loads are represented by
elementary flows. According to Eq. (3) an input is diluted with demineralised
water, as it can be provided in practice by desalinating water from AMDi in
desalinisation plants, to the geogenic background concentration to adapt the
emission to the regional water characteristics. This corresponds to the idea of
regionalisation of the WSF, according to which the change of the regional initial
conditions is evaluated.

Equation (3) is not defined, if cgeo,s equals zero, which is unlikely for natural
substances in reality, but is the rule for anthropogenic substances such as pesticides
or medical compounds and their residues. In such cases ctarg,s should not be
exceeded. Therefore, if cgeo,s = 0 or cgeo > ctarg, VDVs,i, dem should then calculated

based on ctarg,s (Eq. (4), Supplementary Chapter 4.2).

VDVs;i; dem m3 FU�1
� � ¼ load; s kg FU�1½ �

ctarg; s kgm�3½ � ð4Þ

For the Li-ion battery storage the VDV is calculated accordingly. If the geogenic
background concentration cgeo,s in the specific catchment area is not known due to
missing data or uncertainties, median substance specific groundwater
concentrations from Europe, Middle East, Russia, India, China, Australia, North
America, and South America are used to calculate approximate results
(Supplementary Table 15). The target concentration ctarg,s is the substance-specific
limit value recommended by the first international water quality standard, the
drinking water standard of the World Health Organisation41. The VDV is
calculated along the supply chain of the case study only for aluminium, that is
emitted to water via process recharge (VDVAl,i,dem). Aluminium is considered here
as a stand-in for water pollution, as the authors have noticed that in processes
along global supply chains it often makes the largest contribution to water
pollution. This approach ensures that all other substances with smaller
contributions to the dilution volume are also diluted.

WSFquan and WSFqual of a process include all water uses that contribute to the
risk classified in chapter 2.1 within the definition of the LCA-WSF.

Regionalisation through combination of regionalised inventory and Life Cycle
Impact Assessment. To perform a regionalised LCIA the inventory of the case
study is regionalised by implementing the world lithium production on mine
site level to the ecoinvent 3.5 database (Supplementary Chapter 1). For the
LCIA itself, different methods exist for the W(S)F. AWARE8 is currently a
widely accepted approach. CFAWARE are calculated by comparing the basin
specific available water remaining to the consumption-weighted world average
value. The available water remaining is calculated by subtracting human water
consumption and environmental water requirements from the hydrological
water availability of a catchment area i, referred to as Availability-Minus-
Demand AMDi. The data basis of the calculations are Pastor et al.51 and the
hydrological modelling framework WaterGAP252, where the hydrological
water availability is modelled as well as the human water consumption on grid
cell level, including consumption models for agriculture, manufacturing,
industry, households and electricity generation. Values are expressed in (m2 ∙
month) m−3, which is the “surface-time equivalent required to generate one
cubic metre of unused water” in the respective basin8. CFAWARE can reach from
0.1 (lowest water stress level) to 100 m3

world eq. m−3
basin (scale is cut-off at 100,

which is set as highest water stress level). Quantitative results from the
inventory analysis are multiplied with the CFAWARE, thus transforming
them into globally weighted, theoretical volumes with respect to regional
conditions.

The SOS is defined here in accordance with Alcamo et al.3 who defined
severe water scarcity as a withdrawal-to-availability ratio greater than 0.43.
However, for the AWARE approach the SOS has not yet been defined. By
transferring the definition by Alcamo et al.3 to the AWARE method, the
limit between water stress and no water stress is estimated to a CFAWARE of
5 as a counterpart to a withdrawal-to-availability ratio of 0.4 (Supplementary
Table 16). CFAWARE between 5 and 10 represents moderate and CFAWARE >
10 severe water stress. Hence, the CFAWARE of a respective basin defines its
water stress level and indicates whether the combined water consumption
of water using processes leads to an exceedance of the SOS by reducing the
hydrological storage (Fig. 4). We have translated this classification into an
AWARE map (underlying Fig. 2), where basin CFAWARE < 5 are coloured
in green, CFAWARE 5–10 in yellow and CFAWARE > 10 in red. Because of the
wide range, CFAWARE 10–100 is divided into three ranges (10–30, 30–60, and
60–100) with darkening shades of red. Table 5 compares the DPSIR
nomenclature with the equivalents at catchment and grid cell level and
those used throughout this study. Table 3 provides an overview of the
different specifications of WaterGAP2, the AWARE method and the presented
approach.

Next to adapting the process inventories, the AWARE software implementation
was modified for the purpose of this study (Supplementary Figure 7–14 and
Supplementary Table 17). The most important difference to the original
publication is that water volumes are not weighted if their location is unknown.
This reflects the conviction of the authors that if no spatially explicit information is
available, no regionalised impact assessment can be carried out. Using a world
average characterisation factor for water is mathematically possible, but contradicts
the idea behind regionalisation. Aggregation of catchment level CFAWARE,
necessary if processes along the supply chain refer to a country or higher
aggregated geographical region, e.g., “Europe”, is performed based on the
consumption-weighted approach already used by Boulay et al8.

Data availability
Life Cycle Inventory (LCI) data of lithium production and the Li-ion battery storage as
well as LCIA methods and data that support the findings of this study have been stored at
Mendeley Data53. Other LCI data that support the findings of this study are available
from ecoinvent (www.ecoinvent.org), but restrictions apply to the availability of these

Fig. 4 Hydrological balance of natural and process related water flows.
Balance of natural water flows and deduction of the “Availability-Minus-
Demand” (AMDi) as introduced by Boulay et al. 20178. The hydrological
water availability is compared to all processes on the grid cell that use
water. inaw, hydrological inflow from upstream cell; paw, precipitation;
eaw, evapotranspiration; outaw, hydrological outflow to downstream cell;
inp, intake of water; outp, outflow of water; ininc, intake of water via
product inflow (incorporated water) from upstream supply chain; ep,
evapotranspiration; transp, water transfer to different catchment area;
outinc, outflow of water via product flow (incorporated water).
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data, which were used under license for the current study, and so are not publicly
available. The original AWARE method is for example available from https://www.
openlca.org/ and the underlying data from the publication of Boulay et al.8 are available
from http://www.wulca-waterlca.org/.
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