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Abstract: The growth of the geothermal industry demands the constant search of techniques with
the aim of reducing exploration efforts whilst minimizing subsurface uncertainty. The exploration
of geothermal resources is fundamental from the exploitation point of view, especially in those
regions where this energy is not as widespread as the rest of renewable sources. This research shows
how geoelectrical methods can contribute to the investigation and characterization of medium-low
enthalpy geothermal resources until about 800 m of depth. A 2000 m long electrical-resistivity
tomography profile was performed in a region of Southern Spain with previous evidence of moderate
geothermal potential. Results of this geophysical campaign (together with a preliminary geological
characterization) allowed for the obtainment of a 2D profile and a pseudo-3D model with extensive
information about the subsoil in terms of geological composition and formations. The interpretation of
geophysical results denotes the existence of a potential formation constituted by carbonate materials
with thickness greater than 300 m, crossing different fractures. Once the ideal location for the
geothermal exploitation is defined, the research evaluates the contribution of the possible energy
source, deducing that the energy extraction in the potential fracturing area would be double that of
the one in the vicinity of the site.

Keywords: geothermal resources; exploration; electrical resistivity tomography; 2D profile; potential area

1. Introduction

Due to the current energy context and the exponential increase of the world energy
demand, there is a clear need to move towards the massive use of renewable energy re-
sources and become less dependent on social or geopolitical factors. In fact, the continuous
availability of energy is considered one of the most critical aspects for society development,
especially considering that, today, a significant portion of energy still derives from burning
limited organic fuels. One approach to replace conventional fossil fuels and alleviate the
mentioned energy issues is the introduction of renewable energy technologies. In this
sense, geothermal energy appears as a potential contributor in the way of reducing the
external and internal energy dependence on non-renewable systems [1], constituting one
of the most efficient sources that can operate continuously to meet the energy demand
24/7 [2]. This energy can be directly used for heating and/or cooling applications, con-
stituting one of the oldest and most versatile ways of utilizing geothermal resources [3].
In this context, the globally installed capacity for direct geothermal use worldwide was,
at the end of 2019, 107,727 MWt, meaning a 52% increase over the year 2015, which is
a growing annual rate of 8.7% [4]. The reason for this significant growth is, mainly, the
recent technological development of geothermal heat pumps (GHPs), which generally
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constitute these shallow systems through the well-known ground-source or ground-water
heat pump (GSHP-GWHP) technologies [5,6]. The alternative use of geothermal energy is
power generation, which is usually attributed to deep and hydrothermal resources with an
average growth rate of around 5% per year and a global production of 95 TWh in 2020 in
more than 30 countries [7].

Despite the clear versatility of geothermal resources, when compared with other
renewable solutions (e.g., biomass, hydro, solar PV, wind), geothermal falls far behind both
in production and installed capacity. The principal obstacle to geothermal growth is the
initial investment costs generally associated with power projects, but also for domestic
heating and cooling solutions. However, numerous countries have done the required
groundwork to conduct resource inventories with the aim of quantifying their potential for
exploiting the different possibilities of geothermal energy [8,9].

In the particular case of Spain (where this research is focused), geothermal develop-
ment is still undervalued. There are no high-enthalpy geothermal facilities operating in
the country, and the shallow geothermal use is also limited. In this sense, although slower
than desirable considering the existing capacity and energy requirements, the installa-
tion of GHP systems has been a growing trend in the last few years. In addition, public
administrations are making a great effort to introduce GHP systems in public buildings
(both in refitted and new spaces) in order to move into the concept of “Nearly Zero-Energy
Buildings” (NZEBs) promoted by the European Union [10-13]. Based on the data from
the World Geothermal Congresses of 2015 and 2020, the estimated uses for the country are
summarized in the following Table 1.

Table 1. Estimated shallow geothermal uses for Spain [14,15].

Use MWt TJ/Year
Individual space heating 5.20 133.6
Greenhouse heating 22.0 165.4
Bath and swimming 3.80 92.0
Geothermal heat pumps 513.0 3542.0
Total for the country 544.0 3933.0

In spite of the clear advantages and the proven capacity to provide energy at a constant
pace, as shown in the previous Table 1, the widespread production of geothermal energy
in the country considered here has been limited by different factors. Among them are the
lack of access to thermal supplies, the operating risks when drilling the geothermal wells,
and the associated high capital costs [16,17]. When these factors are analyzed, it is common
to conclude that most of these risks are mainly due to the lack of knowledge and precise
characterization of the ground where the system is planned. In this sense, the in-depth
evaluation of the subsoil structure and the determination of its expected thermal behavior
are essential when designing the geothermal well field.

Regarding the reservoir temperature, it can be measured directly by bottom-hole
temperature measurements. However, well measurements may not be representative of
the entire reservoir, and geophysical prospecting appears as an effective tool for providing
a more spatially complete information source. Depending on the type of geothermal
system considered, the objective of these tests may be the determination of the geological
structures and their distribution in depth, the estimation of the thermal properties of the
existing formations, or the location of aquifers or singular structures, among many other
applications [18-20]. The implementation of these techniques has proven to be useful when
designing a shallow geothermal system and, thus, ensuring its correct operation during the
estimated useful life period. But these prospecting systems are also essential when trying to
achieve a better understanding of a deep geothermal resource. Geophysical detection and
the monitoring of deep reservoirs represent a great advance in the exploration of geothermal
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energy and, ultimately, in the acquisition of complete and optimized information about the
structure in depth and the possibilities of future geothermal exploitation [21,22].

In the context of defining new possibilities of geothermal exploitation, this research
includes a deep Electrical-Resistivity Tomography (ERT) model obtained from the geophys-
ical prospecting on a certain study case, with an already known favorable geological setting
and thermal evidence. From the geophysical campaign tests, the geological and thermal
characterization of the area was performed to finally evaluate the possible geothermal use.
Despite the preliminary discovery of anomalous underground temperatures, there is, in
the study area, a lack of knowledge about the distribution of the geothermal resource at
depth and the viability of its extraction. Based on this, the importance of this research lies
in achieving a greater characterization of the underground area, being the final aim of the
work is to provide a new basis for possible future geothermal exploitation. In turn, this
research pursues to highlight the benefits of geophysics when characterizing the under-
ground to evaluate the proper geothermal exploitation and optimize the configuration
of the global well field and the corresponding elements of the system. In this context,
the present paper is organized as follows: firstly, information about the geological and
geothermal conditions of the study area and the geophysical technique implemented in the
prospecting campaign is included. Then, the results of the geophysical tests are presented,
as well as the discussion of the main achievements derived from the experimental phase. As
a final section, the paper includes the conclusions and future perspectives of applications.

2. Preliminary Study-Area Characterization
2.1. Geology and Structural Setting

As previously mentioned, the objective of this study is the analysis of the subsoil
characteristics in order to clarify the possibilities of future deep—-medium geothermal
energy exploitation. In this context, the study focuses on a certain area located in the
autonomous community of Granada (Spain), in which an electrical-resistivity tomography
survey has been performed. The following Figure 1 describes the location of the study area
selected in the present research.
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Figure 1. Location of the study area included in the evaluation of this research.

The selection of the location under study is based on the structural and geological
characterization that indicated a possible formation of interest from the point of view of
energy use. The area under study is located within a series of mountainous alignments to
the south of the Guadalquivir Valley, known as the Baetic Mountains and, more specifically,
in the region of the “Montes Orientales”. The area suffered tectonic phenomena on a
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continental scale during most of the Mesozoic and Tertiary, related to the opening of the
Atlantic and Tethys, as well as the collision of the European and African plates [23,24]. In
particular, the area included in this research is located in the sub-Baetic zone, characterized
by presenting practically continuous sedimentation between the Triassic and the lower
Miocene. Three main domains are established from north to south in this context:

- External sub-Baetic, corresponding to an area in which limestone materials predomi-
nate, acquiring great development levels of condensation.

- Medium sub-Baetic, predominating marly materials that appear as characteristic
lithologies, radiolarites, and submarine volcanic rocks.

- Internal sub-Baetic that covers a relatively slightly subsiding sector in which exclu-
sively limestone materials outcrop.
Beyond the described sub-Baetic level, Neogene and Quaternary materials are also

located in the analysed environs that appear as alluvial deposits. Figure 2 presents the

geological levels that constitute the area under study [25].
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Figure 2. Geological setting of the area in which the geophysical survey was performed.

2.2. Previous Geothermal Evidences

In addition to the geological characterization presented above, in the vicinity of the
area where the geophysical campaign has been conducted, there is an existing drilling
whose open-access information is also relevant to the aim of this study. The 219 m borehole
(included in Figure 3) was drilled by percussion with a downhole trephine and allowed for
the deduction of the lithological column described in Table 2 [26].

During the prolonged pumping in the drilling, several measurements of the temper-
ature of the extracted water were conducted. It was stabilized at 35.2 °C, which could
preliminarily indicate the existence of a low-temperature geothermal resource (placing
this temperature above the average of the place by around 15 °C). The interpretation of
the borehole tests and the results of the pumping test also allowed for the conclusion that
the storage formation has a calculated transmissivity of 600 m?/day and an estimated
exploitation flow of at least 60 L/s, with maximum values around 80-90 L/s.
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Figure 3. Arrangement of the ERT profile in the area under study (at the top) execution of works in
the field (at the bottom).

Table 2. Description of the lithological column of the existing borehole located in the study area.

Length Geological Description
Alternations of light and white colors marls assigned to the middle-lower
0-170 m
Cretaceous
170-198 m Alternation of sandy and marl sections with limestone
From the Lower Cretaceous and Upper Jurassic
198-214 m Marls and white limestones from the Middle Jurassic
214-219 m Tabled limestone and karstified gray dolomitic limestone

3. Materials and Methods
3.1. Geophysical Surveys-ERT
3.1.1. ERT for Geothermal Characterization Review

Based on the description of the previous Sections 2.1 and 2.2, this research aims to deter-
mine the in-depth characterization of the structure and arrangement of the subsoil materials
and analyze the lateral continuity of the formation of interest, with special attention to the
potential presence of fractures. With these objectives in mind, the geophysical-prospecting
campaign has been raised considering the partial knowledge of the ground in the study
area and the need to reach sufficient depth levels for the investigation here pursued. From
the commented initial statements and, as previously mentioned, the electrical-resistivity
tomography technique, it was considered as the potential method for the underground
evaluation of this work.

ERT survey is widely implemented for mapping the location of potential areas for
groundwater, minerals, or geothermal use [27,28]. In the specific geothermal field, different
studies have focused on the delineation of geothermal reservoirs and/or associated struc-
tures such as fractures or faults as a preliminary prerequisite for a successful geothermal
exploration [29]. In the evaluation of large and known geothermal areas, ERT profiles have
proven to be a suitable method for obtaining a high spatial variability, where the potential
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zone is clearly distinguishable from those with different resistivity [30-32]. In the case of
high- and medium-enthalpy geothermal systems, these present great variations in their
resistivity /conductivity structure, usually associated with the occurrence of fluids but also
with the presence of anomalous concentrations of hydrothermal minerals. The existence
of particular fluids, such as saline fluids or meteoric water in rocks, results in enhanced
electrical conductivity to a greater or lesser extent, depending on the characteristics of this
fluid [33-35]. In these cases, ERT methods are an important source of information, but
they also constitute a great help in those surveys where the initial thermal evidence is
not so clear, but a possible state of fracturing or structural disposition could indicate the
potentiality of geothermal exploitation at different scales. In the case of low- and very-low-
enthalpy geothermal resources, these geophysical tools are also extremely valuable for the
characterization and distribution of the ground materials and the subsequent design of the
well field [18,19].

3.1.2. Fundamentals of the Method and Application on the Study Case

ETR technique provides a subsurface geoelectrical characterization by the measure-
ment of the apparent resistivity from a tetra-electrode device, injecting current of a known
intensity into two electrodes called “A” and “B” and automatically recording the potential
difference between the other two electrodes “M” and “N”. The process is consequently
repeated by automatically varying the distances between the pairs of electrodes so that the
apparent resistivity is obtained in multiple positions and levels (1). Data are subsequently
processed by means of mathematical inversion algorithms, obtaining an image of resistivi-
ties and real depths of the subsoil. The depth of investigation is in fact a function of the
ability of the material to identify and measure the electric potential between electrodes [36].

The methodology is based on the contrast of resistivities obtained that allows for
the differentiation of the subsoil materials based on their electrical behavior; that is, their
apparent resistivity value (after the inversion of the field data). However, the subsurface
resistivity of a particular area can be affected by different factors such as the porosity and
pore structure of the rock formations, the content of water or steam, salinity, pressure,
temperature, or any other alteration between water-rock. In this sense, the pore volume,
regarding the total rock volume ratio, the geometric arrangement of the pores (formation
factor), the ratio of water-filled pores to empty pores, or the resistivity /conductivity of the
fluid that is filling the pores [37], is particularly influential.

In the case of the present research, field works consisted of the execution of an electrical
tomography profile of 2000 m in length using a hose with 21 electrodes with a separation
of 100 m, and a direct and inverse pole-dipole recording device (Figure 3). Data were
collected using the commercial equipment Syscal Pro multi-electrode imaging system with
an automatic injection range with a 1200 W AC/DC converter. The array configuration was
set with the aim of obtaining a strong signal, high-penetration capability, and high-density
data. Since the data quality during the ERT acquisition depends on factors such as the
noise or the resistivity of materials, the use of a high-power transmitter and an AC/CD
converter increases the effective working voltage and contributes to their mitigation. One
more influential factor is contact resistance, which is a function of the resistivity of the
most superficial layer of the ground. If contact resistances are not allowed, longer and/or
multiple linked electrodes are used at the electrode position, and if required, the galvanic
contact of electrodes with the ground can be improved by adding a saltwater solution [38].
It is also convenient to mention that the location of each electrode was defined by using a
handheld Global Positioning System (GPS) with a horizontal accuracy of 3 m. For the GPS
coordinates, ellipsoidal altitudes were also determined since elevation values are required
for the subsequent data inversion.

3.1.3. Inversion-Model Approach

Once the ERT raw data on the field (binary) were acquired, these were converted into
ASCII format to numerically process the field datasets. For removing the outlier data points,
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X2IPI software (version 5.19) was used following the criteria of unmeasured intensities
of those values lower than 100 mA [39]. In the next step, topography information was
assigned to each node, and the apparent resistivity data were inverted using a linearized
least-squares algorithm in order to obtain the inverted resistivity models [40].

Finally, RES2DINV software (version 5.0) was implemented for ERT data modeling.
The tool is based on a finite element modeling or a difference algorithm capable of providing
the forward modeling of the voltage response to the current injection. The models of
resistivity developed by the software are then divided into different rectangular blocks
with specific resistivity values coming from the field-measuring process. Data of apparent
resistivity are finally presented as a pseudo-section, in which the apparent resistivity values
are assigned to a predefined location in function of the type of array [41].

The selected inversion procedure was the smoothness-constrained least-squares opti-
mization method, or the smooth L2 norm (function of a damping factor), which allows for
the minimization of the sum of squares between the calculated apparent resistivity values
and those observed, producing smooth fluctuations in resistivity within the inversion
model. The process of inversion begins with the initial model parameters and the damping
factors that are refined through an iterative process.

4. Results
4.1. 2D ERT Profile

Figure 4 shows the results obtained in the 2D ERT profile performed in the area under
study. The geoelectrical model also includes the synthetic column crossed by the existing
drilling together with the distinction of three main geological horizons and the location of
the fault’s structures in line with the geological characterization established in Section 2.
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Figure 4. Electrical-resistivity tomography 2D profile in the study area. Length: 2000 m, Interelectrode
span: 100 m, Number of electrodes: 21, Dispositive registration: Pole-Dipole, RMS error: 10.3%.

In the 2D model of the above Figure 4, three layers can be distinguished with the
following characteristics:

e A first outcropping surface layer (1) of a relatively conductive nature, corresponding to
Cretaceous and Upper Jurassic materials mainly constituted by alternations of sandy,
limestone, and marly materials. As observed in the 2D profile, Layer (1) presents a
more conductive character in the extreme east, indicating the majority presence of
clays and marls. Regarding the thickness of the layer, it ranges between 120-250 m.

e Anintermediate resistive layer (2), constituted by carbonate materials from the middle
and lower Jurassic. This layer has a significant thickness higher than 300 m and
presents two main fracture areas (also included in Figure 4):

O A fracture located around Meter 450 of the 2D profile. The area is defined
by the lateral change in resistivity observed in the model that descends at
that point in a westerly direction. It should be noted that this fracture context
agrees with the fault mapped by the consulted geological database [23], which
intersects the trace of the profile at this point, but with a very oblique character.
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This factor could influence the resistivity values obtained from the geophysical
prospecting campaign.
@) A fracture formation appearing approximately at Meter 1700 of the ERT profile,
defined by the jump and elevation observed at the top of layer (2), estimated at
about 80 m.
e A final conductive basal layer (3), determined by the clear decrease in resistivity, which
could indicate the presence of Triassic materials.
In general, the described results indicate that there is an appropriate correlation
between the data derived from the existing borehole and the geoelectrical model obtained
from geophysics.

4.2. Pseudo-3D ERT Model

In addition to the previous 2D profile, a three-dimensional model has been obtained
using Oasis Montaj software (Seequent). Once the profile into the tool is exported, it
performs an interpolation of the areas without data from the tomography profile, located
in the basal part of the ends. The final product is a 3D geoelectrical model that enables an
in-depth analysis of the whole ground distribution [42]. These 3D models are included
in the following Figures 5-7 in which it is possible to observe the general structure of the
study area in relation to its topography and geological cartography.

800 m
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Figure 5. Pseudo 3D model with the digital Terrain Model (DTM) and the orthophoto. View from
the north.

The previous Figures 5-7 show the tomography profile obtained from the geophysical
campaign (depth information) overlaid with three surface visualization modes: according
to the digital model of the terrain and the orthophoto, the single digital terrain model and
the digital terrain model together with the geology and family of faults in the area. In all of
them, the location of the existing borehole has also been included in order to facilitate the
interpretation of the results.
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(1) Cretaceous — Upper Jurassic
(2) Middle - lower Jurassic
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Figure 7. Pseudo-3D model with DTM and geology, highlighting the main mapped faults. View from
the north.

5. Discussion
5.1. Model Validation

In certain exploration areas, there is great variability between the geological conditions and
the underground distribution. In this sense, the application of geophysics is fundamental for
understanding the existing structures and formations in depth. The present research investigates
the potential of ERT for the exploration of low-medium enthalpy geothermal resources.

The implementation of an ERT 2000 m long profile has allowed for the penetration of
the subsoil up to levels of around 800 m, meaning it is an important source of information
about the composition of the materials that make up the subsoil and its distribution in the
horizons. The obtained geoelectrical model must represent the subsurface and, at the same
time, provide a good fit to the surface geology and lithostratigraphic units based on the
existing geological cartography and the known fracture formations and faults.
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According to the 1:50,000 scale cartographic layer produced by the IGME (Instituto Ge-
ologico y Minero de Espafia) in the area under study, two families of fractures intersect the
profile at the eastern and western ends of it. This source of information provides an initial
basis for the nature of the characteristic geological formations of the site, which, together
with the lithological column known from the borehole existing in the area, represents an
important approximation to the characterization of the subsoil. The interpretation of the
ERT results agrees with the existing information in the first levels of the ground, also pro-
viding additional documentation of how the geological structures are distributed in depth.
Through the geophysical campaign, it has been possible to corroborate the arrangement
of the fault formations at deeper levels and to characterize the subsoil at greater levels of
depth. The results of the survey denote the existence of a potential formation constituted
by carbonate materials from the middle and lower Jurassic with a thickness greater than
300 m, which is also crossed by the families of fractures. The set of information provided by
the tests and verified by the known structures at more superficial levels makes it possible
to accurately plan the most optimal location for possible geothermal exploitation in the
analyzed area. The data known from the drilling report of the borehole in the area also
confirm (although in much less detail) a significant coincidence in the division of layers
in depth.

5.2. Geothermal Exploitation

As commented before, based on the results obtained in the geophysical model, it is
possible to establish a preliminary approximation of the most appropriate scenario for
future geothermal exploitation. The approach followed here is to evaluate a possible
opportunity to semi-directly capture the geothermal flow that is suspected to exist in the
underground study area. Due to the limitations of the geophysical techniques (which can
only be solved with direct drilling), there is not total certainty about the behavior of the
phenomenon, but this section tries to provide a possible exploitation pattern according to
the known in-depth information.

Following the geological distribution in the ground, the geothermal drilling should
reach the formation (2) of Figures 4-7 in which carbonate materials are present. These
layers, characterized in their most superficial part by a certain degree of karstification,
constitute a proper environment for the extraction of the required water flow by means of
geothermal use. Specifically, the projected borehole should be located at the extreme west
of the profile (Figure 8) in the vicinity of the fault structure, and where the formation of
interest (2) does not present resistivity values as high as in the case of the existing borehole.

Blevation (m) \u E

9000 100 1200 1600

8000

| © Existing borchole !
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| T4 - T of the ground p
20001 | Ta - T* of the extracted fluid at the existing borehole |

| Tw - T* of the extracted fiuid at the suggested borehole | ™
N . S N T S N . ) N D -

219 367 6.16 103 17.3 290 48.7 8186
Resistivity in ohmm

Figure 8. Location of the proposed drilling for possible geothermal exploitation.

Once the potential location for a possible geothermal use is established, an estimation
of the temperature of the fluid in the considered area and the possible thermal extraction
is presented in this subsection. For this, the probable flow path from the potential area
(in the fault) to the existing drilling will be evaluated. Taking into account the geological
distribution analyzed in this study, the probable circulation layer should be the one marked
in yellow (Figure 8) that communicates the fracture with the lower end of the existing bore-
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hole. In this way, and based on the scale of Figure 8, the circulation area is approximately
400 m long and 40 m thick. From this information, and considering the porosity of the
limestone formation of the reservoir, the real diameter through which the flow circulates
up to the borehole is obtained (D of Table 3).

As a second step, it is necessary to define the initial thermal conditions of the site, such
as the average temperature of the ground at the depth considered (220 m as the existing
drilling). Based on previous studies, the area is not characterized by known significant
geothermal anomalies, having a normal geothermal gradient of around 3 °C/100 m and
with temperatures within the average values in the original geological environment [43].
The estimated ground temperature at the considered level can be also found in Table 3
as Tg.

Table 3. Principal site and fluid parameters required for the thermal characterization of the site [44].

Main Site Parameters

Flow diameter (DF) 32m

Ground Temperature (T) 19.5°C
Temperature of the water borehole (T) 35.2°C
Length of the area (L,) 400 m
Thickness of the area (T4) 40 m
Considered depth (Dp) 220 m

Fluid Properties

Kinematic viscosity (v) 1x107°m?/s
Dynamic viscosity (u) 1 x 1073 kg/m-s
Specific heat (cp) 4184J/kg-K
Thermal conductivity (k) 0.6 W/m-K

Based on the above information, the heat flux by forced convection can be evaluated,
for which different parameters must be defined. The first one is the dimensionless Reynolds
number (Re), required to categorize the fluid of the system and to confirm the laminar
behavior of the flow (Equation (1)) [45].

_ V.Dr
T

Re

(1)

where V is the average flow velocity (m/s).

In the present study case, the flow velocity (V) is estimated according to measurements
obtained from the existing borehole, such as the transmissivity of 600 m?/day already
mentioned in Section 2.2 and the analyzed layer thickness (T4), obtaining a maximum
flow velocity of around 15 m/day. Regarding the kinematic viscosity (v), it is consulted in
standard databases for water at the temperature of the medium considered (Table 3) [43].
With all these values, a Reynolds number of 555.56 is obtained, denoting the laminar nature
of the fluid in the analysed conditions of the environment.

The following parameters to calculate are the Prandtl number (Pr), which expresses
a dimensionless quantity for assessing the relation between momentum transport and
thermal transport capacity of the fluid, and the Nusselt number (Nu) that is basically a
function of Re and Pr numbers. Both numbers are defined in Equations (2) and (3) [45].

= 7y.cp

Pr ?

)



Energies 2024, 17, 1836

12 of 16

0.065~(%§) ‘Re-Pr

Nu = 3.66 + s 3)

14 0.04( P2 )-Re-Pr]

Considering again the standard values of u, ¢, and k for the fluid at the analyzed
conditions (Table 3) [46], Pr and the Nu numbers are estimated as 6.97 and 5.26, respectively.
It is convenient to mention that Equation (3) provides an approximation to the calculation
of Nu, considering that the value obtained is greater than 3.66 as the one here presented.

Once defined, the previous parameters, the thermal convection coefficient (i) (W /m?-K)
for forced convection, is expressed as follows (Equation (4)).

k
h= D—F-N u 4)
Substituting the corresponding values, the convection coefficient /1 for the study
conditions is 0.99 W/m?-K. Convective heat transfer occurs from the moving of the fluid
through the considered formation, according to what is known as Newton’s Law of Cooling.
In this way, from the calculated convection coefficient, the temperature of the water ( Ty )
in the suggested location of the fracture can be calculated by applying Equation (5) [47].

To—T
Ty =To- | -S.0 (5)

e fi-cp

where Ag (m?) is the area through which the fluid circulates in the formation and m (kg/s)
is the mass flow rate.

Considering the geometry of the formation, as well as the density and the estimated
velocity of the fluid, As and m can be directly obtained, being the values 3516.80 m? and
1.40 kg /s, respectively. Finally, applying the previous Equation (5), the water temperature
in the area suggested in this study could reach the value of 48.89 °C.

On top of the above, the specific energy (E) that the increase in temperature supposes
in both conditions (in the existing drilling and in the suggested one) is calculated applying
the following equation.

E =cp-AT-m (6)

where m (kg/h) is the mass of the circulating fluid, which can be calculated from the
estimated flow in the existing drilling (at least 60 L/s) that, considering the density of the
fluid, is means 216,000 kg/h. AT (°C) is the temperature increase between the ground and
the temperature of the water in each assumption. These values, and the final result of
applying Equation (6), are included in Table 4.

Table 4. Increase in temperature and specific energy achieved in each of the considered scenarios.

Scenario AT (°C) E() E (th)
Existing drilling 15.70 1.42 x 1010 3388.93
Suggested drilling 29.39 2.66 x 1010 6343.99

From the previous values of Table 4, it is easily observable how the extraction of water
in the area suggested in the present research supposes an increase in temperature of almost
double that currently achieved in the existing borehole of the area. All this also means
doubling the specific energy of the site and denoting the presence of a relevant geothermal
resource of significant importance for its future use.

In relation to the previous calculations of the upwelling temperature, it should be
clarified that this is one of the possible scenarios regarding the origin of the thermal anomaly
measured in the well. For a deeper characterization of the resource, it would be necessary
to take into account possible deviations in the geometry and properties of the geological
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structure that constitute the aquifer (error of the inversion process of geophysical data),
or possible thermal contributions not considered in the direction of the flow prior to the
emerging fracture.

6. Conclusions

In different regions of Spain, the lack of precise information on the resource and its
possibilities of exploitation constitute a barrier preventing geothermal energy from making
a greater contribution to meeting energy demand at present. The present study applies deep
electrical-resistivity tomography to characterize a possible geothermal site. The information
about the subsoil obtained from the resistivity data is in agreement with the geological
structures known from the existing borehole located in the vicinity of the studied area.
Beyond this contribution, the geophysical campaign has allowed to know the distribution
of the geological formations and structures at greater depth and define the ideal location
for better geothermal resource exploitation. In this way, and by locating the possible energy
source in depth through the structuring in the form of a fault, the extraction of water in the
proposed area allows us to achieve an estimated temperature of 48 °C with an energy use
of practically double the current extraction in the existing borehole.

Based on all that has been evaluated in this investigation, future geothermal exploita-
tion initiatives in the study area will be precisely planned, minimizing the possibilities of
error and facilitating the corresponding exploration and implementation tasks linked to the
geothermal-extraction system. Regarding future research, and since it is a promising area,
it would be interesting to address the analysis of the formations that give rise to thermal
anomalies on the surface through the use of more extensive geophysical techniques. In
this sense, the application of the magnetotelluric method could be advisable to image the
subsurface electrical resistivity and provide (by the use of the Earth’s naturally occurring
electromagnetic fields) useful information about the lateral and vertical resistivity variation.
The investigation depth of this technique can reach several tens of kilometers in function
on rock resistivity, making it a technology of great value to be applied in areas such as
the one evaluated in this research, making it also possible to determine with greater preci-
sion the scope of the resource and its possibilities of use as a medium or a high-enthalpy
geothermal system.
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Nomenclature
Acronyms
GHP Geothermal Heat Pump
GSHP Ground-Source Heat Pump
GWHP Ground-Water Heat Pump
NZEB Nearly Zero-Energy Building
ERT Electrical-Resistivity Tomography
GPS Global Positioning System
IGME Instituto Geoldgico y Minero de Espafia
Dg Flow diameter
Tg Ground Temperature
Tp Temperature of the water borehole
Tw Temperature of the water
La Length of the area
Ta Thickness of the area
Dp Considered depth
v Kinematic viscosity
v Flow velocity
v Dynamic viscosity
p Specific heat
k Thermal conductivity
Re Reynolds number
Pr Prandtl number
Nu Nusselt number
h Thermal convection coefficient
Ag Area of circulation of the fluid in the formation
m Mass flow rate
E Specific energy
m Mass of the circulating fluid
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