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The exponentially growing market for lithium-ion batteries (LIBs) is driving the development of more

environmentally benign processes for producing lithium carbonate, a key precursor. Extracting lithium(I)

from brine is a cost-effective method, particularly in the Lithium Triangle in South America, including the

Atacama Desert in Chile. Life cycle assessment (LCA) was used to assess the environmental impacts of

lithium(I) production by establishing a comprehensive life cycle inventory (LCI) with data from modelling,

literature, technical reports and the Ecoinvent database. Information about evaporation rates from

Atacama salars, the performance of the northern Chile electrical grid fuel mix and present waste

management processes were analysed to establish the water balance, water footprint (WF), water

scarcity footprint (WSF) and to estimate in Aspen Plus and Sphera the environmental performance of the

battery-grade lithium carbonate production process. The results predicted significant environmental

impacts associated with production of input chemicals such as sodium hydroxide (NaOH) and sodium

carbonate (Na2CO3), as well as with energy conversion from the carbon intensive electrical supply in

northern Chile. The waste dumps and surface impoundments required for the production process did

not result in significant leachate infiltration, although considerable land areas are occupied. The

modelling and analysis results highlighted the importance of accurate brine evaporation rates on the

process water balance estimation and on the conventional manufacturing process emissions; insufficient

evaporation rates increased the water footprint of chemical production processes. The water resource

stress in the arid Atacama region was evident from predicted water balances, WFs and WSFs,

emphasising the necessity to innovate less time-consuming and water-conserving processes to increase

sustainability.
Sustainability spotlight

The global necessity to decarbonise energy storage and conversion systems is causing rapidly growing demand for lithium-ion batteries, so requiring sustainable
processes for lithium carbonate (Li2CO3) production. We established a comprehensive life cycle inventory to evaluate environmental impacts of its production by
evaporation of Atacama brines, analysing effects of brine composition, water supply, evaporation rates, waste management and chemical processes deployed.
Results highlight signicant environmental and water resource impacts, emphasising the urgency of transitioning to water-saving and more energy efficient
processes in arid regions and the importance of site-specic information for accurate emissions and environmental impacts assessment. Identifying and
evaluating the impacts of Li2CO3 production is essential for developing materials utilisation strategies aligned with United Nations sustainable development
goals (SDG 6, 7, 9, 13 and 15).
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1 Introduction

Demand for lithium(I) compounds is growing rapidly, driven by
the global necessity to decarbonise chemical-to-electrical energy
conversion with renewable energy systems, addressing their
intermittency and balancing electrical power supply and
demand by energy storage, inter alia in lithium batteries. Fig. 1
shows the global lithium(I) consumption and the proportion of
its use in batteries, with global lithium(I) consumption reaching
180 kt a−1 in 2023.1 Although affected by the global COVID-19
RSC Sustainability, 2025, 3, 275–290 | 275
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Fig. 1 (A) Global lithium(I) consumption and proportion used in batteries over the last decade. (B) Relative consumptions of lithium(I) in different
applications in 2023.1
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View Article Online
pandemic, demand decreased in the rst half year of 2020, but
the lithium-ion battery market recovered its strong growth in
the second half year, as the global economy started to recover.
Between 2020 and 2022, lithium(I) mining output expanded by
ca. 80%, despite which market demand for lithium(I) remains
tight, resulting in the lithium(I) market price increasing more
than ve-fold over this period.2 However, annual average U.S.
lithium carbonate prices in 2023 decreased by 32% from those
in 2022, mainly due to policy issues, especially relations with
China, and slower growth in demand.1,3 The instability of the
lithium(I) market has emphasised the signicance of cost-
effective, dependable and robust supply chains, particularly
for countries that prioritise affordability and those undergoing
rapid energy transitions. Lithium(I) can be extracted primarily
from hard-rock ores, such as spodumene, petalite and lepido-
lite, and brines. Australia is the world's leading producer of
lithium(I), relying primarily on spodumene, whereas Chile is the
second largest producer country, relying on LiI-rich brine
resources found in high altitude desert salars.4,5 Interestingly,
lithium(I)-containing brines are concentrated mostly in the so-
called Lithium Triangle of South America.6 Extracting lith-
ium(I) from hard rock ores requires various processes, which are
complex, energy-intensive and may include several chemical
transformations. Due to lower production costs, brine is a more
common source of lithium(I), which in principle may be
extracted from salt lake brines, geothermal brines and even
seawater. However, lithium(I) extraction from geothermal brine
has not been commercialised on a large scale, being only at the
pre-commercial demonstration stage.2 As yet, there are no cost-
effective processes to extract lithium(I) from seawater, typically
at concentrations of 0.1–0.2 ppm,7,8 whereas lithium(I) concen-
trations of 200–700 ppm in most salt lake brines are considered
as commercially attractive.9

Amongst industrial effluents, the formation water produced
during oil and gas extraction activities can be considered
a potential lithium(I) source, although such brines are typically
regarded as waste and are reinjected into the subsurface for
disposal.10 In these brines, lithium(I) concentrations generally
range between 1 and 40 mg dm−3 and depend on the geology of
the eld.11 While lithium(I) concentrations in seawater are
276 | RSC Sustainability, 2025, 3, 275–290
typically 0.1–0.2 mg dm−3, as mentioned above, brines from
reverse osmosis processes used to desalinate seawater contain
LiI concentrations up to 4 mg dm− 3, so are more promising
potential LiI sources compared to seawater.12 Industrial waste-
waters, e.g. from cobalt or nickel recovery processes of lithium-
ion battery recycling, can contain up to 3 g LiI dm−3.13–15

Recovery of lithium(I) from such resources could enable the
industry to develop a circular economy and a strategy to
enhance the sustainability of the lithium(I) value chain. Never-
theless, high specic energy consumptions, high costs, LiI

selectivities against other cations present and slow process
kinetics remain signicant challenges, requiring further R&D to
increase and optimise LiI recoveries from industrial effluents.

Lithium(I) concentrations in the South American Atacama
desert brines reach 1500 ppm.16 Salt lake brines are thought to
contain over 70% of exploitable lithium(I) resources globally,1

and about 85% of lithium(I) products are obtained from
brines.17,18 However, salt lake brines have extremely complex
compositions, with Na+ constituting the greatest proportion of
cations, including K+, Mg2+ and Ca2+, with Cl−, CO3

2−, SO4
2−

and borate anions.19 This causes a signicant challenge for
purication and selective lithium(I) extraction by various
processes being developed, in addition to evaporation tech-
nology, as described in the following section. Adsorption by ion
exchange of Li+ ions from brine on e.g. manganese oxides,
titanium dioxide, or alumina, can achieve selective recovery
when saturated adsorbents in columns are washed with fresh
water or acidic solutions, producing lithium(I)-containing
solutions. Aer a specic LiI concentration is achieved, sodium
carbonate is added to precipitate Li2CO3.17,20 Alternatively,
liquid–liquid extraction by various organic solvents can be used
to extract LiCl selectively.20,21 Such solvents include b-diketones,
n-butanol, neutral organophosphorus compounds, and kero-
sene.21,22 Although these solvents can differentiate effectively
LiCl from NaCl and KCl, separating LiCl from MgCl2 is more
difficult. Increasing selectivity between Li+ and Mg2+ oen
necessitates signicant adjustments to pH or brine composi-
tion, requiring large amounts of chemicals. Solar evaporative
processes predominate in Chile, because of their low costs and
as the sensitivity of the environment in the Chilean Atacama
© 2025 The Author(s). Published by the Royal Society of Chemistry
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region, where water is extremely scarce, precludes processes
that require large freshwater inputs to resolve pollution issues.

Common forms of lithium salts include lithium chloride
(LiCl), lithium hydroxide (LiOH), and lithium carbonate
(Li2CO3). LiCl can be sourced from lithium-rich hard rock
resources, salt lake brines, geothermal brines, and from lithium
battery recycling. Although LiCl is not directly useable in LIBs, it
is a valuable intermediate for converting to LiOH or Li2CO3; the
latter, a primary compound for LIB production, can be
produced by reacting LiCl with Na2CO3.23 LiOH, another
important compound for LIBs, can be synthesised from
Li2CO3,24 with research ongoing to convert LiCl directly to
LiOH.25

The rising demand of LIBs has triggered a growing interest
and a focus in quantifying the environmental burdens with the
raw material production throughout its life cycle. Ellingsen
(2014)26 established a transparent LIBs LCI on primary data.
With regard to lithium production in that research, it is
a generalised black box model. Kallitsis et al. (2020)27 studied
the LCA of LIBs production in China. This model was based on
the model of Ellingsen (2014)26 and is also a black box model for
lithium production. However, the actual environmental impacts
of lithium production are expected to be inuenced by the
specics of the region and particularly the specic lithium raw
material. For example, given the energy intensity of the
processes involved, the environmental impact of producing
Li2CO3 or LiOH from spodumene should have a signicantly
greater environmental impact than if it were from brine.
Although previous research28 suggested that the environmental
impacts of Li2CO3 production was negligible compared to the
total transportation impacts caused by an EV, possibly in
another continent, they are certainly not negligible for the
location where raw material production occurs. Moreover, the
rapidly growing demand for lithium(I) raw material over the last
decade warrants prudence. This work presents a detailed unit
process level model that has been developed as a necessary tool
to establish a more reliable and accurate environmental impact
assessment of lithium(I) production processes.

Stamp (2012)28 established a detailed LCI model for Li2CO3

production by allocating the inputs of Li2CO3 production
according to economics, which increased the accuracy of LCA
analysis. However, the primary data used in the research
appears to be outdated, and the water balance was neglected.
The reliance on assumptions of evaporation may contribute to
an inaccurate evaporation efficiency. Kelly (2021)29 reported
a detailed LCI of Li2CO3 production from brine, but the elec-
trical energy used in the analysis was assumed to be derived
from the average Chilean electrical grid fuel mix, overlooking
the fact that the national Chilean electrical grid contains
different regional grids with distinct fuel mixes. The composi-
tion of the regional electrical grid varies according to different
climatic characteristics across the nation. For instance, the
northern region has abundant solar and wind energy resources.
However, coal-red power plants are also located predomi-
nantly in the central and northern regions of Chile.30 Chordia
(2022)31 updated the life cycle environmental impacts of lithium
from brine. Their LCI covered several publications, technical
© 2025 The Author(s). Published by the Royal Society of Chemistry
reports, and Ecoinvent database, but it only offers inputs and
outputs without explaining sufficiently the calculation proce-
dures used, nor do they account for the electrical grid mix.
Furthermore, the freshwater resources were considered to be
extracted from underground aquifers instead of lake-sourced
fresh water which is reported in the literature. In contrast, the
research results reported here accounts for the separation of
minerals from brines and allows for a better understanding of
water footprint throughout the process. Khakmardan et al.
(2023)32 reported LCA results of different lithium(I) production
processes from a global perspective and compared the envi-
ronmental impacts of lithium production processes from
different sources, including brine (Chile), spodumene (Aus-
tralia and China), hectorite (Mexico), and zinnwaldite (Ger-
many). Lithium(I) production from Chilean brine had the lowest
GWP andminimal water consumption, due primarily to the less
energy-intensive nature of the brine production process, which
involves only pumping the brine to solar evaporation ponds and
concentrating it progressively by solar radiation. In contrast, the
production of lithium(I) from hard rock sources requires
energy-intensive processes such as crushing, grinding, deslim-
ing, and otation, as well as leaching processes and the use of
soda ash, sodium hydroxide, and sulfuric acids, which signi-
cantly increase water consumption. However, the detailed LCI
data of this study32 is not available for verication. Moreover,
the lack of high-quality publicly available data has led to high
uncertainty in the results reported.

WF and WSF are increasingly important considerations in
the LCA analysis, especially when considering operations taking
place in extremely arid regions. Despite the general awareness
around this topic, there is still a conceptual debate as to
whether including brine water in water footprint analysis in
appropriate. Some literature considers only freshwater
consumption and excludes brine water from the scope of water
consumption due to the unsuitability of brines for direct agri-
cultural or domestic use,29,31–33while other literature considers it
as the extraction of brine is not accounted for in the depletion of
abiotic resources, where extraction of rock minerals extraction
impacts are accounted for.34 In addition, the water scarcity
characterisation factors of different regions can also inuence
the results. In arid regions, the regional water scarcity charac-
terisation factors will be higher than those of other non-arid
regions, thereby reecting in the overall water scarcity
impact.35 Therefore, it is crucial to specify details and relevant
parameters in both WF and WSF analysis.

This study addresses the environmental impacts and water
consumption of producing battery-grade Li2CO3 from lithium-
containing brine. For this, detailed LCI modelling of the
processes used to extract lithium from resources at Salar de
Atacama, Chile, was conducted based on state-of-art literature,
technical reports, and Ecoinvent database version 3.9.1.36 The
electrical grid mix of the northern Chile region was modelled.
Aspen Plus V11 (ref. 37) was used to simulate the production
process of Li2CO3, including the recycling of input materials.
Furthermore, evaporation modelling and water balance were
conducted, followed by WF and WSF analysis. The LCA
modelling was conducted within the Sphera soware.38 Based
RSC Sustainability, 2025, 3, 275–290 | 277
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on the ReCiPe 2016 v1.1 Midpoint characterisation method, 13
relevant environmental impacts were analysed and their
primary contributions are discussed.
2 Methods
2.1 Life cycle assessment methodology

Following the ISO standard,39 a detailed LCI analysis and life
cycle assessments were developed to analyse the production of
Li2CO3.

2.1.1 Goal and scope. The functional unit was set as the
production of 1 kg of Li2CO3 of 99.5% purity. The geographical
boundary was restricted to Chile, including material inputs,
manufacturing processes, transportation, electrical grid mix
and other relevant factors. The system boundary was from
cradle-to-gate, which includes mining and pumping of brine,
evaporation processes, transportation, and chemical
manufacturing in a local plant.

2.1.2 Life cycle inventory analysis. The LCI of Li2CO3

production from brine was modelled, having identied the
detailed chemical production process, with specic environ-
ment and technical parameters from the literature, technical
reports and the Ecoinvent database 3.9.1.33,40,41

Calculations for material inputs and outputs were based on
stoichiometries with the necessary adjustments required to
account for the incompleteness of chemical reactions. Subse-
quently, the production process was simulated using Aspen
Plus V11.37 In addition, the economic allocation approach was
applied to Li2CO3 production of material and energy inputs
according to ISO 14040,39 as there are by-products such as
potassium sulphate that are also produced during evaporation
their market prices collected from up to date company reports
are used as economic allocation factors.41 Infrastructure
construction was not considered in this study due to data
unavailability, and considering that this is amortised over the
economic materials production during the whole life of the
facilities.
Fig. 2 Lithium carbonate production process flow.

278 | RSC Sustainability, 2025, 3, 275–290
The process routes of Li2CO3 production from Atacama brine
are given in Fig. 2. Firstly, underground brine is pumped from
the subsurface at the Salar de Atacama core region and depos-
ited into a series of large open-air evaporation ponds to evap-
orate by solar energy to preconcentrate lithium(I). The common
order of precipitation includes halite (NaCl), sylvite (KCl), syl-
vinite (KCl and NaCl), magnesium salts and small quantities of
other alkali salts.42 In order to account for the evaporation
process impacts, simulation and calculations using estimation,
theoretical calculations based on the Penman equation,43 and
reported measurement data from an on-site meteorological
station44 were used. Detailed explanations of evaporation
modelling are provided in subsequent sections. In the Atacama
Desert region, freshwater is reported to be extracted from 4
groundwater wells from beneath the foothills of the eastern
mountains of the desert.41 Aer lithium chloride has reached
the drying-up point, at a concentration of approximately
6000 ppm,17 the concentrated brine is trucked 230 km from
desert core to a chemical plant, and is then processed to remove
impurities. Treatments include acidication, solvent extraction,
re-extraction, precipitation and drying. Borates are removed by
acidication and solvent extraction. Re-extraction is used for
recycling the organic solvent. MgII and CaII are removed by
precipitation with soda ash and lime milk. Solid and liquid
wastes are collected in surface impoundments. The nal
concentrated brine is treated with soda ash, thereby precipi-
tating the Li2CO3 product. Aer washing, drying, and pack-
aging, Li2CO3 product is obtained. Water is used primarily for
cleaning pipes at the salar evaporation ponds and as wash water
in the production process at the plant. Additionally, water is
used for preparing solutions, e.g. of Na2CO3. Electrical energy is
used mainly for operating machinery and equipment such as
pumps, lters, reactors, dryers, as well as for powering various
facilities within the production process, which relies primarily
on energy supplied by the electrical grid and fossil fuels. For the
electrical grid fuel mix, the SING (Sistema Interconectado del
Norte Grande) electrical grid in northern Chile region was
chosen for modelling.30,45
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The process modelling was carried out for Li2CO3 production
in the chemical plant using Aspen Plus V11.37 A heat exchange
network was constructed together with the process. The
modelling method was set as ELECNRTL. The life cycle inven-
tory was optimised by iteration with Aspen modelling results.

2.1.3 Life cycle impact assessment. In order to evaluate the
environmental impact of Li2CO3 product from brine, LCA
modelling was conducted using Sphera soware.38 The back-
ground processes were retrieved from the Ecoinvent database
3.9.1.36 The ReCiPe 2016 v1.1 Midpoint characterisationmethod
and the partly regionalised WSF based on AWARE method35

were used for analysis.
2.2 Weather conditions and evaporation modelling

2.2.1 Weather conditions at Salar de Atacama. Lithium(I)
production from brine is determinedmainly by its composition,
volume, accessibility, and suitability for local processing.9 In the
Atacama Desert, the climatic conditions are suitable for
implementation of a relatively simple evaporation technology.
The weather data used here were collected from meteorological
stations operated by SQM at the Atacama Desert core,44 together
with regional data from the meteorological directorate of
Chile.46 The monthly precipitation rate and temperature in the
Atacama Desert is shown in Fig. 3.

The weather in the Atacama Desert is extremely arid. The
average annual precipitation is around 20 mm a−1, and the
annual precipitation rate of the core region is less than 10 mm
a−1.44 The precipitation has seasonal variations; the summer
months from February to April have a relatively high level of
precipitation which reached 2.1 mm in 2023, while there is no
precipitation during May to December. The total annual
precipitation rate at the Atacama core region is 7.4 mm a−1. As
shown in Fig. 3, the average daily temperatures typically peak at
approximately 18.9 °C and reach a minimum of around 8.32 °C
in June. Diurnal temperature uctuations match this seasonal
variability, with maximum and minimum daily temperatures
typically separated by around 14 °C.46 During October to March,
winds blow predominantly from the west, and during autumn
Fig. 3 Monthly precipitation rates and temperatures at Atacama
Desert in 2023.44,46

© 2025 The Author(s). Published by the Royal Society of Chemistry
and winter, the wind direction is more variable. Morning wind
speeds throughout the year are generally <2 m s−1, and wind
speeds typically increase in the aernoon, reaching up to
15 m s−1.47 The low precipitation and high solar insolation
make this place favourable for evaporation technology. Overall,
producing lithium from brine at arid region is cost-effective.

Although solar evaporation is an inexpensive technology as
solar energy is readily available in the Atacama Desert region,
there are still some disadvantages. The evaporative precipita-
tion steps are slow, normally taking between 8 and 12 months,41

and may take even 24 months from the pumping process.17,48

Besides, water evaporated from brine, cannot be recovered
economically and may cause a series of hydrological and envi-
ronmental issues.

2.2.2 Evaporation modelling. Three methods were used to
simulate the evaporation process. Firstly, it was assumed that
up to 95% of brine water needed to be evaporated.49 In the
second approach, the evaporation rate was calculated using the
simplied Penman equation.43 Thirdly, evaporation data
measured by class A pan of the on-site meteorological station
near the evaporation ponds44 was used. It is important to note
that the evaporation rate of brine can be inuenced by weather
and salinity severely reducing evaporation rates, so corrections
are necessary.50–53

The simplied versions of Penman's equations is:43

EPEN z 0:051ð1� aÞRS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T þ 9:5

p
� 2:4

�
RS

RA

�2

þ 0:052ðT þ 20Þ
�
1� RH

100

�
ðaU � 0:38þ 0:54uÞ (1)

where

RS ¼ RA

�
0:5þ 0:25

n

N

�
(2)

N z 4B sin(0.53i − 1.65) + 12 (3)

RA z 3N sinð0:131N � 0:95BÞ for jBj. 23:5p

180
(4)

EPEN represents the evaporation rate in mm day−1 calculated
from equations a represents the albedo, of value 0.08 for open
water surfaces; RS the solar irradiance in MJ m−2 day−1. EPEN
can be calculated, if RA, the extraterrestrial irradiance (MJ m−2

day−1), n, the bright sunshine hours (h d−1), and N, the
maximum possible duration of daylight (h) are known. T
represents the average temperature (°C) and RH the relative
humidity (%); aU equals 1 when original N can be calculated if
B, the latitude of the site in radians, which is negative for south,
and i, the rank of month are known. For temperate zones where

jBj. 23:5p
180

, RA can be calculated if direct data is not available.

The corrected evaporation rate, EO (mm d−1) is given by:54

EO = KeKSEt (5)

where Et represents the recorded evaporation in the class A pan
or calculations in mm day−1; Ke is a dimensionless correction
factor, the pond coefficient which equals 0.7. This coefficient is
RSC Sustainability, 2025, 3, 275–290 | 279
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related to weather and was estimated in the United States,
which has similar weather conditions to those that occur at the
Atacama Desert region. KS is the salinity reduction coefficient,
which also is a dimensionless correction factor and related to
liquid average density, which can be determined by the method
outlined in IDE (1978).55

2.3 Water

2.3.1 Water balance. Both brine and fresh water are utilised
during the brine extraction processes. Up to 95% of the water
content in the brine is lost during evaporation, resulting in
a concentrated lithium(I)-containing brine. Whether the brine is
considered a water resource is still a controversial issue, which
brings questions to water balance research.

Brines, which are neither suitable for human use nor for
irrigation, are designated as minerals rather than water
resources.56 However, plants and animals that inhabit the Ata-
cama region depend on this water resource, including protected
species such as amingos. Changes in amingo populations
can strongly reect the extent of environmental damage.
Andean and James' amingos, which are the most threatened
species in the Salar de Atacama, declined by approximately 12%
and 10% in recent years.57 Studies have shown a strong corre-
lation between lithium mining activities and local environ-
mental degradation in Atacama.57,58 However, the direct impact
of lithium(I) extraction on the environment and hydrology of the
Atacama region has not been stated with certainty.

In this research, minerals and water in the brine are sug-
gested to be considered separately to investigate the water
balance of the system. Water contained in the brine is consid-
ered as water resource for water balance calculations.33 Calcu-
lating the water balance provides a clearer understanding of the
amount of water that needs to be added and the amount of
water owing out of the system. Eqn (6) shows the mass balance
of the inputs and outputs in a unit process.59

Wei + Wii + Si = Wo + So + Ww + Wr (6)

where, Wei represents the external water input; Wii the internal
water input; Si the solid input; Wo the water output; So the solid
output; Ww the wastewater and Wr the recycled water, as shown
in Fig. 4.

2.3.2 Water footprint and water scarcity. The WF is divided
into three categories:60 the blueWFwhich is the consumption of
surface and ground water; the green WF is the consumption of
precipitation; the grey WF is the consumption of freshwater
used to dilute pollutants. Although precipitation is very low,
green water and blue water were considered in this study. The
Fig. 4 Water mass balance in an individual unit process.
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blue water includes the water incorporated in nal products,
evaporation, and discharge of used water. Besides, the
consumption includes direct consumption and embodied water
consumption, which is the WF of materials used in process.
Water consumption in the notional Li2CO3 plant was is esti-
mated based on water balance studies. In addition, the WSF can
be analysed to provide a more comprehensive understanding
and to compare results of the impact of the production on water
resources in a specic region. The water scarcity character-
isation factor is determined here using the AWARE method,
dened for Chile as 81.38 m3 world equivalent m−3.35
2.4 Waste management

During the evaporation production process, a signicant
amount of salt waste and used brine are generated. The salt
waste is typically accumulated near the evaporation ponds on
open ground,41 while used brine is reinjected into the subsur-
face.61 However, to the best of our knowledge, there are no re-
ported precise operational details or real case studies of
reinjection of large volumes of spent brine. The question
whether reinjecting brine may cause dilution of lithium
resources, change the ecosystem, or disrupt the stratigraphic
structure in Atacama still remains a controversial and unre-
solved issue.17 Considering the aforementioned conditions,
detailed reinjection analysis is not within the scope of this
research. Similarly, during the Li2CO3 production in the
chemical plant, the process generates solid and liquid waste.
The composition of liquid waste comprises water with bor-
on(III), organics and some mother liquor containing impurities,
while the solid wastes are magnesium carbonate pulp, magne-
sium hydroxide pulp and calcium carbonate pulp which are
generated by precipitation processes. The industrial wastes are
disposed in impoundments.41

Traditional LCA studies typically neglect the inuence of
waste management units. However, studying the impact of
waste management units is necessary in an arid location like
the Atacama Desert where rare animals are present. This study
aimed to investigate whether current waste management
methods have an impact on the inltration of groundwater and
brine and assess the rational of current waste management
practices. The waste management units considered include
waste salt piles and surface impoundments.

2.4.1 Life cycle model for waste salt piles. Waste piles are
facilities where waste is placed for disposal as shown in Fig. 5.
However, the leachate from landlls may have negative effects
on the groundwater in the surrounding area.

The waste pile was modelled as a rectangular prism model
with rainfall as input and leachate as output. The precipitate can
be stored in the system, drained laterally, or evaporated back into
the atmosphere, as there is little plant cover in the Atacama
production region, the plant evapotranspiration was not
considered. As the precipitation and temperature uctuate with
seasons, the quantity of water that is inltrating was calculated
using the principle of annual water balance, according to the
following eqn (7):
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Waste pile structure illustration.
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Ia = Pa − Ea − (FC − W) × Ta (7)

where, Ia represents the annual water inltration (mm a−1), Pa
represents the annual precipitation in (mm a−1), Ea represents
the annual evaporation (mm a−1), FC the eld capacity (vol
vol−1), W represents the initial water content of the fresh waste
(vol vol−1), Ta represents the thickness of the fresh waste layer
accumulated (mm a−1).

2.4.2 Life cycle model for surface impoundments. There
are three options of conguration of surface impoundment
considered here: unlined, single liner and composite liner as
Fig. 6 Three types of surface impoundments considered. (A) Unlined.
(B) Single lined. (C) Composite liner with leakage holes.62

© 2025 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 6. The equations and illustrations of the average
inltration rate of the unlined and single lined scenarios are
respectively shown in eqn (8) and (9), while for the case of
composite liner, the leakage rate was calculated from eqn (10).62

I ¼ Hp þDfc þDclog

Dfc

Kfc

þ Dclog

Kclog

(8)

I ¼ Hp þDfc þDliner

Dfc

Kfc

þ Dliner

Kliner

(9)

Q = 0.21a0.1h0.9Ks
0.74rS (10)

where I represents the average inltration rate (m s−1), Hp

represents the pond depth of wastewater in the surface
impoundment (m), Dfc represents the thickness of consolidated
sediment layer (m), Dclog and Dliner represent the thickness of
clogged soil layer and consolidated sediment layer respectively,
which is typically 0.5 m, Kfc represents the saturated hydraulic
conductivity of consolidated sediment (m s−1), Kclog and Kliner

represent the saturated hydraulic conductivities of clogged soil
and liner respectively (m s−1). For the equation for a composite
liner, Q represents the steady-state rate of leakage through holes
in the composite liner (m3 s−1), a represents the area of holes in
the geomembrane (m2), h represents the head of liquid on top
of geomembrane (m), KS represents the hydraulic conductivity
of the low-permeability soil underlying the geomembrane (m
s−1), r represents the leak density (holes m−2) and S represents
the footprint of the surface impoundment (m2). The required
parameters can be obtained from USEPA (2003).63
3 Results and discussion
3.1 Life cycle inventory (LCI) analysis

The following sections provide a detailed analysis of the LCI
results for Li2CO3 production from the Atacama Desert brine,
starting with the process modelling.

3.1.1 Process modelling. The Li2CO3 production simula-
tion results provide quantied inputs and outputs at the unit
process level. Aer solar evaporation, the concentrated brine is
transferred to the chemical plant in which it is acidied with
hydrochloric acid, followed by ltration to remove insoluble
borates formed with divalent cations (e.g. CaB4O7$6H2O), then
soluble boron(III) species are extracted by organic solvents in
a multistage counter-current centrifugal extraction process. The
boron(III) species in the reacted organic solvent is then re-
extracted into aqueous NaOH, requiring 6.72 kg NaOH per kg
of Li2CO3 product. The then boron(III)-free brine is reacted with
Na2CO3 to precipitate and recover part of the MgII as MgCO3,
followed by MgII and CaII removal as carbonates using lime
water, which is cheaper than Na2CO3 solution. Finally, the
puried brine is reacted with Na2CO3 to precipitate Li2CO3,
recovered by ltration, then washed with cold water and dried at
150 °C for 3 hours to obtain the nal battery-grade product. The
mother liquor generated during the precipitation process can
RSC Sustainability, 2025, 3, 275–290 | 281
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be used to dilute boron-free brine, thereby decreasing the loss
of lithium(I) during MgII and CaII precipitation.

The simulation results showed that for the chemical plant to
produce 1 kg of Li2CO3, it required 3.28 kg concentrated brine,
and 0.13 kg, 2.79 kg and 10.71 kg of hydrochloric acid, organic
solvent, and hydrocarbon diluent, respectively. Precipitation of
MgII and CaII impurities and carbonisation of the lithium(I)
product required 5.79 kg Na2CO3 in aqueous solution, together
with 0.014 kg of lime water. The Aspen modelling of the Li2CO3

production process validated the LCI inputs and the outputs;
nally, discrepancies between modelled results and calculated
and collected LCI data inputs were optimised by modelling.

3.1.2 Evaporation modelling. Previous publications on LCI
on the Li2CO3 production process appear to have overlooked
evaporation rate modelling, which was investigated here by
correction and comparison of assumptions, theoretical calcu-
lations and measured results. The assumption generally made
by previous researchers,17,49 that up to 95% of the brine is
evaporated, resulted in a corrected brine evaporation rate of
2.71 mm day−1. The Chilean company Sociedad Qúımica y
Minera (SQM) has reported measured brine evaporation rates of
3.24 mm day−1, using a metal class A evaporation pan at its
measurement stations on site in the Atacama region. The cor-
rected evaporation rate of brine calculated using Penman's eqn
(1) was 2.62 mm day−1. The estimated result based on earlier
authors is similar to that, but signicantly lower than that
measured by the class A pan, possibly because the side of the
pan was also exposed to sunlight, potentially leading to an
overestimation of the evaporation rate.64 Additionally, the liquid
placed in the pan for testing was not specied sufficiently, so it
is uncertain whether it is brine, groundwater, or some other
water. For the theoretical calculation, a simplied version of
Penman's equation was used, acknowledging that the wind
speed may have a signicant effect on the evaporation rate. The
evaporation modelling results were used to devise three
scenarios in the water balance analysis, as explained in Section
3.2.2.

3.1.3 Electrical grid fuel mix. As shown in Fig. 7, the main
fuels of the SING electrical grid mix in 2023 were 48.46% natural
gas and 34.80% hard coal, accounting for 83.26% of the total
Fig. 7 Northern Chilean electrical grid fuel mix.45

282 | RSC Sustainability, 2025, 3, 275–290
electrical grid mix, to which 8.7% was added from photovoltaic
energy sources, due to the abundant solar energy resources in
the northern Chile region. Hydropower, diesel, fuel, geothermal
and cogeneration contributed less to the SING electrical grid
fuel mix. Although this specication is very carbon intensive, it
is expected that the percentage of coal based power will
decrease with time due to the stated intentions in the Chilean
government's energy policy, aiming to decommission coal-red
power plants and increase the utilisation of solar power.30

3.1.4 Waste management. The average water inltration
can be calculated by eqn (7)–(10). Evidently, the climate in the
Atacama desert is extremely arid, as the measured annual
precipitation is 7.4 mm year−1, while the measured evaporation
is 3246.9 mm year−1.44 The value of Ta in eqn (7) cannot be
obtained, but the maximum height of waste piles is 30 m.41

Although the exact values of FC and W were not available,
assuming a value of 1 for FC and 0 forW, it can still be estimated
that the predicted inltration will be less than zero. This indi-
cates that there is hardly liquid inltration from the waste piles
formed into the lower layers. Therefore, the inltration of waste
salt from piles will likely have minimal effect on groundwater
quality. Similarly, for the inltration analysis of surface
impoundments, whether unlined, single lined or composite
lined, the inltration rate and leakage are extremely small. As
a result of the range of values for parameters Kfc and a, for the
unlined model, the average inltration rate was predicted to
range from 2.24 × 10−7 m s−1 to 3.07 × 10−7 m s−1; for the
single lined model, the inltration rate ranged from 1.94 ×

10−8 m s−1 to 1.98 × 10−8 m s−1; for the composite liner model,
the leakage rate ranged from 4.83 × 10−8 m s−1 to 6.09 ×

10−8 m s−1. Consequently, inltration may have little inuence
on underground water and brine. Therefore, it is inferred that
rainwater management or a collection system may not be
needed.

While the effect of waste inltration may be negligible, the
waste produced during evaporation and accumulated near the
evaporation ponds occupies signicant land area. Based on
calculations, the annual production of 1.8 × 105 t a−1 of Li2CO3

will generate 1.43× 107 t a−1 of waste salts, consisting mainly of
sodium and potassium salts. As assumed by Flexer (2018),17 the
salt mixture was considered to have an average volumetric
density of 2 kg dm−3. As a result, this will produce waste with
a volume of 7.16 × 106 m3 a−1. Assuming that each waste pile
has a height of 30 m,41 the total required area is 2.39 × 105 m2

a−1 which is expected to expand with increasing annual
production, requiring timely implementation of waste disposal.
3.2 Life cycle impact assessment analysis

3.2.1 Life cycle impact assessment. A cradle-to-gate LCA for
producing 1 kg of Li2CO3 from brine was conducted based on
the optimised LCI produced. Fig. 8 presents the thirteen
different environmental impacts assigned to different key
contributing processes.

Among all impact categories, use of NaOH and sodium
carbonate, water supply, and electrical energy supply were the
most signicant contributors, with minor additional
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Environmental impacts of lithium carbonate production at the Atacama Desert, disaggregated to key contributing processes.
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contributions from other sources. This arose mainly from the
NaOH requirement in the re-extraction process of borates from
organic to aqueous solvents. The high mass-specic electrical
energy requirement of the chlor-alkali electrolytic process for
NaOH production was the dominant contributor. Additionally,
Na2CO3, used for MgII and CaII removal and for precipitation of
the Li2CO3 product, led to environmental impacts. The entire
production process requires electrical energy from the grid and
water for solution preparation and as wash water, which also
causes signicant burdens.

Despite the high CO2 footprint of NaOH production being
including in the analysis, as shown in Table 1, the overall GWP
of the Li2CO3 production was predicted as 5.82 kg CO2 (kg
Li2CO3)

−1, driven primarily by use of NaOH (75.84%), Na2CO3

(14.01%) and electrical energy (8.30%). If the re-extraction
process was not included in the production process, the over-
all GWP was predicted to decrease to 1.41 kg CO2 (kg Li2CO3)

−1.
However, this would result in increased costs and large volumes
Table 1 Major environmental impact contributors for Li2CO3

production

Impact Major contributions

GWP NaOH (75.84%), Na2CO3 (14.01%), electricity (8.30%)
FDP NaOH (77.56%), Na2CO3 (11.67%)
SODP NaOH (91.89%), Na2CO3 (4.37%)
POFP NaOH (73.64%), Na2CO3 (15.71%)
FPMFP NaOH (61.90%), electricity (18.08%), Na2CO3 (14.83%)
TAP NaOH (63.97%), Na2CO3 (28.40%)
FEP NaOH (65.89%), Na2CO3 (12.23%), water (14.15%)
MEP NaOH (63.02%), Na2CO3 (16.80%), water (15.60%)
FETP NaOH (64.49%), Na2CO3 (26.05%)
METP NaOH (64.71%), Na2CO3 (26.10%)
TETP NaOH (69.14%), Na2CO3 (27.14%)
HTP NaOH (71.16%), Na2CO3 (20.17%), water (2.17%)
MDP NaOH (66.13%), Na2CO3 (29.06%)

© 2025 The Author(s). Published by the Royal Society of Chemistry
of waste organic solvents to be treated. The major environ-
mental impacts contributors are summarised in Table 1. NaOH,
Na2CO3, electrical energy and water use were the dominant
contributors to fossil depletion potential (FDP), stratospheric
ozone depletion (SODP), photochemical ozone formation,
human health (POFP), terrestrial acidication (TAP), freshwater
ecotoxicity (FETP), marine ecotoxicity (METP), terrestrial eco-
toxicity (TETP), human toxicity, cancer (HTP) and metal deple-
tion (MDP). For ne particulate matter formation potential
(FPMFP), electrical energy was the second largest contributor,
accounting for 18.08%. For freshwater eutrophication (FEP) and
marine eutrophication (MEP), water use contributed 14.15%
and 15.60%, respectively, as did Na2CO3 (12.23% and 16.80%,
respectively).

Fig. 8 reports a predicted GWP of 5.82 kg CO2 (kg Li2CO3)
−1

produced from brine, whereas previously research reported
different GWP values shown in Table 2.28,29,31,32 However, it is
important to note that previous results were predicted using
simplistic unit process approaches without detailed theoretical
calculations and modelling, such as of evaporation. It is unclear
whether those authors considered the effects of boron(III) re-
extraction processes; they did not include effects of regional
electrical energy simulations, and used data across different
years, so a range of GWP values are justied.
Table 2 Comparisons of GWP results for Li2CO3 production from
brine with previously reported results

Study year GWP/kg CO2 (kg Li2CO3)
−1 Reference

2012 2.02 28
2021 2.9 29
2022 3.5 31
2023 4–5 32
2024 5.82 This study

RSC Sustainability, 2025, 3, 275–290 | 283
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Fig. 9 Water footprint components for lithium carbonate production in the Atacama Desert.

Fig. 10 Water scarcity footprint results for three scenarios: scenario 1
for an assumed evaporation rate; scenario 2 for Penman's equation;
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3.2.2 Water footprint (WF) and water scarcity footprint
(WSF). Water balance analyses were used to calculate water
footprints and water scarcity footprints reported in Fig. 9. The
blue WF was predicted for three different evaporation model-
ling scenarios, with a production period of one year; the green
WF was negligible due to the limited precipitation. The minor
contributors to water footprint were aggregated and detailed
information can be found in the ESI.†

For the assumed evaporation scenario 1, the total was 160 kg
(kg Li2CO3)

−1 without considering water evaporation from
brine, and the blue WF of the chemical plant production
process blue WF accounted for 87.50% of the total. The NaOH
production process consumed a signicant amount of water,
accounting for 74.83% of the total blue WF of the chemical
plant production process. Excluding the NaOH production
process, the total blue WF for all other processes was 55.41 kg
(kg Li2CO3)

−1. If water evaporation from brine was considered
as a consumption of underground water resources, the blue WF
was predicted to increase by 175.8 kg (kg Li2CO3)

−1.
For scenario 2, using Penman's eqn (1), the total blueWF was

predicted as 749 kg (kg Li2CO3)
−1 without considering water

evaporation from brine, since decreased evaporation rates led to
increased volumes of concentrated brine supplied to the
chemical plant. According to the calculations, the quantity of
chemicals added was proportional to the brine volume, which
increased the overall water footprint. Therefore, the rst
process of brine evaporation is crucial as it inuences the
inputs to the chemical plant and water consumption, thereby
affecting production processes and costs. Similarly, if water
evaporation from brine was considered, the blue WF would
increase by 164 kg (kg Li2CO3)

−1.
For scenario 3, the measured evaporation rate scenario,

according to calculations, the blue WF consumption was 80 kg
(kg Li2CO3)

−1 without considering water evaporation from
284 | RSC Sustainability, 2025, 3, 275–290
brine, with 75.14% attributed to the chemical plant production
and 24.86% to the mining and evaporation processes. The
actual amount of brine available for evaporation, calculated
from the total annual brine extraction was 179.7 kg (kg
Li2CO3)

−1. However, due to the higher evaporation rate, there
was an excessive water evaporation from brine; the amount of
evaporated water should be 202.6 kg (kg Li2CO3)

−1, which is
12.73% more than the actual value.

Fig. 10 shows the WSF for Li2CO3 production from brine
in Chile. The 2023 AWARE water scarcity index for Chile is
81.38 mworld eq.

3 (kg Li2CO3)
−1.35 The WSFs were calculated

taking water evaporation from brine into account for the three
scenarios: 27.45 mworld eq.

3 (kg Li2CO3)
−1 for scenario 1, 74.55

mworld eq.
3 (kg Li2CO3)

−1 for scenario 2 and 23.12 mworld eq.
3 (kg

Li2CO3)
−1 for scenario 3. The water scarcity effects of the Ata-

cama Desert arise primarily from water evaporation from brine
and direct utilisation of freshwater at the processing plant. If
scenario 3 using measured evaporation rates with the class A pan.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Changes in life cycle impact scores of lithium carbonate
production from Atacama brines due to expected electrical grid
evolution.
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the prior brine evaporation concentration process is sufficient,
the water demand for the processing plant would be relatively
reasonable.

Some reports argue that the impact of brine extraction
should not be included in water balance analyses, but should be
evaluated through the hydrogeology analysis of the salt
ats.58,65,66 However, the extracted brine, through the evapora-
tion process, results in concentrated brine and takes part in the
overall water balance of the system. Therefore, we suggested
that it should be considered within the complete scope of water
analysis. Furthermore, the extremely high water scarcity factor
of Chile indicates the need for cautious water resource
consumption in arid regions, especially in the Atacama Desert
where the WSF may be even higher than the national average. It
is essential to decrease water use and increase water recycling.
However, presently, the evaporated brine which should be
considered as a resource as well, as it exits the system and
cannot be recovered by conventional evaporation methods. The
development of new technology avoiding water evaporation
from brine and reducing the amount of chemical usage will
greatly benet the arid region by reducing its water scarcity
effect.

3.2.3 Sensitivity analysis. The Chilean electrical grid fuel
mix and variations in brine concentration were identied as
critical parameters for sensitivity analysis. These factors were
analysed to evaluate their effects on the overall environmental
impacts. Between 2030 and 2050, Chile's electrical grid fuel mix
is predicted to undergo signicant changes to form a more
sustainable energy future, driven by a strong shi towards
renewable energy sources. As shown in Table 3, the share of
wind and photovoltaic energy will increase signicantly.
Concentrated solar power and battery energy storage will also
grow.

Conversely, there will be a decrease in reliance on fossil
fuels, hydropower, biomass, and geothermal energy; coal will be
phased out entirely.67

Table 3 presents the expected Chilean electrical grid fuel mix
evolution in the near- (2030) and longer-term future (2050).67

Fig. 11 presents the respective sensitivity analysis results
comparing the base case with each of these two scenarios. The
transition to increasingly renewable energy-dominated grid
Table 3 Chile electrical grid fuel mix in 2030 and 2050 (ref. 67)

Energy type

Contribution/%

2030 2050

Battery energy storage system 2.32 3.17
Diesel 4.08 0.57
Wind 24.07 33.52
Photovoltaic 26.89 36.13
Concentrated solar power 13.64 17.22
Liquied natural gas 6.15 0.93
Hydro 20.09 7.30
Biomass 2.20 0.97
Geothermal 0.53 0.19
Coal — —

© 2025 The Author(s). Published by the Royal Society of Chemistry
mixes in Chile by 2030 and 2050 results in signicant environ-
mental benets, as compared to the present base case,
including decreases in GWP, FDP, POFP, FPMFP and TAP up to
16%. However, the energy shi also introduces new challenges.
SODP, FEP, MEP, FETP, METP, TETP, HTP and MDP are ex-
pected to increase by up to 30%, due to the renewable energy
infrastructure specics, such as the need for battery energy
storage systems, solar panels, and wind turbines. Due to high
LiI concentrations in Atacama brines, specic energy
consumptions of solar evaporation processes are low.68 There-
fore, switching to clean energy sources has minimal effect on
decreasing GWP (1.22% and 2.54%).

For the sensitivity analysis of brine concentration, it was
assumed that the ratios of ion concentrations in brines
remained constant, while brine concentrations were diluted by
25% and 50%, reecting the exploitation of lower quality
resources formed by geological and hydrological processes that
remained unchanged. The compositions of the diluted brines
considered are presented in Table 4.

Fig. 12 presents results of the sensitivity analysis for the two
brine dilution scenarios, which were predicted to cause
increases in overall environmental impacts, with life cycle
impact scores increasing further as concentrations decreased.
Specically, a 25% decrease in brine concentration led to
Table 4 Brine compositions for scenarios assuming decreased
concentrations of ions in brine by 25% and 50%

Composition Base case/wt% 25% reduction/wt% 50% reduction/wt%

LiI 0.15 0.11 0.08
Cl−I 16.04 12.03 8.02
NaI 7.60 5.70 3.80
KI 1.85 1.39 0.93
CaII 0.03 0.02 0.015
MgII 0.96 0.72 0.48
SO4

2− 1.65 1.24 0.83
BIII 0.06 0.05 0.03
H2O 71.66 78.75 85.83
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Fig. 12 Changes in life cycle impact of lithium carbonate production
from Atacama brines due to 25% and 50% dilution of ion
concentrations.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
11

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5-
03

-1
0 

 1
0:

51
:0

0.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
increases in life cycle environmental impacts ranging from 33%
to 54%, whereas a 50% reduction in brine concentration caused
life cycle impacts to increase by 88% to 126% across the various
categories. These increases were due primarily to lower brine
concentrations necessitating the processing of larger volumes
of brine to produce 1 kg of Li2CO3, in turn intensifying
requirements for chemicals and energy. Consequently, overall
life cycle environmental impacts increased signicantly.
3.3 Process improvements and alternative methods

Improvement of the present process requires optimisation of
removal processes of boron(III) and other impurities. Firstly,
boron(III) removal was predicted to be the primary source of
pollution, mostly due to NaOH production. Replacing the
hydrogen evolution/water reduction reaction (2H2O + 2e− /H2

+ 2OH−) at cathodes in conventional chlor-alkali membrane
electrolysers with the oxygen-reduction reaction (O2 + 2H2O +
4e− / 4OH−) at oxygen depolarised cathodes (ODC) could
decrease of electrical energy usage by ca. 25%, thereby
decreasing CO2 emissions and GWPs.69 Presently, ODC tech-
nology offers the most environmentally sustainable method of
chlor-alkali production.70,71 Furthermore, molar ratios of H2O
consumed to OH− ions produced in conventional membrane
chlor-alkali processes are ca. 1, whereas that ratio is 0.5 for
oxygen reduction cathodes, so enabling decreased water
consumption.

Despite decades of operation of the boron(III) solvent
extraction process, ongoing research is exploring alternative
methods such as nanoltration, to remove boron(III) from brine.
However, nanoltration is 1.4 to 1.7 times more polluting than
solvent extraction because of its greater consumption of elec-
trical energy.72 In addition, the use of environmentally benign
solvents and improved extraction and re-extraction techniques
has the potential to decrease the consumption of input mate-
rials so decreasing environmental burdens.

Secondly, companies and academics are researching new
technologies intensively to recover lithium(I) from brines, since
lithium(I) recoveries are <50% by solar evaporation. The new
286 | RSC Sustainability, 2025, 3, 275–290
techniques, such as solvent extraction, adsorption, nano-
ltration, and electrochemical methods, aim to increase LiI

production rates without relying on evaporation. In the extrac-
tion of lithium(I), solvent extraction offers 75% to 99% greater
recovery rates.73–77 However, large scale production would
require large volumes of organic solvent, challenging its
recovery and suitable equipment selection.21 Alternatively,
lithium(I) extraction by adsorption would be a simple and
attractive technique due to high lithium(I) selectivity (92–99%)
and adsorption capacity.78–80 However, this technique in large-
scale production can result in blockage of the ion channels
reducing adsorbing capacity.21 Additionally, the adsorbents may
need frequent replacement making implementation compli-
cated and potentially expensive. Nanoltration for lithium(I)
extraction is a simple method that can be conducted at room
temperature, but lithium(I) recoveries have been reported to be
relatively low, ranging from 12% to 55%.81–83 Electrochemical
methods for lithium(I) extraction offer great potential, avoiding
the need for boron(III) removal processes and have low water
(1.1 to 47.5 dm3 s−1) and electrical energy consumptions (0.001
to 0.013 kW h per mol Li+).84 Additionally, production times
have been decreased to days and even hours. For example,
lithium(I) in brine can be recovered selectively by electro-
chemical deintercalation/intercalation system (LiFePO4/FePO4

EDI system), during which the Mg2+, Ca2+, SO4
2− and B4O7

2−

removal rates were above 94%.85 In addition, LiMn2O4/Li1−x-
Mn2O4 (LMO) electrochemical systems with porous electrodes
is also a promising method, which can recover lithium(I)
directly from brine at a high rate and low specic electrical
energy consumptions.86

Overall, all those methods mentioned above offer distinct
advantages and challenges in lithium(I) extraction, highlighting
the necessity for comprehensive evaluation and consideration
of factors such as recovery efficiency, environmental impact,
operational feasibility, and cost benet analysis in large-scale
production scenarios.
3.4 Limitations and future perspectives

Although a detailed LCA of Li2CO3 production has been devel-
oped, it still has some limitations and shortcomings. Speci-
cally, the waste management model was simplied; rectangular
cuboid units were employed based on the methods of USEPA,62

whereas waste piles oen have conical or trapezoidal shapes in
reality. These differences can affect the thickness of the accu-
mulated fresh waste layer and further inuence inltration
rates. Therefore, a more careful evaluation of the model
parameters for real cases is required for an in-depth investiga-
tion of waste management. For water scarcity analysis, the water
scarcity factor used is the Chilean average value. However, it is
essential to obtain the latest water scarcity factor specic to the
production site at the core of the Atacama Desert for a more
detailed analysis at the regional level.

In recent years, several coal-red power stations have been
decommissioned in Chile and replaced with solar and wind
energy generation. This change is expected to make the future
electrical grid mix in Chile cleaner, and less carbon intensive.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Therefore, it is reasonable to explore the environmental impact
of Chile energy transition on lithium(I) production in the future.
A comprehensive LCA study can be conducted of alternative
methods of lithium(I) extraction from brine to compare with
conventional evaporative techniques. This analysis can help to
evaluate the environmental impacts, water resource consump-
tion, production output, duration, and economic benets of
each method, providing comprehensive guidance for lithium(I)
production.

4 Conclusions

An up-to-date and more detailed LCI model has been estab-
lished, based on chemical stoichiometry calculations, param-
eter modelling, and existing literature, technical reports, and
the Ecoinvent database. This model involved optimisation
through simulations, as well as calculations for every step of the
process, including recycling. Due to the varying regional char-
acteristics of brine production in each salar, and distinct
freshwater resources surrounding different brine extraction
sites, investigation of individual salars characteristics and
extraction processes is considered necessary. Simulations of the
northern Chile electricity grid mix, still dominated by fossil
fuels, has helped produce more accurate results that are
regionally specic. For waste management, although the accu-
mulation of waste generated during Li carbonate production
may not have had a signicant impact on inltration, still it is
shown to result in occupation of signicant land areas.

Detailed and complete analysis of thirteen life cycle envi-
ronmental impacts of this LiI extraction process has predicted
relatively low GWP (5.82 kg CO2 (kg Li2CO3)

−1) and other
impacts, but relatively high TETP (24.57 kg 1,4-DB eq. (kg
Li2CO3)

−1) due to NaOH production. Considering water issues,
three scenarios for the evaporation process have been simu-
lated, adjusted, and compared to analyse the water balance
results. Although the water footprint of the process was shown
not to have been signicant (0.29 m3 (kg Li2CO3)

−1 to 0.92 m3

(kg Li2CO3)
−1), it is crucial to note that this water has been

extracted and pumped from an underground resource that is
scarce in an extremely arid region. Therefore, the WSF of this
seemingly low water-consuming LiI production process was
predicted to be relatively high signicant (23.12 mworld equiv.

3 (kg
Li2CO3)

−1 to 74.55 mworld equiv.
3 (kg Li2CO3)

−1). In addition to
those disadvantages, the time-consuming production also
resulted in low predicted lithium(I) recoveries and recovery rates
during the evaporation process.

The rapidly growing demand in the Li2CO3 market is
encouraging the conception and development of novel lith-
ium(I) recovery processes. Although many alternative solutions
have been studied and even up-scaled, they have not specically
addressed the question of how the brine will be treated aer
lithium(I) recovery. Through our water balance analysis,
a signicant volume of water from brines was predicted to be
lost from the system by evaporation; in such an extremely arid
area those losses should not be ignored but considered as
a potential resource for recovery. The results provided impor-
tant insights of the life cycle impacts of Li2CO3 production and
© 2025 The Author(s). Published by the Royal Society of Chemistry
associated industries and can help guide lithium(I) production
activities. Additionally, the results offer a scientic basis for
environmental management in arid and similar regions.

Abbreviations
EDI
 Electrochemical Deintercalation/Intercalation

FDP
 Fossil Depletion Potential

FEP
 Freshwater Eutrophication Potential

FETP
 Freshwater Ecotoxicity Potential

FPMFP
 Fine Particulate Matter Formation Potential

GWP
 Global Warming Potential

HTP
 Human Toxicity Potential, cancer

LCA
 Life Cycle Assessment

LCI
 Life Cycle Inventory

LIB
 Lithium-Ion Battery

LMO
 LiMn2O4/Li1−xMn2O4
MDP
 Metal Depletion Potential

MEP
 Marine Eutrophication Potential

METP
 Marine Ecotoxicity Potential

POFP
 Photochemical Oxidant Formation Potential, human

health

SING
 Sistema Interconectado del Norte Grande

SODP
 Stratospheric Ozone Depletion Potential

SQM
 Sociedad Qúımica y Minera

TAP
 Terrestrial Acidication Potential

TETP
 Terrestrial Ecotoxicity Potential

WF
 Water Footprint

WSF
 Water Scarcity Footprint
List of symbol definitions and units
a
 Albedo (/1)

a
 Area of holes in the geomembrane (m2)

aU
 Wind function coefficient (/1)

Dclog
 Thickness of clogged soil layer (m)

Dfc
 Thickness of consolidated sediment layer (m)

Dliner
 Thickness of consolidated sediment layer (m)

Ea
 Annual evaporation (mm a−1)

EO
 Corrected evaporation rate (mm day−1)

EPEN
 Calculated evaporation rate using Penman

equation (mm day−1)

Et
 Recorded evaporation rate in the class A pan or

calculations (mm day−1)

FC
 Field capacity (vol vol−1)

h
 Head of liquid on top of geomembrane (m)

Hp
 Pond depth of wastewater in the surface impoundment

(m)

i
 Rank of month (/1)

I
 Average inltration rate (m s−1)

Ia
 Annual water inltration (mm a−1)

Kclog
 Saturated hydraulic conductivity of clogged soil (m s−1)

Kfc
 Saturated hydraulic conductivity of consolidated

sediment (m s−1)

Kliner
 Saturated hydraulic conductivity of liner (m s−1)

Ke
 Pond coefficient (/1)
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Ks
288 | R
Hydraulic conductivity of the low-permeability soil
underlying the geomembrane (m s−1)
KS
 Salinity reduction coefficient (/1)

n
 Bright sunshine hours per day (h)

N
 Maximum possible daylight duration (h)

Pa
 Annual precipitation (mm a−1)

Q
 Steady-state rate of leakage through holes in composite

liner (m3 s−1)

RH
 Relative humidity (%)

RA
 Extraterrestrial irradiance (MJ m−2 day−1)

RS
 Solar irradiance (MJ m−2 day−1)

S
 Footprint of the surface impoundment (m2)

Si
 Solid input (kg (kg Li2CO3)

−1)

So
 Solid output (kg (kg Li2CO3)

−1)

T
 Average temperature (°C)

Ta
 Thickness of the fresh waste layer accumulated (mm a−1)

u
 Wind speed (m s−1)

W
 Initial water content of the fresh waste (vol vol−1)

Wei
 External water input (kg (kg Li2CO3)

−1)

Wii
 Internal water input (kg (kg Li2CO3)

−1)

Wo
 Water output (kg (kg Li2CO3)

−1)

Wr
 Recycled water (kg (kg Li2CO3)

−1)

Ww
 Wastewater (kg (kg Li2CO3)

−1)

B
 Latitude of the site (Rad)

r
 Leak density (holes m−2)
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24 M. Grágeda, A. González, W. Alavia and S. Ushak, Energy,

2015, 89, 667–677.
25 V. T. Nguyen, C. Deferm, W. Caytan, S. Riaño, P. T. Jones and

K. Binnemans, J. Sustainable Metall., 2023, 9, 107–122.
26 L. A.-W. Ellingsen, G. Majeau-Bettez, B. Singh,

A. K. Srivastava, L. O. Valøen and A. H. Strømman, J. Ind.
Ecol., 2014, 18, 113–124.

27 E. Kallitsis, A. Korre, G. Kelsall, M. Kupfersberger and Z. Nie,
J. Cleaner Prod., 2020, 254, 120067.

28 A. Stamp, D. J. Lang and P. A. Wäger, J. Cleaner Prod., 2012,
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56 Sociedad Qúımica y Minera de Chile, Fresh water and brine:

why they are different, https://www.sustainablelithium.com/
what/, accessed 5 February 2024.

57 J. S. Gutiérrez, J. N. Moore, J. P. Donnelly, C. Dorador,
J. G. Navedo and N. R. Senner, Proc. R. Soc. B, 2022, 289,
20212388.

58 W. Liu, D. B. Agusdinata and S. W. Myint, Int. J. Appl. Earth
Obs. Geoinf., 2019, 80, 145–156.

59 J. C. Molinare, PhD thesis, Imperial College London, 2014.
60 M. M. Aldaya, A. K. Chapagain, A. Y. Hoekstra and

M. M. Mekonnen, The Water Footprint Assessment Manual
Setting the Global Standard, 2012.

61 Vicepresidencia Operaciones Potasio Litio, Undécimo
Informe de Extracción Anual de Salmuera de las
Operaciones en el Salar de Atacama, 2019.

62 U.S. Environmental Protection Agency, EPA's Composite
Model for Leachate Migration with Transformation
Products (EPACMTP) Technical Background Document,
2023.

63 U.S. Environmental Protection Agency, EPA's Composite
Model for Leachate Migration with Transformation
Products (EPACMTP) Parameters/Data Background
Document, 2023.

64 J. Finch and A. Calver, Methods for the Quantication of
Evaporation from Lakes, 2008.

65 M. A. Marazuela, E. Vázquez-Suñé, C. Ayora and A. Garćıa-
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