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Abstract

The BrineMine Project is a German-Chilean multi-
disciplinary research project realized by research and 

industry partners. The focus is on development of 
strategies for raw material and water extraction 
from geothermal springs (Brine Mining) in Chile. 
The topics can be separated into a geological/geo-
chemical part and a mechanical engineering part, 
which are processed in close cooperation by the pro-
ject consortium. In the first part, the economic po-
tential of the dissolved raw materials in thermal 
spring waters in Chile is assessed by analyzing exist-
ing geochemical data of different sites. This is com-
plemented by hydrogeochemical and geophysical 
exploration campaigns. The second part focuses on 
the development, construction and implementation 
of a prototype for pre-treatment and concentration 
of geothermal brines. With the comprehensive exper-
tise of the team, a treatment strategy was developed 
and tested in a geothermal power plant, enabling 
controlled silica precipitation in order to overcome 
this limiting factor for geothermal energy produc-
tion and associated raw material extraction. 
In this study, successful milestones of the BrineMine 
project are presented. The economic potential of ele-

ments in Chilean thermal waters is demonstrated. 
Additionally, the global potential of Brine Mining is 
outlined. The development of the silica treatment 
strategy is further described, as well as a possible 
integration of a prototype into an operating geo-
thermal power plant. Finally, the construction and 
implementation of a large-scale first-generation 
prototype are presented with promising field results. 

Introduction

The energy transition and the associated de-
mand for non-energy, mineral raw materials 
have prompted the German government to 
expand research and development activities 
along the entire value chain. The focus is on 
economically strategic raw materials, of 
which the availability for future technologies 
and the high-tech industry must be secured 
to reduce dependence on the world market. 
The development of new resources offers the 
potential to complement conventional raw 
material extraction and thus to achieve the 
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strategic goals set by the German govern-
ment. 
It is known that the highly mineralized ther-
mal waters, which are circulated during the 
production of geothermal energy, some-
times have significant enrichments of eco-
nomically strategic elements such as lithi-
um, rubidium, antimony, tungsten, etc. [1, 
2]. The BrineMine project aims to describe, 
qualitatively and quantitatively, the occur-
rence of these chemical elements in geother-
mal waters in Chile against the background 
of raw material extraction. The extraction of 
mineral raw materials from thermal waters 
is still challenging in terms of the process 
technology, but new sustainable methods 
are preparing the path to an economical pro-
duction as an alternative to conventional ex-
tractive mining. An important milestone is 
the development of a large-scale prototype 
enabling effective precipitation and enrich-
ment of selected raw materials from geo-
thermal brines. The process used in the 
BrineMine project for the enrichment of the 
target substance is based on reverse osmosis 
and membrane distillation. It is driven by 
geo thermal heat securing energy-neutrality 
and reduced greenhouse gas emissions. To 
ensure the longevity of the plant, an effective 
configuration of fluid pre-treatment and 
membrane modules is crucial. Due to overall 
high salt concentrations, selective separa-
tion of scale-forming minerals is required in 
a pre-treatment stage to avoid scaling or 
membrane fouling in the later process steps. 
The focus is on controlling silicate precipita-
tion, which can be expected due to the 
change in temperature and pressure condi-
tions. In laboratory and pilot plant tests, ef-
fective methods have been identified that al-
low instantaneous precipitation of up to 
98% of the initial silica concentration. 
The application of the developed prototype 
takes place in two steps, first in an operating 
geothermal power plant in the Upper Rhine 
Valley in Germany and afterwards in Chile. 
The test location in Chile is selected accord-
ing to the results of hydrogeochemical ex-
ploration campaigns supported by geophysi-
cal methods to determine the size of the sub-
surface reservoir and thus the economic via-
bility. 
The BrineMine project is a 3-year research 
project funded by the German Federal Minis-
try of Education and Research. The project is 
realized as a bi-national research project be-
tween German and Chilean research and in-
dustrial partners. The project structure fea-
tures two focal points: 1) Determination of 
the economic potential of thermal waters as 
a raw material resource and 2) Pre-treatment 
of thermal waters prior to raw material ex-
traction. The Fraunhofer Institute ISE (Insti-
tute for Solar Energy Systems) leads the in-
ternational consortium in close cooperation 
with the Karlsruhe Institute of Technology 
(KIT) and the Andean Geothermal Centre of 
Excellence (CEGA) at the Universidad de 
Chile. Further collaborates are the compa-

nies SolarSpring membrane solutions and 
Geothermie Neubrandenburg (GTN). Fur-
ther Chilean partners are CSET, GTN Latin 
America and Transmark Renewables. 
The comprehensive expertise of the consor-
tium is required to deal with the multiple 
targets of the BrineMine Project. From a geo-
logical perspective, the purpose is to gain a 
better understanding of the resource poten-
tial from geothermal wells in Chile, as well 
as to carry out a large-scale exploration cam-
paign to find appropriate locations for a pro-
totype implementation. The project’s engi-
neering part focuses on the design, produc-
tion and installation of the prototype. 

Potential of geothermal Brine Mining in Chile

In geothermal waters, a large potential of 
raw materials is stored, already dissolved in 
water. This provides several benefits in com-
parison to traditional mining methods by 
virtue of a lower environmental impact, 
smaller land use and a minimized water con-
sumption. While hydrothermal mineral de-
posits such as iron-oxide, copper and gold 
deposits are well known, thermal fluids as a 
deposit themselves are playing yet a minor 
role. The high temperatures and pressures 
that typically prevail in geothermal reser-
voirs are catalysts for water-rock interaction. 

In combination with the interaction time, 
this leads to an increase in mineralization of 
brines with increasing depth [3]. The salini-
ty of geothermal brines can reach values up 
to 400 g/l [1]. The chemical composition it-
self is highly variable and depending on the 
reservoir rocks, the fluid genesis history and 
the regional flow system [4].  
For a long time, production-induced uncon-
trolled mineral precipitation known as scal-
ing or fouling was seen as a challenge for the 
geothermal industry [5]. However, it is also 
an opportunity, as large-scale studies [1, 6]  
indicate significant amounts of valuable raw 
materials dissolved in these waters. Never-
theless, accessible data are often limited to 
the main ions. More detailed hydrochemical 
analyses can therefore reveal further raw ma-
terial potentials especially in areas with high 
geothermal potentials.
Chile has one of the highest geothermal po-
tentials worldwide (Fig. 1), recently affirmed 
by commissioning the first geothermal pow-
er plant in Chile – Cerro Pabellón with an 
installed capacity of 48 MWe which will be 
expanded to 81 MWe during 2021. The high 
potential arises from Chile’s unique geologi-
cal framework within the Andean volcanic 
arc, which yields more than 200 active volca-
noes [7]. By now, approximately 70 geother-

Fig. 1  Distribution of thermal springs in Chile. Marker size indicates the amount of total dissolved solids. The 
color represents the reservoir temperature. The highlighted springs were selected due to their high 
values of elements, which are of economic interest in Chile. 
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mal areas are considered to potentially host 
high-enthalpy geothermal systems and even 
more are yet to be explored [8]. 
In terms of raw material extraction in the 
past years, the salt lakes in the Atacama De-
sert in Chile have received high interest as an 
important source for lithium. The mining in 
this area is accompanied by serious environ-
mental impact as well as high water con-
sumption since 95% of the Li-bearing salt 
lake brine has to be evaporated for the Li-en-
richment [9]. This bears obvious conflict po-
tential in one of the world’s driest deserts. 
Furthermore, Chile has the largest copper 
reserves on Earth [10], which is produced by 
hard-rock mining. This extraction method 
as also for other elements is accompanied by 
high water consumption [11, 12]. Yet, the 
Chilean economy is dependent on these re-
sources. Both elements, lithium and copper, 
are enriched in different thermal brines 
worldwide [2, 13, 14]. If springs with suffi-
cient contents of these elements are identi-
fied and viable extraction methods are devel-
oped, Brine Mining has the potential to 
serve as a water-saving alternative. 
Part of the BrineMine Project is the geo-
chemical exploration in Northern Chile to 
identify potential springs and associated tar-
get minerals. In the course of the project, a 
geothermal fluid sampling campaign will be 
conducted to analyze the associated raw ma-
terial potential of Northern Chile and create 
a broad and consistent data set of the ther-
mal springs within this area. Beyond stand-
ard measurements, a holistic and standard-
ized dataset shall be created. It focuses on 
springs with high temperatures and a high 
content of total dissolved solids (TDS). Its 
overall goal is an appraisal of the economic 
resource potential in this area. Beyond the 
composition, the chemical analysis allows 
an estimation of the geothermal resource via 
geothermometers, which have been adapted 
for Chilean systems in previous studies [15]. 
Furthermore, fluid age determinations, 
which have been approved in Chile [16], will 
be conducted to assess the dilution with 
shallow cold waters and the recharge of the 
system. Using these geochemical explora-
tion tools, which are continuously developed 
[17], a sustainable exploitation scenario can 

be designed. Complementary geophysical 
surveys using magnetotelluric methods al-
low the determination of hydrothermal fluid 
circulation within faults and the visualiza-
tion of alteration zones. An associated reser-
voir characterization provides additional in-
formation on the potential storage capacity 
[18].
Due to the global COVID-19 pandemic, the 
geochemical sampling campaign was post-
poned. In order to develop different extrac-
tion scenarios, already collected literature 
data (Fig. 1) were used. 

Scenario calculation for the economics of raw 

material extraction from geothermal brines

To exhibit the economic potential of thermal 
springs in terms of raw material content six 
simplified scenario calculations were con-
ducted. The basis for the calculation are as-
sumptions based on typical geothermal 
power plant operation parameters as e.g. at 
Cerro Pabellon [19], hydrochemical litera-
ture data of different thermal springs in 
Chile and market prices for different com-
modities. 
Figure 1 shows the distribution of thermal 
springs in Chile and presents maximum val-
ues for selected, potentially relevant chemi-
cal elements. To quantify the potential of 
different raw materials, trace elements such 
as lithium (scenario El Tatio 3), rubidium 
(scenario El Tatio 2) and cesium (scenario El 
Tatio 1) were chosen as well as more en-
riched elements like boron (scenario Pu-
chuldiza-Tuja), magnesium (Scenario Gor-
bea) or silica (scenario Termas Jahuel). The 
economic potential of trace elements results 
from their high market prices, while the 
more enriched elements benefit from their 
higher concentrations in combination with 
average prices (Fig. 2). A location-specific 
economic factor (third column in Tab. 2) re-
sults from the stated element contents and 
the price per unit.
The extremely high prices of cesium and ru-
bidium result from small trading units and 
the lack of public trading [20]. The units are 
traded in grams and thus exceed the price 
per ton of the other bulk raw materials by 
far. Furthermore, the achievable price is 
highly dependent on the purity and the pro-

duced compound of the raw material. For 
quantifying the circulated mass of raw mate-
rials, a representative volume stream was 
calculated (Tab. 1). A typical flow rate for ge-
othermal power plants is assumed [19]. An 
availability of 90% was selected, corre-
sponding to 36 days per year when the power 
plant is not running due to maintenance 
work. As a sum of these two parameters, the 
total volume of circulated brine per year is 
calculated. The extraction rate of 80% for 
the raw material is based on literature data 
for lithium using ion sieves [26]. Note that 
lithium recovery from thermal brines recent-
ly received increased research and industry 
interest resulting in an improvement of re-
covery technologies. For each element, an 
individual extraction methodology must be 
developed resulting in different extraction 
rates. 

Resulting economic potential

To assess the economic potential for each 
scenario, the circulated mass for each ele-
ment was calculated using the volume of the 
circulated brine, the extraction rate and the 
concentration of the elements in the springs 
(Tab. 2). For boron and lithium, the mass for 
compounds is calculated, based on the cir-
culated amount of substance of the pure ele-
ments. If different prices were available de-
pending on the grade, the lower price is cho-
sen to keep the model as conservative as 
possible. 
The resulting economic potential displays 
the theoretical value of the raw materials cir-
culated in a virtual power plant, considering 
the chemistry of the different springs. Ex-
traction costs, infrastructure, processing, or 
any further investments are not taken into 
account in this simplified model.  
The results show that the elements with the 
lowest occurrence, cesium (Scenario El Tatio 1) 
and rubidium (El Tatio 2), possess the highest 
economic potentials due to their extremely 
high market prices. They exceed the maxi-
mum achievable value for lithium (El Tatio 3) 
by far, although the latter is currently the 
most discussed within the geothermal com-
munity for Brine Mining. Yet, there is no 
concept to selectively extract cesium from 
thermal brines at the moment. However, the 
model shows, that even at an extraction rate 
of 1% (~22.6 Mio. $/yr) the potential still 
widely exceeds each of the minerals which 
are present in higher concentrations. Like-

Fig. 2  Economic potential of selected sites. Different raw materials can be produced from elements in ther-
mal brines in Chile. The left side shows the occurrence of potential target elements. The right side 
displays the market value of processed products from these elements. Note the logarithmic scale of 
the market prices. The comparison displays that even elements with minor contents in brines can be 
lucrative exploration targets. [21–25].

Tab. 1  Typical geothermal production scenario. The 
scenario assumes a flow rate of 80 l/s and 
an availability of 90% of the year (329 
days). The extraction rate is a conservative 
assessment based on the research in lithi-
um extraction.

Flowrate 80 [l/s]

Availability (runtime/year) 90%

∑ Annually circulated brine 2,270,592 m3 

Extraction rate for raw materials 80%
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wise, also compounds such as boric acid 
(H3BO3) with the second-lowest price per ton 
have an economic potential in the range of 
lithium carbonate due to their higher occur-
rence (scenario Puchuldiza-Tuja). A similarly 
high potential is obtained for magnesium 
(scenario Gorbea). It is shown, that in addi-
tion to materials for the high-tech industry, 
bulk raw materials can be a lucrative target 
for geothermal Brine Mining. The market 
value for SiO2 (scenario Termas-Jahuel) is by 
far the lowest. However, even though it is 

not lucrative to sell SiO2 as raw material, 
SiO2-extraction might be of economic inter-
est as a means to mitigate silica scaling, 
which could increase power plant efficiency. 
Furthermore, the specific price for the pre-
cipitates can be increased by purifying or op-
timizing the produced silicon compound. 
The overall potential further increases when 
the processes are coupled in a cascade ap-
proach, where different elements from one 
brine are produced in one process chain. 
This is demonstrated by the high potential 

of the three scenarios El Tatio 1–3 which all 
analyze the same spring. Here it is to be said 
that the element contents represent a mini-
mum value since the data are from surface 
springs that could be diluted by meteoric wa-
ters. In a geothermal project where the res-
ervoir is accessed via boreholes, higher val-
ues are consequently expected.
Still, as in all mining projects, the potential 
is site-specific, requiring an extensive explo-
ration and exploitation strategy. To extract 
raw materials from liquids, various extrac-
tion methods are developed such as adsorp-
tion, liquid-liquid extraction, ion sieves, 
electrochemical precipitation, co-precipita-
tion, or membrane distillation. The choice 
of a particular technique depends on the 
composition of the fluid, the initial concen-
tration as well as the desired compound to 
be processed [27]. Furthermore, it must be 
compatible with the challenges imposed by 
the chemistry of thermal waters.

Pretreatment of thermal waters

Methodology

In high-enthalpy geothermal fields, precipi-
tation of amorphous silica is the limiting 
factor for the possible amount of extractable 
energy [28]. With 16 GWe installed world-
wide capacity in high-enthalpy geothermal 
power plants in 2020 [29] this challenge 
concerns major parts of the geothermal in-
dustry worldwide. Furthermore, the effi-
ciency of raw material extraction from brines 
can be improved by pre-concentration of the 
target minerals [27]. Both processes, cooling 
for energy production and concentration for 
enhancing the extraction process, potential-
ly increase silica precipitation. To avoid 
damage to the power plant or the extraction 
facility, silica precipitation must be con-
trolled.  
The solubility of silica phases is strongly driv-
en by temperature as displayed in Figure 3. 
Geothermal brines are assumed to be in 
equilibrium with the surrounding lithology 
under reservoir conditions [30]. This typi-
cally results in saturation with respect to 
quartz under the given reservoir conditions. 
During production, this equilibrium is per-
turbed and the fluid tends to oversaturate, 
which leads to a risk of unwanted precipita-
tion. Likewise, oversaturation can also result 
from increasing the general SiO2 content 
(Fig. 3) during the pre-concentration step. 
In order not to limit the potential concentra-
tion rate, the method of selective precipita-
tion was preferred over precipitation inhibi-
tion. The challenge was to find a compound 
and an associated precipitation process that 
is cost-efficient, integratable into the power 
plant process, and selective for silica to not 
affect the content of valuable elements. With 
the comprehensive expertise of the research 
consortium in a multi-stage and interdisci-
plinary process (Fig. 4), a treatment strategy 
was developed and implemented in a large-
scale prototype in less than 12 months.

Tab. 2  Economic potential of the production scenarios. The circulated amount results from the element con-
tent multiplied with the volume of circulated brine and the extraction rate. For boron and lithium, the 
amount was calculated as resulting compounds that can be produced from the pure element content. 

Scenario Compound Economic factor  

spring [$/l]

Circulated mass 

per year [t]

Specific price 

[$/t]

Resulting economic 

potential [$/yr]

Termas-Jahuel SiO2  0.0001 690  300 [21]  207,078

Gorbea Mg  0.0023 2,089  2,000 [22]  4,177,889

Puchuldiza-Tuja H3BO3  0.0034 10,414  600 [23]  6,248,663

El Tatio 1 Cs  0.9954 29  63,000,000 [24]  1,808,117,821

El Tatio 2 Rb  0.1067 12  15,920,000 [25]  193,752,340

El Tatio 3 LiCO3  0.0029 585  9,000 [22]  5,263,383

Fig. 3  Solubility behavior of silica. The plot shows the solubility of different silica polymorphs/phases in rela-
tion to the temperature (Data Source reference [30]).

Fig. 4  Flow chart summarizing the problem-solving approach in the BrineMine project. Based on the chal-
lenge of silica fouling, a treatment strategy was developed in the laboratory. This approach was up-
scaled first using a numerical design calculation. The simulation results were subsequently repro-
duced in a technical center leading to the construction of a 1st generation prototype. 
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Various precipitation methods were com-
pared in small-scale lab experiments using 
artificial brines, which were designed ac-
cording to the chemistry of Chilean thermal 
waters. The successful method results from 
changing the species distribution of the sili-
ca. SiO2 dissolves in water under the forma-
tion of silicic acid (H4SiO4) as shown in equa-
tion 1.1 [31]. An increase in pH leads to ioni-
zation of the silicic acid (Equation 1.2 and 
1.3) [31]. At a pH value of 10.5 H3SiO4

- is the 
dominant species. This negatively charged 
species react in the presence of double or 
higher valent cations (e.g. Ca2

+/Mg2
+) under 

the formation of Calcium/Magnesium-sili-
cate-hydrate (C/MSH) phases. The associat-
ed precipitation is almost instantaneous. 
This enables controlled silica precipitation 
as a pre-treatment before concentrating. 
Silica species reaction [31]: 

SiO2 + 2H2O ↔ H4SiO4 (1.1)
H4SiO4 + OH− ↔ H3SiO4- H2O (1.2)
H3SiO4- + OH− ↔ H2SiO4- + H2O (1.3)

After successful small-scale testing in the 
laboratory the process was transferred to a 
larger scale at the technical center in the 
Fraunhofer Institute (ISE) in Freiburg. The 
precipitation experiment was reproduced 
successfully. Based on this intermediate 
step a large-scale prototype was developed. 
A numerical geochemical model was set up 
for extrapolating the results for the applica-
tion with complex natural brines and to 
quantify the mass flows. Based on these re-
sults, the prototype was designed and di-
mensioned.

Prototype Design

The prototype plant is developed, built, and 
operated in a real-life environment to 
demonstrate the suitability and flexibility of 
the full pre-treatment process chain. The 
process scheme and integration strategy for 

the demonstrator are visualized in Figure 5. 
The demonstration plant is designed to be 
hooked-up either to the pressurized thermal 
brine flow of a geothermal power plant or a 
non-pressurized thermal brine well. A by-
pass stream of the geothermal brine is ex-
tracted from the main flow path and fed into 
the demonstrator. The design flow rate here 
was a continuous stream of 20–50 l/h. In the 
first process stage, the problematic typical 
high load of silica is selectively precipitated 
following the developed strategy. The sys-
tem continuously adjusts the condition 
within the reactor to an optimal set of molar 
Ca/Si ratio as well as pH, also taking into ac-
count the natural content of calcium in the 
currently processed geothermal brine. The 
precipitates are extracted from the water 
stream by filtration. In the second stage, the 
brine is pre-concentrated with the efficient 
pressure-driven reverse osmosis (RO) pro-
cess, which extracts fresh water through a 
semi-permeable membrane through which 
the dissolved solids cannot pass. The 
pre-concentration potential of this process 
stage depends on the natural salinity of the 
given brine and will reach a salinity level of 
about 70,000 mg/l at a typical operation 
with a pressure of 60 bar. Consequently, for 
low saline thermal brines (e.g. El Tatio, 
Chile, ~10,000 mg/l [32]) a significant 
pre-concentration is possible, for super sa-
line brines (e.g. Upper Rhine Valley ~110,000 
mg/l [2]) the pre-concentration stage is by-
passed and the brine is directly forwarded to 
the post-concentration stage. The post-con-
centration relies on the thermally driven 
membrane distillation (MD) process, in 
which water is extracted from the brine by 
evaporation through a vapor-permeable 
membrane. Since MD basically relies on the 
phenomenon of an evaporative separation, it 
is not fundamentally limited to a certain fi-
nal concentration. The limitation is indirect-
ly given by energy efficiency considerations 

or supersaturation of specific species that 
induce crystal nucleation and consequently 
membrane scaling or flow channel clogging. 
The MD process stage is considered energet-
ically highly attractive since it is driven by 
low-grade heat (60–90 °C) that was previous-
ly extracted from the geothermal brine. The 
MD permeate is considered high-quality 
freshwater due to the super-selective nature 
of evaporative separation. The concentrate 
outflow offers a brine with a high content of 
valuable resources, ready to be used in arbi-
trary extraction processes. With this design, 
the first step of the prototype application 
was conducted by installing it in an actively 
operating geothermal power plant located in 
the Upper Rhine Valley in Germany. 

Prototype Testing

Due to the COVID-19 pandemic, the proto-
type could not to date be tested in Chile. An 
alternative was found at the geothermal 
power plant Insheim in the Upper Rhine Val-
ley (Germany) operated by Pfalzwerke geofu-
ture GmbH (Fig. 6). Consequently, the pro-
totype was calibrated for geothermal waters 
with higher salt load and lithium concentra-
tion, and a lower silica concentration. It was 
successfully implemented in a running pow-
er plant cycle operating in a continuous flow 
system (flow rate 20–50l/h), while handling 
total dissolved solids of up to 120,000 mg/L 
of highly corrosive brines (Fig. 7). 
Figure 8 shows the results of the successful 
treatment. Silicon and magnesium immedi-
ately (within 5 minutes) underwent a reduc-
tion of 98 %, while calcium showed a delayed 
reaction. Importantly, the concentration of 
lithium, a potential target mineral, is not af-
fected during the entire process time. Fur-
thermore, preliminary results indicate no 
incorporation of other trace elements such 
as cesium or rubidium. This proves that the 
developed silica controlling process is repli-
cable for complex brines without affecting 
target elements. The results indicate that the 
risk of silica scaling is greatly reduced, even 
in the context of further cooling and concen-
trating. Subsequently, the brine was concen-
trated by constricting the water through 
membrane distillation. This step facilitated 
the concentration of lithium up to 500 mg/l 
(and a total salt load of 300,000 mg/l), 

Fig. 5  Process scheme and hydraulic/energetic integration strategy for the BrineMine continuous flow 
demonstrator

Fig. 6 Geothermal power plant Insheim   
 (Source: Pfalzwerke geofuture GmbH)
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which corresponds to a concentration factor 
of ~3 and puts it into the realm of Chilean 
salt lake brines. If once applied to fluids with 
lower initial salt loads a higher relative raw 
material concentration is possible. If the El 
Tatio fluid with approx. 10,000 mg/l TDS 
and 61 mg/l of Lithium, is concentrated to 
the same total salt load, a lithium content of 
1,830 mg/l can be achieved. Also, note that 
the silica and magnesium concentrations 
did not reach critical levels in terms of over-
saturation during the application of the 
membrane distillation. The measurements 
of the permeate of the MD showed the integ-
rity of the membrane and thus the produc-
tion of pure water.
The promising results of the large-scale pro-
totype application represent an important 
milestone for future mineral extraction from 
geothermal loops. It provides important in-
formation for a potential full-scale and long-
term implementation. The kinetics were 
much faster than in the laboratory experi-
ments using artificial brine. This can be ex-
plained by the higher salt load resulting in 
an increased salting-out effect and activity 
coefficient of the water [33]. In a flow-
through system, the reaction time is a func-
tion of vessel size and flowrate. Fast kinetics 
thus enable the processing of high flow rates 
without requiring large reaction tanks. This 
improves a possible implementation in a 
running geothermal loop without extensive 
changes to the geothermal plant design and 
facilitates an application in geothermal pow-
er plants worldwide.
 
Outlook and global potential

The scenario analysis of Chilean hot springs 
showed the promising economic potential of 
thermal waters. Furthermore, the implemen-
tation of the 1st generation prototype in the 
Upper Rhine Valley (Germany) illustrated 
successfully the feasibility of  installing a 
mineral extraction facility in an operating ge-
othermal power plant. To extrapolate these 
two locally demonstrated potentials, a pre-
liminary worldwide database was compiled 
(Fig. 9). The aim is to collect international 
geothermal chemistry data to assess the glob-
al potential of Brine Mining. Beyond the eco-
nomic aspect, the database can serve as a tool 
for upcoming exploration projects in terms of 

geochemical exploration or scaling risk as-
sessment.The preliminary database contains 
about 10,000 data points, summarizes global 
chemical data from hot springs and thermal 
wells and complements the US database col-
lected by Neupane and Wendt [1]. The eco-
nomic potential of raw materials demonstrat-
ed in particular thermal brines can thus be 
transferred to other geothermal areas. A first 
preliminary analysis of the collected data in-
dicates a high worldwide potential. As dis-

played in Figure 10, 12 of 30 elements defined 
by the European Commission as critical raw 
materials can be enriched in geothermal 
brines [63]. Further elements of high eco-
nomic value are also frequently found worthy 
of enrichment. 

Fig. 8  Effectiveness of silica treatment. The graph 
shows the relative change of chosen ele-
ments during the prototype testing. Within 5 
minutes, the total content of Si is reduced 
by 98 %. Li as raw material reference stays 
unaffected and varies within the scope of 
measurement inaccuracy. 

Fig. 7  Prototype installed at the geothermal power plant Insheim. The left picture shows the prototype. Pre-
cipitates are shown in the two pictures on the right. (Source: Valentin Goldberg / Sebastian Held).

Fig. 9  Preliminary worldwide database of geothermal brines. The database currently contains data of 
~10,000 springs and provides the basis for the evaluation of the global economic potential of Brine 
Mining [1, 2, 32–62].

Fig. 10  Economic valuable elements in thermal waters. In red: Elements found in thermal waters that are 
classified as critical elements by the European Commission [63]. In blue: Other elements that are of 
high economic value and were found enriched in thermal waters in the global brine database. 
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Conclusion

During the first phase of the BrineMine pro-
ject, the potential of raw material extraction 
from geothermal waters in Chile was analyz-
ed. Not only elements used in the high-tech 
industry (e.g. lithium) should be in the focus 
for extraction, but also bulk raw materials 
that occur in higher quantities (e.g. boric ac-
id). Our investigations indicate an enormous 
worldwide economic potential for the ex-
traction of raw material from thermal wa-
ters. To unleash this economic potential of 
thermal waters with their complex chemistry 
an effective method to control silica precipi-
tation was developed. Tests in an operating 
geothermal power plant demonstrated the 
possibility of treating brines for specific 
components like silica and simultaneously 
concentrating valuable raw materials like 
lithium. The precipitated silica-calcium-hy-
drate phases can themselves also be seen as 
a resource. The almost total reduction of sil-
ica is a potential means of silica scaling miti-
gation, which could increase the efficiency 
of conventional geothermal power plants in-
dependent of raw material extraction. The 
large-scale prototype demonstrated the fea-
sibility of the developed treatment strategy 
during continuous operation. Furthermore, 
important parameters for the optimization 
of the prototype were identified. Based on 
these experiments the prototype will be ad-
justed to Chilean brines and implemented at 
its original destination. 
The first real-life application of mineral ex-
traction at an operating geothermal power 
plant is a huge milestone for the realization 
of Brine Mining’s global potential. Com-
pared to conventional mining methods the 
raw materials are already dissolved in ther-
mal waters and do not have to be leached out 
of a hard rock deposit. Since the fluid serves 
as the media of transport bringing the target 
minerals to the surface, efforts in terms of 
mining and infrastructure as well as land use 
are greatly reduced compared to convention-
al open-pit mining. Consequently, Brine 
Mining has a great potential for a more sus-
tainable and environmentally friendly raw 
material production.
The potential has been proven. Now, eco-
nomical extraction technologies for each el-
ement have to be developed, adapted to the 
individual brines and implemented in geo-
thermal power plants. For entering the large 
economic and ecologic potentials of Brine 
Mining, a site-specific raw material and ex-
traction concept will be mandatory. A buried 
treasure lies beneath our feet, considering 
the high volumes of thermal water circulated 
in geothermal power plants and the contents 
of valuable elements dissolved in these wa-
ters. Lifting this treasure will be beneficial 
for the geothermal industry and beyond. 
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