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Abstract

In a world transitioning towards renewable energies and lithium-battery powered cars, there
has been an annual increase in demand of 6% for lithium and other rare metals between 2000
and 2008 (Stringfellow & Dobson, 2021a), and this increase in demand is forecast to continue
through 2040 (Latnussa et al., 2020). Meanwhile, there is a concern that supply will not be
able to keep up with demand. Most of the lithium in the European markets comes from other
countries such as Chile and Australia, making the European lithium supply vulnerable to
supply chain disruptions, as was observed during the COVID-19 pandemic (Latnussa et al.,
2020). In addition, the economic value of lithium has increased more than threefold compared
in 2022 compared to 2017 (Latnussa et al., 2022).

The geological information of Northern-Western Europe at the latest stage, gives an
explanation to the occurrence of lithium in the Netherlands.

50 water samples of 13 fields are considered for the chemical composition and origin of their
brine. All geothermal brines contain dissolved lithium and other metals from the reservoir
formation and surroundings, allowing for metal ‘mining’ in an environmentally friendly
manner. The highest lithium concentrations in aquifer brines are in the province of Drenthe
and Limburg, specifically in the Akkrum-13 gas field (47-48 ppm) and the Californie
Geothermie (20-28 ppm). The correlation is positive only for lithium against rubidium and
lithium against the vicinity of volcanic intrusions, from mineral mobilization through
groundwater flow. There are no specific formations with high lithium concentrations.

In Germany, construction has started on a project to extract lithium from geothermal process
water, indicating that it is economically viable (Wedin, 2022). For the Netherlands there are 5
different surface options to extract the highest lithium concentrations. Reverse osmosis,
nanofiltration, ion-exchange, sorbents and electrodialysis can be used as direct lithium
extraction methodologies. One potential economical method to extract lithium from
geothermal brines is by utilizing two centralized lithium extraction plants. A plant for the
direct lithium extraction with ion-exchange resins, placed before injection wells, and one for
the refinement of the material.
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Introduction

a. Issue of the absence of metals (Li) for the energy transition
Lithium plays a crucial role in the energy transition (Flexer et al., 2018). Renewable energies are now
in the spotlight of European governments and companies, to secure a future with a stable climate.
Since the emission of carbon dioxide and other greenhouse gases, the transition to energy sources
with lower emissions is the aim of European countries (Latunussa et al., 2020).
These ‘greener’ energy sources, such as solar and wind energy, require raw materials and ‘rare’
metals to meet the global demand that increased from 70,000 tons in 2020 to 93,000 tons in 2021
(U.S. Geological Survey, 2022). Electric energy storage, of which the transportation industry is a
main driver of growth (Stringfellow & Dobson, 2021a), is based on lithium-ion batteries. Since
lithium has a high charge density and the highest electrochemical potential of all metals, leading to
high energy storage capacity (Liu et al., 2016).
The European Union (EU) imported 87% of the total lithium ore processed in the period between
2012 and 2016 (Latunussa et al., 2020). The EU imports 78% of its lithium ore from Chile and it
predicted that the lithium supply will fall behind demand by 2030, thus it recognized the metal as
Critical Raw Material (CRM). Therefore, the EU should be producing and extracting CRM from
other (EU) sources, among others: geothermal brines and oil waste waters metals (Latunussa et al.,
2020).

b. Case studies and metal production from geothermal brines
Pilot plants for lithium extraction from aquifer brines are in operation in the U.S.A. and Europe
(Wedin, 2022 and E3 Metals Corp, 2021).
The largest lithium resource in Europe is in the Upper Rhine Graben (Germany) (Wedin, 2022). A
series of geothermal plants already received the production license for lithium extraction in the area.
The production well of Landau is already extracting lithium from geothermal brines in a pilot plant.
In the U.S.A. pilot plants have been constructed for the extraction of lithium and other metals such
as zinc from the Salton Sea geothermal operations, to increase the profits of geothermal power plants
("Salton Sea Simbol Materials”, n.d. [website]).
Moreover, other companies are investing to find new solutions to extract lithium from brines. An
American oil company agreed on investing $6.35 million in a junior company that has developed a
technology to extract lithium from the groundwater brine (Lee, 2022).

c. Research objectives and organization of this report

Here we investigate Dutch aquifers' water composition and lithium concentrations, the possible
sources of lithium, and the extraction of lithium from geothermal brines. This report is organized as
follows: in chapter 2 we discuss the theory of mineral formation and transportation. Chapter 3

1



contains the lithium sources from a literature study and the data retrieved whereas chapter 4 discusses
the results of the findings. It is considered the possibility to recognize the presence of lithium from
the correlation with other minerals or specific formations as well as the mobilization from other
lithium sources. Chapter 5 investigates some advanced methodologies for lithium extraction from
brines, two ongoing projects for extraction of lithium from aquifer brines. Finally, in chapter 6 can
be found some suggestions to extract lithium in the Dutch subsurface.



Theory

Here we discuss the formation of minerals, the relevant geological history of North-West of Europe
later on concentrating on the Netherlands and the theory of transport of minerals in the subsurface.

2.1. Mineral formations

Minerals form when atoms organize in lattice structures to form a solid substance (Grotzinger &
Jordan, 2004). They can form in four different processes: from crystallization of a melt, from the
results of sedimentation processes, because of metamorphism or due to chemical precipitation.

2.1.1. Formation processes

In igneous conditions, minerals form when elements in the magma re-arrange in a more ordered
structure when the external temperature lowers. The fluid magma solidifies, and elements rearranges
into crystalline ordered structures that are called minerals. Depending on the elements dissolved in
the magma and the structures they form they are characterized as different minerals.

Sedimentary minerals form when rocks are subjected to weathering or erosion.

During metamorphic processes, where rocks undergo high temperature and pressures, the elements
in the minerals re-arrange in different structures, generating different minerals.

Chemical precipitation occurs when the concentration of one compound exceeds its solubility.
Minerals can precipitate due to the change in temperatures and changes in equilibrium reactions.

2.2. Relevant geological history: volcanism in the North-West of
Europe and Netherlands

Late Carboniferous and Early Permian Volcanism

During the Variscan orogeny, from Late Carboniferous to Early Permian, tectonic movements caused
a series of faults and vulcanism in the Dutch soil and surrounding North-West Europe (Wong, Batjes
& de Jager, 2007).

The volcanism and intrusive activity of the latest Carboniferous can be seen in Figure 2.1 and extends
from the Oslo Graben to the north of Midland Valley of Scotland, the North Sea, the Ringkabing-Fin
and the northern Germany (Doornenbal & Stevenson, 2010).
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Figure 2.1: Tectonic evolution of the lower Rotliegend during Late Carboniferous and Early Permian (Doornenbal & Stevenson,
2010).

Another research from Wong et al. (2007) focused on the Dutch subsurface. They show that most of
the rocks from that volcanism age are intrusive. The oldest volcanisms are found in some of the
offshore fields, where a series of faults running through the central graben run also along the offshore
fields K03, K04, P05 and P10, as can be seen from Figure 2.2. The volcanism, shown from Figure
2.1, is part of the Rotliegend volcanism.

Figure 2.1 and Figure 2.2 show higher tectonic activity and amount of intrusion is close to the
Variscan Front, close to the German border. Together with the Rotliegend volcanism, some inferred
intrusions are present: the Groningen and the Erkelenz intrusion.

Late Jurassic Volcanism

From Late Jurassic the extension of the North Sea graben, preceded by the uplifting of the North Sea,
accelerated (Schroot, 1991). The rifting and subsidence were the cause to the Zuidwal volcanic
complex developed in the Vlieland Basin.

The major volcanic feature is the Zuidwal Volcano, between Harlingen and Vlieland. The magma
may have reached the surface along some reactivated faults that reopened during the extension on the
graben. Other Jurassic intrusions were found in E6-1 well, offshore. The rocks identified in the K03,
K04, P05, P10 and EG6 field are biotite pyroxenites and tuff (Wong, et al., 2007).
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Figure 2.2: Map of the Netherlands showing the major volcanisms and borehole locations (Wong et al., 2007).

2.3. Transportation of minerals

The mineral composition of the groundwater is a result of chemical reactions and equilibrium states
reached between the water and the gas as wells as the water and the solid rocks present in the
subsurface (Mercado & Billings, 1975).

Dissolved minerals in a subsurface fluid body interact with the solid and gas interfaces at different
ground temperatures, resulting in chemical reactions and equilibrium states. The fluids, moving
through the pores, transport the minerals dissolved to different locations (Grotzinger & Jordan, 2004).
This chapter is focused on three main transportation processes: magmatic intrusions, hydrothermal
activities, and mineral dissolution in groundwater.



2.3.1. Magmatic intrusions
During tectonic activities magma can move through the Earth’s crust until the shallower part of the
subsurface. Magma, rich of elements from the asthenosphere, cools down slowly in the subsurface,
allowing some crystals to grow and crystallize, thereby forming minerals such as pegmatites
(Grotzinger & Jordan, 2004).

2.3.2. Hydrothermal activities

In tectonically active zones, the groundwater in contact with hot magmatic intrusions forms a
hydrothermal solution that, in contact with the molten body, reacts with it. The resulting solution is
enriched in elements from the magmatic intrusion. The resulting solution may move within the
subsurface to cooler regions, where some minerals may precipitate (Grotzinger & Jordan, 2004).

2.3.3. Mineral transportation by groundwater

Dissolution

The chemical compounds present in the subsurface all behave to reach an equilibrium state
determined by the equilibrium constant of the chemical reaction between the compounds. When
groundwater flowing through the subsurface meets other solid rock or a fluid with another
composition, chemical reactions occur until the system is again in equilibrium. The equilibrium
constants of the chemical reactions at the subsurface conditions determine if reactions occur and if
some elements dissolves in the water or not (Manahan, S., 1994).

Regardless the value of the equilibrium constant, it does not describe the speed and rate of reaction
(Manahan, S., 1994). The rate of reaction, if the reaction is a dissolution of elements in the
groundwater, is of relevant importance for this research. Depending on the dissolution rate, some
elements in the contact body are present in higher concentrations than others.

The groundwater in the subsurface contains chemical compounds such as carbonic acid (H.COz) and
oxygen that are highly reactive with some elements of the solid rock, thereby possibly increasing the
dissolution rate. Some minerals have higher dissolution rates than others, depending on the chemical
stability between the mineral and the fluid composition.

Chemical diffusion

Dissolved ions move within the fluid according to a process called chemical diffusion. Diffusion
occurs due to the random motions, driven by chemical potential, at the atomic scale that leads to a
net flux of particles in the fluid (Zhang, 2010).

The diffusion characteristics of dissolved ions depend, among others, fluid temperature, the solvent
density, local ion concentration, chemical potential, and molar mass. Laboratory experiments on
different fluid matrices estimates the diffusion coefficient of the particles at different temperatures.
Holt & Vasmel (2009) propose a quantitative method to estimate the transport velocity of a dissolved
ion in a fault, by diffusion. They simplify flow characteristics within a fault by modelling it as a tube.
Thereby, it is possible to estimate the time necessary for certain ions to move from a zone with a
higher concentration to a location with a lower concentration.

To model ion diffusion, we use Fourier’s Equation 2.1:

2 _ C1 — Ceenter
dz Cl - CO
Equation 2.1



Where D is the diffusion coefficient, d is the distance between the source location and the location of
interest, Co is the concentration of the ion at the location of interest at t = 0, C1 is the concentration at
the source location and Ccenter is the concentration at the middle of the tube on the location of interest.

Physical water flow

Mineral dissolved in the water are also transported by the flow of the groundwater *Cunningham &
Williams, 1980). Fluid flows only if there are differences in pressure potential, accordingly to Darcy’s
law (Equation 2.2). The speed of the flow in the subsurface depends on the size of the hydraulic
conductivity of the ground (higher if fractured soil) and on the pressure difference.

Equation 2.2

Q is the flux (in m*/h) of the fluid, k is the permeability of the medium, A is the sectional area, p in
the dynamic viscosity, L is the length of fluid’s path and AP the total pressure difference.



Findings

Lithium in the Dutch subsurface can be present for different reasons. The following chapter reports
the possible sources of lithium based on literature research and the fields and formations where
lithium is found in the Dutch subsurface.

3.1. Literature: sources of lithium

Lithium is mainly mined from igneous rocks (Latunussa et al., 2020). Higher lithium concentrations
can also be found in evaporates, such as anhydrite and clays (Bradley et al., 2017). No salt minerals
(such as halite minerals) are known to contain lithium, but it was found that the metal present in
minerals such as lepidolite, can interact with MgCl: solutions, leaching in the salt rocks (Mertineit
& Schramm, 2019).

The main lithium deposits differ in igneous (pegmatites), sedimentary (clays) and brine (anhydrite).
As can be seen in Figure 3.1, the biggest lithium deposit in Europe comes from igneous sources, with
some sedimentary sources closer to Turkey. The figure also shows the geothermal source in the
Upper Rhine Valley in Germany.

The highest reported concentrations of lithium in Europe are in the area of the Variscan belt, in the
south and central Europe (Latunussa et al., 2020). The metal has been extracted from volcanic
granitic pegmatites where the most abundant minerals are lithium-rich micas such as lepidolite and
petalite. Other minerals were found also in other pegmatite intrusions with high lithium
concentrations such as ampblygonite, elbaite, eucryptite montrebasite and jadarite but also deposits
of lithium-cesium-tantalum pegmatites such as Wolfsberg were found in Austria (Bradley et al.,
2017).
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Figure 3.1: Lithium deposits distribution around the globe (Shaw, 2021).

Lithium Sources in neighboring countries
Lithium was found in Germany, transported and accumulated in Upper Permian (Zechstein) salt
deposits in the Gorleben and Morsleben structures of the northern Germany from other sources
(Mertineit, 2019). The Zechstein group from the North German Basin, extends from the North Sea
east to Poland shown in Figure 3.2 (Wong et al., 2007).
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Figure 3.2: The distribution of Zechstein Group at present (Wong et al., 2007).

Lithium concentrations in aquifers of the Zechstein formation were found in the Upper Rhine Graben,
making possible to begin the extraction of Lithium from geothermal brines. The metal, dissolved
from the Zechstein formation in the geothermal waters, will be extracted in the areas of Insheim and
Landau (Wedin, 2022).

3.2. Lithium in the Dutch subsurface

The data of the wells with lithium concentrations publicly available are shown in Figure 3.3. In the
figure are plotted the lithium concentrations against their field of origin and reservoir formation.
The lithium concentrations of some fields are publicly available of several wells. The graph in Figure
3.3 shows all the data available of the metal concentrations per well.

Figure 3.3 shows that the highest concentrations of lithium are found in the Zeeland formations and
the Upper Rotliegend.

The Upper Rotliegend, in the Akkrum-13 (AKM-13) field, shows the highest lithium concentrations
of 47 ppm. The field is an old Chevron field, closed in 1980, but both the data retrieved come from
two reports that show similar results, still with 0.7 ppm of variability.
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Figure 3.3: Variability of lithium concentrations based on field data results and the reservoir formation.

The other fields producing from the Upper Rotliegend (P05, K03, K04-A) are offshore fields. The
variability of the lithium concentration within and between these fields is much higher than the
Akkrum-13 gas field. In the P05 field the lithium concentration is in the range between 13 and 29
ppm, whereas in the two K fields the lithium detected was less than 14 ppm.

In only one field producing from the Zeeland Formation the lithium was observed: the Californie
Geothermie (CAL-GT), between 20 and 39 ppm. The data come from two different boreholes in the
same field but there is no reference on where the sampling occurred.

Two other fields produce from the Lower Germanic Trias Group: the Brielle Geothermie (BRI-GT),
7 ppm, and the offshore P10, 6 ppm, both from a single data point.

The offshore FO2 field produces from the Zechstein salt and present lithium concentrations lower
than 7 ppm.

Finally, a series of onshore fields produces from the Delft Sandstone: Den Haag Geothermie (HAG-
GT), Honselersdijk Geothermie (HON-GT), Pijnaker (PNA), Pijnaker Geothermie (PNA-GT),
Vandenbosch Geothermie (VDB-GT).
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Results

The data retrieved from literature is analyzed and compared with the water compositions from NLOG.
The approach used is as it follows: comparison of lithium concentrations with other metals,
investigation of lithium concentration in the same formations and an evaluation of the possible
sources of lithium based on the areas where it is found based on the geology of the subsurface.

4.1. Mineralogical correlation of lithium with other metals

Lithium has been found in several different minerals as explained in chapter 3.1. As lithium dissolves
in the groundwater, also the other minerals present in the rock matrix react with it, resulting in a water
with chemical characteristics deriving by different stages of the hydrological cycle (Mercado &
Billings, 1975). The scope of this chapter is to analyze if there are any correlations between Li* and
other metals to eventually predict its presence if some elements are present.

The data obtained from NLOG are used to investigate the correlation between lithium concentration
and the concentration of other metals.

The lithium concentration for the field data is plotted against different elements of the minerals
containing lithium stated in chapter 3.1.

Lithium in lepidolite minerals

As lithium is found in Europe in lepidolite and petalite minerals, it is of interest to investigate the
correlation of lithium ions with other metals commonly present in these minerals. Mertineit &
Schramm (2019) made a geochemical analysis of lepidote minerals from the German basin finding
that they are composed of 22.74 wt.% Si, 8.38 wt.% K, 14.30 wt.% Al, 2.42 wt.% Li, 1.54 wt.% Rb
and 0.32 wt.% Cs. Petalite has the chemical composition of LiAISisO1 (Sitando & Crouse, 2012).
As lithium reacts with groundwater, the other elements in the minerals dissolve in the waters
enriching their chemical composition. For this reason, the correlations of the Li* with these elements
are investigated, as shown in Figure 4.1. Cesium (Cs) and rubidium (Rb) are uncommon metals in
aquifers (with concentrations lower than 6 pg/l (Mathurin et al., 2014)), but due to their presence in
lepidolite, their concentrations are expected to be indicative for the lithium concentration in the water.
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Figure 4.1: From top left to bottom right: Correlation graphs between Li-Si, Li-K, Li-Al, Li-Rb, Li-Cs.

The Li-Si, Li-Al, Li-Cs graphs show that Li concentration is not strongly correlated with the elements,
even with the best fit. For low concentrations of K and Rb it seems that also Li has low values.
However, the Li-K does not show a correlated with K concentrations >700 ppm, in which case the Li
is in the range of 0 to 46 ppm; higher concentrations of K does not always correspond to higher Li
concentration. Concerning Li-Rb correlation: there a strong correlation between the metals, indicated
with the R? value of 0.94. However, there were only 13 samples with both elements analyzed, too
few to draw a strong conclusion.

MgClz and lithium

As stated from the paper of Mertineit & Schramm (2019) and explained in chapter 3.1, lithium can
migrate through the subsurface due to chemical reactions with MgCl.. It is to expect a correlation
between lithium and Mg?* and CI- ions. However, because magnesium and chlorite concentrations
are usually far greater than lithium concentrations, we do not expect a strong relationship between
these metals.
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Figure 4.2: On the left graph showing the concentration of Li compared to Mg and on the right Li-Cl graph.
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Figure 4.2 show that also in these cases there is no strong correlation between the Mg?*, Cl- and the
Li* concentrations in the aquifers, with R? values lower than 2. Most of the samples show magnesium
concentrations lower than 2000 ppm, but the concentrations of lithium vary without a trend relative
to the concentration of the other element. Similarly, the chlorine concentrations do not show a strong
correlation with the lithium concentrations.

Lithium and other metals

The analyses of the correlation of lithium concentration with other metals (Na, Cu, Sr, Mn, Ca, Pb,
Fe, F, Cd, Ni, P, B, Zn) are presented in Appendix A. These analyses show there is no strong
correlation with these metals.

There is no element besides Rb found in the water analyses of the Dutch subsurface that is strongly
correlated the lithium concentration. The correlation with Rb is based only on 13 samples. This
indicates that it is not possible to estimate the lithium concentration in an aquifer using the
concentration of another metal.

4.2. Presence of lithium in specific formations

In chapter 3.2 the concentrations of lithium in different the formations are shown.

The location of the wells from which the lithium concentration is known are presented in Figure 4.3
(for more detailed information about the field shape and the exact well coordinates refer to the NLOG
webpage).

Concentrations and formations

The concentrations of the metal vary significantly between different fields producing from the same
formations. Data of the Upper Rotliegend reservoir fields show a concentration rang of 47.5 to 0.95
ppm, with significant variations even withing the same field, see Figure 4.3. The lithium
concentrations vary of more than 40 ppm for the 4 fields, indicating that the formation is not
necessarily an indication of high lithium concentrations.

The metal was identified in only one field producing from the Zeeland Formation and the Zechstein
Salt, thus not sufficient to conclude any typical lithium concentrations for these formations.

The two fields of the lower Germanic Trias Group, one onshore and one offshore, show similar low
lithium concentrations, but it is again improper to make assumptions of the characteristics of the
whole formation based on two wells.

The highest amount of data came from wells with Delft Sandstone as reservoir rock. The samples,
coming from 5 different fields all show low lithium concentrations, ranging between 0 and 5 ppm.

Formations locations

The fields with formations from the Upper Rotliegend are located both offshore and onshore, so there
is high lateral and longitude variability. The difference in lithium concentration between different
fields suggests that the lithium concentration in the Upper Rotliegend is not related to the depositional
settings of a single formation in the Netherlands, but due to other factors. The difference in lithium
concentration within a single field (P05-01) can be a consequence of different analysis and sampling
methodologies applied to determine the lithium concentrations (unfortunately not all present on
NLOG) or differences in water-rock interaction due sedimentary heterogeneity on a field-scale
(MacEachern, 1992). The variation of the field-averaged lithium concentrations (9-48 ppm) within a
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single formation suggests that lithium in the Upper Rotliegend is not present due to the depositional
history and depositional environment.

The lithium concentration in the Delft sandstone is consistently in the range of 0.5-6 ppm for all the
fields considered, however, due to their proximity (maximum 45 km distance) no meaningful lateral-
extrapolation of the lithium concentration within this formation can be made.
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Figure 4.3: Locations at the surface of the borehole wells with indicated the range of lithium concentration found and the production
formation. (Locations retrieved from NLOG and map from Jager (2012)).

4.3. Lithium sources based on the geology of the subsurface

Neither the presence of different elements or the era of depositional environment (formation) are
indicators or explain the presence of lithium.

The main source of the metal in Europe are intrusive rocks, as explained in chapter 3.1. Since two
major volcanism events involved the geology of the Netherlands, this subchapter examinates if there
are any relations between these and the lithium found in the Dutch subsurface.
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4.3.1. Geology of the subsurface and lithium concentration
The Dutch subsurface has gone through several phases of rifting and tectonic stresses that induced
the opening and reactivation of a several sets of major faults (Wong et al., 2007).

2% S o (]
A 0 \\ Jurassic A (]
12 A \ \ \“'"okobinwfyn Triassic = §
W High Permian
Carboniferous| A { A
o = Vqu;lt; |
// / Permian | gy nottiegend A\(“
N7 ( f ) 1T southern 2\
. | * boundary Dongen) 5
| 5 q% F3-7 (raworkad) // o mh:op-nnl‘ F‘
'l — e O8I tiIN C
3 )
‘ =
1. e
¥ \Ct\\ . Cleayer Ban
SRR INTRUSION
<SAUN < ;
Grohingen ,)
intrusion

\ N %
Y
As\.‘\.. RS A
\ LY 1’6 -
v ” Friesland .2
s E T Platform .
R i : g -
: N
N
0 03/0 D
0 0 pp
O 01/0 6 gui
s TR ERKELENZ
o 4t = INTRUSION
/ \\ //'J g .W' \ga\ . thi\h Massif }
vy S - \ CAL-GT-01/03 [37-18 ppm]
- gﬂmnmiw | Main basement hig '
# X highs, I Delft Sandstone
D m D platforms B Lower Germanic Trias Group

VDB-GT-02/03/04 [0.5 ppm] i B
- - UF 0f el

S — R
/ L Zeeland Formation
/& B Zechstein salt

Figure 4.4: Well locations on map showing the major fault systems running through the Dutch subsurface (Doornenbal & Stevenson,
2010) together with the main intrusions due to the 2 major volcanic events in the Netherlands (Wong et al., 2007).

The Permian igneous rocks (Rotliegend) are from the same tectonic even that caused volcanic
intrusion in the northern part of Germany in the Ems Graben and Poland. In Figure 4.4 are shown the
location of the wells on a map that combines the major volcanic intrusions (from the map of Figure
2.2). From the figure it is evident the large quantity of faults running from the intrusion through the
land, where the Akkrum-13field is.

It is possible that the lithium present in the Akkrum-13 field has been transported by the water flowing
in the formation, from the volcanic region to the reservoir of the same formation, facilitated by the
fractures in the subsurface. But to further investigate this, more aquifer samples of the area closer to
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the intrusions are necessary. From the cross section of the area crossing the Akkrum-13 field in Figure
4.5, on top of the thin reservoir layer there is a thicker Zechstein formation. The Rotliegend runs from
the left most part of the cross section until the Friesland Platform where it was eroded. The mineral
dissolution and transportation are then not to be expected further that the Friesland Platform.
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left side of the Lower Saxony Basin.

Similarly to the Akkrum-13 gas-field, the other field resulting in higher lithium concentration is in a
fault zone close to the Erkelenz intrusion at the German border. The Californie geothermal field is
located on the major fault system passing through the Peel Horst, connecting the intrusion to the field.
Some other small Rotliegand intrusions appear also in the upper most part of the Dutch off-shore,
from which only one well, the F02-05, show some lithium concentrations, as well as the K03 field.
This well, is the only well that produces from the Zechstein salt deposited right after the Upper
Rotliegend. If in the previous chapter 3.1 is stated the mobilization of lithium ions due to the salt
minerals, the salt deposited on above the igneous rock, the lithium present has then not been
transported by the salt.

Besides these two major intrusions, the map shows the Groningen intrusion. Unfortunately, there are
no data available indicating the metal composition of the subsurface in the Groningen field, so it is
impossible to know if the area has higher lithium values related to the nearness to the intrusions and
the high series of faults.

The cross section in Figure 4.6 shows that the Permian layers in the NNE part of the section are
eroded and Cretaceous rocks are in contact with the Upper Carboniferous. If the lithium present in
the subsurface is from the Rotliegend volcanic events, in the Californie Geothermie region it must
have travelled from a further source since the Permian rocks have been eroded and the Triassic lays
on top of the Upper Carboniferous.
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Figure 3.36e

SSw NNE
Roer Valley Peel Maasbommel High Central Netherlands Basin
Graben Boundary
Fault

Keldonk-1 Sanadome-499 Arnhem-1

Joppe-1 Lochem-1
(proj. 8 km) (proj. 5 km) (proj. 7 km)

(proj. 6 km) (proj. 5.5 km)

B
% 2 o 0- \ A a4
\  Figure3.32d,3.37a, : ', " e i " i i
Figure3.36b  \ 33gg,3.43d ‘Q

Pl 7 o Gy
{Figure 3.32¢,
5

Two-way travel time (ms)
w
1

v 4
TR
) 5-
W A |
YN
Y\ ¢ s - 2
b &
43 \ Neogene and Quaternary Upper ‘g e Upper Carboniferous
Cenozoic Lower Lower Carboniferous and Devonian
Paleogene Triassic Cambrian-Silurian
i 0 20 km
Upper } Cidtatocus Permian Fault

Lower

Figure 4.6: Cross section of the Dutch German border. Permian rocks (as the Upper Rotliegend) appear onlyi in the most right side
of the cross section, cutted by the Cretaceous formation further on the left (Doornenbal & Stevenson, 2010).

4.3.2. Theoretical exercise of lithium transport from water along faults
As explained in chapter 2.3, lithium could have also been transported in the subsurface because of
chemical diffusion in the groundwater and the physical flow of water along the faults.

Chemical diffusion

From the method proposed by Holt & Vasmel (2009) to estimate the dissolution time of a molecule
in water, it is possible to estimate the time necessary for lithium to move from a highly concentrated
zone, where the metal dissolves in water from the source rock (igneous rock), to a further location.
The distribution of diffusion coefficients of lithium ions in water at different temperatures can be
seen in Figure 4.7 (Fan et al., 2016).
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Figure 4.7: Diffusion coefficient of Li+ in water as function of concentration at different temperatures (Fan et al.,2016).
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Given the Fourier’s diffusion equation (Equation 2.1), the diffusion coefficient of dissolved lithium
is considered at T = 335 K, circa 600 m in depth, and taking into account an initial Co= 300 ppm (so
43 mol/m?3), based on the high brine concentrations in the near Upper Rhine Valley (Wedin, 2022) of
> 200 ppm. It is considered C1 = 43 ppm, Ccenter = 47 ppm as the concentration in the Akkrum-13
field, d = 50 km, and D = 1x10"° m?/s. The time for lithium ions to move at this distance would be of
4e+16 s so more than 1200 Ma.

If this model would represent the real only movement of lithium ions in the subsurface, the ions would
take %4 of the Earth’s lifetime to move of 50 km in the subsurface and the lithium would be present
only in the proximity of the source mineral.

Physical water flow

In this second model it is assumed that the lithium is homogenously transported by the normal
groundwater flow in the subsurface. Along faults water velocities range from 13 up to 242 m/d
(Medici, West & Banwart, 2019). Groundwater flow reaches the highest speeds closer to the surface,
where the hydraulic conductivity is higher.

Considering the slowest flow rates, to travel along a set of faults 50 km long perfectly connected the
water takes less than 77 years.

A similar investigation was done by Lapperre et al. (2019) where the groundwater level of the Roer
Valley Rift System, a highly faulted zone in the southern part of the Netherlands close to the Eifel
volcanism, is investigated. The paper points out that the permeability of the area is reduced blocking
the groundwater flow in some areas.

Other sources state that the groundwater flow in aquifers is considered fast when it is around 0.3 m/d
and can be as slow as 0.3 m/y (Alley et al., 2013). Considering the fastest case, due to the fractures
in the faults, the water would take 42 days to flow for 50 km in the subsurface.

Finally, considering the flow rate of 0.3 m/y, the water takes 15000 years to flow 50 km.

At this last flow rate, the metal dissolved in water can move from the source rock until 400 km away,
as the distance from the Akkrum-13 field to Insheim in less than 0.2 Ma.

From this last result, it is reasonable that the fields with Upper Rotliegend formations as reservoir
rock contain lithium concentrations probably coming from the closest Rotliegend volcanism
intrusion. 0.2 Ma for mineral migration is in fact much lower that the time to success to a different
formation (after 5 Ma circa from the Upper Rotliegend the Zechstein salt started its deposition
(NLOG)). Hence, it is likely that the lithium comes from the closest volcanic intrusion, occurred in
the same age and/or transported by the water along the highly faulted areas.
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Geothermal brine mining

Of the methods already used to extract lithium, the extraction of the metal from salar brines is of
more interest for this research than the techniques used to separate it from the mined pegmatitic rock.
This chapter is focused on the methodologies for lithium extraction from brines and on the variations
necessary for a geothermal plant to extract the metal.

5.1. Methodologies of lithium extraction from brines

The extraction of lithium from brines currently in operation has as intermediate products LiCl
(lithium chloride) and Li2CO3 (lithium carbonate), usually refined to LiOH-H20O (lithium hydroxide)
for commercial use.

Technologies for direct lithium extraction (DLE) include reverse osmosis (RO) and nanofiltration
(NF) membranes, adsorbent materials such as ion exchange and sorbents, and electrodialysis
processes. This section focuses on similar aspects of these four technologies, such as lithium's
selectivity and recovery R from competing ions, the resilience of the material to solids, water
composition stream temperature, and flow speed. Comparing the same aspects of DLE is important
in the context of developing future projects on lithium extraction from geothermal brines.
Commercially available and developed methods are more likely to be adapted to geothermal
applications. The surface area necessary to operate the technology determines the project's
economics, including the materials needed to treat the waters and the nature of the downstream
fluid.

In filtration processes, the permeate or filtrate is the filtered stream leavening a membrane filtration
system. The name of the material adsorbed by the membrane is retentate or concentrate, as seen in
Figure 5.1. The recovery (R) is the ratio of recuperated lithium mass over the feed mass of lithium.
The rejection coefficient (or retention rate) (r) is the difference is defined as follows in Equation
5.1

C
r=-L_"" «100%
Cr

Equation 5.1

wherein Cy is the feed concentration and C,, is the concentration of the permeate (Sun et al., 2015 and
Li et al., 2019). A negative rejection coefficient means that the concentration in the filtrate of a
specific ion is higher than in the feed solution.
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Figure 5.1: Schematic representation of cross-flow filtration with membrane (Bylund & Tetra Pak Processing Systems AB, 2015).
The untreated fluid (feed) flows through the compartment. A membrane layer, usually with specific pore size, is situated around the
feed’s stream. Two streams discharge a filtration system, the permeate and the concentrate. If the pressure difference across the
membrane is sufficient, particles smaller than the membrane’s pores cross-flow the layer in a stream called the permeate or filtrate.
Concentrate is the fluid or solid with the unfiltered materials, adsorbed in the membranes or still dissolved in the fluid. The
polarization effect blocks the transport of material. A screen of polarized ions concentrates at surface or pores of the membrane due
to the selective transport through the filtration layer.

5.1.1. Extraction of lithium from mining brines

Methodology

In the mining industry, the metal is extracted from the brines through a series of evaporation
processes in evaporation ponds. The water in the brine after months evaporates from the pond until
the metal remains in high concentrations of crystals. The other elements in the brine precipitate
progressively in the series of ponds until an optimal lithium concentration is reached.

Selectivity and Disadvantages

The lithium concentration factor (CF) is 1.06; the brine concentration can reach values up to 2120
ppm after this process. The brine is usually further refined to obtain a product with fewer
impurities.

This method can take months to years depending on the weather and climate and requires a sizeable
superficial area exposed to the sun. In addition, most of the extracted material is not economically
valuable and must be disposed of or stored for later processing (Stringfellow & Dobson, 2021a).

5.1.2. Membranes

Membranes are physical barriers that separate two phases and selectively restrict the transport of
various chemical compounds. The separation occurs via size exclusion, charge, and stability reactions
(Zhang et al., 2020). Several membrane techniques have recently been reviewed and described by
Stringfellow & Dobson (2021a). The paper evaluates various membrane extractions and the different
patented solvents used for lithium absorption. A large scale of lithium-selective membranes has been
tested on the laboratory scale to directly extract the lithium. Nanofiltration and Reverse Osmosis
membranes can be prospective for future lithium extraction. Figure 5.2 illustrates a schematic
representation of the principles of membrane filtration.
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Figure 5.2: Principles of membrane filtration (Bylund & Tetra Pak Processing Systems AB, 2015). The pore sizes determine the
name and operational pressure for membrane filtration. RO membranes have the smallest pore size of 10-*-10-3um (right arrow),
operating at the highest pressure of 30-60 bar (left arrow). The membrane has also the highest rejection; the retentate contains all
materials dissolved in the feed and only water molecules permeate the filter (drawing between the arrows). From NF to MF the
pores are wider (from 10-2to 10 um) and operates at lower pressure (from 20 to <1 bar). The membranes block less material, the
permeate in NF contains water and salts, in UF the filtrate has also lactose and in MF only bacteria and fat remains in the
concentrate.

Reverse Osmosis Membranes (RO)

Reverse osmosis is the process of forcing pure water molecules through a semipermeable membrane
(with pores <0.002 um) that allows the passage of water but no other materials (Manahan, 1994 and
Wagner, 2001).

Selectivity and Recovery:

The membrane's selectivity is affected by the presence of other ions, and it is not selective for only
lithium (Somrai et al., 2013 and Stringfellow & Dobson, 2020b). Stringfellow & Dobson (2020b)
suggest that the method can only be used as a pre-treatment to concentrate the brine
composition. Somrai et al. (2013) investigate the efficiency of separating lithium from Na* ions given
a specific Mg?*/Li* mass ratio of 60, with a concentration of 59.9 ppm lithium ions. The method used
in the paper shows that the sodium and lithium rejection rate ranges between 70% and 90%, without
a difference in selectivity. Hence, both ions have highly reduced concentration in the retentate. RO
membranes, according to other research (Swain, 2017 and Porter, 1990), have lithium recovery up to
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99.6%. However, they also reject other ions with recovery higher than 96%, such as calcium, sodium,
and potassium, as shown in Figure 5.3.

lon lonic Radius Feed, mg Permeates, mg Rejection efficiency
Coordination(6), A Ingd 1=t (%)
Calcium 1.00 65 0.2 99.6
Sodium 1.02 150 3.0 98.0
Pottasium 1.38 12 0.3 97.4
Lithium 0.74 017 0.0006 99.6
Bicarbonate 19 0.7 96.2
Sulfate 189 04 99.8
Chloride 162 29 98.2
Nitrate a7 3.5 96.4
TDS 693 11.0 98.4

Figure 5.3:Rejection efficiency of different ions in the reverse osmosis process (Porter, 1990).

Resilience of Material:

Resilience to solids in water

Solid particles such as sand can damage the membrane. The particles can break the filtering film and
create holes in the membrane at high flow speed. When the membrane is damaged it is possible only
to replace the membrane (Porter, 1990).

A filter with 10 to 20 um pores must purify the feed from solid particles before entering the reverse
osmosis system (Wagner, 2001). In geothermal plants, to protect the injection well, a filter eliminates
particles with sizes bigger than 10 um (DutchFiltration, 2018). Thus, it is not necessary to add a pre-
treatment to the feed in a geothermal system.

Resilience to water composition
The membrane is highly affected by strongly acidic or basic solution, as well as strong oxidizing
agents and solvents that can dissolve the membrane (Wang et al., 2004).

Resilience to temperature fluctuations

The membrane is sensitive to temperature fluctuations and generally it cannot operate at temperatures
higher than 45 °C for RO (spiral wound). At lower temperatures the flux of feed solution decreases
and at higher temperatures the rate of membrane hydrolysis increases, decreasing the lifestyle of the
membrane (Wang et al., 2004). The resistance to temperature fluctuations and to the maximum
temperature depend, however, on the manufacturing process of the membrane itself.

At constant temperature of 22 °C, the recovery of lithium at the maximum pressure was of 90%
(Somrani et al., 2013).

Resilience to flow speed

The handbook of Porter (1990), gives a general description of the effects of flow speed on a RO

membrane. The flow speed can also cause damages at the surface of the membrane, decreasing its
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efficiency. Enough AP is still necessary across the membrane to guarantee the reverse osmosis. As
stated in the paper: “As a rule of thumb, each 100 mg/I of dissolved solids is roughly equivalent to
one psi of osmotic pressure.” Considering that the average concentration of dissolved solids in Dutch
aquifers is 879300 ppm (see Appendix A), the feed needs at least 60 MPa of AP to operate. Depending
on the indications of the membrane manufacturer, the Spiral Wound RO membranes in Figure 5.4
can have different flow rate capacities. Membranes available in commerce can operate at 40 m3/h
(Culligan ®, 2016).
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Figure 5.4: Spiral wound RO membrane module (Wagner, 2001). The feed solution enters in the central tube where a series of
membranes adsorbs the material that concentrates in the feed channel spacer. The outer trap isolates the tube from air. The anti-
telescoping device is located at the end of the membrane to guarantee structural support. The permeate and the concentrate flow

from the same direction as the feed solution but in two separated streams.

Ease of sourcing:

RO membranes are already widely used as desalination techniques, in the food and bioproduct
industries since they are sensitive to temperature and solvents. They are also used to treat wastewaters
in other industrial processes (Porter et al., 1990 and Wagner, 2001).

Space:

RO membranes can be packed from a membrane size of 8.5 m® to 0.03 m* and they are usually
installed in cylinders with diameter of 0.20 m and length of 1.5 m at the maximum flow rate (Porter,
1990).

The RO membrane offered by Applied Membrane Inc. (2020) has a volume of 3 m® and can operate
at a maximum flow rate of 2 m3/h. Considering that the maximum flow rate in geothermal projects
of 300 m¥/h, if there is a linear relationship between the flow rate and area, the total volume of
membranes needed is at least 450 m®. Generally, the higher the flow rate, the higher the area needed
for the membrane facility.

Upstream / Downstream:

Materials necessary
Depending on the membrane used, the manufacturers might require an additional pre-treatment of
the brine in addition to the sand filtration (Porter, 1990). Backwash of a chemical solution is necessary
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after the filtration to remove the permeate material from the membrane (Porter, 1990, Wagner, 2001,
Wang et al., 2004 and Bylund & Tetra Pak Processing Systems AB, 2015).

Impact of wastewater on reservoir

Since the membrane filtration has the same separation efficiency for both sodium chloride ions and
lithium ions, the wastewater is removed from most of the salts dissolved (Wagner, 2001, Wang et al.,
2004 and Porter, 1990). Due to the lowered salinity of the outlet water, it may need to be replenished
with salts to prevent clay swelling if reinjected into the reservoir (Schlumerger, 2022).

Ceramic Membranes/ Nanofiltration (NF) Membranes

Like RO membranes, NF membranes separates fluids or ions from a feed. NF operates like RO filters
but the membrane has wider pores, as shown in Figure 5.2. The filtration rejects divalent charged
ions and only partially mono-charged cations (Wang et al., 2004, Wagner, 2001). Zhang et al. (2020)
Investigates in the detail the separation of lithium ions from other ions with NF membranes.

Selectivity and Recovery:

NF membranes have higher selectivity compared to RO membranes. Several researchers (Somrani et
al., 2013, Li et al., 2019 and Gao et al., 2020) report that the retention of divalent ions is higher than
monovalent ions. The concentrate has a retention ratio of Ca?* and Mg?* ions of 85%, with lithium
and sodium retention rates of around 40% (L.i et al., 2019 and Gao et al., 2020). The filtrate contains
60% of the initial lithium under the conditions operated by the research.

Another research (see Zhang et al., 2020) reports that different NF membranes reject 96% of di-
charged ions and have lithium retention of only 16%. Hence, 84% of the initial lithium permeates in
the filtrate.

Resilience of Material:

Resilience to solids in water
Like the RO filtration method, the NF is sensitive to solid particles and the water needs to flow
through filters with pores smaller than 20 um (Wagner, 2001).

Resilience to water composition

The ion rejection (R) of the membrane is different per ion. Rejection is higher for divalent cations
and lower for monovalent cations as following: R(Mg?*) > R(Ca?*) ~ R(Na*) > R(Li") (see also Figure
5.5). The membrane can separate monovalent cations from the retentate. However, the separation of
Li* from Na* is inefficient when the sodium concentration is much larger than lithium (in the Dutch
geothermal brines is of a factor of 100 larger, as can be seen in Appendix A. Brines have been tested
selectively on different NF membranes, and the results show that Li* can reach a rejection rate of -
80%, whereas the ratio C,/Cy of Mg?* ions is 0.6 (from 40% rejection and Equation 5.1). Na* ions
have same rejection as lithium ions of 15%, so filtering does not separate the sodium ions from the
permeate (Zhang et al., 2020 and Sun et al., 2015). In addition, the concentration of monovalent ions
in the filtrate in NF membranes depends on the feed concentration. The higher the concentration, the
more ions are rejected by the membrane (Wagner, 2001 and Somrani et al., 2013).
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Figure 5.5: Retention ratio of Li*, AI**, K*, Na* and Ca?* tested in four NF membranes (Gao et al., 2020).

Resilience to temperature fluctuations

The resilience of the NF membranes depends on their manufacturing process. The operational ranges
can be between 9.85 and 49.85 °C (Li et al., 2019).

Sun et al. (2015) tested a NF membrane for separation of Li* from Mg?* at different temperatures (25
°C, 30 °C and 35 °C) and observed at the highest AP of 2 MPa a rejection of magnesium ions of ~85%
at any of the temperatures tested. The lithium retention ratio is lower at lower temperatures.

Resilience to flow speed

The increase in flow rate lowers the rejection of magnesium and lithium ions. As a result, there is an
increase in the concentration of magnesium and lithium ions in the permeate (Sun et al., 2015 and Li
etal., 2019). Some commercially available NF membranes can operate at maximum flow rate of 1.96
m/h (Applied Membranes Inc., 2020)

Ease of sourcing:

NF is used to produce cheaper drinking water (than drinking water obtained with RO) and to reduce
the hardness of water due to the high rejection of divalent cations. It is also the membrane technology
with the most widespread use in lithium extraction at laboratory-scale (Wang et al., 2004 and Zhang
et al., 2020).

Space:

Commercially available membranes operating at 1.96 m®/h have a diameter of 0.20 m and length of
1 m, with 37 m® of active membrane area (Applied Membranes Inc., 2020). At maximum flow rate
production of 300 m?h, at least 462 m® of NF tube membranes would be necessary.

Upstream / Downstream:

Pre-treatment processes are also needed for NF membranes to remove solid particles and ionize the
feed. They are well known and specified by the manufacturer of the membrane.

The outlet water flowing from the tube has sodium and chlorine ions 15% lower than the initial
concentration. However, lithium is still dissolved in the waters and needs different processes to be
separated.
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5.1.3. lon Exchange

Methodology

lon exchange is used to remove ions from waters. The water flows through a solid anion or cation
exchanger where the ions in the water are replaced with the ones at the surface of the exchanger
(Manahan, 1994).

Lithium separation is done in a vessel with a cation exchange material. The reactions in the vessel
are as shown in Equation 5.2 where {Cat(s)} is the solid cation exchanger

H{Cat(s)}+ Li* + X~ - Li{Cat(s)}+ H* + X".
Equation 5.2

A strong acid solution must flow through the vessel to extract the lithium and regenerate the adsorbent
material. The nature of the acid and its acidity depend on the material of the ion exchange.

Figure 5.6 shows a schematic representation of an ion exchange process. lon exchangers are
commercially available as enriched beds in tanks. The brine flows downwards into the tank due to
gravity. Simultaneously, a second tube injects chemical to adjust the feed's acidity for the best
efficiency of the ion-exchanger. The feed solution flows through the ion exchange resin, where the
lithium is absorbed, whereas the rest of the filtrate flows outside the tank.

(A) Initial State Prior to Exchange (B) Equilibrium State After Exchange
Reaction with Cation B* Reaction With Cation B*

Solution-Phase
& s o o

Pore
Spaces

Figure 5.6: Cation exchange resin diagram (Woodard & Currant, 2006). The resin lattice has fixed pore spaces where the exchange
reaction occurs. B* are the cations initially present in the feed and A* the cations initially in the ion exchanger. (A) At the initial
state, prior to exchange reactions with the cation B*, the pore spaces of the resin are filled with the other cation A*. (B) Once the
feed is in contact with the resin and the system reaches the equilibrium, B* cations replace the places of A*and vice-versa.

Selectivity and Recovery:

Potassium and sodium ions decrease the recovery of lithium. In particular, the potassium ions also
influence the permeation process of Li* and Mg?* through the resin.

In the economic assessment of E3 Metals Corp. (2021), the company states that with their absorption
material the concentration of lithium can increase up to a factor of 11, from 74.6 mg/l up to 850 mg/I.
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Zhang et al. (2020), state that the recovery of lithium ranges from 62 to 94.5% for brines with Mg/Li
mass ratio respectively from 16.7 up to 400. The higher the mass ration, the higher the recovery
according to the research.

Resilience of Material:

Resilience to solids in water

Solid particles limit the efficiency of the method (Woodard & Curran Inc., 2006). The resins have
pores of 2/4 mm, so filtration of particles with bigger diameter is expected before the feed enters the
ion exchange system.

Resilience to water composition

lon exchange materials are also generally more selective for higher molecular weight ions. Mg?*
cations influence the selectivity of the resin to monovalent ions since they can compete in the
lithium’s adsorption (Zhang et al., 2020). The ions accumulate on the surface of the membrane
creating a positively charged interface, decreasing the lithium recovery. For the separation of lithium,
the selectivity of the resin to monovalent cations is as it follows: Ag" >Cs* >Rb* >K* >Na* >Li"
(Woodard & Curran inc., 2006).

Some sorbents, such as MnOx and TiOx, are preferentially selective for lithium ions over sodium and
potassium, even if these last two are in much higher concentration (Stringfellow & Dobson 2021b).
The manganese sorbents are not specified in the Stringfellow & Dobson (2021b) paper, but MnO can
be present in the form of MnO2 and MnO™.

Resilience to temperature fluctuations

Nie et al. (2020) experimentally investigated the extraction of lithium from brines with an ion-
exchanger at temperatures between 10 and 30 °C. The higher temperature resulted in lower lithium
recovery, as can be seen in Figure 5.7.
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Figure 5.7: Lithium recovery rates (R(Li*)) compared to magnesium ions as function of time and temperature (Nie et al., 2016).

At higher temperatures, the conductivity of the brine increases, and the leading exchange force
becomes electrostatic, where ions with higher electric mass move faster towards the resin. At lower
temperatures, the mass transfer of ions is mainly driven by diffusion, and the hydrated ionic radius
of the competing cations decreases, making harder the migration of these ions in the material and
facilitating the flow of lithium (Yamaguchi et al., 2010 and Nie et al., 2016). Nie et al., (2016) find
that lithium recovery at 30°C is 73.5% compared to 95% at 15°C.
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Temperature fluctuations of the water can impact the durability of the ion exchange resin since the
temperature can influence the equilibrium reactions between elements in the membrane (Nie et al.,
2016 and Zhang et al., 2020).

Resilience to flow speed

Nie et al. (2016) analyzes the recovery rate of lithium as function of flow speed in an ion-exchange
material. They find that at higher flow speed the recovery rate increases. The increase is a
consequence of the turbulent flow at high speeds, that increases the mass transfer of ions rather than
the diffusion in the fluid.

Generally, continuous flow ion exchange process is operated from 18 m3h to 40 m3/h for every m?
of ion exchange resin (Woodard & Curran Inc., 2006).

Ease of sourcing:

This method is used commercially in the final treatment of wastewaters for decontamination and
softening of the water. lon exchangers are also proposed as a primary direct lithium extraction method
from geothermal brines (Woodard & Curran, 2006, E3 Metals Corp., 2021 and Toba et al., 2021)
since it can be used to recover valuable metals (Zhang et al., 2020 and Stringfellow & Dobson,
2021b).

Space:

lon exchange resins can work at flow rate of 1.15 m3/h per m® of resin. Hence, at a maximum flow
rate of 300 m®/h in the production part of a geothermal plant, at least 7 m® of resin surface would be
necessary (Woodard & Curran Inc., 2006). An ion exchange tank is filled only partially with the
exchange material. Considering that only half is filled with the exchanger (as schematic drawings of
ion-exchangers in Woodard & Curran Inc., 2006), a tank of approximately 14 m? is needed for this
process at maximum flow speed.

Upstream / Downstream:

The method needs two different phases of acidification, one before the brine flooding and another
once the material is fully saturated with lithium. Initially a chemical solution, such as a strong acid
solution for the cation extraction, flows through the resin that charges the surface of the material to
capture the cations where the anion is mainly chloride (Woodard & Curran Inc., 2006 and E3 Metals
Corp, 2021). After the tank is flooded and saturated with metals, the metals removed from the resin
by flowing another strong acid by the resin (Nie et al., 2016).

5.1.4. Sorbents

Methodology

Sorbents are solid materials that selectively adsorb specific molecules or ions (Manahan, 1994). The
sorbent physically adsorbs LiCl molecules that are recovered by flushing with water, as shown in
Figure 5.8 (Wedin & Harrison, 2021 and Stringfellow & Dobson, 2021a). Stringfellow & Dobson
(2021a) examinates a series of different sorbent materials for selective lithium extraction.
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Sorbent

Figure 5.8: Schematic representation of sorption of lithium ions (Wedin & Harrison, 2021).

Selectivity and Recovery:

Wahib et al. (2022) developed a “low-cost and environmentally friendly” adsorbent to remove lithium
from groundwater. At pH 6, the sorbent traps 90% of the lithium dissolved in the water. The
researchers tested several other sorbents, but the maximum adsorption is 95% with brine at 200 ppm.
Another research reported by Sringfellow & Dobson (2021a) states that the lithium recovery achieved
is 95%.

Resilience of Material:
The resilience of adsorbent materials varies from the structure and nature of the sorbent (Stringfellow
& Dobson 2021a and Wahib et al., 2022).

Resilience to water composition

Adsorption of lithium decreases by 60% at a pH lower than 6. Hydrogen ions in highly acidic
solutions compete with the adsorption of lithium ions. Sodium ions can also compete in the adsorption
from laboratory experiments on groundwater (Wahib et al., 2022). The adsorption of lithium
increases for concentrated brines. Figure 5.9 shows that concentrated brines (100 ppm) result in the
maximum adsorption of >95%.

Resilience to temperature fluctuations

Itis evident from Figure 5.9 temperature does not play a role in the lithium adsorption capacity. Thus,
the sorbent tested can operate at 25 °C, 35 °C, and 45 °C. Differently, Wedin & Harrison (2021)
report that one disadvantage of their sorbent material is that the methods need to operate at feed
temperatures >50 °C.
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Figure 5.9: Adsorption capacity of sorbent as function of feed concentration and temperature (Wahib et al., 2022).

Ease of sourcing:

Sorbents are widely used to remove trace metals and pollutants from water. The materials are cheaper
than membrane filtrations and are environmentally friendly since they do not require the use of
additional acidic solutions (Wedin & Harrison, 2021 and Wahib et al., 2022).

Upstream / Downstream:

The pH of the feed needs to be adjusted before the adsorption to acquire an optimal result. The filtrate
contains lithium and the competing sodium ions dissolved in water but needs further concentration
processes. The lithium concentration in the filtrate can be up to 5 times lower than the feed (from 200
ppm of lithium in the feed to 37 ppm in the filtrate) (Wedin & Harrison, 2021, Stringfellow & Dobson,
2021a and Wahib et al., 2022).

5.1.5. Electrodialysis

Electrodialysis (ED) is a separation process that mobilities ions through a permeable membrane
applying an electric field potential on the ion solution. The principle is shown in a diagram in Figure
5.10. The feed solution flows between anode and a cathode of an electrodialysis cell through a series
of anion (AEM) and cation (CEM) exchange membranes arranged alternately in the space between
the two electrodes (Gmar & Chagnes, 2019; Stringfellow & Dobson, 2021 and Manahan, 1994).
Cations pass through the AEM and are retained by the CEM, the opposite happens for negatively
charged ions. The process works implementing the adsorption of ion-exchange membranes. Applying
an electric field with an anode and a cathode separates ions with same charge and similar ionic radius,
such as lithium and sodium.
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Figure 5.10: Schematic representation of electrodialysis ion separation method (Gmar & Chagnes, 2019).

Selectivity and Recovery:

Gmar & Chagnes (2019) tested the efficiency of lithium extraction from different brine
concentrations and found that brines with 1350 ppm of lithium and 27800 ppm of sodium can produce
7650 ppm of LiOH. With a brine containing 700 ppm of Li* and 2300 Na™, the recovery of lithium is
only 25%, with an applied electric current density of 0.05 A. However, it can reach 91% if the applied
electric current density is 0.1 A. Electrodialysis can be used to purify and produce lithium salts with
95% purity, with a lithium extraction rate of 85%. The average lithium recovery of other experimental
setups was 79% (Li et al., 2019 and Ball et al., 1987).

Resilience of Material:

Resilience to water composition
Separation of lithium with electrodialysis lacks when divalent ions or cobalt, nickel and manganese
ions are present (Gmar & Chagnes, 2019).

Resilience to temperature fluctuations

Ball et al. (1987) states that the maximum temperature the feed brine can have is of 60 °C. The higher
the temperature, the more efficient the ion separation is at the cost of the lifetime of the membranes.
The patent specifies that the optimal temperature for the membrane life and efficiency of the system
of 30 °C.

Resilience to flow speed

Increasing the flow rate in an electrodialysis extraction plant can positively and negatively impact
extraction efficiency. A higher flow rate means higher potential difference, increasing the ion
mobility. However, the higher flow rate also decreases the time the feed solution stands in the cell,
lowering the recovery of the ions. Electrodialysis extraction plants can operate at flow rates between
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14.6 m3h and 22 m%h (Lee et al., 2019 and Jiang et al., 2014). The maximum flow rate supported by
the plant is determined by its manufacturing process.

The recovery rate in electrodialysis cells increases if the current density increases at constant
temperature and flow speed. With a concentrated Li* of 879 ppm, the final lithium brine has a
concentration 400% higher than the initial solution (Jiang et al., 2014).

Ease of sourcing:
ED is used in processes of seawater desalination, treatment of wine and fruit juices, radioactive

wastewater treatment and regeneration of ion-exchange resin (Wang et al., 2004).

Space:

Jiang et al. (2014), uses a practical membrane area of 0.01 m?to handle the feed brine for lithium
extraction at 0.022 m*/h. For a flow rate of 300 m*/h, 136 m? of membrane is necessary. Commercially
available electro deionization modules can be seen in Figure 5.11 (Evoqua Water Technologies, n.d.).

Figure 5.11: Evoqua Water Technologies (n.d.) electrodialyser tube commercially available. The elements displayed are from left to
right: pipe adapters, end cap, concentrate spacer, cation membrane,2 dilute spacer, anion membrane, and repeating the sequence of
the last four elements.

Upstream / Downstream:

The ED does not require specific acids before the process, but the feed stream needs to be already
diluted and removed of most of the metals. The water of some ED facilities needs to flow through a
RO filtration process (Lenntech, n.d.).
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5.1.6. Summary of methodologies

The separation technologies have limitations and optimal applicability depends on factors such as the
feed temperature, flow rate and concentration. In Table 1 the different methods are compared based
on some of their requirements. Other factors like the ease of maintaining the extraction facilities can
limit the applicability of the methods in lithium recovery from geothermal brines. Other impacting
factors can be the composition of the water re-injected in the reservoir, the environmental impact of
waste materials, the volume of plant necessary to do the separation of ions and the CAPEX and OPEX
of the facility.

RO membranes NF Ion Exchange Sorbents Electrodialysis
membranes
Maximum 45°C 1, 8] 45 °C 1, 8] 30 °C [6] >50 °C [15, 30 °C [10]
temperature 16, 17]
Operational | 40 m*/h[13] 1.96 m*h[8] 40 m*/h[7] * 22 m/h [11]
flow rate
Surface or 450 m* [2, 8] 462 m*[8] 14 m*[7] * 136 m? of
Volume membrane [11]
necessary at
flow rate of
300 m*/h
Lithium 98-99% [2, 3] 85% [9] 95% [14] 95% [15, 85%][11, 12]
recovery Lithium recovered 16, 17]
Permeate Desalinated brine  Solution with  Acidified Initial brine Brine with salts
[1,2,5] 85% of initial ~ solution with  with 5% of [11, 12]
lithium and initial salts [6] initial
sodium [9] lithium [16,
17]
Concentrate | Concentrated Brine with 95% Concentrate Diluted Highly
brine with Li" and of initial ions solution with  LiCl concentrated
saltions [1,2,5] and 15% ofthe 95% initial solution LiOH solution
initial lithium  lithium [6] [16, 17] [12]
and sodium [9]

[1] Wang et al. (2004); [2] Porter (1990); [3] Swain (2017); [4] Stringfellow & Dobson (2020b); [5] Wagner (2001);
[6] Nie et al. (2016); [7] Woodard & Curran Inc. (2006); [8] Applied Membranes Inc. (2020); [9] Sun et al. (2015);

[10] Ball et al. (1987); [11] Jiang et al., 2014; [12] Gmar & Chagnes (2019); [13] Culligan ® (2016); [14] Zhang et

al. (2020); [15] Stringfellow & Dobson (2020a); [16] Wahib et al. (2022); [17] Wedin & Harrison (2021)

* Not found in literature

Table 1: Summary of requirements for lithium extraction of the 4 methods analyzed.
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* Vulcan Energy Resources: https://v-er.eu/ and E3 Lithium: https://e3lithium.ca/

5.2. Case studies

Two main projects of extracting lithium from geothermal brines have been developed in the last few
years by Vulcan Energy and E3 Lithium*. The Vulcan Energy project has passed its FID and from
2024 the company is planning to start the construction of part of the lithium extraction plant (Wedin,
2022), whereas the E3 Lithium has published in September 2021 the Preliminary Economic
Assessment of the project (E3 Metals Corp, 2021).

5.2.1. Vulcan Energy: Zero Carbon Lithium ™
Limited data and project plans are available of the project. Some information is protected since some
patents still need to be processed by the German government.

Brine composition

The Vulcan Energy project, in Germany, works with brines with similar ion composition of the Dutch
geothermal brines (see Appendix A). However, the lithium ions concentrations 4 times higher (200
ppm) than in the Dutch Akkrum-13 aquifer (50 ppm) and almost 5 times bigger than the Californie
Geothermie field (40 ppm).

Setup project plant

The company ideated a project divided in three different group of plants: a geothermal plant, a
sorption plant and a central lithium plant, as can be seen in Figure 5.12 (Appendix A contains a 3D
drawing of the plants) (Wedin & Harrison, 2021).

The geothermal plant used for the project is in Inshem, which is operational since 2012 (BESTEC
Unternehmen Zukunftsenergie, 2018). The plant produces up to 28.5 MW of thermal energy and has
an average flow rate of 252 m%h (Reinecker et al., 2019). A second geothermal plant in Landau
which is already operating is planned to be upgraded to produce 360 m%h of geothermal brines.
During the second phase of the project, five other geothermal power plants will be included, adding
73 MW of electric energy to the energy business. The extraction of lithium from the geothermal
brines is planned to happen in two different phases, a sorption plant near the geothermal plant where
DLE technologies are applied, and a central lithium plant, for the final refinement processes.
Furthermore, the company plans to build one DLE plant on each geothermal plant. Only limited
information is publicly available regarding the lithium extraction plants. It is known that a pilot plant
is in operation and planned to be scaled up. The company declared the collaboration with DuPont to
provide sorbents for the DLE plant (Wedin, 2022), that provided resins to separate the metal (Vulcan
Energy Resources, 2022). The pilot plant tested ion exchange resins, but the company is intentioned
to use sorbents (Wedin & Harrison, 2021). In Vulcan Energy’s annual report of 2021 (Vulcan Energy,
2021b), the company declares that from the pilot plant at bench-scale (10 L scale) the recovery of
lithium chloride from the DLE extraction is of 90%. It also states that the “post-treated DLE brine
will be materially the same composition as production brine, excluding extracted lithium and silica.”.
The water with the ions not trapped by the resin is directly re-injected in the reservoir. The recovery
of lithium at plant scale or the composition of the re-injected brines are not known at these conditions.
However, a video presentation of Vulcan’s project (Vulcan Energy, 2021a) shows that lithium is
washed from DLE column with water into a “high concentration brine”. The annual report states that
“the concentration of LiCl concentrate produced from geothermal brine will be further increased
using reverse osmosis and mechanical evaporation.” (Vulcan Energy, 2021b).

The new concentrated fluid is collected and transported by truck to the separate central lithium plant.
They plan to have two or more geothermal plants connected to one central lithium plant. The
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extraction and refinement of lithium is planned to be through electrodialysis. Lithium is removed of
other impurities and is crystallized to LiOH.H2O until it reaches the requirements for the battery
industry.

Scope of the project:

The economics of the project is divided into two different sections related to the energy business with
the geothermal plant, and with the lithium business with sorption plant and central lithium plant. The
total CAPEX is €1 738 M, of which 81% is for the lithium business (43% for the sorption plant),
whereas the energy business covers only 19% of the plan. It can be argued that the project is a lithium
project, not a geothermal energy project.
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Figure 5.12: Flowsheet of Zero Lithium project from Vulcan Energy (Wedin & Harrison, 2021).

5.2.2. E3 Lithium: Clearwater Lithium Project

Brine Composition
The brines of the project come from the Devonian Leduc Reservoir, a carbonate reef system present
in the subsurface of Alberta (E3 Metals Corp., 2017). The lithium concentration is 74.6 ppm.

Setup project plant

The Clearwater Lithium Project does not include a geothermal plant, but it is focusing only on the
extraction of brines from the subsurface and the recovery of lithium from them. A schematic block
flow diagram of the plant is represented in Figure 5.13 (E3 Lithium, 2022). The brine is extracted
from 2500 m depth by deep vertical or deviated wells. Afterwards it is transported to a Central
Processing Facility (CPF), by pipelines, where lithium is extracted in two phases. The brine with
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concentrated lithium is transported to another facility where it is further refined (E3 Metals Corp,
2021).

The plan includes 2 groups of extraction wells, each composed of 21 wells, to benefit of all the waters
in Alberta containing lithium. The wells are expected to produce a maximum of 140 m3/h each in an
overall area of 79 km? for 20 years lifetime of the project. The brine extracted from the subsurface is
treated to remove solid particles and an ion exchange sorbent oversees the first DLE. The
characteristics of the ion exchange resin are unknown, but it is planned to “be formulated into a
material which can be used in a fixed bed environment.”, recycling the reagent. An example are
Resin-in-Pulp and Carbon-in-Pulp vessels. The anolyte solution from the final electrolysis is planned
to be used to extract the lithium absorbed in the resin. The company claims that the concentration of
the brine from the laboratory-scale DLE plant increases of a factor of 11, from 74.6 ppm to 850 ppm
with a recovery of 94% of lithium. The brine released from the sorbent is directly re-injected in the
subsurface. The solution containing concentrated lithium is added of lithium carbonate and lithium
hydroxide to precipitate calcium and manganese ions. According to the research, these reagents are
easily recycled and reused in the processes and do not lead to any significant lithium loss. The lithium
solution is concentrated of a factor of 16, in a RO circuit where most of the divalent cations are
removed and afterwards the solution is polished through another ion-exchange circuit that lowers
even more the divalent cations. It is not specified how much the concentrations are reduced. The final
solution is electrolyzed to produce LiOH.H2O crystals.

The total surface area of the lithium processing plant is of 25900 m? and the conceptual plant layout
can also be found in Appendix A.

Scope of the project

The project has a total CAPEX of 600 M$ and the payback time (after taxes) is planned to be after
3.4 years. The focus of the project is only to extract lithium and not to use the heat from the subsurface
brines. In addition, the project also produces 8.3 m%h of fresh water from the RO membranes that
can be used for agriculture.
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Figure 5.13: Schematic representation of Clearwater Lithium Project (E3 Metals Corp, 2021).

5.2.3. Summary of main differences of the case studies
In Table 2 are briefly explained the main differences of the projects above, to better understand the
applicability and re-scaling necessary to future Dutch projects in similar contexts.

Zero Carbon Lithium ™ Clearwater Lithium Project
Brine concentration 181 ppm 74.6 ppm
Plant design 3 different plants 1 plant
Well pads 1 per plant, 2 wells 2, with 21 wells each
Transport Material Trucks Pipelines
Flow rate demanded per DLE | 360 m®h 5833 m%h
plant

Table 2: Summary of main differences between the Zero Carbon Lithium ™ project and the Clearwater Project.
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Recommendations on lithium extraction
from Dutch geothermal waters

6.1. Likely new operations for lithium extraction based on case studies
The extraction of lithium in both the case studies is planned to happen with similar extraction and
purification methods. The brine extracted from the subsurface is concentrated after flowing through
a DLE plant. The solution is then transported to another facility to precipitate of other cations,
concentrate the lithium with membranes and finally refine the lithium in LiOH.H20. For lithium
extraction in the Netherlands, it is then suggested to investigate a similar approach.

The DLE can occur with ion-exchange resins. The ion-exchange can occur in a vessel of 14 m?
(Woodard & Curran Inc., 2006), based on 300 m>/h flow rate, and concentrates the first brines. In this
part of the process lithium is adsorbed as well as other cation impurities but leaving most of the anions
and divalent and more cations dissolved into the brine. 73.5% of the lithium can be recovered at the
operation temperature of 30 °C (Nie et al, 2016). The lithium can be easily separated once the resin
is saturated with a strong acidic solution, based on the resin used. The new solution is transported to
a second plant where firstly calcium and manganese needs to precipitate, and a RO process eliminates
more of the impurities present.

The RO membranes let the water flow through the membrane and block the passage of almost 99%
of the remaining ions (Swain, 2017). The membranes are widely used, and they need to operate at
high flow speed to allow the reverse osmosis. The projects of Vulcan Energy and E3 Lithium suggest
using RO membranes to concentrate the lithium brine. Using an RO membrane, the concentration of
other impurity ions increases as well but fresh water is also produced as waste product. All the cations
still dissolved in the brine, such as sodium, potassium, and calcium, need to be removed.

A final electrodialysis of the brine can separate the impurities from the lithium, resulting a solution
di lithium hydroxide, that is then precipitated in both the case studies in a centrifuge as LiOH.H20.

Different approaches from the case studies should also be considered. To decrease the costs of the
lithium extraction, the Dutch cases might consider improving the lithium separation technologies.
Increasing the efficiency of DLE techniques, with higher repulsion for divalent cations can increase
the economics of the project. NF membranes could also be considered in the process instead of RO.
NF membranes demand less electric energy than RO processes to separate lithium. The filtrate
contains in laboratory experiments up to 95% of the initial lithium and can directly flow to the final
electrolysis facility. With RO processes the membrane absorbs the lithium and the other ions that are
separated in the concentrate. Only with the regeneration of the filter the concentrate leaves the
filtration system. Most of ions are still in the concentrate and other processes (such as mechanical
evaporation) need to separate the lithium. Moreover, if NF membranes will replace RO, fresh water
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would not be produced and that the effluent is a diluted lithium and sodium solution (up to 5 times
lower than the feed).

6.2. New operations which require further research

The DLE facility should be placed close to the geothermal wells. The temperature at the outlet of the
heat exchanger, after the second filtration, is close to the optimal operational temperature of most of
ion-exchange resins. For this, we expect it should be feasible to develop resins operating at 35°C
higher, as the temperature of the brine flowing out of the heat exchanger. In addition, the brine that
flows through the resin can be directly re-injected in the subsurface without the risk of causing clay
swelling. For these reasons, the DLE is optimal to be placed close to the geothermal plants.

The DLE facility, to operate efficiently, needs a minimum flow rate to operate based on the type of
facilities used. The Vulcan Energy’s project, different to the other case study, plans to use brines from
geothermal plants already operating but situated between 5 and 50 km of distance (based on the
distances of the Vulcan Energy’s project). To maximize the facilities already existent, the project
plans to build DLE on the same site of the geothermal power plants. On the other hand, the E3
Lithium’s project plans to connect multiple wells to one DLE facility to increase the economics.

Similarly, a centralized DLE facility should be considered in Dutch future projects. Some neighboring
Dutch geothermal plants situated in highly agricultural areas, such as the zones close to the Californie
Geothermie, might share the same DLE facility. This can be a solution to compensate the lower
extraction flow rate compared to the German project. Increasing the amount of production wells
delivering at the DLE facility would not impact the delivery of heat to the costumers and would also
increase the tonnage of lithium brought at the same plant. Areas where several geothermal plants are
already operating and the lithium is present in the brines, can be a first initial step to start researching
and investigating the economics of lithium extraction. Centralizing the DLE can be challenging to
build pipelines connecting the facility with the injection wells of the original geothermal plants. Not
only it is an additional cost to the project, but also it can be tedious to do if the owners of the plants
have discrepancies ideas or produce different amount of brines (or with different compositions).

If the DLE facility is centralized in an agricultural area, two problems can be of obstacle to the lithium
extraction in a single plant: the size of a combined plant (DLE and lithium refinement) is almost as
big as the Colosseum in Rome (25900 m?, E3 Metals Corp, 2021) and the amount of lithium dissolved
might not be high enough to economically refine it. The project of Vulcan Energy to solve these
problems plans to build a separate plant for the final refinement and production of lithium
monohydrate. Similarly, the Netherlands could build only few refinement plants in strategic
locations, reachable by more DLE plants. The German project plans to move the solutions to the final
plant by truck, but a solution to reduce transportation costs on the long term might be the construction
of pipelines where it is possible. Transportation by trucks is not part of the initial costs since
infrastructures such as roads are already highly developed in the Netherlands. However, truck
transportation is an additional cost to the OPEX of the project, as well as it increases the CO>
emissions if normal trucks are used. The construction of pipelines impacts the CAPEX and cannot be
built in areas densely populated.

The economics of the solutions above suggested should be further inspected. The scope of the
development of lithium extraction projects in the Netherlands can be of improving the economics of
geothermal projects, instead of finding a new source of lithium as the two case studies. This helping
the local economy and the increasing lithium demand declared by the EU.
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Conclusion

The value and demand of lithium metal has increased in the past years and is expected to continue
growing (Latunussa et al., 2020) mainly because of the need of electric energy storage and the growth
of the vehicle industry (U.S. Geological Survey, 2022). To deliver the high demand of lithium
developments in finding new sources and extraction methods is necessary.

Lithium in the Netherlands

Europe has in its subsurface potential lithium reserves coming from igneous sources. This research

investigates data publicly available on the water composition of the Dutch subsurface from oil and

gas projects and geothermal projects.

e Of the water samples lithium is present in higher concentrations in the Californie Geothermie (29
ppm of average Li* concentration) and the Akkrum-13 field (47 ppm).

e It is found that no strong correlation between higher lithium concentrations in an aquifer and the
specific geological formation: different fields with reservoir rock from same formation as
Akkrum-13 have much lower concentrations.

e Moreover, the concentration of lithium is not correlated with the concentration of other elements,
despites literature study. Lithium-rubidium concentration graph seems to show a correlation for
the R? value of 0.94. However, the correlation is based on only 13 samples, not enough to deduct
a strong correlation between the metals.

e From geological settings and volcanic intrusions, the lithium seems to come from dissolution and
transport along faults of minerals in pegmatitic rocks originated during Rotliegend vulcanisms
and close to the German border.

Lithium extraction from geothermal brines

Different methods of extracting lithium from brines have been tested in laboratory scale with methods

available in commerce. Some papers (Stringfellow & Dobson, 2021a and Stringfellow & Dobson,

2021b) discuss in detail all experimental methods for the extraction. Wastewater treatment techniques

have been developed and available in commerce (Manahan, 1994 and Porter, 1990). Reverse osmosis

(RO) and nanofiltration (NF) membranes have been tested in several research for lithium extraction.

e RO resulted in 99% of lithium recovery with no separation from other ions, whereas the NF
assures 85% Li* recovery with 40% reduction of the concentration of divalent cations. Both the
membranes commercially available can operate at feed temperature of 45 °C but need high
volumes (450 m® and 462 m? respectively) and flow speed (40 m%h and 1.96 m3/h) (Wang et al.,
2004, Porter, 1990 and Applied Membranes Inc., 2020).

e lon exchange materials are advanced techniques that requires only 14 m® of space at maximum
flow speed of 300 m®h and the ideal maximum operational temperature is of 30°C for most of
the materials. Laboratory experiments tested that the lithium recovery can reach 95% at the ideal
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maximum temperature but potassium and sodium ions are also partially adsorbed. The filtrate has
only lower lithium, sodium and potassium concentrations, whereas the metal of interest
concentrates in the retentate. Other cations can also remain in the concentrate (Nie et al., 2016
and Woodard & Curran Inc., 2006).

Another filtration method includes sorbents that physically remove LiCl molecules and need only
water to recover LiCl adsorbed. The maximum recovery rate is of 95%, with feed brines at >50
°C (Wedin & Harrison, 2021 and Stringfellow & Dobson, 2021a).

Electrodialysis separates concentrated lithium solutions from impurities still dissolved applying
electric current to the feed flowing through a series of ion-exchange membranes. The product is
a 95% pure LiOH solution, where 85% of the lithium is recovered (Ball et al., 1987, Jiang et al.,
2014 and Gmar & Chagnes, 2019).

Case studies on lithium extraction from brines

Two projects for lithium extraction from aquifer brines are in different phases, Vulcan Energy with
the Zero Carbon Lithium™ in Germany and a Canadian project by E3 Lithium named Clearwater
Lithium Project. Zero Carbon Lithium™, differently from the other, includes also geothermal power
plants in the project.

The two projects include a direct lithium extraction (DLE) facility close to the extraction brines,
followed by central secondary plant where lithium is removed of the impurities and prepared for
the commerce (Wedin, 2022, E3 Metals Corp, 2021, Vulcan Energy Resources, 2022 and E3
Lithium, 2022). - A DLE ion-exchange facility, placed after the geothermal plant, followed by a
membrane facility to concentrate the brine that is then further polished by the electrodialysis
facility.

Recommendation for lithium extraction from Dutch geothermal waters

A different scope more applicable for the Netherlands might be to enhance the economics of
geothermal projects instead of making a lithium-based business.

It is to consider the centralization of the DLE facility in areas where several geothermal projects
with lithium prospective are present, such as around the Californie Geothermie. This leads to an
increase of brine delivery to the facility and possibly the economic feasibility of the extraction.
Similarly, the final lithium treatment plant can be centralized and several DLE could deliver their
brines to the same facility, as the project of Vulcan Energy.

To decrease the OPEX costs of transporting the brine by truck as planned by this second case, the
construction of pipelines, whether it is possible, can be a solution.

Further research and developments in increasing the recovery of the metal from the DLE and
using efficient nanofiltration membranes instead of reverse osmosis membranes can also be
beneficial for the economics of Dutch projects.

New projects can investigate the areas of Drenthe and Limburg. In the Akkrum-13 area of the
Netherlands, there are no geothermal projects operating but only two explorations licenses
deliberated from the Dutch government. Retrieving water data of the (old) gas fields are in the
area can also improve the knowledge on the lithium composition. Further research and water
sampling are necessary in the areas above mentioned to better predict the mobilization of lithium
from the source and to further investigate its origin. This, as there is the possibility that some
areas closer to the source have higher lithium concentrations than the Akkrum-13 field.
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e Lithium extraction techniques are still in the development phase. More membrane filtrations are
being tested at laboratory scale and hopefully soon will be available for large scale plants and for
a more economical and efficient lithium extraction.
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Appendix A

Data available on lithology and water composition
We are interested in the water compositions of Dutch oil, gas and geothermal aquifers.

Methodology of retrieving data

To retrieve aquifer composition, we use the Dutch government website NLOG (TNO, n.d.), which
presents water compositions of Dutch oil, gas, geothermal and salt exploitation projects. TNO kindly
provided us with a database of all public compositions.

Type of data available

The water composition reports contain sample details (well details, formation of production, company
author of the water report), elements present (ion concentrations) and water properties (pH,
resistivity, density).

The samples and the analyses were taken under different conditions and analyzed accordingly to
different methods, as indicated in the corresponding water composition reports available on the
website. In this analysis we do not consider the influence of the different sampling methods and water
analyses that were conducted.

Lastly, some wells are or were producing from multiple reservoirs (commingled completion), thus
the produced water has components from multiple reservoirs, without knowing from which formation
the water comes from.

Major valuable element present: lithium

Of the data available, only a limited number of samples investigated the presence of valuable metals.
Considering a general guideline for the element prices in $/kg ("Prices of chemical elements -
Wikipedia", 2020), the element with a higher value and with the highest concentrations found in the
Dutch subsurface is lithium.
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Figure 0.1: Graphs comparing the concentration of different metals with lithium. From top left to bottom right: Li-Na,
Li-Cu, Li-Sr, Li-Mn, Li-Ca, Li-Pb, Li-Fe, Li-F, Li-Cd, Li-Ni, Li-P, Li-B, Li-Zn.
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1.14

2

52.7
0.05
81

0.06
247

0.04

0.09
335
0.11
017

50.6
0.05
46

11

0.00
318

0.02
792
0.00
374

1.5
0.00
16

1.53
428
61

70.6
0.45

0.03
196

0.44

0.14

149.

0.30
49

27.0
754
05
333

33.8

32.2
25

37.4

32,6
25
32.6
65
28.6

28.6

20.7
6
0.03
27.9
2
28.4
4
0.01
0.02

0.1

0.87
46

0.87

0.60
96

0.61

0.5
0.48
96
0.47
96
0.47

51.2
0.50

30.3

314

21.8

21.4

21.1

20.9

2.4

2.0

2720

7199
1.772
18
7550
7770
8508
1446
70
9571

6620

6290

6210

8100

Table 4: Table with metal concentrations of Dutch fields (TNO, n.d.).



Upper Rhine Valley Salton Sea URV vs
Brine Brine SS
Analyt Ma/kg Ma/kg
Salts (Cations) e Value Value
Lithium: Source of revenue Li 214 213
Na 22,231 59,600
K 4,878 18,126
Rb 30.0 -
Cs 16.0 -
Mg 99 54
Ca 5,185 31,714
Sr 276 475
Ba 14.4 139
Anions
cl 60,567 145,000
S04 172 127
F 4.7 24
Br 288 -

Requires additional purification step if

high B 47 401
Be 0.0207 0.2
Can negatively affect DLE if high Si 67.2 550
Can negatively affect DLE if high As 20.3 8.8
Can negatively affect DLE if high Mn 24.5 1,563
Can negatively affect DLE i high Fe 374 664
Can negatively affect DLE i high In 5.2 492
Pb 0.156 108
Can negatively affect DLE if high Al 0.014 16
Ni 0.188 0.5
Can negatively affect DLE if high Co 0.015 2
sb 0.717 6.5
Ti <0.1 =
Vv 0.165 0.6
Cr 0.181 2
Cd 0.0205 3
Mo 0.0124 8
Tl 0.328 2
pH 5.828 49

Figure 0.3: Geothermal brine compositions of Upper Rhine Graben and Salton Sea Brine (Wedin, 2022).
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Figure 0.4: Conceptual layout of the lithium processing plant (E3 Metals Corp, 2021).



