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A B S T R A C T

Lithium mining from brines raise environmental issues due to huge volumes of both saline and freshwater being
constantly pumped in desertic environments. Data indicating the slow depletion of both underground water lev-
els and lagoon surfaces in the regions where large lithium brine mining exploitations are located have recently
being disclosed. Amongst different direct lithium extraction methodologies, DLE, for more sustainable lithium re-
covery, a few proposals aim at the recovery of freshwater from the high salinity brines. About 900 kg of freshwa-
ter could potentially be recovered per cubic meter of processed native brine. The water evaporation and freshwa-
ter production capabilities of a simple and an active solar still are compared in this work. These are two simple
and relatively low-cost technologies that could be adapted to existing solar evaporation ponds. The two systems
were thermodynamically modelled. Equations were derived which were fed with real meteorological data from
the Olaroz salt lake location and brine properties derived from the Pitzer model for the said brine. Analysis of the
heat fluxes show that the behavior of both systems is relatively similar with large heat losses that are responsible
for neither of the systems reaching the evaporation rate of the evaporation ponds.

1. Introduction

Lithium mining from brines is constantly raising environmental con-
troversies due to an intensive water usage in regions of extreme aridity
[1,2]. The largest lithium resources in brines, and the largest facilities
under exploitation at time of writing are found in a rather small region
in South America called the Lithium Triangle, encompassing southwest
Bolivia, northern Chile and northwest Argentina [1,3,4]. These natu-
rally occurring brines display extremely high salinity, with no less than
180 g L−1 of total dissolved solids and some of them reaching values of
up to 350 g L−1 [5]. Lithium cations are a very diluted species at about
1.5 g L−1 in the best scenario, with sodium chloride being most often
the prevalent salt in the mixture [1,5].

Briefly, the evaporitic technology currently employed for lithium
carbonate production at most of the existing facilities consists in brine
concentration in open air evaporation ponds. In the middle of the
dessert, by the action of the strong winds and the intense solar radiation
at high altitude, the brine losses by evaporation over 95 % of its original
water content, while most of the salts other than lithium salts slowly
crystallize in the ponds [1,6]. The evaporated water is not recovered.
On average, about 383 tonnes of water are lost by evaporation for every

final tonne of pure lithium carbonate produced [1]. To make matters
even worse, in the final processing of the concentrated brine leading to
the production of a pure lithium product, about 50 m3 of freshwater are
employed [1,5]. Brine and freshwater are found in different reservoirs
[6–8]. However, both hydrogeological models and field measurements
have shown that when brine pumping is intensified beyond certain lev-
els there is a clear influx of freshwater from outside of the salt lakes or
salars to try to compensate for the depletion of the saline aquifers
[9–13]. Indeed, since 2018 quite a large number of research articles
have effectively shown decreases of soil moisture indexes and surface
area of nearby lagoons, depletion in the number of flora and fauna
species whose survival depends on water, amongst other data of con-
cern [1,7,14–16].

Beyond the environmental issues, the evaporitic technology also
lags behind in competitiveness regarding techno-economic aspects. It is
extremely sluggish, with brine residing in the ponds between 10 and 24
months to reach the required lithium concentration [1,6]. Thus, both
industrialist and academic researchers are eagerly looking for new tech-
nologies. Amongst many different proposals, jointly known as direct
lithium extraction technologies, DLE [1,17], an interesting group are
those that propose to concentrate brine by some alternative method
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that does not entail water loss to the environment during open air evap-
oration. In simple words, the ideal scenario would be to somehow distil-
late the brine, while recovering the freshwater, leaving behind a hyper
concentrated brine containing most of the lithium [18–23].

A simple solar still is the original solar passive desalination system
developed to convert brackish water into freshwater. While being an in-
expensive system to construct and maintain, requiring no particularly
experienced labor, its main disadvantage, is its low output of freshwa-
ter, in comparison with other desalination systems and its large foot-
print [18,24,25]. In order to improve the operation of a simple solar
still, there are multiple concepts that have been proposed and tested,
such as to increase its operating temperature, reduce the brine depth,
improve the internal transfer of heat and mass, and actively reuse the
latent heat released by the steam during the condensation process [24,
26], amongst others. In this way it is possible to significantly improve
the freshwater production rate of simple solar distillation systems. In a
simple solar still, only the direct energy of the sun irradiating the solar
still basin is used. A system where extra thermal energy is used, pro-
vided by other sources or ancillary devices is termed an active solar still
[27]. Active stills are a previous step to the more complex humidifica-
tion dehumidification technology [28]. There are different variants for
this concept of active solar still, amongst others, some designs contem-
plate that the water vapor can be condensed on the surface of the glass
cover partially or totally on the cooling coil in an external condenser
[24,26,27]. Great improvements in the efficiency of such systems have
been reported, reaching values between 45 % and 47 % [29].

An active solar still with an external condenser as depicted in Fig. 1
has three advantages over a simple system. Firstly, the latent heat of
condensation of water vapor is used up to pre-heat the brine, improving
the energy efficiency [24,26,30], i.e. energy is recovered during the
condensation process and directed back to the solar still’s basin for im-
proved evaporation. The glass cover is not a condenser, it is conducive
to increasing the temperature difference between the brine surface in
the basin and the horizontal cover, favoring the evaporation process.
Due to the implementation of the fan, the pressure inside the distiller is
slightly lower than ambient atmospheric pressure, which also strength-
ens the evaporation of water, it is advantageous to improve the water
production rate of the device [26,31].

In previous work the performance of a simple solar still was com-
pared to open air evaporation for the concentration of brine in the
lithium extraction process. Our working hypothesis was that the exist-
ing evaporation ponds could potentially be adapted to the simple solar
still concept, i.e. using the existing ponds as the basin of the still [18].
To the best of our knowledge, that work was the first to experimentally
show that freshwater could be obtained from a natural lithium rich
brine. Unfortunately, the experimental results showed that the applica-
tion of the solar still principle to evaporation ponds would render the
brine concentration process even more sluggish than it already is under
natural evaporation [18]. Despite the high levels of radiation at an ex-
isting lithium mining facility, the low average temperatures and strong
winds cause important heat losses. Together with the reduction of va-
por pressure due to the high salinity of the brine, our device showed
lower efficiency, at about 10–30 % [18], than usual for this type of sys-
tems, at about 30–40 % [24,25]. In order to develop a real scale appli-
cation, it would be desirable to match or, ideally exceed the natural
evaporation rate. However, that study allowed us to obtain great practi-
cal knowledge and experience on the behavior and efficiency of this
and related possible processes based on thermal solar energy under ex-
treme weather conditions. Moreover, correlating simulations to experi-
mental data gathered for over a year on the experimental device helped
us to validate a thermal model [18]. The excellent agreement of the re-
sults of the simulations with the experimental tests allows us to rely on
these models to determine evaporation rates considering design modifi-
cations to improve the solar still’s performance.

In work reported here, the concept of an active solar still with an ex-
ternal condenser with recovery of latent heat is developed. The system
was modelled using thermal networks and numerical simulations were
produced to predict daily patterns of heat fluxes and water evaporation
rate. The model was fed with real meteorological data, and the precise
composition of a lithium rich high salinity brine was taken into consid-
eration by including deviations from ideal solutions in the activity coef-
ficients using the Pitzer model. The low air pressure at a precise lithium
mining facility located at almost 4000 m above sea level was also in-
cluded in the simulations. The results were compared to those of a sim-
ple solar still and natural evaporation in a PAN evaporimeter. The re-
sults of the simulations showed that the active solar still improves the

Fig. 1. Schematic representation of the active solar still.
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water evaporation rate of the simple solar still only for the days of
higher solar irradiation, and by a factor of 19 % in the best scenario.
Analysis of the heat fluxes allowed us to understand that while the heat
of evaporation is increased in the active system, so are the convective
and radiative losses. It was found that the best alternative to improve
either of the stills analyzed is to sharply reduce the brine mass con-
tained in the basin. When the brine height is as low as 0.01 m, the evap-
oration rate can be as much as tripled as compared to an identical de-
vice containing 30 times that amount of brine. When operated under
the extreme meteorological conditions of the Lithium Triangle, and
with the aim of recovering water from highly saline brines, no scenarios
were found were an active or simple solar still can match the perfor-
mance of natural evaporation.

2. Materials and methods

2.1. Active solar still with external condenser

Two devices are compared in this work: a simple solar still, and an
active solar still. The simple solar still has already been described in our
previous work [18]. This is schematically represented in Figure S1
(Supporting Information). Very briefly, it consists of a basin, 2 m2 sur-
face area, 200 cm long × 100 cm wide x 10 cm height. Two transpar-
ent covers are located on the top of the still, imitating a gable roof. The
cover allows for the solar radiation to be transmitted, while serving to
condensate the water vapor. The tilted geometry allows the condensed
freshwater to slide along the inner cover and be collected through lat-
eral channels that leads to an external dedicated cylindrical container
[18].

The active solar still is schematically depicted in Fig. 1. It consists of
a 2 m2 basin-type solar still with a horizontal glass cover, which, con-
trary to the simple solar still, it is not titled. The other extra compo-
nents, as compared to a simple solar still, are a small electric powered
wind turbine, and a vapor condenser unit, comprising a brine-cooling
coil, a freshwater collector, and coupling pipes. Its operating principle
is similar to that of the simple solar still. The first difference is that the
water vapor is extracted (or removed) from the basin by a low-power
fan. Vapor is led to a cooling coil, which is in turn immersed in native
brine that is used as cooling fluid. The condensed freshwater is col-
lected at the bottom of the condenser coil. The brine used as a cooling
fluid is thus pre-heated in the condenser, and it is in turn delivered to
the distiller, at a temperature T’ which is higher than the native brine
temperature, T, thus favoring evaporation. Moreover, since fresh brine
is constantly being delivered to the basin, the brine mass in the basin is
constant (see brine feeding from condenser to basin in Fig. 1). Con-
versely, the brine mass in the simple solar still is constantly decreasing,
since there is not a refilling system as water is evaporated (see figure S1,
which can be considered a batch system).For comparison and to help
our analysis, in Figs. 3 and 8 data is shown for open air evaporation.
This is experimental data that was measured on a PAN evaporimeter
(schematically shown in Figure S2, Supporting Information), for further
details, see our previous publication [18].

2.2. Simulations

All the derived equations were used to model the system in SIMU-
SOL®, an open-access software, which can be run both on Linux and
Windows and can analyze thermal, mechanical, and electrical systems
[32]. For further information, visit www.simusol.org. Table 1 lists the
description and the numerical values used for all the parameters used in
the simulations, including the reference from where these values were
extracted, where appropriate.

All simulations were performed at the hypothetical location of
Olaroz salt lake. This is in the Lithium Triangle, in the high Andean
plateau in Jujuy province, north west Argentina, coordinates

−23.554854°, −66.759093°, at 3940 m above sea level (masl). This lo-
cation was chosen since we previously had performed experiments
there with a simple solar still and an open air evaporator (PAN in the
jargon), for which the corresponding equations had been validated
when compared to experimental data. Moreover, at this specific loca-
tion we had precise meteorological experimental data (recorded every
1 hour over 1 calendar year) with our own meteorological station in-
cluding solar radiation, ambient temperature, relative humidity and
wind velocity. These real meteorological variables were fed to the simu-
lations of both the simple and active solar stills.

The composition of Olaroz brine, see Table 2, was also fed to the
simulations. Specifically, the composition of the brine is required to es-
timate the vapor pressure lowering ( ), specific heat capacity ( )
and brine density ( ). Those parameters are derived from the chemical
potentials for electrolyte solutions, and thus we require values for ac-
tivity and osmotic coefficients. The calculation of all of these follows
our previous work [33]. Data shown in Figs. 3, 4, 5, 6 and 7 was simu-
lated assuming a constant brine height in the basin of 0.07 m (both for
the simple and active solar stills). In turn, data shown in Fig. 8 was sim-
ulated at varying brine height values, as specified in that figure.

3. Results and discussion

3.1. Heat transfer analysis

Fig. 2 shows the thermal networks for the simple solar still (left) and
the active solar still with condenser (right) [31,34]. The heat transfer
analysis for a simple solar still and an active solar still are similar, ex-
cept that for the latter, in addition to the analysis of the basin, we need
to consider the heat exchanges in the external condenser. The energy
balance on the brine in the basin in the active solar still can be written
as:

(1)

where is the sunlight transmittance of the still cover, is the sun-
light absorptivity of brine, G is the solar radiation, is the specific
heat of the brine [18], is the total brine mass in the basin and is its
temperature. The energy of the sun, left side of Eq. (1), heats up the
brine, last term in Eq. (1), and gives rise to the heat exchanges that take
place between the surface of the brine and the glass cover: radiation
( ), convection ( ), and evaporation ( ), where the sub-
indexes b, gi, and c refer to brine, the inner surface of the glass cover,
and the condenser, respectively. In the active solar still is the heat
of evaporation which is not lost to the environment but saved in the
condenser to preheat brine for recycling. corresponds to all heat
losses from the bottom and sides of the basin of the solar still to the sur-
rounding through the insulation material. All heat fluxes are schemati-
cally represented in Fig. 1. Heat fluxes for the simple solar still and the
PAN evaporimeter are shown in Figures S1 and S2, respectively, in
Supporting Information.

The corresponding equation for the energy balance on the brine in
the basin of the simple solar is conceptually the same, but the nomen-
clature is slightly changed. The evaporation heat exchange is denoted

, since water vapor is condensed in the inner glass cover. More-
over, to mark the difference between the temperature values in the
simple and active still, values in the former are signaled without the
prime symbol (i.e. and ). The changes in nomenclature are also ex-
plicit in Fig. 2. Except for the changes in nomenclature, Eqs. (1) - (19)
are the same for a simple or an active solar still. The individual heat
fluxes in Eq. (1) can be mathematically expressed as:

3
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Fig. 2. Thermal networks representing the heat fluxes in the simple (a) and active (b) solar stills.

(2)
(3)
(4)

where is the emissivity of brine, is the Stefan-Boltzmann con-
stant, and are the brine and inner glass temperature values, re-
spectively. As stated, the definitions for the heat fluxes in both stills are
the same, but the temperature values should be expressed as primed in
the active still. , the convection heat transfer coefficient, can be
calculated as follows:

(5)

Where and are the partial pressures of water vapor, respec-
tively at and . and are calculated according to the follow-
ing equations:

(6)

(7)

In Eq. (6) we include the vapor pressure lowering, previously cal-
culated [18], because it relates to brine, but not in (7) because it is al-
ready pure water vapor that arrives at the inner glass cover.

The value 169,346 was calculated taking into account the reduction
of atmospheric pressure due to high altitude, according to [35]

(8)

where and are the molar mass of dry air and water respec-
tively, is the normal atmospheric pressure value at the altitude in the
location chosen for the simulations. For reference, at normal atmos-
pheric pressure, the value reported in the literature is 268,900.

The cover dissipates heat directly into the atmosphere by convec-
tion ( ), and radiation ( ) after conduction through the glass:

(9)
(10)

4
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Fig. 4. Heat fluxes calculated for the simple solar still (left) and active solar still (right). Data for the same 4 representative days shown in Fig. 3. For each raw, data on
the left and right columns correspond to the same day.

Where is the outer glass temperature, the air temperature,
is the glass emissivity and is the temperature of the sky [36], which is
an important parameter to calculate heat loss by radiation, which in a
desert location and high altitude is considerable. is affected by other
weather variables as indicated in Eq. (11):

(11)

With , the temperature of the dew point, calculated as:

(12)

where is the relative humidity. In Eq. (10) relates to the wind
velocity , and can be calculated by an approximate formula:

(13)

Heat is also lost by conduction and convection from the brine to the
surroundings through the active solar still basin base and sides insula-
tion ( ):

(14)

where the value of the heat loss coefficient , includes all the fac-
tors that cause heat losses:

5
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Fig. 5. Temperature differences between brine in the basin and the solar still cover for the simple ( ) and active ( ) solar stills. : Tem-
perature differences for brine at the top (vapor inlet) and bottom (freshwater outlet) of the external condenser. Data for the same 4 representative days shown in
Figs. 3 and 4.

Fig. 6. Heat fluxes calculated for the external condenser in the active solar still. Data for the same 4 representative days shown in Figs. 3–5.

(15)

where and are the thermal conductivity and thickness of
the basin insulation.

Thus, the theoretical instantaneous mass of evaporated water in the
active solar still can be obtained according to the following expression.

(16)

Where is the latent heat of vaporization of water.
In scale of 0–1, the thermal instantaneous efficiency of the active so-

lar still is given by:

6



CO
RR

EC
TE

D
PR

OO
F

C.F. Baspineiro and V. Flexer Next Sustainability xxx (xxxx) 100055

Fig. 7. Daily patterns for produced water vapor at the simple and active solar stills and the PAN evaporimeter. Data for the same 4 representative days shown in Figs.
3–6.

Fig. 3. Experimental meteorological data for solar radiation and air temperature fed to the simulations. Simulated values for brine temperature in the basin for the
active and simple solar stills, and brine temperature at the top of the external condenser of the active still. Experimental brine temperature in the PAN evaporimeter.
4 panels corresponding to representative days throughout the year as depicted in each panel.

7
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Fig. 8. Amount of evaporated water produced per 24 hour periods in the PAN evaporimeter, and for the simple and active solar stills as the brine height is varied in
the stills’ basin. Data for the same 4 representative days shown in Figs. 3–7.

Table 1
Literature parameters used in the simualtions.
Parameter Description / units Value Reference

Absorptivity of water [36,46]
Transmittance of glass [35,36]
Specific heat of the brine 3.4 [18,36]
Pure water emissivity 0.95 [36]
Stefan-Boltzmann constant [36]
Molar mass of air vapour 28.96 [36]
Molar mass of water 18.0153 [47]
Normal atmospheric pressure at 3940
masl

⁎

Glass emissivity 0.94 [36]
Thermal conductivity of solar still insulation 0.04 [36]

Insulation thickness of the solar still 0.08
Thermal conductivity of active solar still
insulation

0.028 [36]

Insulation thickness of the solar still 0.1
PAN evaporimeter thickness 0.002 [48]
Thermal conductivity of the PAN evaporimeter 55 [49]

Latent heat of vaporization for pure water ⁎ [50]

Brine temperature at the top of the condenser 60

Brine temperature entering the condenser 25
Density of saturated water vapour at
temperature

130.41 [50]

Density of saturated water vapour at
temperature

23.07 [50]

Brine density 1.23 [18,36]
latent heat of condensation of water vapour

at
2441.71 [50]

⁎ These parameters are temperature dependent. Values listed are those
corresponding to 293 K. Values at different temperatures were extracted from
the same cited references in the last column of the table.

(17)

The average efficiency calculated from simulations is:

(18)

Where both integrals are over the same time-period (e.g. 24 h, 1
months, etc.).

Overall, the key parameter here is (or in the simple
still), we recall the heat employed to evaporate a given amount of wa-
ter. The larger at a given incoming solar radiation, the larger the
amount of evaporated water and the energy efficiency of a given sys-
tem.

Re-arranging (4) and (5), we obtain:

Where pb and pgi are still the magnitudes defined in (6) and (7).
Thus, it should be possible to increase by designing the still such
that a large temperature difference between brine and the inner cover,

is achieved. This temperature difference is explicit in Eq. (5)
and the larger as compared to , then the larger will be the differ-
ence between pb and pgi. In an active solar still, as compared to the sim-
ple solar still, by allowing water vapor to condense in a separate con-
denser, the inner surface of the glass cover remains at a much lower
temperature, resulting in a larger temperature difference .

We now proceed with the energy balance in the condenser, which is
only applicable to the active solar still. In this case only and
are lost through the glass cover while the evaporation heat is par-
tially recovered in the condenser [24]. In the simple still, all three heat

8
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Table 2
Composition of Olaroz brine. TDS = total dissolved solids.
Na+mg L−1 K+mg L−1 Mg2+mg L−1 Li+mg L−1 Ca2+mg L−1 SO4

2-mg L−1 Cl-mg L−1 B mg L−1 HCO3
-mg L−1 TDS / g L−1 Density Kg L−1

93,300 4200 1450 510 330 15,700 148,600 1120 670 265.88 1.23

fluxes are lost through the glass cover. Thus, the energy balance in the
condenser, following Fig. 2, can be written as,

(20)

is the heat energy lost from the condenser due to conduction and
convection to the surroundings. is the heat of condensation lost due
to the fact that some water vapor escapes from the condensing coil
without condensing. depends on the temperature of the incoming na-
tive brine at the bottom of the condenser, Tw. is the recycled heat of
condensation. and are the mass and the specific heat of brine in
the condenser respectively. In the setup proposed here, brine in the con-
denser used as a refrigerating fluid has exactly the same composition as
brine in the basin, as explained above. Thus , i.e. the same
magnitude defined in Eq. (1). is the brine temperature at the top of
the condenser. The last term in Eq. (20) is the heat used to raise the
temperature of brine in the condenser. The term can be small in a
well-designed and sufficiently insulated condenser, and and can
be calculated from the following equations [24]:

(21)

(22)

where is the hypothetical mass of water vapor produced per sec-
ond in the basin at temperature , is the temperature of brine en-
tering the condenser, and are the densities of saturated water va-
por at temperatures and respectively, is the mass of water
transferred per second from the condenser to the basin. is the latent
heat of condensation of water vapor (i.e. numerically the same value as
the latent heat of vaporization of water).

It can be seen that unlike the simple solar still, the expressions for
the heat flows , and in the active solar still depend on
the new temperatures and of the brine in the basin and inner
surface of the glass cover, respectively, as can be seen in Fig. 2. Other
changes in these heat transfer equations with respect to the simple solar
still are not taken into account here. The changes in convection heat
transfer coefficient and internal pressure are neglected.

In order to estimate the required size for the condenser to effectively
condense the largest possible amount of water vapor, we resort to Eq.
(23) [24,31]:

(23)

Where is the daily production of water vapor given in kg. The
last term on the right side of Eq. (23) represents the heat given out by
water vapor that escapes uncondensed when it cools down from to

and is the specific heat of water vapor. It is small compared to the
other two terms and can be neglected. In Eq. (23) it is assumed that the
condensation of steam takes place at whereas actually it condenses
as it goes down the condenser coil from temperature to [24].

One important simplification is included in the models for all three
systems. Mathematically, the brine composition is not modified, i.e. it is

considered constant and equal to that shown in Table 2. This simplifica-
tion renders easier the implementation of the model and the computing
requirement for the calculations are thus much less demanding and can
therefore be run on a desktop computer. This assumption is physically
not precise. As water evaporates, the different brine components be-
come more concentrated in both the simple solar still and PAN evapor-
imeter. In the case of active solar still, fresh brine is continuously fed to
the basin. Another assumption is made here: mass of incoming fresh
brine equals mass of evaporated water. In this case, brine in the basin
still becomes more concentrated than fresh brine.

The original model, developed for the simple solar still was vali-
dated by comparing simulation results with experimental data [18]. In
those experiments, the basin was refilled with freshwater every (24 ±
1) hours. Considering the basin dimensions, right after refilling, it con-
tained 172.2 kg brine. On the day with largest register, 5.32 kg m−2

day−1 water were evaporated. Thus, considering the 2 m2 of basin area,
the brine mass variation was never larger than 6.2 % during a 24 h pe-
riod (the time frame for which the simulations are run and compared to
the experimental data). Precise calculations for the osmotic and activity
coefficients for this system as water is removed [33], showed that for
concentration variations not larger than 6.2 %, neither the activity, nor
the osmotic coefficients change by amounts larger than 10 % (much less
for some species). Moreover, osmotic and activity coefficients are used
to calculate brine vapor pressure lowering, heat capacity and density,
and while all of these show changes with concentration, these changes
are not abrupt either [18].

Overall, while there are differences between the two solar stills and
associated thermal networks we still consider that the two systems
share sufficient similarities and therefore the previously validated
model can be used to predict heat exchanges in the active solar still. The
most important assumption, brine composition being kept constant, is
the same for both systems. In the case of the active solar still, and in the
time frame of the simulations, changes to brine composition are never
larger than 6.2 %. The validity of these assumptions will not hold any
longer for the simulations with much more shallow brine depths, see
discussion in Section 3.6.

3.2. Dimensioning of the external condenser

Dimensioning of the condenser is crucial firstly to maximize the
amount of freshwater to be recovered. Secondly, because we are recov-
ering the heat of condensation to pre-heat the native brine, so that it en-
ters the basin at the highest possible temperature. Thus, undersizing the
condenser would result in loss of freshwater, while oversizing will re-
sult in the brine entering the basin at a lower temperature, in addition
to a higher capital cost in its construction and higher footprint. We must
consider seasonal variability and daily peak values in temperatures and
the daily production of water vapor to accurately size the mass of brine
in the condenser. Taking into account our previous work [18], the ap-
proximate design values will correspond to the day with the measured
highest daily production of water vapor in the simple solar still. This
was a day in November.

With the values listed in Eq. 1, Eq. (23) reduces to .
Thus considering the peak daily production of water vapor

, in the month of November, the mass of brine in the
condenser should be 232 kg for an active solar still with a surface
area of 2 . It is interesting to see that in order to maximize the
amount of condensate water vapor, the mass of brine in the condenser
is actually 34.7 % larger than the mass of brine in the basin. This is rel-
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evant regarding a potential scaling up of the system. Such a large con-
denser would both increase the capital costs and the footprint of the in-
stallation.

3.3. Temperature values

Fig. 3 shows for 4 representative days in February, May, August,
and November, the daily patterns of real meteorological data for solar
radiation and air temperature values. These values will be fed to the
models that follow the thermal networks presented in Fig. 2. As ex-
pected, both the solar radiation, and the air temperature values are
higher in February and November (location in the southern hemi-
sphere). Year-round colder temperatures are observed during the
night. Moreover, Fig. 3 shows simulated values of daily patterns for
brine temperature in the two solar stills and for comparison, in a PAN
evaporimeter, , , and , respectively. In the
case of the active solar still, the temperature of the brine at the top of
the condenser is also shown.

On days with larger solar radiation (February and November), the
simulations show that the brine temperature peaks in the active solar
still reach lower values as compared to the simple solar still

. This is explained because on days with greater solar radia-
tion the heat fluxes between the brine and the cover in the active so-
lar still are greater than in the simple solar still due to a greater tem-
perature difference between brine and inner cover, see Figs. 4 and 5,
and discussion below. Let us recall that in the active solar still there
is a fan which is responsible for the water vapor being constantly re-
moved from the basin and driven to the external condenser. In this
way the inner cover temperature ( ) reaches lower values, increas-
ing the temperature difference with the brine ( ), and the heat fluxes
between them ( and ). In this way the brine temperature

reaches lower peak values. On days with lower radiation
there is hardly any difference between and . In turn,
the temperature of the brine in the condenser presents greater vari-
ability on days with greater radiation. This is directly related to a
higher recycled heat of condensation ( , Eq. 22). In order to under-
stand the trends in these temperature daily patterns, the different
heat transfers within the solar stills and the condenser will be ana-
lyzed in more detail.

It is interesting to observe as well that the brine temperature values
( ) in the open system, the PAN evaporimeter, are the lowest
amongst the three systems. Year round, brine temperature in the open
system is around 25 °C during the peak radiation hours. Even at dawn,
when brine in the three systems consistently cools down brine in the
open system is between 6 and 10 °C colder than in both solar stills. We
have already stablished that at equal solar radiation levels, it is not the
brine temperature that determines the evaporation rate, but the per-
centage of solar radiation that is used up in brine evaporation, i.e. the
thermal efficiency in the use of solar radiation ( , Eq. 17). This is
better understood when the detailed heat transfer processes are stud-
ies (see Fig. 4 and discussion below). In the discussion of the heat
transfer, the determining parameter will be the minimal temperature
difference between brine and air. Brine in the open system is only
just above air temperature (see Fig. 3), never reaching differences
higher than 1 °C.

3.4. Heat transfer simulations

Fig. 4 is a plot of the daily patterns for the different heat exchanges
for both the simple solar still (left) and the active solar still (right) for 4
representative days in February, May, August, and November. We
firstly observe that the heat flows between the surface of the brine and
the glass cover, convection and radiation reach higher
values for the active solar still compared to the simple solar still. The

same observation applies to the heat of evaporation (exchanged be-
tween brine and the inner cover, for the simple still, and brine and the
condenser, for the active solar still, and , respectively). In
absolute terms, the increases in heat fluxes are much more marked for
the days with the highest radiation corresponding to the months of
February and November, while the difference for the days of lower so-
lar radiation in May and August is much smaller. However, in relative
terms, the percentual increase is similar throughout the year. For ex-
ample, the peak values of the heat of evaporation are 16 %, 19 %, 13
%, and 12 % higher in the active solar still for February, May, August,
and November, respectively.

In this type of still, losses from bottom and sides of the basin, , are
rather large, as observed both in Fig. 4 and in our previous work [18].
In this work, we purposely improved the thermal insulation parame-
ters in the active solar still vs. those of the simple solar still, to reduce
these heat losses. This was possible because this work did not contain
comparison with a real device that forced us to use the construction
parameters. The thickness of the insulation layer was increased by 25
% (from 0.08 m to 0.10 m), while the thermal conductivity was re-
duced by 30 % (from 0.04 to 0.028 W m−1 K−1). Despite this improve-
ment, the heat losses from bottom and sides were the highest heat
fluxes during May and August, almost doubling the heat of evapora-
tion during the hours the still is subjected to solar irradiation. Even in
the months with higher solar radiations, February and November, the
heat losses were close to the heat of evaporation in the simple solar
still. In the active solar still, the heat losses in months with higher so-
lar radiations were higher than the heat fluxes due to convection and
radiation although lower peak values are observed compared to the
simple solar still. This is explained by the lower peak temperature of
the brine (See Fig. 3, in months with lower radiation this difference is
practically negligible). Heat losses also are affected by the wind veloc-
ity, that causes anomalies in the shape of the curve.

Following Eq. (16) we would like to maximize the heat of evapora-
tion, so that we can maximize the amount of evaporated water. Thus,
the brine will become concentrated faster, and potentially reach the
same rate of evaporation as in the solar ponds, albeit with concomitant
water recovered. If we come back to the energy balance in the basin,
Eq. (1), the incoming energy of the sun is divided between all heat
fluxes plotted in Fig. 4, and brine heating. Analyzing Eqs. (4)-(7) it is
evident that an increase in the temperature difference between glass
and inner cover will have a beneficial effect on the heat of evaporation.
Unfortunately, the increase in the difference between these two temper-
atures will also increase the convective and radiative heat exchanges
between brine and glass cover. This is particularly evident, see Fig. 4,
for the convective heat, which is increased by almost 50 % in the
months with higher solar radiation (higher brine temperature, see be-
low).

We have previously calculated [18] that in the open system the heat
of evaporation is highest due to a combination of factors, including low
air temperature, relative humidity and atmospheric pressure along with
strong winds. Moreover, the convective heat fluxes are most often
smaller in the open system, except at moments of very high wind veloc-
ity [18]. Most importantly, heat losses to the surroundings are minimal,
because the temperature difference between brine and air is never
higher than 1 °C.

Fig. 5 shows the simulated temperature differences between brine
and the glass inner cover, both for the simple and active solar stills. It
can be observed that year-round, brine and inner cover are roughly at
the same temperature over the night in both the simple and active
stills. Conversely, the temperature difference increases during the day
and becomes maximal at around 4–5 pm. When comparing Figs. 5 and
3, it is observed that there is a certain thermal inertia, brine tempera-
ture only shows a considerably increase after about 1.5 hour the solar
irradiation starts. Year-round larger temperature differences are ob-
served in the active solar still, as compared to the simple solar still,
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with these differences being more marked in the months with larger so-
lar irradiation. It is interesting to recall that in Fig. 3 we observed that
the brine temperature values reached in the active solar still were
smaller than in the simple solar still, i.e. < . Thus, the fact that

is higher in the active solar still is because the inner glass
cover is colder in the active solar still, as compared to the simple solar
still, i.e. < . This difference is due to the fact that the evapora-
tion heat is directed to the condenser instead of the glass cover.
Fig. 5 also shows the simulated temperature differences between brine
at the top of the condenser, , and at the bottom, . It is interesting
to observe that shows a behaviour that is almost the opposite
of , which is explained by thermal inertia, see below.

Fig. 6 shows the recovered heat flux, , and the heat loss due to
water vapor that is not recovered as freshwater in the condenser, .
These two heat fluxes are also higher on days with greater solar radia-
tion. According to Eq. (22), is proportional to , the mass of brine
transferred per second from the condenser to the basin, and the tem-
perature difference between top and bottom of the condenser,

, i.e. the temperature gain between incoming brine, and
brine transferred to the active solar still basin. Here we have assumed
that is equal to the mass of evaporated water per second in the basin
at temperature , in order to maintain a constant brine volume in
the basin, and for simplicity in the simulations. It was also assumed
that the temperature is equal to brine temperature in the PAN evap-
orimeter (which as already discussed is close to air temperature). An
initial value of greater than is considered. It is also important to
note that the depends on the mass of brine in the condenser ac-
cording to Eq. 20. Fig. 6 shows that the recovered heat flux density
reaches its peak value approximately one hour after the peak in is
reached, i.e. one hour after the peak of water vapor production is
reached, and while the temperature difference continues to
increase.

Regarding the heat lost by non-condensed vapor , the highest val-
ues are observed also on the days of greatest radiation. Moreover, the
daily pattern of is opposite to the recovered heat , that is, the
maximum values of this lost heat occur in the hours without solar radia-
tion. This is because according to Eq. (20), this heat flux is proportional
to the theoretical value of the mass of water vapor produced per second
that would be obtained in the active solar still at temperature . This
temperature corresponds to the brine in the condenser, which varies
slowly due to , the heat transferred by condensation. Therefore,
due to this thermal inertia, , contrary to , reaches its highest val-
ues only when night falls, and then begins to decrease to a reach a
minimum value the following morning, and only starts to increase
again after midday. Taking this into account, variations in through-
out the day, determines the maximum and minimum values of ob-
served in Fig. 6.

3.5. Evaporated water

Fig. 7 shows the daily patterns for the amounts of evaporated wa-
ter in the open PAN evaporimeter, and the simple and active solar
stills. The figure also shows the average wind values. The amount of
evaporated water is larger year-round in the open system. Moreover,
in the PAN evaporimeter even if the rate of evaporation considerably
decreases during the night, it is never zero [18]. The active solar still
shows larger amounts of evaporated water than the simple solar still,
but these are still clearly below those of the open system. Results
shown in Fig. 7 agree with the heat fluxes observed in Fig. 4. The
amount of evaporated water is proportional to the heat of evapora-
tion, Eq. (16), and thus from Fig. 4 we could already forecast that the
improvement in the active still would be of 16 %, 19 %, 13 %, and 12
% for February, May, August, and November, respectively, when the
comparison is for the daily peak values. If we analyze water produc-

tion over a 24 h period, the improvements will be lower. It can be
seen that the advantage observed in the peak hours is lost at sunset
when the simple solar still shows higher values. Considering the total
amount of evaporated water, over a 24 h period, the active solar still
has an advantage of about 0.5 L m−2 only on the days with largest ra-
diation, in agreement with the analysis on the heat fluxes carried out
up to this point. Correspondingly, increases in thermal efficiency rang-
ing from 6.3 % to 12.5 % are also observed (e.g. efficiency increases
from 0.31 to 0.34 in November).

Overall, the analysis of the simulations predicts that the construc-
tion of an active solar still with characteristics as discussed up to this
point will present a slightly better performance than the conventional
simple solar still, with better improvements in the days of greatest radi-
ation. The effect of low temperatures during the autumn and winter
months, with large losses through the bottom and sides of the basin,
continues to be a determining factor on the low performance, even
though the insulation parameters were improved in the simulations car-
ried out in this work.

3.6. Further improvements

Re-arranging Eq. (1) we obtain:

(24)

where it is mathematically observed that the decrease in efficiency
is due to heat losses by radiation, convection, dissipation via the bottom
and side of the basin and heating a large amount of brine. Therefore,
taken inspiration from recent work on interfacial solar vapor genera-
tion [37], we explored the possibility of changing the amount of brine
contained in the basin. In all results previously shown, the brine mass in
the basin was considered constant at 0.07 m, which, considering a brine
density of 1.23 kg L−1 and 2 m2 of basin surface amounted for a total of
172.2 kg brine.

Fig. 8 shows results for water evaporation rate for both the simple
and active solar stills for varying brine depths, ranging from 0.005 to
0.30 m. Evidently, an increase water evaporation rate translates into
larger amounts of freshwater production. It is observed that the rate of
water evaporation decreases with increasing brine depth both for the
simple and active solar stills. Interestingly, the difference between wa-
ter evaporation rates for the simple and active stills becomes more
marked the larger the amount of brine contained in the basin. In turn,
for brine depths of 0.01 and 0.005 m, the differences are almost imper-
ceptible. Upon decreasing the brine depths from 0.30 to 0.01 m, the
rate of water evaporation is doubled for the days of higher solar radia-
tion, and it is almost tripled in the days of lower solar radiation. Even
for the shallowest brine depth, the rate of water evaporation does not
reach the values calculated for the PAN evaporator. Indeed, in the days
of highest solar radiation, under the best scenario water evaporation
rate in either of the stills is only 69 % of that in the open system,
whereas for the days of lower solar radiation, water evaporation rates
in the still merely reaches 50 % of that in the open system. The im-
provements observed upon decreasing brine depths are attributed to a
lesser amount of heat being used in brine heating. The heat transfer
process is more concentrated in the brine-air interface.

At this point, we should recall one important simplification made in
the modelling. We assumed that the brine concentration was constant
(Section 3.2). This simplification was justified when the starting brine
depth was 0.07 m, since brine concentration changes would never be
larger than 6.2 %. However, we now see that upon decreasing brine
depths the water evaporation rate increases. At the same time, the re-
moval of a maximum of 5.32 kg m−2 day−1 of water from a basin con-
taining 0.07 m of brine produced a brine concentration of 6.2 % in a
24 h period. Conversely, for the shallower simulation (0.005 m brine),
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the basin could become complete dry in under 24 h. On a first ap-
proach, this means that the concentrated brine should be removed on a
daily basis, otherwise valuable Li cations would end up trapped in the
solid at the bottom of the basin. Moreover, the simulation was produced
assuming negligible variations in brine concentration, which is clearly
no longer the case. Overall, the two shallower calculations in Fig. 8 only
hold assuming that brine is re-fed to the system every few hours. If
brine is not re-fed to the system, then the concentration will increase in
appreciable proportion. At higher concentrations, the vapor pressure
will be even lower, and hence the rate of water evaporation will de-
crease.

In recent years, several clever strategies for more effectively utiliz-
ing wind energy and reducing heat losses have been proposed. Astound-
ing freshwater production rates have recently been reported [38–43].
This work is aimed at the detailed comparison of a simple and an active
solar still, and a detailed comparison with said systems is beyond our
scope. As commented above, one of the advantages of these systems is
that they would be readily adaptable to the existing evaporation ponds
in existing lithium mining facilities. A key point that should not be for-
gotten here is that it is equally important to recover freshwater and the
hyper concentrated brine. Freshwater is key from both industrial and
environmental perspectives. The hyper concentrated brine is para-
mount since the concentrated lithium cations remain in said brine.
Thus, a careful analysis of new designs of advanced solar stills (or simi-
lar distillation systems) should be made so as to figure out how that hy-
per concentrated brine can be recovered.

Moreover, avoidance of brine entrapment in the crystallized salts
should be targeted. Because the initial brine is so concentrated (see
Table 2, close to 265.88 g L−1 of total dissolved solids, with a large ma-
jority of NaCl), different salt mixtures (NaCl, KCl, CaSO4, borates,
mixed salts) will readily crystallize soon after water starts evaporating
from the initial brine [5,33]. This is a key aspect of any desalination
system were water is removed to reach higher concentration brines, re-
gardless of freshwater being recovered, such as proposed here, or not,
e.g. evaporation ponds. Crystal harvesting at regular intervals will be
necessary, as is the case today in evaporation ponds. The amount of
mixed salts to be collected is huge, in the example proposed here, in the
order of 250 kg per m3 of brine fed to the evaporation ponds or any de-
salination system. From this perspective, any of the two systems dis-
cussed in this work would be easy to adapt to facilitate the removal of
crystals. It would only be required to temporary removed the cover of
either of the solar stills.

Finally, it is interesting to compare the performance of the systems
under study here with other systems proposed for freshwater recovery
lithium rich brines. To the best of our knowledge, only two alternative
technologies have been proposed. Membrane distillation[19–22,44],
coupled and uncoupled from crystallization units has been reported to
produce different water recovery rates, ranging from 22.5 kg m−2 h−1

[21] to 2.3 kg m−2 h−1 [44]. Cyclopentane hydrate formation was
shown to recover up to 70 % of the original water content from a LiCl
solution in 24 h [45]. In the case of membrane distillation, the perfor-
mance is indeed astonishing, reaching much higher brine concentration
rates than both reported here and open air evaporation (and conse-
quently, higher freshwater recovery rates). While we consider mem-
brane distillation a technology for which new reports should be fol-
lowed with attention, it should be highlighted that it is high energy con-
suming. Membrane distillation requires to heat brines to about
50–60 °C, and brine volumes to be processed are huge, in the order of
21,000 m3 per day [1]. The second alternative also produced very
promising results [45]. However, those experiments were produced in
pure LiCl solutions, i.e. no other salts were present. While future reports
on the technology are also worth being followed, we wonder how the
efficiency will change at 20 times higher salinity, and whether salts
crystallization will affect the performance.

4. Conclusions

Recovering at least a fraction of the water that is currently evapo-
rated and lost during lithium rich brine concentration is of paramount
importance. Extremely large volumes of water being lost are still at the
center of controversy in lithium brine mining. Freshwater recovery
might be the key to social licensing for lithium mining in the near future
[1,23]. Beyond environmental aspects, freshwater pumping from dedi-
cated underground reservoirs entails high operational costs. Moreover,
process water required during lithium carbonate purification needs to
meet certain purity standards, and thus the pumped freshwater needs to
be further purified (e.g. reverse osmosis) in order to reach such stan-
dards [5]. Conversely, freshwater produced via solar stills is distilled
water quality and would thus meet the required standards.

The heat of evaporation increases in the active solar still, reaching
higher peak values, but so do the heat fluxes of convection and radia-
tion. Therefore, the average thermal efficiency in an active solar still
only increases slightly compared to the simple solar still on the days
with the highest radiation. On these days, a greater temperature differ-
ence is achieved due to the reduction of . However, the
brine temperature reaches a lower peak value and a lower mini-
mum value compared to the simple solar still due to the greater heat
transfer from the brine surface. The heat recovered is significant
also only in the same days.

The active solar still shows larger amounts of evaporated water than
the simple solar still. During the peak hours of freshwater production,
the active solar still produces 16 %, 19 %, 13 %, and 12 % more fresh-
water in February, May, August, and November, respectively. However,
over a 24 h period, and for a brine depth in the basin of 7 cm, the active
solar still has an advantage of about 0.5 L m−2 only on the days with
largest radiation (spring and summer). The difference in evaporated
water amounts when comparing the simple and active devices are
strongly dependent on the brine depth in the basin. The larger the brine
depth, the larger the difference in the amount of produced freshwater.
In November, 0.9 L m−2 day−1 extra freshwater are produced in the ac-
tive solar still when the brine reaches a depths of 0.3 m, as compared to
the simple solar still with the same brine amount. Conversely, and for
the same month, there is hardly any difference in the freshwater pro-
duction of both stills when the brine depths fall below 0.01 m. Much
more freshwater can be produced in solar stills with very shallow brine
depths. Year round, the amount of freshwater produced is roughly
tripled when decreasing the brine depths from 0.3 m to 0.005 m. Over-
all, it would be best to work with shallow brine depths, provided that
technical means are found so that the hyper concentrated brine can be
rapidly removed from the basin when appropriate lithium cations con-
centrations are reached for successful lithium carbonate crystallization.

For all the different simulated conditions, the daily amount of water
evaporated in the open air system is higher compared to the active solar
still. Neither the changes in design, nor the improvements in thermal
isolation in the construction materials, or the reduction in brine mass in
the basin were sufficient to match the amount of evaporated water in
the open system. The comparison yields even worse performance indi-
cators for days with the lower solar radiation, which is attributed to the
wind velocity having greater influence on natural evaporation than the
thermal effect, which can be observed in hours with low or nil solar ra-
diation. The stronger winds usually come along with days and hours of
lower solar radiation values. Precisely in those months and times of
day, the highest wind speeds are observed, which obey a local wind pat-
tern. The heat recovered through an external condenser in the active so-
lar still only implied a minimum benefit which is completely lost when
the mass and depth of brine considered in the still is reduced to a mini-
mum.

Natural evaporation of highly concentrated brines is already slug-
gish. Thus, while freshwater recovery is of outmost importance during
lithium mining, the process cannot be rendered slower than it already
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is. If the objective is to match, or ideally exceed, the natural evapora-
tion rate, direct solar thermal systems within the low temperature range
present clear limits. This work shows that it is necessary to move to
more complex designs than the simple or active solar stills. Taking ad-
vantage of wind energy along with solar energy through the humidifi-
cation-dehumidification of an air flow could be the key to achieving the
aforementioned objective by increasing the evaporation rate and main-
taining a relatively simple off-grid/autonomous and low-cost system
that would allow for simultaneous brine concentration and partial
freshwater recovery.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

CFB acknowledges a post-doctoral fellowship from CONICET. VF is
a permanent research fellow from CONICET. Financial support from the
Institute Fraçais en Argentine through the Argentinean-French Innova-
tion Award is acknowledged.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.nxsust.2024.100055.

References

[1] M.L. Vera, W.R. Torres, C.I. Galli, A. Chagnes, V. Flexer, Environmental impact of
direct lithium extraction from brines, Nat. Rev. Earth Environ. 4 (2023) 149–165,
https://doi.org/10.1038/s43017-022-00387-5.

[2] D.B. Agusdinata, W. Liu, H. Eakin, H. Romero, Socio-environmental impacts of
lithium mineral extraction: towards a research agenda, Environ. Res. Lett. 13
(2018) 123001, https://doi.org/10.1088/1748-9326/aae9b1.

[3] E.A. Olivetti, G. Ceder, G.G. Gaustad, X. Fu, Lithium-ion battery supply chain
considerations: analysis of potential bottlenecks in critical metals, Joule 1 (2017)
229–243, https://doi.org/10.1016/j.joule.2017.08.019.

[4] C.B. Tabelin, J. Dallas, S. Casanova, T. Pelech, G. Bournival, S. Saydam, I.
Canbulat, Towards a low-carbon society: a review of lithium resource availability,
challenges and innovations in mining, extraction and recycling, and future
perspectives, Miner. Eng. 163 (2021) 106743, https://doi.org/10.1016/
J.MINENG.2020.106743.

[5] D.E. Garrett, Handbook of Lithium and Natural Calcium Chloride, 2004. https://
doi.org/10.1016/B978-0-12-276152-2.X5035-X.

[6] V. Flexer, C.F. Baspineiro, C.I. Galli, Lithium recovery from brines: a vital raw
material for green energies with a potential environmental impact in its mining and
processing, Sci. Total Environ. 639 (2018) 1188–1204, https://doi.org/10.1016/
j.scitotenv.2018.05.223.

[7] B. Bustos-Gallardo, G. Bridge, M. Prieto, Harvesting lithium: water, brine and the
industrial dynamics of production in the salar de atacama, Geoforum 119 (2021)
177–189, https://doi.org/10.1016/J.GEOFORUM.2021.01.001.

[8] J. Houston, A. Butcher, P. Ehren, K. Evans, L. Godfrey, The evaluation of brine
prospects and the requirement for modifications to filing standards, Econ. Geol.
106 (2011) 1125–1239, https://doi.org/10.2113/econgeo.106.7.1225.

[9] M.A. Marazuela, E. Vázquez-Suñé, C. Ayora, A. García-Gil, Corrigendum to
“Towards more sustainable brine extraction in salt flats: learning from the Salar de
Atacama” [Sci. Total Environ. 703 (2020) 135605](S0048969719356001)
(10.1016/j.scitotenv.2019.135605). Sci. Total Environ. 778 (2021), https://
doi.org/10.1016/j.scitotenv.2021.147346.

[10] M.A. Marazuela, E. Vázquez-Suñé, C. Ayora, A. García-Gil, T. Palma, The effect of
brine pumping on the natural hydrodynamics of the Salar de Atacama: the damping
capacity of salt flats, Sci. Total Environ. 654 (2019) 1118–1131, https://doi.org/
10.1016/j.scitotenv.2018.11.196.

[11] M.A. Marazuela, E. Vázquez-Suñé, E. Custodio, T. Palma, A. García-Gil, C. Ayora,
3D mapping, hydrodynamics and modelling of the freshwater-brine mixing zone in
salt flats similar to the Salar de Atacama (Chile), J. Hydrol. 561 (2018) 223–235,
https://doi.org/10.1016/j.jhydrol.2018.04.010.

[12] P. Marconi, F. Arengo, A. Clark, The arid Andean plateau waterscapes and the
lithium triangle: flamingos as flagships for conservation of high-altitude wetlands
under pressure from mining development, Wetl. Ecol. Manag. (2022), https://
doi.org/10.1007/s11273-022-09872-6.

[13] G. Gajardo, S. Redón, Andean hypersaline lakes in the Atacama Desert, northern
Chile: between lithium exploitation and unique biodiversity conservation, Conserv.

Sci. Pract. 1 (2019) e94, https://doi.org/10.1111/csp2.94.
[14] W. Liu, D.B. Agusdinata, S.W. Myint, Spatiotemporal patterns of lithium mining

and environmental degradation in the Atacama Salt Flat, Chile, Int. J. Appl. Earth
Obs. Geoinf. 80 (2019) 145–156, https://doi.org/10.1016/j.jag.2019.04.016.

[15] J.S. Gutierrez, J.N. Moore, J.P. Donnelly, C. Dorador, J.G. Navedo, N.R. Senner,
Climate change and lithium mining influence flamingo abundance in the Lithium
Triangle, Proc. R. Soc. B Biol. Sci. 289 (2022) 20212388, https://doi.org/10.1098/
rspb.2021.2388.

[16] W. Liu, D.B. Agusdinata, Interdependencies of lithium mining and communities
sustainability in Salar de Atacama, Chile, J. Clean. Prod. 260 (2020) 120838,
https://doi.org/10.1016/j.jclepro.2020.120838.

[17] A. Khalil, S. Mohammed, R. Hashaikeh, N. Hilal, Lithium recovery from brine:
recent developments and challenges, Desalination 528 (2022) 115611, https://
doi.org/10.1016/j.desal.2022.115611.

[18] C.F. Baspineiro, J. Franco, V. Flexer, Performance of a double-slope solar still for
the concentration of lithium rich brines with concomitant fresh water recovery, Sci.
Total Environ. 791 (2021) 148192, https://doi.org/10.1016/
j.scitotenv.2021.148192.

[19] A. Cerda, M. Quilaqueo, L. Barros, G. Seriche, M. Gim-Krumm, S. Santoro, A.H.H.
Avci, J. Romero, E. Curcio, H. Estay, Recovering water from lithium-rich brines by
a fractionation process based on membrane distillation-crystallization, J. Water
Process Eng. 41 (2021) 102063, https://doi.org/10.1016/j.jwpe.2021.102063.

[20] C.A. Quist-Jensen, A. Ali, S. Mondal, F. Macedonio, E. Drioli, A study of
membrane distillation and crystallization for lithium recovery from high-
concentrated aqueous solutions, J. Memb. Sci. 505 (2016) 167–173, https://
doi.org/10.1016/j.memsci.2016.01.033.

[21] S.H. Park, J.H. Kim, S.J. Moon, J.T. Jung, H.H. Wang, A. Ali, C.A. Quist-Jensen,
F. Macedonio, E. Drioli, Y.M. Lee, Lithium recovery from artificial brine using
energy-efficient membrane distillation and nanofiltration, J. Memb. Sci. 598
(2020) 117683, https://doi.org/10.1016/j.memsci.2019.117683.

[22] B.K. Pramanik, M.B. Asif, S. Kentish, L.D. Nghiem, F.I. Hai, Lithium enrichment
from a simulated salt lake brine using an integrated nanofiltration-membrane
distillation process, J. Environ. Chem. Eng. 7 (2019) 103395, https://doi.org/
10.1016/j.jece.2019.103395.

[23] D. Fuentealba, C. Flores-Fernández, E. Troncoso, H. Estay, Technological
tendencies for lithium production from salt lake brines: progress and research gaps
to move towards more sustainable processes, Resour. Policy 83 (2023) 103572,
https://doi.org/10.1016/j.resourpol.2023.103572.

[24] P. Monowe, M. Masale, N. Nijegorodov, V. Vasilenko, A portable single-basin
solar still with an external reflecting booster and an outside condenser,
Desalination 280 (2011) 332–338, https://doi.org/10.1016/j.desal.2011.07.031.

[25] H. Zheng, Chapter 4 - Traditional Solar Desalination Units, in: H. Zheng (Ed.),
Sol. Energy Desalin. Technol., Elsevier, Amsterdam, 2017, pp. 259–321, https://
doi.org/10.1016/B978-0-12-805411-6.00004-X.

[26] H. Zheng, Chapter 5 - Active Solar Distiller, in: H. Zheng (Ed.), Sol. Energy
Desalin. Technol., Elsevier, Amsterdam, 2017, pp. 323–445, https://doi.org/
10.1016/B978-0-12-805411-6.00005-1.

[27] V. Belessiotis, S. Kalogirou, E. Delyannis, Chapter Three - Solar
Distillation—Solar Stills, in: V. Belessiotis, S. Kalogirou, E. Delyannis (Eds.), Therm.
Sol. Desalin., Academic Press, 2016, pp. 103–190, https://doi.org/10.1016/B978-
0-12-809656-7.00003-9.

[28] G.P. Narayan, M.H. Sharqawy, E.K. Summers, J.H. Lienhard, S.M. Zubair, M.A.
Antar, The potential of solar-driven humidification–dehumidification desalination
for small-scale decentralized water production, Renew. Sustain. Energy Rev. 14
(2010) 1187–1201, https://doi.org/10.1016/J.RSER.2009.11.014.

[29] M. Abu-Qudais, B.A.K. Abu-Hijleh, O.N. Othman, Experimental study and
numerical simulation of a solar still using an external condenser, Energy 21 (1996)
851–855, https://doi.org/10.1016/0360-5442(96)0005.

[30] R.O. Sinnokrot, M.K. AbuArabi, A. %J 1st I.N. Tamimi, R.E. Conference,
Modeling of a conventional solar still with draft and humidification-
dehumidification process, 2010 1st Int. Nucl. Renew. Energy Conf. (2010) 1–6.

[31] N. Nijegorodov, P.K. Jain, S. Carlsson, Thermal-electrical, high efficiency solar
stills, Renew. Energy 4 (1994) 123–127, https://doi.org/10.1016/0960-1481(94)
90074-4.

[32] P. Dellicompagni, L. Saravia, M. Altamirano, J. Franco, Simulation and testing of
a solar reciprocating steam engine, Energy 151 (2018) 662–674, https://doi.org/
10.1016/j.energy.2018.03.110.

[33] C.F. Baspineiro, J. Franco, V. Flexer, Potential water recovery during lithium
mining from high salinity brines, Sci. Total Environ. 720 (2020) 137523, https://
doi.org/10.1016/j.scitotenv.2020.137523.

[34] J. Duffie, W. Beckman, Solar Engineering of Thermal Processes, 2006.
[35] H. Zheng, Solar energy desalination technology, Elsevier, 2017.
[36] E. Sartori, Solar still versus solar evaporator: a comparative study between their

thermal behaviors, Sol. Energy 56 (1996) 199–206, https://doi.org/10.1016/0038-
092X(95)00094-8.

[37] L. Zang, C. Finnerty, S. Zheng, K. Conway, L. Sun, J. Ma, B. Mi, Interfacial solar
vapor generation for desalination and brine treatment: evaluating current
strategies of solving scaling, Water Res 198 (2021) 117135, https://doi.org/
10.1016/j.watres.2021.117135.

[38] N. Xu, J. Li, Y. Wang, C. Fang, X. Li, Y. Wang, L. Zhou, B. Zhu, Z. Wu, S. Zhu, J.
Zhu, A water lily–inspired hierarchical design for stable and efficient solar
evaporation of high-salinity brine, Sci. Adv. 5 (2024) eaaw7013, https://doi.org/
10.1126/sciadv.aaw7013.

[39] C. Zhang, Y. Shi, L. Shi, H. Li, R. Li, S. Hong, S. Zhuo, T. Zhang, P. Wang,
Designing a next generation solar crystallizer for real seawater brine treatment
with zero liquid discharge, Nat. Commun. 12 (2021) 998, https://doi.org/

13

https://doi.org/10.1016/j.nxsust.2024.100055
https://doi.org/10.1038/s43017-022-00387-5
https://doi.org/10.1088/1748-9326/aae9b1
https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1016/J.MINENG.2020.106743
https://doi.org/10.1016/J.MINENG.2020.106743
https://doi.org/10.1016/B978-0-12-276152-2.X5035-X
https://doi.org/10.1016/B978-0-12-276152-2.X5035-X
https://doi.org/10.1016/j.scitotenv.2018.05.223
https://doi.org/10.1016/j.scitotenv.2018.05.223
https://doi.org/10.1016/J.GEOFORUM.2021.01.001
https://doi.org/10.2113/econgeo.106.7.1225
https://doi.org/10.1016/j.scitotenv.2021.147346
https://doi.org/10.1016/j.scitotenv.2021.147346
https://doi.org/10.1016/j.scitotenv.2018.11.196
https://doi.org/10.1016/j.scitotenv.2018.11.196
https://doi.org/10.1016/j.jhydrol.2018.04.010
https://doi.org/10.1007/s11273-022-09872-6
https://doi.org/10.1007/s11273-022-09872-6
https://doi.org/10.1111/csp2.94
https://doi.org/10.1016/j.jag.2019.04.016
https://doi.org/10.1098/rspb.2021.2388
https://doi.org/10.1098/rspb.2021.2388
https://doi.org/10.1016/j.jclepro.2020.120838
https://doi.org/10.1016/j.desal.2022.115611
https://doi.org/10.1016/j.desal.2022.115611
https://doi.org/10.1016/j.scitotenv.2021.148192
https://doi.org/10.1016/j.scitotenv.2021.148192
https://doi.org/10.1016/j.jwpe.2021.102063
https://doi.org/10.1016/j.memsci.2016.01.033
https://doi.org/10.1016/j.memsci.2016.01.033
https://doi.org/10.1016/j.memsci.2019.117683
https://doi.org/10.1016/j.jece.2019.103395
https://doi.org/10.1016/j.jece.2019.103395
https://doi.org/10.1016/j.resourpol.2023.103572
https://doi.org/10.1016/j.desal.2011.07.031
https://doi.org/10.1016/B978-0-12-805411-6.00004-X
https://doi.org/10.1016/B978-0-12-805411-6.00004-X
https://doi.org/10.1016/B978-0-12-805411-6.00005-1
https://doi.org/10.1016/B978-0-12-805411-6.00005-1
https://doi.org/10.1016/B978-0-12-809656-7.00003-9
https://doi.org/10.1016/B978-0-12-809656-7.00003-9
https://doi.org/10.1016/J.RSER.2009.11.014
https://doi.org/10.1016/0360-5442(96)0005
https://doi.org/10.1016/0960-1481(94)90074-4
https://doi.org/10.1016/0960-1481(94)90074-4
https://doi.org/10.1016/j.energy.2018.03.110
https://doi.org/10.1016/j.energy.2018.03.110
https://doi.org/10.1016/j.scitotenv.2020.137523
https://doi.org/10.1016/j.scitotenv.2020.137523
http://refhub.elsevier.com/S2949-8236(24)00032-1/sbref0160
https://doi.org/10.1016/0038-092X(95)00094-8
https://doi.org/10.1016/0038-092X(95)00094-8
https://doi.org/10.1016/j.watres.2021.117135
https://doi.org/10.1016/j.watres.2021.117135
https://doi.org/10.1126/sciadv.aaw7013
https://doi.org/10.1126/sciadv.aaw7013
https://doi.org/10.1038/s41467-021-21124-4


CO
RR

EC
TE

D
PR

OO
F

C.F. Baspineiro and V. Flexer Next Sustainability xxx (xxxx) 100055

10.1038/s41467-021-21124-4.
[40] L. Sun, H. Dong, Y. Lu, L. Zhang, L. Yang, J. Zhao, Y. Song, A hydrate-based zero

liquid discharge method for high-concentration organic wastewater: resource
recovery and water reclamation, Npj Clean. Water 6 (2023) 49, https://doi.org/
10.1038/s41545-023-00262-w.

[41] M. Ding, H. Lu, Y. Sun, Y. He, J. Yu, H. Kong, C. Shao, C.-Y. Liu, C. Li,
Superelastic 3D assembled clay/graphene aerogels for continuous solar
desalination and oil/organic solvent absorption, Adv. Sci. 9 (2022) 2205202,
https://doi.org/10.1002/advs.202205202.

[42] M. Ding, D. Zhao, P. Feng, B. Wang, Z. Duan, R. Wei, Y. Zhao, C.-Y. Liu, C. Li,
Highly efficient three-dimensional solar evaporator for zero liquid discharge
desalination of high-salinity brine (n/a). Carbon Energy. (2024) e548, https://
doi.org/10.1002/cey2.548.

[43] D. Zhao, M. Ding, T. Lin, Z. Duan, R. Wei, P. Feng, J. Yu, C.-Y. Liu, C. Li, Gradient
graphene spiral sponges for efficient solar evaporation and zero liquid discharge
desalination with directional salt crystallization (n/a). Adv. Sci. (2024) 2400310,
https://doi.org/10.1002/advs.202400310.

[44] M. Quilaqueo, G. Seriche, L. Barros, C. González, J. Romero, R. Ruby-Figueroa, S.
Santoro, E. Curcio, H. Estay, Water recovery assessment from hypersaline lithium-
rich brines using Membrane Distillation-Crystallization, Desalination 537 (2022)

115887, https://doi.org/10.1016/J.DESAL.2022.115887.
[45] Z. Ling, C. Shi, F. Li, Y. Fu, J. Zhao, H. Dong, Y. Yang, H. Zhou, S. Wang, Y. Song,

Desalination and Li+ enrichment via formation of cyclopentane hydrate, Sep.
Purif. Technol. 231 (2020) 115921, https://doi.org/10.1016/
j.seppur.2019.115921.

[46] N.R. Avezova, F.S. Kasimov, Solar radiation absorptance in tray solar water
heating collectors with exposed evaporation surface, Appl. Sol. Energy 45 (2009)
233–236, https://doi.org/10.3103/S0003701×09040033.

[47] K.S. Pitzer, J.C. Peiper, R.H. Busey, Thermodynamic properties of aqueous
sodium chloride solutions, J. Phys. Chem. Ref. Data. 13 (1984) 1–102, https://
doi.org/10.1063/1.555709.

[48] W. Organization, WMO Guide To Meteorological Instruments And Methods Of
Observation, in: 2008: p. 681.

[49] O. Madelung, G.K. White, Thermal Conductivity of Pure Metals and Alloys,
Springer, Berlin, Heidelberg, 2005, https://doi.org/10.1007/b91373.

[50] H.-J. Kretzschmar, W. Wagner, International Steam Tables-Properties of Water
and Steam based on the Industrial Formulation IAPWS-IF97, Springer Vieweg,
Berlin, 2019, https://doi.org/10.1007/978-3-662-53219-5.

14

https://doi.org/10.1038/s41467-021-21124-4
https://doi.org/10.1038/s41545-023-00262-w
https://doi.org/10.1038/s41545-023-00262-w
https://doi.org/10.1002/advs.202205202
https://doi.org/10.1002/cey2.548
https://doi.org/10.1002/cey2.548
https://doi.org/10.1002/advs.202400310
https://doi.org/10.1016/J.DESAL.2022.115887
https://doi.org/10.1016/j.seppur.2019.115921
https://doi.org/10.1016/j.seppur.2019.115921
https://doi.org/10.3103/S0003701%C3%9709040033
https://doi.org/10.1063/1.555709
https://doi.org/10.1063/1.555709
https://doi.org/10.1007/b91373
https://doi.org/10.1007/978-3-662-53219-5

	Comparison of simple and active solar stills for freshwater recovery during lithium brine mining
	1. Introduction
	2. Materials and methods
	2.1. Active solar still with external condenser
	2.2. Simulations

	3. Results and discussion
	3.1. Heat transfer analysis
	3.2. Dimensioning of the external condenser
	3.3. Temperature values
	3.4. Heat transfer simulations
	3.5. Evaporated water
	3.6. Further improvements

	4. Conclusions
	Acknowledgements
	References


	fld65: 
	fld66: 
	fld95: 
	fld133: 
	fld144: 
	fld153: 
	fld154: 
	fld164: 
	fld165: 
	fld199: 


