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Abstract: Geothermal energy is a weather-independent, permanently available renewable energy source. In
addition to producing heat and electricity, geothermal energy can be used to extract critical raw materials
dissolved in the heat-carrying fluid. Researchers working on the frontiers of geothermal energy utilisation may
be able to transform ultra-deep metallic mineral formations into “orebody-Enhanced Geothermal Systems”. In
the planned technology, the metal-containing geological formation would be manipulated in such a way that
cogeneration of energy and metals is possible and can be optimised in the future according to market needs.
The potential of geothermal energy for sustainable mineral extraction and energy production aligns with
Sustainable Development Goal (SDG) 7, which aims to ensure access to affordable, reliable, sustainable, and
modern energy for all. This new technology could substantially decrease Europe’s dependency on importing
critical metallic minerals (such as lithium and tungsten) and energy; over and above, it has a small
environmental footprint, including very low carbon emissions.

Keywords: geothermal energy utilization; critical raw materials (CRM); Combined Heat Power and Metal
Extraction (CHPM); Petrothermal Enhanced Geothermal System (PEGS)

1. Introduction

Geothermal energy is a reliable, weather-independent, and renewable source of energy with
significant potential for contributing to a sustainable energy future. Several studies have shown that
geothermal energy has the potential to provide a significant portion of the world's electricity demand
[1,2]. In addition to heat and electricity production, geothermal energy can be utilised to extract
critical raw materials essential for manufacturing various products. Recent studies have highlighted
the potential of geothermal brine fluids to extract valuable minerals, including lithium and tungsten
[3-5].

The negative environmental impacts associated with traditional mining practices for valuable
minerals are significant [6-8]. The mining industry is responsible for more than 50% of greenhouse
gas emissions and has contributed to biodiversity loss, water crises and climate change [3]. As a
result, there is a need for more sustainable and environmentally friendly options for mineral
extraction. Geothermal brine fluids offer potential in this regard, as several studies have
demonstrated their ability to extract valuable minerals while minimising negative environmental
impacts [9,10]. Utilising geothermal brine fluids for mineral extraction could provide a more
sustainable and environmentally friendly alternative to traditional mining practices [11].

This review paper explores the potential of geothermal energy to extract critical metallic
minerals and contribute to Europe's energy security and sustainability. Specifically, we investigate
the development of "orebody-Enhanced Geothermal Systems" (EGS) that allow for the cogeneration
of energy and metals from metal-containing geological formations. Previous studies have
investigated the technical feasibility of this approach, highlighting its potential for reducing the
environmental impact of geothermal mining practices [12,13].

The planned technology manipulates these formations to optimise energy and metal production
in response to market needs. Several studies have explored the potential market demand for critical
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metallic minerals and highlighted the need for more sustainable and environmentally friendly
extraction methods [14-16].

The paper provides a detailed overview of the nature and classification of geothermal energy

and its potential for energy storage, as well as its potential for mineral extraction. We also examine
the role of metals in human history and their extraction technologies, highlighting the limitations and
negative impacts of traditional mining practices. Numerous studies have investigated the
environmental and social impacts of traditional mining practices and highlighted the need for more
sustainable and socially responsible approaches [17,18].
This study is primarily based on the results of the completed CHPM2030 project [19] and the plans
for the CRM-geothermal project that is now being launched [20]. The core of the paper is focused on
the possibilities of combined metal and heat production that have been explored so far rather than
on a technological overview.

This review paper also discusses the economic aspects of the proposed technology and its
potential applications for industries and governments. Specifically, we conduct a cost-benefit analysis
to determine the financial feasibility of the technology, including the expected costs, revenues, and
potential profits for different stakeholders. Several studies have investigated the economic feasibility
of geothermal energy and mineral extraction, highlighting the potential for cost savings and revenue
generation [21,22].

In addition, we explore the potential of geothermal energy to contribute to the energy transition
and address climate change. We highlight the significance of fluid-rock interaction for mineral
production and the potential advantages of extracting elements from geothermal brine fluid over
traditional mining methods. A number of studies have highlighted the potential of geothermal
energy to contribute to the transition to a low-carbon economy and address climate change [23,24].

Altogether, this review paper provides a comprehensive overview of the potential of geothermal
energy to contribute to energy security and sustainability through mineral extraction and the
cogeneration of energy and metals. By addressing existing research gaps and highlighting the
potential of geothermal energy for sustainable mineral extraction and energy production, this paper
contributes to ongoing discussions on the future of energy and natural resource management.

2. The Role of Metals in Human History and Their Extraction Technologies
2.1. Importance of Metals

The need for metals for humans is evident, starting far back in prehistoric times. Most metals
originate from metal-bearing geologic materials, and the first step is their removal from positions
on/in the Earth [25]. This process is mining. Most mining takes place and is performed below the
earth’s surface; the extraction and mining depth has increased in human history. This fascinating
development is well described in [26]. Nowadays, mining operations can be carried out in
considerable depths; Table 1 shows prominent examples. So far, the deepest one is the Mponeng gold
mine in South Africa, with 4.0 km. Such deep mining is so far unique.

Mining operations are generally demanding, those of deep mining especially. Since humans are
working down there in the drift, sufficient cooling and ventilation are indispensable. Fortunately, the
gold-bearing districts of South Africa [27] are characterised by low geothermal gradients, by which
the in situ temperatures at great depth are correspondingly lower. Other measures, like the
excavation and transport of metalliferous rock material from great depths, are also exigent with
correspondingly high costs. However, today the depth of mineral exploration in the earth's crust is
about 1 km. Little or no information is available from deeper regions to support reserve calculations.

Table 1. The deepest operating mines worldwide. From [28].

Mine Name Depth (km) Country Metal mined
Mponeng Gold Mine 4 South Africa gold
TauTona Mine 3.9 South Africa gold
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Savuka Gold Mine 3.7 South Africa gold
East Rand Mine 3.59 South Africa gold
Driefontein Mine 3.42 South Africa gold, uranium
Kusasalethu Mine 3.39 South Africa gold
Empire Mine 3.36 United States gold
KDC Mine 3.35 South Africa gold, uranium
Blyvooruitzicht Mine 3.21 South Africa gold, uranium
Kolar Gold Fileds 3.2 India gold

The energy transition will require a significant increase in the share of renewables compared to
fossil energies. These energy production technologies, such as wind, solar, geothermal, biomass, etc.
(including energy conversion and storage), require using a wide range of minerals and metals (Figure
1). The type and quantity of minerals required varies depending on the form and kind of renewable
energy production. Even within technology, there can be significant differences based on the stage of
development of that technology readiness [29].

Copper Cobalt Nickel Lithium REEs Chromium Zinc PGMs Aluminium
Solar PV [ ] ® ] . (] (] L] (] @
Wind ® o ) [ ] [ ] .
Hydro [ ] [ ] [ ] [ ] [ ]
csp ) . ) [ ] ° [ ]
Bioenergy . [ ] [ ] [ ] [ ] [ [ ]
Geothermal ] ® ® . . [ ] . . .
Nuclear ® ® L] L] [ ] [ ]
Electricity networks o ® . . [ [ L) ) ®
EVs and battery storage . . . . . L] L] [ ] .
Hydrogen [ ] L ] . [ ] * ° .
Relative importance of minerals for a particular clean energy technology: High @  Moderate Low ®

Figure 1. Critical elements needed for clean energy technologies, From [29] modified.

The International Energy Agency (IEA) has elaborated two scenarios for the aggregate mineral
resource requirements for clean energy production. The first assumes more moderate development -
the IEA's Specific Policy Scenarios (STEPS), while the second is more ambitious - the IEA's Sustainable
Development Scenarios (SDS), inclusive? :

e  Low carbon energy generation: solar, wind, other renewables and nuclear;
e  Electricity grids;
e  Electric vehicles and battery storage;

e  Hydrogen (electrolysis and fuel cells).

The global shift to clean energy is projected to have huge implications for mineral demand over
the next 20 years. It will double by 2040, according to STEPS, and quadruple, according to SDS (Figure
2). In both scenarios, about half of the growth in demand for minerals from clean energy technologies
over the next two decades will come from electric vehicles and battery storage, driven by surging
demand for battery materials. Mineral demand for EVs and battery storage will increase tenfold in
STEPS and more than thirtyfold in SDS over the period to 2040. Lithium will produce the fastest
growth rate, with demand increasing more than 40-fold in SDS [29]. All this suggests that clean
energy technologies will become a major driver of growth in demand for critical minerals.
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Figure 2. Total mineral demand for clean energy technologies by scenario, 2010-2040 (2020 is the base
year). From [29], modified.

In contrast to fossil fuels, which are produced and traded worldwide, they are mostly found on
all continents; the production and processing of many minerals such as lithium, cobalt and some rare
earths is highly concentrated in a few countries, with the three largest producers accounting for more
than 75% of supply. Complex and sometimes opaque supply chains also increase the risk of physical
disruption, trade restrictions or other developments in major producing countries. In addition,
although there is no shortage of raw materials, the quality of available deposits declines as the most
immediately accessible reserves are exploited, making production more costly [30].

2.2. A New Method for Metal Extraction

The CHPM?2030 project aims to develop a novel technological solution for Combined Heat,
Power and Metal (CHPM) extraction from ultra-deep ore bodies that will pave the way for pilot-scale
systems to be operational by 2030 [31]. Its primary goal is to facilitate the traditional deep metal
mining by avoiding the host rock excavation, the transfer of the mined material to and the ore
processing at the surface, while also harnessing geothermal fluid in a very complex way Figure 3.
This should be accomplished by leaching the metals in situ and sending them to the surface, both by
a special “leaching” petrothermal EGS system, in ultra-deep settings of metal-bearing rocks.
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Figure 3. Schematic diagram of the overall CHPM system showing the surface technological
components. From [31], modified.

Here the CHPM system could provide multiple remedies: no access is needed for a deep mine,
excavation of metal-containing rock would be replaced by chemical processes to extract metal from
the rocks in situ, whereas the metal transport to the surface by fluid flow would avoid massive
transportation of solid rocks. By these means, securing workplace conditions -regulated by labour
standards— would also become unnecessary. All these are in ultra-deep mining!

Before applying the CHPM system, the prospective metal ore bodies must be located first. For
ultra-deep objects, this can be done only by geophysical surveys. In mining exploration, various
geophysical techniques have been routinely used for many decades —albeit for moderate depths only.
The most promising geophysical technique to unravel chances in locating ultra-deep ore bodies is
undoubtedly the magnetotelluric (MT) technique. In magnetotelluric methods, naturally occurring
electric and magnetic fields are used to sense the electrical conductivity structure of the subsurface.
In combination, audiomagnetotelluric (AMT) and broadband magnetotelluric (BBMT) data explore a
depth range from a few tens of meters down to a few tens of kilometres or more. This makes MT
methods particularly suitable for investigating deep-seated (500-4000 m) mineral deposits [32]. This
is because metallic ore mineralisations have low electric resistivities: most metallic ore minerals are
electronic semiconductors and have resistivities around or below 1 Am.

Although no deep ore bodies have been located by MT methods so far, numerous investigations
find low-resistivity zones a posteriori in the subsurface at/around metalliferous formations.
Numerical procedures to interpret magnetotelluric measurements are also widely available, e.g. [33]
presents such an example (Figure 4). The figure clearly indicates a low-resistivity (0.1-1 nm) body in
2D, at around 2 km depth. Numerical, 3D inversion tools are also available [34]. Together MT
measurements and interpretations could pave the way to ultra-deep bodies and, subsequently, to the
application of CHPM.
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Figure 4. The numerical 2D inversion result of magnetotelluric data reveals a low-resistivity body at
2000 - 3000 m depth. From [33], modified.

3. The Nature and Classification of Geothermal Energy
3.1. The Source of Geothermal Energy

The basis of geothermal energy is the immense heat content of the earth and the high
temperatures in its interior. This is the basic resource. 99 % of the earth’s volume is at a temperature
>1’000 °C; Planet Earth can afford to give away heat to the atmosphere with a thermal power of 42
million MW — without any measurable cooling. This thermal power is equivalent to the thermal
capacity of 13’000 nuclear power plants of the 1 GWe category. The total heat content of the earth is
estimated to be around 10 J; it would take about 10° years to exhaust it by today’s global terrestrial
heat flow. A more restrictive estimate considers the surface area of continents (some 2*10'* m?) and
the continental crust to 1 km depth only. The heat content of this shell is still considerable, 3.9*108 EJ.
Taking into account the world’s primary energy consumption, 540 EJ in 2021, this heat would be
sufficient for about a million years. Would this heat have been extracted? It would need about 10°
years to replenish the store by the terrestrial heat flow. Thus, the resource base is more than large
enough and is basically ubiquitous. Among the renewables, geothermal has the highest potential
(Table 2) [35].

Table 2. The potential of Renewable Energies. From [35].

Energy source Capacity (E]/yr)
Geothermal 5000
Solar 1’575
Wind 640
Biomass 276
Hydro 50
TOTAL 7’541

3.2. Sustainability, Renewability

In the early days, geothermal power plants were designed to operate for 30 years (only) and to
produce as much as possible to have a short return time on the investment. By this means, the
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resource is exhausted correspondingly fast. Nowadays, sustainable production is nearly mandatory;
the production should remain constant over long times (on the order of 100 years).

Fortunately, nature has immanent power to counteract geothermal exhaustion. Geothermal is
special: whereas in mining, the produced mineral resources (or coal, hydrocarbons, basic materials
like gravel) will never come back to the place of extraction, whereas geothermal heat and/or fluid will
come back, driven by natural forces. Geothermal heat/fluid production from the subsurface creates
heat sinks/hydraulic minima there; these strong thermal/pressure gradients develop, which generate
backflow and will fill up the deficits automatically. It only takes time —more details in [36,37].

Two figures demonstrate below the principle: the geothermal resource’s temperature decreases
during heat extraction, and the recovery increases the temperature again after production stop). The
decrease and recovery are asymptotic in time: being strong initially and slowing down subsequently.
Figure 5 shows the production-caused temperature decrease and recovery for a geothermal heat-
pump system, and Figure 6 shows the same (but for variable heat exchange surfaces) for an EGS
system. The form of the down- and up-going curves in the two Figures is astonishingly similar. EGS
will be described further below in more detail.

In summary: geothermal resources regrow, like biomass. Renewability can be achieved only by
moderate extraction rates (“Sustainable Production Level”, for details, see [38].
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Figure 5. Measured and modelled ground temperature changes at a depth of 50m and at a distance
of 1 m from a 105 m long BHE during a production period and a recovery period of 30 years each.
After 30 years of recovery, the deficit (AT) is marginal. The speed/duration of recovery is about the
speed/duration of production impact. From [39].

200
180
160 -
Y
@ 140 |
>
®
E’_ 120
£
2 ]
100 - 9 fractures, 50 m spacing ]
5 fractures, 100 m spacing
80 L = 3 fractures, 200 m spacing |
e | fracture
= = = = 9 fractures, 50 m spacing, continuous extraction
60\111\1|||\|||\||||LJ|||l\|||\|\||LJ|||
0 5 10 15 20 25 30 35 40
Time (years)



https://doi.org/10.20944/preprints202308.1267.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2023 d0i:10.20944/preprints202308.1267.v1

Figure 6. Production fluid temperature results from a multi-fractured PEGS reservoir with different
fracture densities. From [40], modified.

3.3. Types of Geothermal Energy

Geothermal resources can be grouped/categorised by their depth ranges (shallow, deep), heat
characteristics (hydrothermal, petrothermal), temperature (low, medium, high) or energetic status
(low- or high-enthalpy) resources. In the following, the most adequate categories are treated Shallow,
Hydrothermal, Petrothermal), by their specific resources, utilisation technologies and achievements,
and prospects.

3.3.1. Shallow Systems

The shallow geothermal resource is located in the top 400-500 meters of the subsurface (the lower
limit is defined by regulation at 400 m in Germany and Switzerland). Geothermal Heat Pumps (or
Ground-source heat pumps) is the key technology. The ground temperatures are generally below 30
°C; down to a depth of 100-150 m; the effects of global warming can be noticed nowadays by an
increase of a few degrees °C; more details in [41].

Geothermal Heat Pumps, GHP (or Ground-source heat pumps) represent the key utilisation
technology of shallow resources. In these, closed-loop (vertical and horizontal), open-loop
(groundwater) heat pump systems, energy plies, and geothermal baskets exist. The top 400 meters of
the subsurface is warmer in winter and colder in summer than outside air; thus, it provides heating
in winter and cooling in summer with GHP systems. These decentral, ground-coupled systems
provide space heating, cooling, and domestic warm water production with the same installation.
GHPs are nowadays applied in buildings of all kinds, types, sizes and numbers in many countries,
for homes, schools, factories, and public and commercial buildings.

The ground is warmer in winter and cooler in summer than ambient air; thus, the same GHP
system can heat in winter and cool in summer. More details about design, installation and operation
are given in [42,43].

The GHP is one of the fastest-growing applications of renewable energy technologies worldwide
and definitely the fastest-growing segment in geothermal technology. Figure 7 shows the growth of
global heat supply by GHP systems over the years 1995 - 2020. The growth is impressive and
exponential. Already, numerous countries have GHPs; their dissemination into more countries can
be expected. In principle, GHPs belong to the Geothermal Direct Use category, but their rapid
development justifies a separate treatment here - since their resource is also quite special (rather

ubiquitous).
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Figure 7. Global heat delivery of GHP systems in 2020. From [44], modified.
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3.3.2. Hydrothermal Systems

Deeper, hotter geothermal resources than shallow ones have naturally occurring hot fluids at
depth. The fluids can be used as heat carriers and taken out from the ground through boreholes. Such
hydrothermal resources like deep aquifers exist only when specific geologic/hydrogeologic
conditions prevail, which makes them rather rare. Their hot fluids (up to several 100 °C) can be used
for two main applications: Geothermal Power Generation and Geothermal Direct Use. The boundary
between the two is around 100 to 150 °C. All these applications can be treated only shortly here.

Geothermal Power Generation

This is an important and special technology of power generation, using specific machinery
(mainly turbines) for heat to electric power conversion. High-temperature fields (>200 °C in less than
2 km depth) are mostly located in volcanic areas and are correspondingly rare. The average power
plant size is about 50 MWe. The largest hydrothermal plant to date, at Toanga (previously called Nga
Awa Purua) in New Zealand, operates with a single 140 MWe. turbine unit and is fed by only six
production wells. With advanced technology such as binary power plants, it is now possible to
convert heat to power also with lower fluid temperatures (100-120 °C). But the conversion efficiency
is correspondingly low (a few percentage points only, an average of 10 %), and the plant size is also
limited (mostly only a few MWe). There are very many publications about geothermal power
generation and geothermal power plants. When here only two of them are mentioned [45,46], this
does not mean that the others are less valuable.

Geothermal power plants produce base-load electricity, thus significantly more than solar
photovoltaic or wind power generation (their annual, global average availabilities are 70 %, 14 % and
21 %, respectively). The global geothermal electricity supply is growing annually (see Figure 8), albeit
with lower growth rates than solar PV and wind.

20

16 o
;“‘ 14
[G]
= 12 1 ]
£ °
v
g- 20
S [ )
v 8 o
kel
K] o
= 0
i
(%]
£ 47
2 =
0 T T T T T T 1
(=] wn o wn (=] ) o wn
(=) [=)) o o - - o~ o~
[ o (= i=3 (=3 (= o [=]
— - o~ ~ ~ o~ ~ ~

Figure 8. Growth of globally installed capacity of geothermal power plants 1990 — 2020. From [44],
modified.

Geothermal Direct Use (Besides GHPs)

Hydrothermal resources with lower temperatures have permeable, layered formation-based
aquifers and/or aquifers in fracture or karst systems, usable for geothermal direct-heat applications.
The technologies provide space heating (especially with geothermal doublets, for district heating —
nowadays also for cooling), bathing and swimming/wellness, industrial, agricultural (especially
greenhouses) and aqua-cultural uses like fish-farming. Their current contributions (along with the
shallow GHPs) are displayed in Figure 9. More than half of direct-use heat production results from
GHPs.

It must be mentioned here that in this hydrothermal category, in some places (in numerous
countries), thermal springs deliver “automatically” hot water to the surface for centuries. In such


https://doi.org/10.20944/preprints202308.1267.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2023 doi:10.20944/preprints202308.1267.v1

10

hydrothermal systems, meteoric water infiltrates at the earth’s surface, finds its way to greater depths
to gain heat, and then moves back to the surface, usually along permeable fractures. These
occurrences are excellent examples of geothermal sustainability: the outflow and its temperature are
sustainable over extended time periods.

The heat delivery of the above-mentioned direct systems (except for GHPs) is presented in
Figure 10 from 1995 — 2020. The growth is also impressive, albeit only more or less linear.

. Geothermal heat pumps

Bathing & swimming

. Space (district) heating

- Greenhouse heating
. Industrial uses

. Aquaculure pond heating

Other

Total 1020.9 PJ/year

Figure 9. Various global direct uses in 2020. From [39].
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Figure 10. Growth of direct-use heat delivery 1995 — 2020 from deep resources (i.e. without GHPs).
From [44].

3.3.3. Petrothermal Systems

Deeper and deeper down, mostly basement-type, impermeable rocks (granites, gneisses, schists)
on continents store enormous amounts of heat with correspondingly higher temperatures. This
geothermal resource is enormous and, in principle, ubiquitous. On the other hand, formation (hot)
fluids are usually absent.

The driving power of the CHPM system is envisaged to originate from an underground heat
exchanger (Figure 6). Of course, a heat exchanger (although a key element of the heat delivery) alone
is not enough; the extracted heat must also be brought to the surface. In the following, the concept of
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this fundamental and decisive system is described in more detail. Figure 11 shows the main
constituents of an EGS system.

EGS stands here for Enhanced Geothermal System; although this general term can also comprise
stimulated hydrothermal systems, it is mainly applied to petrothermal resources. Here, for clarity,
the denomination Petrothermal EGS (PEGS) will be used. Here also, there are many publications
about EGS; only two are mentioned again here [40,47].

The core piece of a PEGS, as shown in Figure 11, is the above-mentioned heat exchanger in the
subsurface, consisting of a network of permeable fractures. This can be established by hydraulic
stimulation through the central injection borehole in the subsurface. Of course, this fracture setup
should accrue at considerable depth, with correspondingly high rock temperatures. After completing
the needed heat-exchanging fracture system, cold water through the central borehole is swept
through the exchanger to extract heat from the rock matrix — and in a CHPM system to dissolve
metals. The heated and metal-containing water is then circulated through the two extraction
boreholes back to the surface. There, the fluid’s heat is converted to electricity and its metal content
is recovered.

There is general agreement about the requirements of a standard, technically feasible and
economically viable deep PEGS heat exchanger. Table 3 shows the necessary numerical figures; the
most relevant properties are heat exchanger volume, surface area and flow impedance for a standard
5 MWe module.

One could expect that such an immense and ubiquitous geothermal resource as the Petrothermal
would already be largely in development globally. This is, unfortunately, by no means the case.
Although a recoverable PEGS potential of >2100,000 MW. was indicated alone for the USA [40], only
one PEGS power plant operates commercially these days - in France. The Soultz power plant
produces electricity with an installed capacity of 1.7 MW., whereas the Riffershofen PEGS plant
provides industrial heat with a capacity of 24 MWu [48]. This is all for the moment.

Make- up water
Resemvoir

.‘\ "" : \@4_—“’/ Generation
= / = petrothermal

Heat

without in-situ
geothermal fluids

Observation
Borehole

Pump ~ Observation

Borehole

Production
el

Injection
el

The key component:

an extended, sufficiently

permeable fracture network

at several km depth, with

A aag Rk, _ suitable heatexchange

3 ) m-vﬂof’““/ surfaces (=EGS «reservoir»).
s

Figure 11. Schematics of a PEGS installation for power generation and district heating. From [49],
modified.

Table 3. Requirements of a standard, 5 MW. module PEGS heat exchanger. The most relevant
properties are heat exchanger volume, surface area, and flow impedance. From [49].

Fluid production rate 100 kg/s
Fluid temperature 150 — 200 °C
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Separation between wells 600 m
Flow impedance <0.1 MPa/l,s
Water loss <10 %
Heat exchanger rock volume >300-106m3
Total heat exchanger surface area >10-106 m?

Numerous field-scale investigations and tests have been carried out since the first efforts of this
kind (in the USA at The Los Alamos Scientific Laboratory a half-century ago), in several countries
(Australia, France, Germany, Japan, Sweden, Switzerland, UK). During this time, numerous obstacles
and problems became evident. The most influential were man-made earthquakes in Basel,
Switzerland (M1=3.4, December 2006, [50]) and at Pohang, South Korea (Mw=5.5, November 2017,
[51]. Especially the latter caused significant local damage (but no injuries or fatalities). The seismic
risk of hydraulic stimulations for creating PEGS heat exchangers became evident; public opposition
can currently influence or even stop PEGS development.

Besides, a number of further problems became evident (see, e.g. [52,53]. Accordingly, PEGS is
currently still in the Proof of Concept phase. Very significant R & D will be needed to provide the
proof.

In particular, a large number of problems need to be solved, too many to list them all. Here only
five key goals are mentioned:

e  Establishing «tailor-made» PEGS heat exchangers, at any desired location, in suitable
temperature/depth ranges, independent of the local subsurface conditions (lithology,
temperature and stress field, natural seismicity, kind and degree of natural frustration), with

limited induced seismicity;

Clarification of the long-term performance of PEGS heat exchangers in terms of productivity and
environmental effects;
e  Determination of PEGS recovery factors (=extractable heat/heat in place), also on the long term.

Today, some authors like [53] postulate only 2 %, which would be far from economic;

Scaling problems both near-wellbore and in the casing and tubing

Upscaling the power plant size from a few MWe to several 10 — 100 MWe.

These and other research, development and demonstration efforts will have a long way and will
need very substantial funding.

4. Combined Geothermal Energy and Mineral Extraction
4.1. Reservoir Stimulation

As discussed in the previous chapter, PEGS have a natural heat source, but the reservoirs and/or
the fluids are artificial or engineered. Following this principle, thermal wells can also be considered
an engineered/enhanced environment if different methods have been used to create artificial heat
exchanger surfaces or to increase their yield.

The process of creating artificial pathways for fluid flow is called stimulation. There are three
main concepts of such interventions, which are:

e  hydraulic fracturing/hydro shearing;
) chemical/acid treatment;

e  thermal fracturing (secondary treatment)

During hydraulic fracturing, high-pressure fluid is injected into the rock with the aim of
generating new fractures within it or to expand already existing ones [54]. Such hydraulic
stimulations may use water as a fracturing agent or gel-proppant, or a combination of these two to
make a hybrid agent. Geothermal applications use mainly water for this purpose. If the generation of
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the fracture system is based primarily on the existence of natural fractures, the process is called
hydroshearing. In this case, lower pressures are sufficient, so there is less risk of induced seismicity
[55]. The most commonly used compounds are hydrochloric acid, hydrofluoric acid and various
chelating reagents [56].

Chemical stimulations are considered complementary or even as an alternative to hydraulic
stimulation. Chemical treatment is most common in carbonate rocks or where fractures are filled with
carbonates and other soluble minerals [57].

Thermal treatment is usually used at high enthalpy geothermal fields. The injected cold water
cools the rock in the vicinity of the wellbore, enabling the existing fracture system to expand slightly.
The excitation of the pulling agent of the stress (thermo-elastic stress) is triggered by the cooling of
the rock matrix around the wellbore. The value of this artificially generated thermal tension depends
on several factors, such as the shape of the cooled rock volume, the thermal and elastic properties of
the rock, the water temperature differences between the surface and downhole, and the direction of
the injection.

When engineering a geothermal reservoir, the three main limiting factors are heat, rock type and
stress regime. The most common rock types for this purpose are the granitoides of the crystalline
basement. The reasoning behind it is that fluid losses in a circulating system can be minimised if the
host rock has virtually no ‘in situ” porosity and permeability. Another key factor is the stress field,
which not only determines whether a reservoir can be created or not but also affects its future
management and heat extraction too because the evolution of a reservoir is the function of the
orientation of the fractures and the relation of these fractures to the direction of the main maximum
stress. Experiments show that the evolution of a reservoir is mainly based on the existence of natural
fractures. In addition to this, the so-called ‘in situ” permeability (which is the natural permeability of
the rock, prior to fracturing) is also very important. It is widely accepted that while stimulating a
reservoir, the dominant key mechanism is the shearing/opening of the existing natural fractures
rather than the generation of new hydraulic fractures.

The depths and bottom hole temperatures of abstraction and injection wells for PEGS are way
beyond the depths and temperatures of regular thermal wells [31]. Therefore, the main cost items of
development usually account for drilling and downhole fracturing when it comes to PEGS. The
petroleum industry has taken its fair share of developing technologies to drill very deep and high-
temperature wells and to conduct successful fracturing under those conditions. At the same time,
generating electricity from geothermal energy means larger well diameters and sometimes higher
temperatures, which encourages the development of new equipment . Fracturing is a very complex
procedure, which requires adequate qualification since the fracture system to be developed has to
fulfil a number of criteria. In other words, the main risk associated with the developing of an EGS is
the hydraulic fracturing itself and the quality of the generated fractures.

4.2. Metal Leaching Technologies

The idea of improving the economics of geothermal energy through the additional use of brines
began to attract attention more than 50 years ago. Lithium was the first mineral to be extracted from
geothermal fluids [59]. The first lithium production operations were carried out in felsic magmatic
environments in New Zealand [60,61] and in various magmatic sources, including granitoid
environments, in the United States [62,63].

Leaching or element mobilisation studies use source and reservoir rocks from one or more
systems and expose them to an aqueous medium (mild” leaching agents) under conditions designed
to mimic the reservoir environment (e.g. high temperature and pressure). Such studies focus on the
interaction between water and rock to determine how much and what elements the injected fluid can
mobilise or precipitate from the rock matrix. Under the technology outlined in the CHPM2030 project,
metal-bearing geological formations will be manipulated so that the co-production of energy and
metals will be possible and may be optimised according to the market demands at any given moment
in the future [31,58]. Natural networks of hydraulically-conductive metallic mineral veins could
readily function as “heat-exchanger surfaces” in a novel type of EGS system designed to tap into both
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the geothermal and ore potential of these structures at depths of 4 km and more [31]. In addition to
water, various environmentally friendly (EDTA, acetic acid, SDS) fluids are also being investigated
to demonstrate that such utilisation of geothermal systems can make them more economically
attractive, i.e. that metals can be leached from ore bodies in economical concentrations over a longer
period of time and that this leaching increases the performance of the systems [59]. There are also
experiments to use CO:2 as a heat transfer medium in geothermal systems as it has a number of
favourable properties both in terms of the amount of heat that can be extracted and the solubility of
certain minerals [64].

The tendency of certain metals for mobilisation under given conditions depends on their
geochemical character. However, some metals, like iron, have manifold characteristics and can
participate in several element associations with minerals of variable stability properties [65].

Another major task is the recovery of chemical elements from the geothermal fluid in a usable
form, using both bio- and chemical sorption processes [66,67].

4.3. New Technologies

The generation of the heat exchanger surface is an important part of the EGS design, so there is
a strong emphasis on testing current technologies, and developing new stimulation techniques
[58,68].

Among the new stimulation technologies, research on heat-shock fracture generation is of
particular note. This can be done at a temperature higher than the rock temperature (e.g. plasma or
laser) or at a significantly lower temperature. In the latter case, the Sabo Ltd. research shows that in
extremely high-temperature reservoirs (T>500 °C), significant rock fragmentation can be induced by
injecting water colder than 100 °C [68].

Recent developments in the fields of laser technology enable us to use low energy loss high
power laser devices (HPLD) even at large depths via the new standard high carrying capacity optical
fibres [69]. The system of ZERLUXHungary Ltd. is comprised of a high-power laser generator and a
custom design directional laser drilling head. Ongoing development suggests that laser technology
may be particularly suitable for cost-effectively drilling short lateral boreholes in rock. The thermal
stress applied to the rock by the laser beam causes microcracks in the immediate vicinity of the laser-
treated section. For the rock mechanics tests in the CHPM2030 project [70], ZERLUX Ltd. used a laser
with a laser beam power of 1.5 kW. Laboratory destructive rock mechanics tests have shown that
laser-treated rock failure occurs at lower stress levels [70,71] . If this method proves successful, it will
be possible to develop a laser device that boosts crack propagation during hydraulic fracturing
without increasing the pressure.

4.4. Reservoir Operation

A reservoir can just conserve the resource in it or deliver from its content. For the latter case in
PEGS, the deep heat exchanger is the central element. Besides producing the metals, such a heat
exchanger in the CHPM system should also produce electricity for the metal extraction.

As mentioned in Section 3.3.3, numerous countries conducted extensive investigations into
PEGS, especially about the heat exchangers. Primarily to see how such a deep heat exchanger can be
created and operated how and how much it can produce. These field experiments were conducted
(most of them decades ago) at full scale (depth, temperature). The numerous results of these efforts
were analysed, interpreted and presented by Keith Evans (Chapters 4.2.1 and 4.2.2 in [72]). The key
results are assembled in Table 4.
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Table 4. Results of numerous PEGS field experiments. From [72].

Reservoir (depth) Well Circ. Q.4 Reservoir Therm. Swept Loss
year separation duration [I/s] Impedance  break- '‘pore’ [%]

[m] [days] [MPa/I/s] through volume

1000 m?

Targets 40 0.2 10
Fenton Hill 2-well 200 282 5.5 1.7 Slight 04-13 10
(2.8 km): 1980
Fenton Hill 2-well 200450 183 57 4.0 No 2.25 16
(4.2 km): 1992
Rosemanowes 120/ 200 3/16 3.3/0.6 Yes 13-19 21

3-well (2.2 km): 1988-89 150-250

Hijiori, Japan 40/50/55 20 12.8 0.4-0.7 No 23
4-well (1.8 km): 1991

Hijori, Japan 90/130 300 5.8 1.4/2.1 Yes 64
3-well (2.2 km): 2000

Soultz, 2-well 450 m 135 25 0.2 No 16 0
(3.5 km): 1997

Soultz, 3-well 600 150 12 0.6 No 10.4/0.1 0
(5 km): 2005 600 3 19

Soultz, 2-well 60 25 ~0.55 No 0
(5 km): 2009

Fjéllbacka, 2-well 100 40 1.0 49 No 45
(~0.5 km): 1989

Le Mayet, 2-well 100 66 5.2 1.7 No 38
(0.8 km): 1987

Habanero, 2-well 560 60 17 0.7 No 185 0
(4.2 km): 2009

The main findings are as follows:

e  Already existing, well-permeable fracture zones and faults have been observed, but not
regularly.

¢ Anincrease in fluid injectivity and productivity in the respective boreholes has been generally
achieved, although it is well documented only in the neighbourhood of the wells.

e What the situation is farther away in the heat exchanger remains unclear.

e 3D mapping of microseismicity during hydraulic stimulation can reveal the growth and
development of the heat exchanger to a kilometre from the injection well.

e  Specific features such as thermal breakdown or loss of circulated water are also reported.

e  The heat exchanger volumes were highly different, with the corresponding production flow
rates between 1 and 25 1/sec.

e None of the field-scale experiments led to detrimental environmental effects like groundwater
contamination, unlike in shale-gas fracking.

The sustainability of the production from the heat exchanger would be highly desirable but it is
still an open question. The shortages are summarised in [49] and are as follows: “So far, no experience
has been gained with respect to possible changes of a PEGS heat exchanger with time. Permeability
enhancement (e.g. new fractures generated by cooling cracks, mineral dissolution) could increase the
recovery factor, whereas permeability reduction (e.g. by mineral deposition) or short-circuiting could

reduce recovery. Without having field-scale experience with long-term EGS production, the
economic estimates about production and maintenance costs remain unsubstantiated.”
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5. Economic and Climate Impacts, Future Opportunities

Lithium production from near-surface brine is almost four times greater than from minerals and
extraction is relatively low cost. However, a thorough economic analysis is required to understand
the financial feasibility of geothermal energy projects in terms of mineral extraction (e.g. lithium) and
energy production. Assessing the economic and climate potential of sustainable mineral extraction
from geothermal energy is key to ensuring environmental responsibility, sustainability and social
benefits.

5.1. Geothermal Energy and Sustainable Mining for SDG 7

The potential of geothermal energy for sustainable mineral extraction and energy production
aligns with Sustainable Development Goal (SDG) 7, which aims to ensure access to affordable,
reliable, sustainable, and modern energy for all [1]. By harnessing geothermal energy through
"orebody-Enhanced Geothermal Systems", it enables simultaneous extraction of metals and power
generation, contributing to clean and renewable energy sources [12,73]. This innovative approach
reduces carbon emissions, minimizes dependence on non-renewable energy sources, and promotes
resource efficiency [5]. Key metallic minerals, such as lithium and tungsten, can be extracted
sustainably, fostering a circular economy [3]. According to [74], if we consider the extraction of rare
earth elements (REEs) from geothermal brines, with a similar approach to lithium and tungsten, we
could expect to recover around 1071 kg of REEs per year, contributing to approximately 0.006% of
REE domestic demand. The cost of geothermal energy production is estimated to be around 0.04-0.10
$/kWh, with capital costs of around 2500 $/kW installed. If REE extraction helps reduce operating
costs and generates additional revenue, selling REOs could contribute to 0.11% or less of the
operating budget. Additionally, geothermal energy's weather-independent nature ensures a stable
and continuous supply of clean energy. In summary, integrating geothermal energy and sustainable
mineral extraction supports SDG 7 by revolutionising the energy sector and paving the way for a
sustainable future [1].

5.2. Achieving a Low-Carbon Economy and Sustainable Mining Practices

Geothermal energy projects provide a weather-independent, reliable, and renewable energy
source that significantly contributes to the transition to a low-carbon economy and addresses climate
change. Geothermal energy is a clean energy alternative with low greenhouse gas emissions,
resulting in a substantially lower carbon footprint compared to conventional energy sources [75]. The
continuous power generation capability of geothermal energy improves grid stability and enables
the integration of other intermittent renewable energy sources [76].

Compared to traditional mining practices, geothermal energy presents environmental benefits.
The "Enhanced Geothermal Systems" (EGS) concept enables the extraction of valuable minerals such
as lithium and tungsten in a more environmentally friendly manner 2. Mining from geothermal
brines minimises the need for invasive mining operations, reducing land degradation, water
pollution, and biodiversity loss. The cogeneration of energy and metals from geothermal resources
optimises utilisation, promotes efficiency, and contributes to a circular economy*.

To investigate the increasing trend of worldwide operational lithium brines in recent years, data
on the number of operational sites (For example, in the US, Argentina, Chile, China and other
countries) producing lithium from brine were collected from the Mineral Commodity of the USGS
[77-83]. Additionally, the worldwide production of lithium was obtained from Statista.com to
observe its increasing trend in the last few decades [84]. Notably, in 2018, lithium production
increased as demand for electric cars surged [85]. A forecast formula based on linear regression
analysis was used to predict the values for 2030, 2040, and 2050 based on historical data. The
increasing demand for electric cars, which is becoming more common, is one of the contributing
factors to the growing demand for lithium; for example, the consumption of Lithium in the
consumption of Li in the production of heavy-duty batteries for powering electric vehicles is several
orders of magnitude higher than the batteries used for portable electronics [86]. Figure 12 provides
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valuable insights into the potential growth of lithium production in the coming years and the role of
electric cars in driving this trend. It is important to note that the data presented in the graph includes
both conventional and brine extraction methods for lithium production. However, the graph does
not provide information on the percentage of lithium production that comes from brine extraction.

== Annual Lithium production tones == number of operational lithium brines

400000 80
300000 = 60
200000 i ~ . 40
100000 /\/\ - [ 20
/—/_
0 0
2020 2030 2040 2050

Figure 12. Forecast of Annual Lithium production and worldwide number of operational lithium
brines, left axis lithium production (t), right axis number of operational lithium brines; based on [77-
83].

5.3. Stakeholder Collaboration for Effective Geothermal Energy Governance

Utilizing geothermal energy for mineral extraction and energy production presents challenges,
but solutions exist to address them. Capital costs associated with drilling and infrastructure
development can be offset by long-term operational cost savings and potential revenue from mineral
extraction [87-89]. Advanced exploration, drilling techniques, and Enhanced Geothermal Systems
(EGS) can mitigate the limited availability of suitable geothermal resources. Scaling and corrosion of
equipment can be overcome with advances in materials science and innovative extraction techniques
[90,91]. Environmental impacts, including induced seismicity, water consumption, and greenhouse
gas release from geothermal reservoirs, can be addressed by implementing rigorous monitoring
systems, improving drilling techniques, and utilising advanced reservoir management practices [92].
Geothermal energy projects can benefit industries by increasing resource efficiency and profitability,
and governments can leverage them to meet climate goals, reduce dependence on fossil fuels, and
stimulate local and national economies. Local communities can enjoy stable, clean energy, potentially
lower energy costs, and improved quality of life. In conclusion, geothermal energy projects can yield
significant benefits for stakeholders by driving resource efficiency, supporting sustainability goals,
and stimulating economic growth while minimising environmental impacts [4].

5.4. Future Challenges and Opportunities

Geothermal brine mining, while offering several environmental and economic advantages, also
presents a number of challenges that need to be addressed to ensure its long-term viability and
widespread adoption. One major challenge is the high upfront cost associated with the development
of geothermal projects, including drilling, exploration, and the installation of surface equipment
[95,96]. This substantial initial investment can create a barrier to entry, particularly for smaller
companies or in regions with limited resources [97]. Furthermore, the complexity and uncertainty
surrounding subsurface geological formations can lead to increased risk and difficulty in predicting
project success [62].

In addition to the economic challenges, technical obstacles also exist. The extraction of minerals
from geothermal brine can be a complex process, requiring specialised equipment and expertise [98].
According to Kavanagh et al., 2018, pumping lithium from a 2 km depth could be difficult and
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expensive. The harsh chemical composition of some geothermal brines can pose difficulties for
extraction technologies, leading to concerns over equipment corrosion, scaling, and operational
issues [95]. These factors can negatively impact the overall efficiency and lifespan of the equipment,
resulting in increased maintenance costs and downtime.

Another challenge is the environmental impact associated with geothermal brine mining.
Although the overall environmental footprint is generally lower compared to conventional mining
practices9, there are still potential concerns, such as the release of greenhouse gases, water
consumption, induced seismicity [86,99] and the management of waste products [86,95]. Developing
effective strategies for mitigating these environmental impacts is crucial to ensuring the long-term
sustainability and social acceptability of geothermal brine mining projects.

Addressing these challenges will require interdisciplinary collaboration between scientists,
engineers, industry stakeholders, and policymakers. Advancements in exploration technologies,
drilling techniques, and resource extraction methods can help to reduce costs and improve efficiency
[86], while regulatory frameworks can provide incentives and support for sustainable geothermal
brine mining practices. By tackling these obstacles, geothermal brine mining can become a more
viable and attractive option for sustainable mineral extraction and energy production.

6. Projects, Future Options

The most suitable rocks for the combined production of geothermal energy and critical elements
are high-temperature metal-bearing geological formations. Apart from volcanic areas, these are
usually located at depths of at least 4 km [31]. In the CHPM project, European potential deposits were
classified into metallogenic domains, as their distribution is strongly correlated with the tectonic
environment [31,100]:

e  Precambrian Fennoscandian Shield province,
e  Early Paleozoic Caledonian province, Late
e  Paleozoic Variscan province,

®  Mesozoic-Cenozoic Alpine province

In particular, in the planned exploitation of PEGS, both the metal content of the ore body and
the mineral phases should be taken into account to determine the metal mobilisation and the metal
extraction methodology. Note that in the hydrothermal case, fluids with high dissolved metal content
can also be found where the reservoir rock has low metal content due to transport processes.

Ongoing projects are focusing on deposits at the depths required for geothermal energy
production, where metals have been shown to mobilise in hot water.

Sanjuan and co-authors reviewed among all known European geothermal and hydrocarbon
fields in the literature so far; six main geothermal areas were detected whose deep fluids contain high
Li concentrations, ranging from 125 to 480 mg/l, in Italy, Germany, France and the United Kingdom
[5] (Figure 13). In this study, two of these areas are presented, the Upper Rhine Graben along the
French-German border and Cornwall in south-east England. Of course, there are also studies outside
Europe on the possibility of producing critical elements from thermal water, for example, in North
America, in Nevada and Utah [101] or in California for geothermal fields [62], but also in Asia and
Africa, notably in the case of Li [102,103].
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Figure 13. Map of Europe showing the six main geothermal areas with Li-rich fluids (red circles) and
Li-concentration ranges in such fluids. From [5], modified.

6.1. Upper Rhine Graben

Among the high-temperature geothermal fluids in Europe, the Upper Rhine Graben (URG) was
proved as one of the most promising areas to extract Lithium from geothermal brine. The European
Geothermal Lithium Brine Project aim to extract lithium from existing geothermal wells in the URG.
The main source of lithium at temperatures of around 225 °C, at the depth of the reservoir is probably
the evaporite minerals of the Triassic Buntsandstein mica continental sandstone, up to 450 m thick.
A minor contribution of granitic bedrock cannot be excluded. The Li concentrations can exceed 150
mg/L with high yields [5]. The main objective of the project is to identify an active material, capable
of selectively extracting lithium and chloride from geothermal brine at specific pressures and
temperatures (20 bar, 80 °C). Sanjuan and co-authors estimate that the current short-term planned
geothermal projects in URG could collectively produce 21,300-32,000 t/y of lithium carbonate
equivalent, assuming that the currently known Li concentrations and production flow rates can be
maintained for a long time [5].

Even more ambitious is the Vulcan Zero Carbon Lithium™ project, which, according to the final
feasibility study for its first phase, will produce 900 1/s of fluid from the URG area (2 project sites:
Lionheart, Taro), assuming an average lithium content of 181 mg/1. This means an annual production
of about 308,000 MWh of electricity sold and 252,000 MWh of heat, with 24,755 t of LiCl production
in LHM (Lithium Hydroxide Monohydrate) equivalent [105]. The production line is expected to
produce two additional saleable by-products: hydrochloric acid (HCl) and sodium hypochlorite
(NaOCl). In the economic model, an average realised price of 30,283 €/t LHM for the next 20 years
was considered. The model takes into account the lithium dilution at each well site; lithium
concentration in the project area decreases by ~1.6% per year. Vulcan's cost of capital expenditure
(CAPEX) estimate, in-line with international and in-house cost guidelines: €1,496 million. The
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estimated annual operating expenditure (OPEX) is €112 million, 80% of which is directly or indirectly
related to the production of lithium. The estimated annual revenue (20-year average) for the first
phase is 704.4 M€/year (105). Vulcan targets to start its power, heat and lithium production by the
end of 2025.

6.2. Cornwall

The Cornubian granit batholith of SW England is one of the UK's most promising geothermal
energy-producing provinces. The estimated temperature at a depth of 5 km largely exceeds of 200 °C
[104]. Lithium was first identified when economic deposits of Sn, Cu, Pb, Zn and W were found in
batholiths of the Variscan age. The Cornish Lithium company has conducted exploratory drilling
beneath the old mine to test the Li potential of geothermal waters, which was generated by water-
rock interaction. There is not much published information, but according to previous measurements,
the lithium content can be as high as 125 mg/l [5]. The current United Downs project is Cornish
Lithium's flagship project because it is the first geothermal electricity project in the UK. The
production well, drilled to 5,057 m, successfully reached the 180 °C permeable fractured zone with a
high lithium concentration of 274 mg/, so it has ambitious plans for lithium production [106].

7. Conclusions

The depth of ore exploration rarely exceeds 1 km due to current mining technologies, so we have
only a guess at reserves up to 5-6 km deep. Combined heat and mineral production technology could
tap a new, unexplored source, boosting the supply of previously untapped resources. This is also the
aim of the CRM-geothermal project [17], based on the CHMP2030 project [31], to develop an
economically viable technology for combined heat and critical raw materials co-production from
geothermal reservoirs. This co-production avoids visible large-scale installations above ground, and
it has minimal environmental footprint. It should be implemented under careful and transparent
environmental control to ensure public acceptance, in which case positive social and economic
impacts can be expected.

All in all, geothermal energy utilisation has evolved beyond its focus on the energy production
to encompass a wider range of applications within mineral extraction, including the sustainable
production of critical raw materials. These features make geothermal energy a cost-effective and
weather-independent source of renewable energy and mineral resources at the same time. The
geothermal sector, based on technological innovations, could be capable of producing critical
minerals with a more equitable geographical distribution of resources.

Currently, in Europe, particularly in the Upper Rhine Graben and Cornwall, large-scale
combined heat, power, and mineral extraction technology projects have been launched that could set
the future direction of development.

However, there are still a number of challenges to be overcome, furthermore, it can be stated
that there will not be one general solution, and there will be no single critical parameter for
compatibility; everything needs to be evaluated on a case-by-case level, including the way thermal
energy is utilised.
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