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A B S T R A C T

The increasing demand for lithium, driven primarily by the electric transportation and renewable energy tech-
nologies, highlights the need to comprehensively assess the environmental implications of its production. Thus, a
profound exploration of the water-related impacts caused by the life cycle of raw materials like lithium is
necessary. In this context, we performed a cradle-to-gate water footprint of lithium extracted from the Salar de
Atacama (SdA) operation in Chile for the production period of 2022 and 2023. Based on a Life Cycle Assessment
(LCA) approach we evaluated the water inventories and explored the potential impacts of water vulnerability and
scarcity by applying AWARE and WAVE + characterisation models. This resulted in a total potential impact of
442 m3 and 5.5 m3 world equivalents per ton of lithium product (87% lithium carbonate (Li2CO3) and 13%
lithium hydroxide (LiOH)) for AWARE and WAVE+, respectively. The AWARE results indicate that concentrated
lithium brine production significantly dominates the water footprint of lithium battery-grade products, with 326
m³ world equivalents per ton. WAVE + results are consistent, attributing 3.81 m³ equiv. to brine production. In
the final production stages, the Li₂CO₃ production is prominent, with AWARE and WAVE + values of 59.9 m³ and
1.01 m³ equiv. per ton, respectively, largely due to sodium carbonate consumption and electricity generation.
However, it is noteworthy that the water scarcity and vulnerability impacts remain minimal for these final
production phases, which is primarily attributable to the utilisation of desalinated water. In addition, we
compared the production periods of 2020–2021 and 2022–2023 finding that all measured indicators improved in
2022–2023 in the range of 9%–42%. This suggests increased efficiency of the operations in the SdA, with higher
brine recovery rates and lower energy usage in certain process steps. The insights gained from this research
contribute to the understanding of brine-based lithium production practices, providing a basis for exploring
further mitigation strategies aimed at reducing the environmental footprint, particularly in production stages
with higher water impact.

1. Introduction

In recent years, lithium has become a crucial element for various
technologies and markets including lithium and lithium-ion batteries
(LIBs), ceramics and glasses, nuclear fusion, pharmaceuticals, adhesives,
lithium grease lubricants, etc. (Alessia et al., 2021; Zhang et al., 2021).
In relation to the climate crisis and the targeted transition towards
electrical mobility as well as to the development of modern technolo-
gies, lithium demand for rechargeable battery production is growing
tremendously and it is forecasted to further increase. For instance, the
International Energy Agency, (2023) projected the lithium demand to
increase by five times from its current level by 2030 under the Stated
Policies Scenario (STEPS), which reflects the energy sector’s future

demand based on current policies. In addition, Sverdrup (2016) devel-
oped a dynamic lithium cycle model and predicted increasing produc-
tion of the metal until 2060 with a slow decline afterwards.

The steady increase in the economic importance of lithium, together
with the growing demand and potential environmental and social im-
plications related to the extracting processes, brings attention towards
the material (Bobba et al., 2020; Marinova et al., 2023; Matrose et al.,
2021). Hence, the existing body of literature underscores the growing
need for the production of high-grade lithium and assessing its sus-
tainability. Lithium reserves are identified mainly in the form of brine
and rock ore (pegmatites), each characterised by distinct extraction
challenges and environmental considerations. Hard rock deposits
represent the main source of lithium (USGS, 2023). In the brine-based
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lithium production, there are two distinct technologies used: evapora-
tion processes (EP) and direct lithium extraction (DLE) (Halkes et al.,
2024). DLE is a wider term which encompasses emerging brine extrac-
tion and concentration methods usually including electrochemical or
thermal processes (Vera et al., 2023). EP is the dominant extraction
method used by most of the producers, where the brine is extracted
through extraction wells and pumped into a series of ponds where it
undergoes concentration through solar evaporation and mineral pre-
cipitation. The final concentrated brine, rich in lithium chloride (LiCl), is
transported to chemical treatment plants to produce Li2CO3, a crucial
precursor for other lithium compounds (Khalil et al., 2022). The most
significant brine-based production is linked to the lithium brine reserves
concentrated in Chile, Argentina, and Bolivia also known as “The
Lithium Triangle” encompassing the Salar de Atacama (SdA), Salar de
Hombre Muerto, and Salar de Uyuni. Brine operations in China and the
United States also contribute to a smaller extent to lithium recovery
(López Steinmetz and Salvi, 2021).

The SdA basin is characterised by hyper-arid to arid climate (Boutt
et al., 2016), mainly driven by the cold Humboldt Current and the Andes
mountains’ rain-shadow effect. The region’s hydrological cycle is sha-
ped by limited precipitation, evaporation, and groundwater recharge
from surrounding mountain ranges, as well as a lack of discharge to the
sea (Babidge et al., 2019; Marazuela et al., 2019). This results in the
Atacama Salt Flat, which serves as the basin’s natural sink. The unique
ecosystems supported by groundwater are highly sensitive to anthro-
pogenic impacts, which may have long-term effects on the water levels
and biodiversity due to the region’s slow hydrological response
(Marazuela et al., 2020; Moran et al., 2022). When it comes to
brine-based lithium production, two companies have the rights to
operate in the region of the SdA: Sociedad Química y Minera (SQM)
Salar S.A. and Albemarle Corporation. SQM operates within two major
zones of extraction under concession granted by the Chilean govern-
ment, covering about 1400 square km, with permission to extract from
820 square km and a current operation area of 394 square km, while
Albemarle has one operation within a 137 square km area. SQM pro-
vided primary data for this analysis, enabling a more precise assessment
of their operational impacts on the local hydrological system. In this
context, the SdA basin represents one of the world’s major sources of
lithium and the largest battery lithium grade producer from lithium
brine (Cabello, 2021). The larger extraction and production rates of
SQM increase the significance of the company in the global lithium
market and in recent years, attracted rather negative attention from
researchers, practitioners, and NGOs (Romero et al., 2012). While some
studies have found no significant impacts on the lagoons and sur-
rounding environment to date (Guzmán et al., 2022), others have raised
concerns about the potential negative impacts of brine and water
extraction on the ecosystem and the rights of indigenous communities
living in the proximity of the operation site (Blair et al., 2022; Lorca
et al., 2022). In addition, the SdA basin is a hydrologically and hydro-
geologically complex system characterised by a distinctive ecosystem
and holds significant economic, cultural, and ecological importance
(Guzmán et al., 2018, 2022; Moran et al., 2022). The linkage between
the lithium brine extraction and the local water balance is explored in a
companion paper by Link et al. (2024) while the social implications are
considered by Roche et al. (2024).

There is ongoing scientific and legal debate about the nature of brine
and whether it should be considered as water or mineral (López Stein-
metz and Fong, 2019). For instance, according to World Health Orga-
nisation (WHO) standards for drinking water, levels of total dissolved
solids (TDS) exceeding 1200 mg/l make water unsuitable for direct
human consumption. In contrast, brine typically contains an estimated
TDS value of around 300,000 mg/l, far surpassing the acceptable limits
(World Health Organization, 2022). From a legal standpoint, in Chile,
brine is not classified as water but is instead treated as a mineral or
non-concessible ore (Bambach and Pulgar, 2020). There is a clear
consensus, that the high mineral content of brine makes it unfit for

human consumption, nevertheless, some authors argue that the water
contained in brine eventually re-enters the natural water cycle once it is
extracted through evaporation (Vera et al., 2023). Additionally, the
brine abstraction could pose potential risks to the surrounding envi-
ronment by interacting hydrodynamically with nearby systems, poten-
tially leading to aquifer depletion, a lowering of the water table, and
disruptions to the ecosystem balance (Flexer et al., 2018; Liu et al.,
2019). It can also impact freshwater inflows and the overall water
availability, a relationship which is not proven to be strictly linear.
Consequently, changes in the water table and brine concentration, may
affect evaporation rates, altering the hydrogeology, including brine
circulation and the fresh water-brine interface, impacting nearby la-
goons, ecosystems, and freshwater availability (Halkes et al., 2024).
Previous assessments of the hydrological dynamics in the SdA basin
have not conclusively demonstrated these impacts and thus lack reliable
evidence for the reasoning behind the declining water storage in the area
(van Pampus et al., 2023). On the contrary, some references consider the
system as a closed basin, geochemically separated from lagoons and
freshwater resources (Munk et al., 2016). It is important to note that no
study based on hydrogeological modelling to date has successfully
separated and identified the contribution of the different water
table-influencing factors such as climate, companies, and human use
(Moran et al., 2022).

In this context, the water footprint concept provides a useful
framework for assessing water use and its impacts. Water footprint
originates from the virtual water concept (water volume consumed or
polluted during product manufacturing) of Allan (1993), further
developed by Hoekstra (2003), and represents a multidimensional
freshwater usage indicator, encompassing both direct and indirect water
consumption (Berger and Finkbeiner, 2010). It assesses the volume of
freshwater used to produce a product across its supply chain, including
consumption and pollution, and specifies geographical and temporal
aspects. According to the water footprint network, the indicator con-
siders a blue water footprint which accounts for surface and ground-
water consumption, a green water footprint referring to rainwater
consumption, and a grey water footprint which quantifies pollution by
assessing the volume of freshwater needed to assimilate pollutants based
on existing water quality standards (Hoekstra et al., 2011). The Inter-
national Standardization Organization (ISO) introduced an
impact-oriented water footprint assessment approach set by the ISO
14046:2014 standard (ISO, 2016). This impact-focused method com-
bines a water inventory with models based on Life Cycle Impact
Assessment (LCIA) to quantify the regional water scarcity impacts or to
establish a potential cause-effect pathway towards the effects on eco-
systems, human well-being, and natural resources (Li et al., 2022; Link
et al., 2021; Pierrat et al., 2023). Water scarcity, in this context, refers to
the ratio of water demand to availability in a given region, often leading
to stress on local water resources (Berger and Finkbeiner, 2013). Ex-
amples of impact-oriented assessment methods include water with-
drawal- and water consumption-based methods using the Water Stress
Index (WSI) (Pfister et al., 2009), the Available WAter REmaining
(AWARE) (Boulay et al., 2018), and the Water Accounting and Vulner-
ability Evaluation (WAVE+) (Berger et al., 2018).

Water footprint is performed on global, local, national, urban, and
industry scales. Water footprints assessment have been applied in the
mining sector to primary aluminium production globally (Buxmann
et al., 2016), steel production in China (Chen et al., 2022) and Iran
(Nezamoleslami and Hosseinian, 2020), gold production in Colombia
(Alvarez-Pugliese et al., 2021), and copper production in Chile (Peña
and Huijbregts, 2014). In the context of lithium, Kelly et al. (2021)
conducted a comprehensive LCA of lithium production, encompassing
both Li2CO3 and lithium hydroxide monohydrate (LiOH•H2O) from
brine extracted in the SQM’s SdA operation and Australian ore sources.
The assessment extends to cathode material and battery production of
Li2CO3 and LiOH•H2O to explore the impact of electric vehicles and
their battery production. The authors used primary data and literature
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sources to estimate the energy, GHG emissions, and water consumption
through the production cycle of lithium-ion battery cathodes and
lithium-ion batteries. The blue water consumption is estimated by
considering the freshwater resources incorporated in the production
system and not returned to the environment. Within the study, brine is
not counted as a freshwater resource due to its unsuitability for domestic
and agricultural purposes. This approach aligns with the majority of
existing studies, which also exclude brine from freshwater classifications
(Chordia et al., 2022; Pöyry, 2020) and is consistent with state-of-the-art
water footprint practices.

Schomberg et al. (2021) performed life cycle water scarcity footprint
of lithium-ion battery storage and the supply chain associated with its
production. The authors explored multiple mining locations where the
lithium needed to produce the battery storage is sourced. The analysis
includes a life cycle inventory, afterwards characterised by a modified
AWARE assessment method. Contrary to the ISO standard 14046:2014
and other authors, they consider brine as a water resource. Another
study focused on brine-based lithium mining was performed by
Schenker et al. (2022) who established an approach for modelling
site-specific life cycle inventories (LCIs) of Li2CO3 production from
brines when operational data is not publicly accessible. This approach
was then applied to assess the environmental impacts of Li2CO3 pro-
duction from brine operations across mining locations including
Argentina, Chile, and China. The proposed method is combined with
regionalised LCIA considering the climate change-related impacts,
human health impacts from fine particulate matter (PM) formation, and
a partly regionalised AWARE-based water scarcity footprint. The au-
thors state that ecosystems and humans are not able to directly use brine
as water and thus, they do not consider it within their analysis. Another
study investigating the environmental implications associated with the
production of battery-grade LiOH⋅H2O from varying lithium brine and
ore grades has been conducted by Chordia et al. (2022). The authors
focus on all the mining and processing stages from cradle to gate and
assess the current main lithium supply locations, and future lithium
greenfield projects in Salar de Maricunga in Chile, Salar de Cauchari in
Argentina, as well as two upcoming spodumene-based sites: Whabouchi
in Canada and Central Ostrobothnia in Finland. The study evaluates the
water scarcity impact of LiOH⋅H2O production by using ReCiPe’s water
use indicators as well as the AWARE characterisation method. Addi-
tionally, Chordia et al. (2022) explored the connection between fresh-
water extraction and water pollution based on the USEtox method to
assess freshwater ecotoxicity.

Additionally, Mousavinezhad et al. (2024) examined the impacts of
DLE in Clayton Valley, Nevada and compared their results to brine- and
spodumene-based lithium extraction methods. The authors applied
different scenarios for power sources within LCA to explore the envi-
ronmental footprint, indirect land use, and water footprint of lithium
production. To assess the water footprint of the different production
sources, they employed the AWARE method. For brine-based produc-
tion, like Schomberg et al. (2021), the authors deviated from the ISO
standard and accounted for the water content in brine. In addition,
Lagos et al. (2024) evaluated the carbon footprint and water footprint
inventory of lithium production within the SdA, considering primary
production data from the companies operating in the region. The study
does not account brine as freshwater based on the notion that its salinity
does not allow for human consumption or agriculture. Another study
exploring the carbon and water footprint of lithium production was
performed by Mas-Fons et al. (2024). The authors used LCA to compare
brine-based production in the SdA and ore-based production in Green-
bushes, Australia. They compiled inventory data using a simulation
module for foreground data and the Ecoinvent 3.8 database for back-
ground data. The study evaluated water consumption using the ReCiPe
2016 method and assessed water scarcity based on the AWARE method
under two scenarios: considering brine as freshwater and excluding
brine from freshwater consumption.

The existing body of scientific literature demonstrates that although

water scarcity footprint assessments in the mining sector, particularly
for lithium extraction, receive moderate attention, they are relatively
underexplored. While the major lithium producers have conducted LCA
studies, there is a lack of water scarcity footprint peer-reviewed studies
focused on lithium mining and production from brine based on primary
data sources. With the exception of Kelly et al. (2021) and Lagos et al.
(2024), the majority of the literature on water-related issues attributed
to lithium mining predominantly relies on publicly available and sec-
ondary data as well as often is based on assumptions that lack conclusive
evidence of interconnections. This highlights the need for the evaluation
of direct water consumption as well as the relevant supply chain during
the lithiummining process and the potential impacts on the surrounding
ecosystem, particularly in water-scarce regions like the SdA. Thus, the
primary objective of this paper is to conduct a comprehensive analysis of
the freshwater-related impacts associated with lithium extraction and
production from brine. This is achieved by conducting a water scarcity
footprint assessment of lithium production within the context of the SdA
operation. Employing a cradle-to-gate life cycle assessment framework
in accordance with ISO 14046:2014 standard, the analysis is based on
primary data provided by SQM, in order to enhance the reliability and
accuracy of the investigation. The central objectives of this study are as
follows.

1. Quantify the water footprint of Li2CO3 and LiOH at SQM production
sites and supply chain, with a focus on determining blue water use
and consumption.

2. Account for the region-specific water availability, by applying an
impact-oriented approach and evaluate the impact of the blue
consumptive use by using AWARE and WAVE + impact assessment
methods.

This study aims to reflect on the relationship between lithium min-
ing, water usage, and water scarcity, offering insights for sustainable
resource management. Its innovation lies in using primary data from a
major lithium producer, enabling a more accurate assessment of water
scarcity impacts. Unlike the majority of previous studies that rely on
secondary data, this research fills a significant gap by focusing on water
scarcity footprinting for lithium production from brine and provides a
transferable methodology for similar assessments in other mining and
water-scarce regions. In the subsequent sections, we look deeper into the
methodology (section 2) including a description of the water footprint
stages, data collection, allocation method, and sensitivity analysis, fol-
lowed by the results and discussion (section 3), and conclusions (section
4) of the study.

2. Method

To identify the water footprint over the production of Li2CO3 and
LiOH at SQM, an impact-related water footprint according to ISO
14046:2014 was performed. The approach accounts for the total volume
of the freshwater used either directly or indirectly in the production of
the product. In our study, we considered the blue water use and con-
sumption. We focused on the blue water since it relates to surface and
groundwater and is the most relevant for lithium production. Green
water is relevant mainly for agriculture and is less suitable for arid en-
vironments with relatively limited rainfall and vegetation. Grey water is
also less applicable here as the main concern is water consumption
rather than the pollution of treated water (Berger and Finkbeiner, 2013).

In addition, we evaluated the consumptive water use effects (e.g.,
scarcity and availability), while neglecting degradative water use effects
(e.g., eutrophication and acidification) (Manzardo et al., 2016). The
analysis contains four main stages mirroring the life cycle assessment:
definition of the goal and scope, inventory analysis, impact assessment,
and interpretation. The goal and scope definition establishes the specific
aim of the study, the product system boundaries, the functional unit, and
the reference flow. The locations and timing of water use and data
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collection methods are also considered. The inventory analysis step
gathers the elementary flows and associated information, while the
impact assessment quantifies potential water-related effects through
classification and characterisation.

2.1. Goal and scope

2.1.1. Goal
This study aimed to assess the blue water footprint associated with

the production of Li2CO3 and LiOH from brine in the SQM’s SdA and
Carmen Lithium Chemical Plant facilities, to identify hotspots from the
lithium production in the foreground and background systems, and to
obtain a detailed water footprint using primary data for lithium. The
target audience for the study was originally SQM’s internal stakeholders
and the main audience for this paper is the scientific community.

2.1.2. Mining area
The lithium brine is extracted in the SdA basin, situated within the

Atacama Desert. The Salar is characterised as a topographical depression
marked by hyperarid conditions, minimal precipitation, and an eleva-
tion of 2300 m above sea level. The region is surrounded by the Andean
Cordillera to the north, south, and east and the Domeyko Range to the
west. The SdA basin encompasses approximately 3000 km2, comprising
a brine-rich halite nucleus and marginal zones, predominantly charac-
terised by halite, gypsum, and carbonate (Marazuela et al., 2018). The
inflowing water very gradually transitions from low TDS to brackish and
brine concentrations, which is why the zone is referred to as marginal
(Marazuela et al., 2018). The basin’s predominant inflow originates
from the north, east, and southern recharge zones, while western
recharge remains minimal (Boutt et al., 2016; Gajardo and Redón, 2019;
Kelly et al., 2021; Munk et al., 2016).

2.1.3. Functional unit
The analysis involves the production of Li2CO3, intended for battery

use, and LiOH, battery grade as well, both of which are intermediary
substances with diverse applications. Thus, our study adopts a mass-
based functional unit and reference flow, representing 1000 kg of
battery-grade lithium product produced from brine at the Chilean fac-
tory gate (SQM, 2022). Considering the proportional shares of the total
product, we determine that Li2CO3 (min. purity 99.2%) constitutes 87%
of the functional unit, whereas LiOH (min. purity 56.5%) represents
13% of the final product.

2.1.4. System boundaries and production processes
In this assessment, a cradle-to-gate system boundary was considered.

This boundary includes all the processes from brine extraction in the
SdA operation to the final products leaving the Carmen Lithium
Chemical Plant. The co-products (potassium chloride and potassium
sulphate) were considered within the system boundaries and followed
the allocation methods described below. Fig. 1 shows the system
boundary defined for the water footprint. The study considers data
within the temporal boundaries of 2022–2023 and performs a compar-
ison with the period of 2020–2021, to reflect changes in resource use
efficiency and environmental performance due to different production
techniques.

The production of lithium involves a series of steps that lead to the
recovery of lithium compounds from brine sources. The process starts
with the extraction of low-concentration brine from the saline nucleus,
achieved through extraction wells positioned at different depths and
diverse locations within the SQM production site in the SdA. The
extraction wells pump brine of different concentrations into two distinct
streams: one characterised by a higher lithium concentration and the
other with a lower concentration of lithium. Furthermore, due to the
different lithium concentrations of the brine, two primary production
pathways have been established in SQM’s SdA operation: one leading to
the production of LiCl and the other focused on potassium chloride

(muriate of potash (MOP); KCl) and potassium sulphate (sulphate of
potash (SOP); K2SO4) production.

The pumped brine flows subsequently feed into four separate evap-
oration pond systems with an initial average brine concentration of
around 0.17% lithium. The role of the evaporation ponds is to gradually
increase the concentration of lithium using solar evaporation. While the
water evaporates and the lithium concentration rises, numerous salts
precipitate and are subsequently removed from the pond systems. These
salts find application in other production flows, such as the production
of fertilisers by KCI. In the initial evaporation stage, the brine (0.17%
lithium) is concentrated to approximately 0.3% lithium while halite
(NaCl) is precipitated, and the brine is moved to the next system of
ponds. During the next evaporation stage, the lithium concentration in
the brine reaches 0.97% lithium and it is accompanied by the removal of
mainly sylvinite (NaCl⋅KCl) and sylvite (or KCl). Further, carnallite
(KCl⋅MgCl2⋅6H2O), bischofite (MgCl₂⋅6H₂O), lithium carnallite
(LiCl⋅MgCl2⋅6H2O), and boron precipitate (with concentrations be-
tween 4% and 6%) as the lithium in the brine concentrates up to 4.5–6%.
KCl and carnallite are separated, with further KCl extracted from
carnallite and subsequently transported to the Coya Sur production fa-
cility (beyond the system boundary). The specific location and hyperarid
climate of the area contribute to the evaporation process which only
relies on solar energy and the whole process lasts between 12 and 18
months (Cabello, 2021; SQM, 2021; Tran and Luong, 2015). The final
dispatch pond system contains the resulting concentrated LiCl brine,
which is then sent to Carmen Lithium Chemical Plant, situated close to
Antofagasta city. Here, it undergoes conversion into battery-grade
Li2CO3 and LiOH.

2.1.5. Allocation
As mentioned before, the two distinct production pathways estab-

lished during the brine evaporation process result in two different types
of products: KCl and LiCl. The KCl is further used in potassium sulphate
(K₂SO₄) production while the LiCl is the basis to produce Li2CO3 and
LiOH. The KCl substances have applications as agricultural fertilisers.
However, there has been an increased value associated with lithium in
the last few years (Bustos-Gallardo et al., 2021). According to ISO
14046, in case it is not avoidable by system expansion, one must apply
allocation either by attributing to the different products based on
physical characteristics (mass, volume) or economic value (Forin et al.,
2020). Within the scope of our study, the allocation cannot be avoided
due to the multiple co-products accompanying the production of the
main products under investigation. Further, the expansion of the pro-
duction system would require a large amount of additional data and
modelling efforts and it might compromise the robustness of the study
by increasing the uncertainty. Within our analysis, allocation based on
physical relationships between co-products, such as mass or energy, was
considered less suitable, as the economic allocation more accurately
reflects the key drivers of the production system (International Lithium
Association Ltd (ILiA), 2024). While KCl is produced in larger quantities
than lithium products, the latter hold significantly higher economic
value and are the primary drivers of the operation. Allocating solely
based on physical characteristics might result in unequal distribution of
environmental burdens and fail to accurately reflect the economic
importance of the evaluated products. Additionally, economic allocation
aligns better with real-world market dynamics, ensuring that the envi-
ronmental impacts are distributed in a way that reflects the economic
realities of the production system. By prioritising economic allocation,
we provide a more representative assessment of the environmental im-
pacts associated with lithium production within this complex system.
The allocation was performed by attributing the inputs according to the
internal cost distribution of the concentrated lithium-brine production
processes, where 93% is attributed to LiCl and 7% to KCl. This choice of
allocation follows the hierarchy proposed by Santero and Hendry (2016)
to harmonise LCA methodologies for the metal and mining industry,
where economic allocation is the favoured option if physical allocation
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fails to reflect the main purpose for the operations.

2.2. Inventory data

The study encompassed production activities in Chile, focusing on
the production processes of SQM during the years 2021 and 2022. A site
visit to SQM’s operation in the SdA was conducted in July 2022 to
identify the main process steps. The life cycle inventory was modelled in
GaBi software (10.6.0.110) (Sphera Solutions GmbH, 2023). Consid-
ering the production timeline for Li2CO3 and LiOH, which typically lasts
between 18 and 24 months, we utilised a two-year dataset for our
analysis. The main input and output data consist of primary data
collected and supplied by SQM including the different materials used in
the products, the amount of brine extracted, the water consumed during
the processes, as well as the quantities of intermediate and final products
and co-products. Table 1 displays the processes and the main process
flows based on the collected primary data. It is important to mention

that in our analysis, we considered brine as a mineral solution that is not
suitable for direct human use and is therefore not counted as freshwater
consumption in the water footprint context. Only the freshwater sourced
from groundwater that is used in the production process is accounted
for. This choice is consistent with the majority of studies and general
water footprint practice according to ISO 14046:2014, which defines
freshwater as having less than 1000 mg/l of TDS. (ISO, 2016). The
background data for aspects like electricity generation, transportation,
and additives production were sourced from the GaBi database.

GLO = global; CL = Chile; EU-27 = European Union (twenty-seven
member states); DE = Germany; RER = Europe; RSA = Rest of South
America.

2.3. Water footprint assessment

2.3.1. Inventory analysis
Following the data collection, an inventory analysis was performed

Fig. 1. System boundaries of Li2CO3 and LiOH production.
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in accordance with ISO 14046:2014. Here we focused on the use and
consumption of blue water. Specifically, blue water refers to both sur-
face and groundwater resources, and the blue water footprint assesses
the water volume that evaporates, becomes part of the product, gets
transferred to a distinct catchment zone, or is returned during another
timeframe (ISO, 2016). The inventory analysis provides the total volume
of freshwater directly or indirectly used in the product’s production.

2.3.2. Impact-oriented water footprint
The next step of our analysis quantified the water-related potential

impacts by applying the impact assessment characterisation methods
AWARE and WAVE+.

2.3.3. AWARE method
AWARE is a midpoint method for water scarcity footprint assessment

in LCA and analyses water stress on a basin, country, and world region
level. It is the consensus method recommended for evaluating the im-
pacts of freshwater consumption by the United Nations Environment
Programme/Society of Environmental Toxicology and Chemistry
(UNEP/SETAC) Life Cycle Initiative (Boulay et al., 2018). It compares
human water consumption and environmental water requirements to
hydrological water availability. The method is based on the quantifi-
cation of the relative available water remaining per area once the de-
mand of humans and aquatic ecosystems has been met, answering the
question “What is the potential to deprive another user (human or
ecosystem) when consuming water in this area?” The resulting charac-
terisation factor (CF) ranges between 0.1 and 100 and can be used to
calculate water scarcity footprints as defined in the ISO standard (ISO,
2016). It should be noted that the scale of the CF is an arbitrary choice.
By using a scale up to 100, the water consumption values get numeri-
cally higher after characterisation. However, this scaling has no real
meaning and therefore, it serves only as a relative comparison between
the characterised results.

The lowest level of disaggregation of the AWARE CFs is the basin
level. Quantitative results from the inventory analysis are multiplied
with the CFs, thus transforming them into globally weighted, theoretical
volumes with respect to regional conditions. These are directly pro-
portional to the amount of water consumed (inventory) and inversely
proportional to the available water remaining per unit of surface and
time in a region. To calculate the AWARE CFs, the following equation is
used:

1
AMD

=
Area

Availability – Demand (HWC and EWR)
(Eq. 1)

where AMD stands for availability minus demand, which consists of
HWC which is human water consumption and EWR which represents
environmental water requirements. Water availability data is based on
WaterGAP2 global model (Schmied et al., 2014) which quantifies the
hydrological water availability as well as the humanwater consumption.
The information is provided on grid cell level, offering consumption
models across sectors such as agriculture, manufacturing, industry,
households, and electricity generation. In our evaluation, when calcu-
lating direct water use, we incorporated the Chilean AWARE average CF
of 80. In addition, we accounted for the factor derived by excluding
hydropower and implementing a reduced CF in situations involving
unspecified water.

2.3.4. WAVE + method
The Water accounting and vulnerability evaluation (WAVE+) en-

compasses multiple factors. At the inventory level, the method considers
the assessment of the basin’s internal evaporation recycling (BIER),
which in some basins can significantly reduce evaporative water con-
sumption through the process of prompt reprecipitation. At the impact
assessment level, a vulnerability assessment is performed considering
both relative freshwater scarcity through a consumption-to-availability
ratio and absolute water scarcity based on aridity. Both aspects are
combined into a Water Depletion Index (WDI), which is integrated into
the WAVE + CF as follows:

WAVE+ =
(
1 − BIERrunoff

)
x WDI (Eq. 2)

The BIER quantifies the proportion of evapotranspiration that is
returned to the initial basin through precipitation. This estimation is
achieved using local evaporation recycling length scales obtained from
the revised atmospheric moisture tracking model, WAM2-layers (Berger
et al., 2018). Since the combined water depletion index (WDI) is formed
by the maximum of relative and absolute water scarcity, the aridity
criterion is most relevant for basins with hyper-arid to arid climates
(Boutt et al., 2016) such as those in the SdA basin.

2.4. Interpretation

The results of the water footprint were interpreted in accordance
with ISO 14046:2006. The processes with the main contribution to the

Table 1
Process and main elementary flows collected as primary data and the datasets used to model the inputs.

Input Process Flow Geographic
scope

Brine ​ CL: Lithium brine from lithiumwells [Minerals]; CL: Lithium
brine from MOP wells [Minerals]

Chile

Water ​ Groundwater, regionalised, CL [Water] Chile
Desalinated water GLO: Deionised water (reverse-osmosis/electro-deionisation, from surface

water, for regionalization, Copy
Water (desalinated; deionised) [Operating materials] Global

Quick Lime EU-27: Quicklime Quicklime [Minerals] European
Union

Sodium carbonate EU-27: Soda (Na2CO3) Soda (sodium carbonate) [Inorganic intermediate products] European
Union

Sulfuric acid EU-27: Sulfuric acid (100% H2SO4) Sulfuric acid (100%) [Inorganic intermediate products] European
Union

Sodium hydroxide EU-27: Sodium hydroxide mix (50%) Sodium hydroxide (50%; caustic soda) [Inorganic
intermediate products]

European
Union

Hydrochloric acid De: Hydrochloric acid (32%) Hydrochloric acid (30%) [Inorganic intermediate products] Germany
Maxibags RER: Polyethylene film (PE-LD); RER: Polyvinylidene chloride (PVdC); DE:

Polypropylene Film (PP) without additives
Maxibags (PVDC + PP + PE) [Packaging] Europe,

Germany
Diesel RSA: Diesel mix at refinery Diesel [Refinery products] South America
Electricity CL: Electricity grid mix 1kV–60kV Electricity [Electric power] Chile
Liquefied
petroleum gas

RSA: Liquefied Petroleum Gas (LPG) (70% propane, 30% butane) Liquefied petroleum gas (LPG; 70% propane; 30% butane)
[LPG, at production]

South America

Natural gas CL: Natural gas mix Natural gas, at consumer Chile [Natural gas, at consumer] Chile
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water footprint were identified and analysed to assess the hotspots in
terms of water-related impacts. Further, we performed completeness
and consistency checks and data validation by comparing our outcomes
to the available literature on the production of lithium products from
brine sources. In addition, we conducted a performance tracking where
we examined the data from 2020 to 2021 and 2022 to 2023, focusing on
the percentage changes in water-related impacts. This analysis assesses
the potential improvements in water usage and its environmental effects
over the two periods. Finally, a sensitivity analysis was performed. We
conducted the sensitivity analysis by applying a theoretical worst-case
scenario applying the maximum CF for one of the impact assessment
methods: The regionalised AWARE CF of the groundwater was increased
to the maximum possible value of 100 to evaluate the influence of the
direct water use within the production system. By setting the factor to its
highest value, we can assess the assumption of maximal water scarcity
on the final result. The sensitivity analysis focuses only on the AWARE
CF, as the WAVE + factor is already adjusted nearly to its maximum
value. This adjustment is made because hyper-arid regions are assigned
the highest possible impact. Furthermore, as a second sensitivity anal-
ysis, we implemented physical allocation (based on mass) in addition to
the standard price allocation scenario. Here, the energy, materials, and
water inputs specific to the concentrated lithium-brine production
pathway were allocated to the mass of the products. This approach en-
sures that burdens are distributed in proportion to the mass shares of the
total output. Within the physical allocation, 32% of the burdens were
attributed to the lithium products and the remaining 68% to KCl.

3. Results and discussion

3.1. Life cycle inventory

Table 2 displays a summary of the overall unallocated input quan-
tities required for the production of 1000 kg of Li2CO3 and LiOH. The
table shows that approximately 217 m3 brine is extracted in order to
produce 1000 kg of lithium products. During the concentrated lithium
brine production, 4.5 m3 of groundwater was used while the Li2CO3
production and LiOH production process steps require 7.5 m3 desali-
nated water. Other material inputs consist of quick lime, sodium car-
bonate, sulfuric acid, sodium hydroxide, hydrochloric acid and
diatomite. Diesel, electricity, liquefied petroleum gas and natural gas are
the main energy inputs. Electricity and diesel are the main energy
sources used throughout all of the production processes with 2674 MJ of
electricity and 1557 MJ of diesel used for the production of 1000 kg
Li2CO3 and LiOH. Liquefied petroleum gas is mostly used during the
Li2CO3 production step (251 MJ) while natural gas represents an addi-
tional energy source used during the LiOH production.

3.2. Water footprint impact assessment

Fig. 2 provides the aggregated absolute numbers of water use and
consumption as well as the water use impact assessed. The results
demonstrate that for all of the processes, the blue water use with a total
of 107 t per lithium product is greater compared to the blue water
consumption (18.7 t per lithium product) due to the fact that the use
depicts the total amount of water entering the product system. In
contrast, water consumption encompasses not only the water entering
the system but also water returned to the environment (ISO, 2016).

The AWARE and WAVE + results are comparable, with the WAVE +

values showing a slight elevation. It is important to note that the AWARE
results are displayed as m³ world equiv./100 due to the difference in the
scaling of WAVE+ and AWARE CFs. As previously discussed, AWARE is
scaled between 0 and 100, while WAVE + scores range from 0 to 1. To
put them graphically in the same order of magnitude, we divided the
AWARE scores by 100. This is due to the nature of the different in-
dicators and water volumes: while water use and consumption focus on
quantities, the AWARE and WAVE + results characterise the implica-
tions in terms of water scarcity and vulnerability.

Fig. 3 illustrates the different contributions of the main production
system processes to the overall water footprint of Li2CO3 and LiOH. The
figure displays the relative shares of each production stage while using
AWARE andWAVE+ characterisation methods, respectively. It is worth
mentioning that the processes indicated as “Concentrated lithium pro-
duction from Li ponds” and “Concentrated lithium production from
MOP ponds” refer to extraction and subsequent evaporation of brine
with differing levels of lithium concentration. In this context, "MOP"
stands for muriate of potash, which is another term for potassium
chloride (KCl) being part of the KCl production pathway. Specifically,
the former process handles brine with a higher lithium concentration,
while the latter deals with brine with a lower concentration of lithium.
The stages characterised with the lowest contribution to the water
footprint are the processes of lithium brine harvesting and truck trans-
portation. These processes do not require direct water use and are
characterised by a low amount of diesel usage and no electricity use.
Furthermore, next to the Li2CO3 production stage, the concentrated
lithium production from MOP ponds is the stage requiring the largest
quantities of water within the studied system. This is due to the
groundwater pumped into the evaporation ponds together with the
brine at the beginning of the pumping process which is used to prevent
salt crust from forming in the pipes.

In addition, Fig. 3 shows that the highest AWARE and WAVE +

values are attributed to the production of concentrated brine process
steps, particularly for the ponds with a higher lithium concentration
(MOP), which have a calculated AWARE value of 326 m³ world equiv.
per ton of Li2CO3 and LiOH. In comparison, the Li2CO3 production
process at the Carmen Lithium Chemical Plant equals 59.9 m³ world
equiv. per ton of Li2CO3 and LiOH. The AWARE values attributed to the
concentrated brine production could be explained, on the one hand, by
the relatively high groundwater usage accompanying these processes
when compared to some of the other production phases: for the studied
period of 2 years, a total of approx. 1,296,003.5 m³ or 3.6 m3 ground-
water per ton of Li2CO3 and LiOH is used during the concentrated
lithium brine production from MOP while around 192,121.96 m3 in
total or 0.5 m3 desalinated water is needed during the LiOH production
process. On the other hand, the region is characterised by low water
availability, implying a higher impact in terms of water scarcity with a
rather heightened AWARE factor (CF = 80). Thus, multiplying the
AWARE CF with the water quantities results in elevated values. In
addition, the actual Li2CO3 and LiOH production processes require
lower water quantities, which are supplied from a desalination plant
situated near the SQM production facility in Antofagasta City. However,
in the context of Li2CO3 and LiOH production, blue water use shows a
much larger contribution here, as is the case when considering con-
sumption or impact-based results. As previously highlighted, this is due

Table 2
Unallocated input data summary per 1000 kg of Li2CO3 and LiOH.

Flow Input Unit

Materials
Brine 217 m3

Water 4.5 m3

Desalinated water 7.5 m3

Quick Lime 0.16 kg
Sodium carbonate 1872 kg
Sulfuric acid 23.2 kg
Sodium hydroxide 0.03 kg
Hydrochloric acid 51 kg
Diatomite 0.03 kg
Energy
Diesel 1557 MJ
Electricity 2674 MJ
Liquefied petroleum gas 251 MJ
Natural gas 4948 MJ
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to the use of desalinated water which is not accounted as a freshwater
resource by the AWARE and WAVE + methods (Berger et al., 2018;
Boulay et al., 2018).

The results calculated based on WAVE + demonstrate similar results
compared to AWARE with 1.01 m³ equiv./tonne lithium product for
Li2CO3 production and 0.186 m³ equiv./tonne lithium product for LiOH
production processes. The reason for the slightly elevatedWAVE+ value
compared to AWARE is the different calculation methods, underlying
principles, and corresponding variables each approach includes.
WAVE+ is characterised by a broader perspective and it focuses not only
on relative water scarcity but also considers the absolute water shortage,

resulting in the potential for higher calculated impact values. This is
valid for particularly arid regions such as the SdA basin (Berger et al.,
2018). Given that the concentrated lithium-brine production from MOP
ponds displays the highest impact characterised by AWARE (Fig. 3), we
look closer into the different sub-processes displayed in Fig. 4. The re-
sults show that the dominant AWARE contribution arises from the stage
of concentrated lithium brine production within the ponds, the most
water-intensive process (no brine was accounted for within these pro-
cesses, solely groundwater). Meanwhile, electricity production is the
process displaying the largest blue water use. This pattern could be
attributed to the nature of the electricity production and the fact that

Fig. 2. Aggregated absolute contributions to the water footprint of the Li2CO3 and LiOH production processes.

Fig. 3. Relative water inventory and impact-related shares to the water footprint of the main Li2CO3 and LiOH production processes.
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even though we consider the Chilean grid mix, which is country-specific,
a certain amount of the electricity is more likely produced and imported
from neighbouring countries. The data set for the Chilean grid mix has
37% of electricity from coal and 17% from natural gas. Thermal power
generation (including coal and natural gas) requires freshwater inputs
for the cooling system which can explain its overall contribution to blue
water use.

Further, Fig. 5 provides further insights into the Li2CO3 production
phase in the Carmen Chemical Plant’s water footprint and the relative
contribution of the different sub-processes. As Fig. 2 shows, the Li2CO3
production is characterised by the highest blue water use and con-
sumption. Once again, this is due to the electricity, as well as the soda

production as the latter displays the highest contribution within all of
the processes and across all of the indicators. The results do not come as
a surprise given the fact that sodium carbonate production through the
most common Solvay process requires large volumes of water (Speight,
2017).

3.3. Sensitivity analysis of selected aspects

3.3.1. AWARE factor
Fig. 6 displays the outcomes derived from the sensitivity analysis of

the water footprint. Within the sensitivity analysis, instead of using the
average Chilean CF (CF 80), we calculated the AWARE-based water

Fig. 4. Contributor processes to the concentrated brine production from MOP ponds.

Fig. 5. Contributor processes to the Li2CO3 water footprint.
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scarcity footprint based on a factor of 100, which assumes the highest
level of scarcity. This was done to assess the potential impact under a
worst-case water scarcity scenario. The values for concentrated lithium
brine production rose by approximately 20%, however, the values
calculated with the average Chilean AWARE factor remain unchanged
for the Li2CO3 and LiOH production. This is explained by the fact that
the initial stages are largely dependent on direct water consumption in
the affected region. Later processing of Li2CO3 and LiOH, on the other
hand, involves water consumption that is largely attributable to back-
ground processes, such as electricity and additive production, that are
not affected by the change in the CF.

3.3.2. Allocation
As previously described, in addition to the economic value alloca-

tion, we performed physical allocation which involves dividing the
impacts according to the mass shares of the input and output flows. The
economic allocation attributes the water-related impacts to the different
processes based on the economic value of the products (Kelly et al.,
2021). Fig. 7 shows the results of the applied allocation per 1 tonne
Li2CO3/LiOH considering the blue water consumption. In addition,
Fig. 8 presents the allocation difference between mass and price water
scarcity impacts calculated based on the AWARE method.

Both figures display higher impacts from the processes when the

Fig. 6. Total contribution from Li2CO3 and LiOH production, calculated based on AWARE CF of 100.

Fig. 7. Mass and price allocation of blue water consumption within Li2CO3 and LiOH life cycle. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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indicators are calculated based on the economic value. Although the
company produces a larger amount of KCl compared to Li2CO3 and
LiOH, the economic value of the lithium products is considerably higher.
Thus, these results underline the importance of considering a product’s
economic value as often they represent the main driver for production.
As the figures show, the Li2CO3 and LiOH production processes are
characterised by equal values with both types of allocation. This is
because allocation was only applied to the initial production phases:
concentrated brine production and harvesting as the co-products are
obtained along these steps.

3.4. Performance tracking (2020–2021 vs 2022–2023)

Table 3 displays the difference in the aggregated absolute numbers of
water use, water consumption and water-related impacts for the periods
of 2020–2021 and 2022–2023. The results show that for all measured
indicators, the values for 2022–2023 are lower compared to 2020–2021.
This improvement is due to increased efficiency in company operations
in the SdA region, resulting in higher brine recovery rates and reduced
electricity and diesel usage for several process steps. However, the
evaporation of lithium ponds and the concentrated lithium brine harvest
steps are associated with higher diesel usage for the period of
2022–2023. Lithium carbonate production shows a slight increase in
blue water consumption (from 13 t to 14 t of water per Li product) due to
the higher amounts of chemicals and energy required, proportional to
the increased amount of concentrated brine input.

The largest difference observed between the study periods is a 42%
reduction in the AWARE value, while the smallest difference (9%) is in
blue water consumption. The relatively small difference in the blue

water consumption could be attributed to the increased use of chem-
icals, which is associated with higher energy consumption for their
production. Meanwhile, the improvement associated with the AWARE
water scarcity factor is explained by the lower overall energy con-
sumption within the SdA basin. The increased use of chemicals and their
production impacts do not significantly affect the AWARE result, as
water use and consumption do not occur in a water-scarce region like the
SdA.

In addition, Fig. 9 presents the differences between the price and
mass allocation for the two studied periods. The figure displays the total
blue water consumption as well as the production of concentrated brine
from lithium and MOP ponds processes due to the relatively small
contribution of the rest of the process steps. The results show that the
price-mass allocation differences are lower for 2022–2023 compared to
the previous two years. The lower price-mass allocation ratio observed
in 2022–2023 suggests a more balanced economic distribution per unit
of mass. This change is primarily due to the higher volume of the final
product in this period. The increased production volume dilutes the cost
per unit mass, resulting in a lower ratio. In addition, the lower allocation
ratios suggest that the cost per unit of mass is reduced, likely due to
economies of scale and enhanced production processes. This perfor-
mance tracking proves useful to inform future strategies for optimising
production performance and minimising costs as well as water-related
environmental impacts in relation to mass output. Additionally, it pro-
vides a basis for comparing trade-offs between impacts originating from
different sources. For instance, while improving water use efficiency can
reduce the overall water footprint, it may require increased chemical
use, which could have other environmental implications. Balancing
these trade-offs is important for long-term lithium resource

Fig. 8. Mass and price allocation of AWARE results within Li2CO3 and LiOH life cycle.

Table 3
Comparison between the aggregated water footprint of Li2CO3 and LiOH production for 2020–2022 and 2022–2023.

Total environmental quantities 2020–2021 2022–2023 Percentage reduction

Blue water use t per t Li2CO3/LiOH 132 107 − 19%
Blue water consumption t per t Li2CO3/LiOH 21 19 − 9%
AWARE m3 world equiv./100 per t Li2CO3/LiOH 7 4 − 42%
WAVE + m3 world equiv. per t Li2CO3/LiOH 8 6 − 25%
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management.
Based on these results, several key policy recommendations in the

direction of sustainable resource management and production practices
can be made. First, investment in research to assess the hydrological,
social, and environmental impacts and their interconnections in regions
like the SdA, as well as the consequent development of water-efficient
technologies and alternative extraction methods, should be encour-
aged. Along with that, it is important to implement robust monitoring
and reporting requirements for water usage and the related impacts,
accompanied by enhanced transparency. It is also important to develop
policies that prioritise economic allocation frameworks when perform-
ing water footprints for products with high economic importance, such
as lithium, to ensure environmental impacts are accurately represented
in relation to market values.

3.5. Model validation

Within the existing literature, assessments of the water footprint
associated with lithium production have been conducted using different
methods, often in combination with LCAs of lithium-ion batteries. Our
results are overall consistent with the observations of Schenker et al.
(2022) and Kelly et al. (2021). The results calculated in this study
demonstrate lower AWARE values (0.44 m³ world equiv. per kg of
Li2CO3/LiOH) compared to Schenker et al. (2022) who reported 4.77 m3

world equiv. per kg Li2CO3. While the authors do not account for brine
as a freshwater due to its inability to be directly used by the ecosystem,
they report that the majority of the water scarcity impact originates from
the freshwater use in the processing plant. In contrast, our study con-
siders desalinated water as the only water source throughout the
chemical plant process. In addition, Schenker et al. (2022), report that
the AWARE CF attributed to the foreground processes in the SdA region,
due to its aridity, is considerably higher (CF 94.7). The authors mention
that the background data for water is not regionally characterised and

was evaluated with the relatively high global average AWARE CF. This
potentially leads to an overestimation of background water scarcity
values in certain instances, e.g., electricity production. This also dem-
onstrates the importance and added value of using first-hand primary
data, as was the case in our work. An additional reason for the elevated
water-related impact compared to our results might be the higher
amount of quick lime and sodium hydroxide inputs reported by
Schenker et al. (2022), which are an order of magnitude greater than
those in our study.

In a similar study, using primary data from SQM, Kelly et al. (2021)
report on an inventory level a total freshwater consumption of
15.5–32.8 m3/tonne Li2CO3 for the production of Li2CO3 process, which
is close to our inventory result of 24.3 m3/tonne Li2CO3/LiOH. Addi-
tionally, the authors obtained a value of 2.95–7.30 m3/tonne lithium for
freshwater consumption attributed to the lithium concentration pro-
duction stage, which aligns with the results of our study which attributes
the value of 4.5 m3/tonne Li2CO3/LiOH. Comparing the results to the
studies performed by Schomberg et al. (2021), Chordia et al. (2022),
Mas-Fons et al. (2024) and Mousavinezhad et al. (2024) does not make
sense because the studies treated brine as water which leads to a sig-
nificant inflation of the water inventories considered in their analysis. In
addition, Lagos et al. (2024) explore the water footprint of lithium
products only on inventory level for the year 2020 which makes the
comparison not meaningful due to temporal, methodological, and
contextual differences in the studies.

3.6. Limitations and outlook

There are certain limitations related to LCA-based water footprint
evaluation and the utilisation of primary data. Temporal variability
resulting from data collection during specific periods might overlook
seasonal variations. In addition, changes in the production methods
might be neglected.

Fig. 9. Comparison between mass and price allocation of blue water consumption within Li2CO3 and LiOH life cycle for 2020–2021 and 2022–2023. Two process
steps are highlighted next to the total blue water consumption for the whole life cycle of lithium production due to the relatively small contribution to the rest of the
processes. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Furthermore, the absence of consideration for changes in production
processes highlights the need to conduct regular water footprint as-
sessments with up-to-date and comprehensive life cycle stages. This is
evident from the differences observed when comparing the water foot-
print for the production periods of 2020–2021 and 2022–2023. Addi-
tionally, while the ISO 14046 standard for water footprinting provides
an internationally agreed framework, it cannot ensure complete meth-
odological consistency. As a consequence, the uncertainty of water
footprint studies is on a similar level than LCA studies in general.
Another limitation is the absence of a strict classification framework for
saline and brine waters in water footprinting, which could improve the
accuracy and comparability of water assessments across studies.

In terms of data availability, site-specific primary data was only
available for the foreground system and could not be applied to other
locations or contexts. For instance, the water use associated with elec-
tricity generation shows variability across various LCA databases,
influenced by the chosen electricity mix and technical system bound-
aries. This variation originates from differences in the chosen technical
system boundaries and the selection of representative energy generation
technologies used to model real-world scenarios (Chordia et al., 2021).
In order to select the electricity generation dataset that best reflects the
water impacts of the region of the product system under study, it is
important to weigh the strengths and weaknesses of the data used, the
assumptions made, and the calculation methods.

Furthermore, the water footprint assessment might benefit from
further application of more watershed-specific CFs. Both the AWARE
and WAVE + methods have certain limitations in this context. Neither
method accounts for different water types or qualities, nor do they treat
brine as a distinct category. In addition, without adapting these methods
to specific cases, water availability may be inaccurately calculated,
leading to potential under- or overestimation. Furthermore, while
AWARE reduces availability by considering the water needs of river
systems, a full assessment of different ecosystem needs beyond this (e.g.
considering the water needs of lake or terrestrial ecosystems) is not yet
available for either method. Northey et al. (2016) highlighted in this
context, for instance, that AWARE does not fully reflect the freshwater
demands for ecosystems. Future methods and CFs could be applied more
precisely to better capture the situation in the SdA basin which is very
unique and generalisation might lead to a distortion of the results. Given
the hydrological situation in the region and the presence of so-called
fossil groundwater, research might be focused on quantifying these
types of groundwater and developing an accounting method within the
water footprint framework (Baspineiro et al., 2020).

Additionally, further analysis should go beyond the SdA operation
context, incorporating a comparative approach across different salt flats
and production systems around the world. This could include a deeper
focus on technologies targeting brine reduction within the DLE frame-
work, a process currently being explored by companies like SQM
(Reuters, 2024). The primary water footprint data for conventional
treatment processes in SQM’s SdA operation provides a valuable
benchmark for evaluating emerging technologies, such as DLE, which
may entail additional freshwater demands but at the same time has the
potential to decrease the amount of brine required per Li product
(Fuentealba et al., 2023; Halkes et al., 2024). A comparative analysis of
the new and conventional methods alongside with the potential
trade-offs could be a key strategy for establishing a sustainable roadmap
for lithium extraction.

4. Conclusion

This study emphasises the significance of properly assessing envi-
ronmental impacts related to lithium extraction by performing a water
footprint of Li2CO3 and LiOH. We focused our assessment on the cradle-
to-gate life cycle of the lithium products – from lithium brine extraction
to battery grade Li2CO3 and LiOH within the production site in the SdA
and Carmen Lithium Chemical Plant using primary data. The inventory

results demonstrate that producing 1000 kg of lithium products requires
the extraction of 217m³ of brine, using 4.5 m³ of groundwater at the SdA
operation site and 7.5 m³ of desalinated water for the Li₂CO₃ and LiOH
production processes. Additionally, the total blue water use was esti-
mated at 107m3 per lithium product, while blue water consumption was
18.7 m3 per lithium product. Our research shows that the concentrated
lithium brine production mainly contributes to the water footprint of
lithium battery grade products among the operations requiring direct
water use due to the direct water consumption during the process stage
and the use of relatively high scarcity impact CFs. When it comes to the
Li2CO3 and LiOH final processing, Li2CO3 stands out with 59.9 m³ world
equiv. for the AWARE-based assessment and 1.01 for the WAVE+ factor
due to the indirect impact of sodium carbonate and electricity produc-
tion. The impact of water scarcity and vulnerability of these phases is
negligible since they utilise desalinated water. The comparison between
the production periods of 2020–2021 and 2022–2023 demonstrated
improvement in all of the measured indicators for 2022–2023 in the
range of 9%–42% due to the increased performance efficiency of the
operations in the SdA basin. Identifying these hotspots across the life
cycle and supply chain contributes towards the understanding and
improvement of the operation. Thus, we believe that our results un-
derscore the significance of assessing water footprints with a holistic
approach, particularly in regions facing severe water scarcity.
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Chordia, M., Nordelöf, A., Ellingsen, L.A.W., 2021. Environmental life cycle implications
of upscaling lithium-ion battery production. Int. J. Life Cycle Assess. 26, 2024–2039.
https://doi.org/10.1007/s11367-021-01976-0.
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