Geothermics 105 (2022) 102517

Contents lists available at ScienceDirect

Geothermics

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/geothermics

Geophysical exploration for shallow geothermal applications: A case study
in Arta, (Balearic Islands, Spain)

Cristina Saez Blazquez ™", Ignacio Martin Nieto?, Miguel Angel Maté Gonzalez >,
Pedro Carrasco Garcia®, Arturo Farfan Martin ®, Diego Gonzalez-Aguilera ®

& Department of Cartographic and Land Engineering, University of Salamanca, Higher Polytechnic School of Avila, Hornos Caleros 50, Avila 05003, Spain

Y Department of Electric, System and Automatic Engineering, Universidad de Ledn, Ledn, Spain

¢ Department of Topographic and Cartography Engineering, Higher Technical School of Engineers in Topography, Geodesy and Cartography, Technical University of
Madrid, Mercator 2, Madrid 28031, Spain

ARTICLE INFO ABSTRACT

Keywords:

Shallow geothermal energy
Electrical resistivity tomography
Geophysics

GES-CAL software

Thermal behavior

Geothermal design

Within the installation of a shallow geothermal system, the lack of information on the subsoil frequently leads to
errors in the design of the geothermal wellfield. This research presents the application of geophysics, combining
2D and 3D electrical resistivity tomography surveys and the geological information of a certain area for defining
the structural distribution of the underground. Processed electrical resistivity data allow elucidating possible
geological units and the thermal behavior of the in-depth materials. Two different assumptions (with different
locations of the wells) are designed by using the specific geothermal software GES-CAL. Results show, that Case 1
(based on the geophysical results, so avoiding complex areas) allows the reduction of the global drilling length,
and hence, the general initial investment of the system (around 20% lower). Meanwhile, Case 2 (without
considering the geophysics) is less economically advantageous and could also present technical difficulties
during the drilling process, as well as the possible alteration to the normal system operation. The study highlights
the benefits of geophysics as an effective approach to characterize the underground and to help to understand its
thermal behavior, which is, in turn, crucial for a proper geothermal design.

- Insufficient information about the most suitable geothermal prac-
tices when exploring, drilling, and managing the whole system
operation.

- Involvement of low-qualified experts in geothermal exploration and
development.

- Incorrect geothermal system operation due to uncertainties during
the initial phase of designing the well field and integrating elements.

1. Introduction

Thus far, traditional fossil fuels have been the preferred choice for
meeting the society energy needs. However, since these sources have
caused more environmental damage in the past century than any other
human activity, increasing attention is being paid to clean and sus-
tainable energy. Despite its ideal characteristics, geothermal energy is
one of the least known renewable energies. The use of geothermal re-
sources for power generation and heating/cooling purposes is more than
a century old, but this energy is still underdeveloped in numerous areas
because of several reasons (Minissale, 2018):

Beyond the above limitations, geothermal energy has been recog-
nized as an alternative source for the traditional fuel energy thanks to
the attractive advantages of cleanness, renewability, and cost-
effectiveness (Yang et al., 2010). Shallow geothermal resources are the
most widespread technologies for heating and cooling purposes in res-

- Difficulties in deciding the most appropriate areas for locating the idential, industrial, and commercial buildings (Lund and Boyd, 2016),

geothermal well field or the exploration areas to greater depths when
power production is intended.

- Difficulties in selecting the
methodology.

most appropriate prospecting

which are generally, exploited either directly or using heat pump sys-
tems coupled to ground heat exchangers (Omer, 2008). When evaluating
the performance of a shallow geothermal system, it has been widely
confirmed the strongly dependence on the particular site conditions. In
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Nomenclature

Acronyms

ERT Electrical Resistivity Tomography
GSHP Ground Source Heat Pump

UTM Universal Transverse Mercator
CcopP Coefficient of Performance

TRT Thermal Response Test

NPV Net Present Value

this sense, the geological, hydrogeological, and geothermal specifica-
tions must be defined before designing the heat pump installation (Blum
et al, 2011; Blazquez et al., 2016; Blazquez and Cristina, 2017).
Geological investigations and geothermal mapping have been made
worldwide in the past decades, constituting a useful tool when specific
information of the site is not available. In this context, different research
works have been focused on the development of GIS data bases and maps
to estimate the shallow geothermal potential of certain areas (Ondreka
et al., 2007; Bertermann et al., 2013; Garcia-Gil et al., 2015; Noorollahi
et al., 2017; Blazquez et al., 2017). However, this information is often
insufficient to carry out an accurate analysis of the area and additional
specifications of the site are required. When testing the shallow
geothermal energy potential, it is common to use different methodolo-
gies that combine theoretical and technical data, such as numerical
simulations, geochemical, hydrologic, and ground geophysical surveys,
among others (Song et al., 2018; Yao et al., 2018; Besser et al., 2018;
Blazquez et al., 2020; Chambefort et al., 2016).

1.1. Geophysical exploration in shallow geothermal practices

From the mentioned most common approaches, geophysical appli-
cations are especially significant in the geothermal field. These methods
have been routinely applied in the geothermal decision making, being
often included in the geothermal exploration program as a reasonable
starting point. Depending on the case, the aim of these tests can be to
delineate a geothermal resource or to locate aquifers or structures that
can control the location and design of the well field. From the first
geophysical exploration step, it is possible to perform the design of the
shallow geothermal system by considering the specific conditions of the
site such as the prevailing subsoil materials, the geological structures, or
the thermal characteristics (CHEN et al., 2020; Saez Blazquez et al.,
2020). Since the use of geothermal energy is frequently shot down
because of the relatively high start-up costs and long-term commitment,
a reliable and logical exploration and a proper latter design can mean
significant savings in the latter stages of drilling and components inte-
gration. Future possible problems in the geothermal system operation
can only be avoided if the ground has been accordingly characterized.

In function on the specific geophysical technique, crucial informa-
tion about a certain geothermal site is obtained. In this sense, electrical
and electromagnetic prospections constitute the most powerful practices
when carrying out a geothermal investigation (Fadillah et al., 2015).
The application of these methods enables the location of potential
geological structures, as well as the detection of faults and cavities,
altered and mineralized zones, or the identification of the geothermal
fluid’s properties. Electrical Resistivity Tomography (ERT) has long
been considered a powerful technique within the exploration of both
deep and shallow geothermal resources (Bibby et al., 1992; MAHMUT
et al., 2011; Bibby et al., 2005; Hermans et al., 2012). In this sense, ERT
is also an excellent tool for better designing Ground Source Heat Pump
(GSHP) applications and to prevent any component’s failure (Arato
et al., 2015; Nieto et al., 2019).

In the context of designing such geothermal systems from a multi-
disciplinary approach, this research presents the application of ERT
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prospecting surveys in a certain area as well as its geological charac-
terization to finally evaluate the most suitable GSHP system. The final
aim is to highlight the benefits of these exploration techniques when
characterizing the underground to ensure the proper operation of the
geothermal system but also to optimize the configuration of the well
field and the corresponding elements of the system. For this, the paper is
organized as follows: first, information about the geological and
geothermal conditions of the study area and the geophysical method-
ology is provided. Then, results of the ERT prospecting are presented, as
well as the discussion of its influence on the global design of a certain
GSHP system. Finally, the paper ends with the conclusions and future
perspectives of applications of the method in the geothermal field.

2. Materials and method
2.1. Initial description of the study area

The study site here considered is in the region of Arta on the island of
Mallorca (Balearic Islands, Spain). The tourist characteristics of the area
make it an ideal location for the establishment of a hotel complex and so,
and excellent study case for considering the implementation of a GSHP
system as the solution for covering the energy demand. The following
subsections include the geological and geothermal conditions of the
mentioned area under study.

2.1.1. Geological setting

The Balearic Islands are the NE prolongation of the Betic orogen, and
Early Miocene belt. The stratigraphic history of Mallorca includes de-
posits ranging from Carboniferous to Quaternary, being the Tertiary an
important gap of its geology. The sedimentology of the existing mate-
rials is complex and greatly varies depending on the sedimentary envi-
ronments (Adams, 1988; Fornos and Gelabert, 2011). The thickness of
the stratigraphic sequence is approximately 3.000 m, constituting the
carbonate rocks the majority. The oldest materials found in the island
are Carboniferous grey perlites interlayered with quartz sands, showing
weak metamorphism and the effect of the Hercinian orogeny in the form
of intense cleavage folding.

Regarding the Mesozoic deposit (over 1.500 m thick), Triassic,
Jurassic and Cretaceous rocks constitute most of the outcrops in the
main mountain ranges and in some of the small hills at the central area.
Cenozoic rocks are widely represented in the island, exceeding 1.500 m
in thickness.

In essence, the geological architecture of Mallorca could be
explained as the results of a three-fold complex evolution, involving
sediment accumulation (principally through Mesozoic times),
compressive tectonics during the continental collision and extensional
processes from the Upper Neogene to Quaternary (Ginés et al., 2012;
Arenas et al., 2007).

As Fig. 1 shows, the area included in this research is specifically
constituted by Triassic deposits, mainly dolomite materials (IGME).
There is an alternation of gray limestones and black marls and colluvial
ridges with clayey silt matrix, corresponding to discharge cones and
hillside torrents, reaching great development in the western part with
gravels and blocks of dolomitic elements.

2.1.2. Geothermal history

Mallorca is the largest island of the Balearic Archipelago. The climate
is characterized by hot, dry summers and mild winters, being the
average annual temperature of around 16.6°C (Sumner et al., 1995).
Littoral caves are frequent in the island, being most of them located
along the south and east coasts in Upper Miocene reef limestones (For-
nos et al., 2014).

The geothermal resources exploration carried out in Spain by the
Geological and Mining Institute of Spain (IGME) brought into light the
existence of geothermal manifestations in a variety of geological set-
tings. Within the local thermal anomalies detected in the country, the
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Fig. 1. Geological characterization of the area under study.

Betic Cordillera includes the areas of Guadalentin and Llucmajor in
Mallorca. These basins are generally filled with Tertiary sediments
overlying carbonate formations of considerable permeability and com-
plex structure. In these areas, prospections have identified geothermal
reservoirs at depths of less than 1000 m with temperatures in the range
of 40—50°C.

Within the shallow geothermal field, the investigations carried out in
the island at greater depths indicate that the geothermal potential at this
level could be also relevant. However, and given the geological nature of
the area, it is advisable to carry out an in-depth analysis of the possible
cavities that may arise in the depths of a shallow geothermal system
(Sanchez-Guzman and Noceda-Marquez, 2005).

2.2. Fieldwork

2.2.1. Electrical resistivity tomography

As commented previously, electrical resistivity tomography is the
geophysical technique selected for its application in the mentioned
study case. In fact, ERT is one of the most used geophysical approaches,
based on resistivity contrasts to determine the earth resistivity distri-
bution on the subsurface.

Electrical resistivity tomography has proven its efficiency in different
fields (Atekwana et al., 2000; Nguyen et al., 2009; Chambers et al.,
2010) and, in the context of geothermal reservoirs; ERT has been
extensively applied for hydrothermal deposits to map the flow path or to
analyze the heat flow and the heat storage possibilities of aquifers
(Kumar et al., 2011; Chabaane et al., 2017; Carrier et al., 2018).
Non-invasive surface ERT is also used as a cost-efficient method for
monitoring shallow geothermal systems and analyzing the composition
of the ground (Firmbach et al., 2013; Gomez-Ortiz et al., 2017; Cha-
baane et al., 2017; Abdullah et al., 2019).

In the case of the present research, 2D and 3D ERT prospecting
campaigns were performed in the area under study for obtaining

accurate information of the subsoil. 2D ERT surveys were conducted by
using the equipment commercially known as SYSCAL Pro and applying
the Pole-Dipole array.

Results obtained from the field were converted into pseudo-sections
of apparent resistivity, creating a two-dimensional mesh. With these
data of apparent resistivity, a processing is carried out, using an inver-
sion program (RES2DINV) that performs the complete 2D inversion of
electrical surface profiles for the different arrays of measurements
(Rajesh and Tiwari, 2018; Yasir et al., 2019).

In this research, resistivity measurements were acquired along two
profiles (69 m length and consisted of 24 electrodes with 3-m separa-
tion) directed NE-SW and NW-SE, respectively. UTM coordinates of the
origin and end of the mentioned profiles and their location in the field
can be observed in Table 1 and Fig. 2.

Considering the geological context of the area under study, possible
cavities of variable sizes could be expected, terribly affecting the per-
formance of a potential shallow geothermal system. For this reason, 3D
ERT methodology was also applied to control lateral and depth changes
and to reveal possible underground structures.

Using the same SYSCAL Pro device, 3D surveys consisted of the
realization of an 8 x 6 mesh (42 x 30 m) with a separation among

Table 1
UTM coordinates of the origin and end of the ERT profiles and of each of the
vertexes that constitute the ERT 3D mesh.

PROFILE X Y

1 - origin 531.200 4.392.949
1-end 531.140 4.392.913
2 — origin 531.209 4.392.918
2 -end 531.144 4.392.942
A2t 531.143 4.392.931
V2 531.179 4.392.950
V3 531.159 4.392.905
V4 531.195 4.392.926
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3D Mesh

Fig. 2. Positioning of the 2D ERT profiles and the 3D mesh performed in the
area under study.

electrodes of 6 m, distributed throughout the field (Fig. 2). 48 electrodes
were needed to constitute the 3D mesh, also applying the Pole-Dipole
array. Table 1 presents the UTM coordinates of each of the vertexes of
the mesh and Fig. 2 allows observing the exact location in the field.

Resistivity data were subsequently inverted with the RES3DINV
program (Loke and Barker, 1996) that uses a block model in which the
resistivity values are assigned in the prisms within a 3D mesh, applying
the least squares inversion technique with smoothing constraint.

3. Results
3.1. 2D ERT surveys

The processing of the field data allows modeling the geoelectric
response of the subsoil, by obtaining resistivity sections for the inves-
tigated area. In order to associate the geophysical data (resistivity) and
the ground lithology, some preliminary criteria were established. Since
the parameter of the electrical resistivity depends on multiple factors,
the mentioned criteria must be based on the geological information of
the study area and the experience in previous geoelectric prospecting
surveys in similar contexts.

The results of the interpretations of the geoelectric sections obtained
from the 2D ERT profiles are represented in the following Figs. 3 and 4.

Based on the results of the 2D ERT surveys, the geological informa-
tion of the study area and the electrical resistivity usually associated to
each formation, the lithological units included in Table 2 can be
differentiated.
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3.2. 3D ERT surveys

As a result of processing the field data from the 3D ERT surveys,
different 3D geoelectric sections were obtained for the area contem-
plated in the present research. As can be observed in Fig. 5, results are
represented for different depth intervals; 0.00 — 2.00 m, 2.00 — 4.00 m,
4.00-6.00 m, 6.00 —8.00 m, 8.00 —10.00 m, 10.00 - 12.00 m and 12.00
— 14.00 m, with the aim of focusing on the details of the levels studied.

In addition of the above and given the possible presence of cavities in
the study area (as deduced from the results of the 2D ERT surveys,
Table 2), a specific data treatment was carried out for the visualization
of the 3D geoelectric block (Fig. 6). These 3D blocks will be extremely
helpful for defining the mentioned formations and, hence the configu-
ration of a possible shallow geothermal system.

4. Discussion and results interpretation
4.1. Ground thermal characterization

As presented in the above section, ERT inversion results show that
the range of resistivity values is considerable, from 50 to > 1000 Q-m.
According to previous experimental studies, typical electrical resistivity
values for limestone materials (formations in which the study area is
located) oscillate around the interval of 20 — 4000 Q-m (Gélis et al.,
2010; Comeau, 2015; Wozniak et al., 2018). From these values that
constitute a valuable indicator the state of alteration of the materials, the
methodology applied in this research is based on an approach to the
geological processes that have originated the geological structure found
from the surface to the common working depth of the electrical methods
of geophysical prospecting (around 20 m). In this sense, weathering
processes of the rock in situ is not the only factor to consider, (as studied
in other research in granite environments), but also the issue of
considering the electrical properties by composition and state of ag-
gregation of external materials (not coming from in situ weathering of
limestones) included in the strata mainly by sedimentation processes
(silts, sands, etc.). As will be described later, it leads to results seldom
seen in other geological environments, such as thermal conductivities
that can alternate from higher to lower in layers not corresponding to
their depth. Based on the interpretation of the ERT results, the following
patterns can be interpreted:

(1) The near-surface area is dominated by a mixture of materials with
high electrical resistivity values (more than 600 Q-m), being the
thickness of this levels around 2-4 m in most parts, but signifi-
cantly smaller at the beginning and end of profile 1 and at the
beginning of profile 2. These resistivity values indicate that the
alteration of the materials is considerably high for the layers here
included.

(2) The following deeper layer is characterized by the lowest re-
sistivity values (50 — 250 Q-m) with a variable thickness of 8 - 16
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Fig. 3. Resistivity section obtained from the 2D ERT surveys, Profile 1.
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Fig. 4. Resistivity section obtained from the 2D ERT surveys, Profile 2.

Table 2
Description of the main lithological units identified in the area under study,
derived from the interpretation of the 2D ERT results.

Layer Description

Conglomerates and altered limestone
levels
Intensively weathered conglomerates

Units discontinuously located at surface
levels, down to depths of 2—5 m.
Lithological units located up to the depth
of 9—18 m. These conglomerates are
characterized by low resistivity values (in
the interval of 50—350 ohm-meter)
possibly due to intense weathering
phenomena.

These levels are found at the distance of
33-55 m of Profile 1 (Fig. 3) and 12—36
m of Profile 2 (Fig. 4) as a change in depth
from the previous unit to the level of 20
m. The high resistivity of these materials
may indicate low weathering of
conglomerates and limestones. However,
the presence of cavities could be also
possible since these formations are
frequently characterized by high
resistivity values such as the ones of this
unit.

Conglomerates and limestones partially
weathered to healthy (possibility of
cavities)

m depending on the specific part of the profiles. The low re-
sistivity of these layers constitutes a clear sign of the strong
weathering.

(3) A final formation can be observed in the lower left corner of the
3D blocks of Fig. 6, being also perceptible in profiles 1 and 2 of
Figs. 3 and 4 characterized by the highest resistivity values. The
high resistivity of this unit, its nature and geometry could indi-
cate the presence of voids-cavities. This possible cavity would be
located at the depth of 11 m and could extend to more than 20 m
(limit of the 2D ERT profiles).

Once the genesis, composition, and state of aggregation of the
geological materials that make up the lithological column of the place
have been established, it is possible to address the thermal and electrical
correlation. Numerous laboratory practices have addressed the
measuring of the thermal conductivity of limestones for different levels
of solidity for two different conditions: air or water in the pores (Rob-
ertson, 1988). In this way, from the determination of the alteration state
and solidity of the materials in the study area (from the interpretation of
the ERT results), it is possible to deduce the thermal conductivity
associated to each level. This thermal parameter is crucial when
designing a GSHP system in a proper way that is, optimising the sizing of
the geothermal components but also ensuring the correct operation of
the installation during the whole lifetime period.

According to the mentioned published research and, considering that
limestone pores in the study area are filled with air, the relation between
the electrical resistivity of the unit and its thermal conductivity is

graphically presented in Fig. 7. It is convenient to mention that, due to
the specificity of the geology of the study area, this correlation is
exclusive for this type of geological environment.

The above estimation of the thermal conductivity and the determi-
nation of the different geological units identified throughout the
geophysical practice, make it possible to design (in an accurate way) the
geothermal well field of the suggested GSHP system. It is important to
highlight that this information is essential to avoid complex areas that
could seriously affect the expected behavior of the global geothermal
system. The probable existence of a cavity unit in the area (as suggested
by the ERT) could alter the thermal exchange of the geothermal system
with the ground (in addition to other geotechnical issues), so that more
exhaustive designs (increasing the number of wells and hence the initial
investment) would be required.

It must be mentioned that the above methodology has been suc-
cessfully applied in previous author’s research (Sdez Blazquez et al.,
2020; Nieto et al., 2019), in which the thermal behavior of the ground
(in different geological environments) has been defined. The use of
shallow geophysics is well-known, but confirmation of thermal prop-
erties can be only ensured with a test bore and field test or using more
accurate essays such as the Thermal Response Test (TRT). Geophysical
study is usually a cost tradeoff in additional knowledge gained versus
risk. In applications like the one here presented, geophysics mean a
valuable practice for estimating the thermal properties of the ground
and avoiding possible structures without deep drillings that would make
the design process and subsequent execution of the installation more
expensive.

4.2. Geothermal design

With the aim of highlighting how geophysics can improve the ther-
mal and geological knowledge of the area in which the geothermal
systems will be placed, two different assumptions will be included in the
geothermal design:

H Case 1: the geothermal well field is designed according to the
geophysical surveys, so the area of the possible cavity will be
avoided.

M Case 2: the geothermal well field is designed without previous
geological information of the area so wells could be drilled in the
cavity unit.

Considering the above assumptions, the geothermal software GES-
CAL was used to perform the corresponding designs of both GSHP sys-
tems (Blaquez et al., 2020). Given the depth of the geophysical surveys,
helical heat exchangers (usually installed until depths of 15— 20 m) were
considered for the calculation of the mentioned geothermal
installations.

Before carrying out the geothermal design, it is required to define the
initial conditions of the system. For both study cases, the installation is
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Fig. 5. 3D geoelectric sections for the different levels.

planned to cover the energy demand of a small hotel complex of 1200 m?
of surface and 12 m high. The annual energy demand is firstly calculated
applying a methodological procedure based on the Standard Regulation
UNE-EN ISO 52016-1:2017 (UNE-EN ISO 52016-1 2017), that allows its
estimation from the information of the building and the annual average
temperatures of the area. The heating energy demand obtained for both
assumptions (the same building in the same location is considered in
both cases) is of 176,636 kWh/year. The cooling energy demand was not
considered since it was comparatively low regarding the calculated
heating demand.

Beyond the annual energy demand and the information of the
geothermal system, GES-CAL software requires the introduction of the
ground thermal conductivity in the area where the GSHP system aims to
be installed. From the interpretation of the geophysical results and the
relation of the electrical resistivity of the ground and its thermal con-
ductivity, Fig. 8 shows the distribution of this thermal parameter and the
preliminary location of the geothermal wells in each of the considered
study cases. It is convenient to clarify that the area in which the possible
cavity unit could be placed has been considered as a formation of almost
zero thermal conductivity, provided the low thermal conductivity of the
air.

Based on the thermal distribution of Fig. 8, the global thermal con-
ductivity parameter of the ground in the location of each of the as-
sumptions was defined. These estimations consider the thermal
conductivity of each layer and its thickness according to the ERT results.
The following Table 3 includes the information of the geothermal system
for the assumptions here considered.

Once defined and introduced in GES-CAL software the initial con-
ditions and characteristics of the systems and the ground thermal
characterization of both cases, the tool directly calculates the parame-
ters of the whole geothermal installation. All this information can be

observed in Table 4.

In addition, GES-CAL tool is also capable of providing an estimation
of the initial investment and annual operational costs required in each
case, as well as the CO, emissions that will be annually emitted. The
values of these items are also presented in Table 4. Since the heat pump
power and its COP are identical for both study cases, also the annual
operational costs and CO5 emissions are the same.

As shown in Table 4, the principal difference between Case 1 and
Case 2 is the configuration of the well field, and hence, the initial in-
vestment required in each solution. For performing a deeper economic
analysis, one of the most common heating solutions (natural gas boiler)
has been included in successive calculations. One of the additional
modules of GES-CAL software includes the comparison of the
geothermal solution with different traditional energy sources (such as
the natural gas). In this way, from the information provided by GES-CAL
for the natural gas solution (initial investment and operational costs), an
exhaustive economic comparison was carried out. Considering all this
information, Fig. 9 shows the economic evolution (including the initial
investment and the operational costs) of each GSHP solution regarding
the natural gas installation during a period of useful lifetime of 30 years.

As deduced from the above Fig. 9, despite the higher initial invest-
ment of the geothermal solutions, both study cases involve significant
economic savings during the whole useful lifetime regarding the natural
gas alternative. In addition, and given the difference in the initial in-
vestment of both GSHP cases, the investment associated to Case 1 would
be amortized in a period of 8 years (considering the differences between
its operational costs and those of the natural gas), while Case 2 would
require an amortization period of 12 years. It must be also mentioned
that the operational costs of each system, included in Fig. 9, are
expressed according to a Net Present Value (NPV) with a discount rate of
1.8%.
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Fig. 7. Electrical resistivity vs. thermal conductivity for the geological context of the study.

Beyond the calculation of the most suitable geothermal system
(taking into account the geological and thermal information of the
subsoil), it is also considered convenient to analyze other possible
geothermal solutions. In this sense, the preliminary design for a hori-
zontal geothermal system is presented below (Table 5), also using the
results on the thermal conductivity structure obtained.

Observing the previous Table 5, the initial investment required by
the horizontal system is higher than that of the helical system in case 1
(based on the geophysical characterization). The principal reason is the
also higher thermal conductivity of the ground at the level of the

horizontal configuration. However, since the efficiency of the heat ex-
change (lower COP) is in this scenario lower that in the helical one, the
associated annual operational costs and CO; emissions are considerably
higher due to the requirements of the heat pump operation. Thus, as
presented in the following Fig. 10, the helical Case 1 is still the most
advisable solution considering the information of the geophysical
prospecting.

In addition to the discussed alternatives, the vertical geothermal
configuration would be the first option usually considered. However,
given the lack of in-depth information and the existence of cavities in the



C.S. Blazquez et al.

NE

Elevation l

Geothermics 105 (2022) 102517

SW

-18.0
-20.0

| B B B B B J-—~J§ § § J Jumj-o—je=p § § J |

0.02 0.96 1.06 1.15 1.30 1.45 1.60 1.80 2.00

Thermal Conductivity [W/mK]

Fig. 8. Thermal conductivity of the ground and preliminary location of the boreholes in each study case.

Table 3
Initial information to be used for the corresponding geothermal design per-
formed in GES-CAL software.

Study Energy demand Ground thermal Heat exchanger
case (kWh/year) conductivity (W/mK) configuration
Case 1 176,636 1.254 Helical
Case 2 176,636 0.896 Helical

Table 4

Design parameters and economic-environmental analysis obtained with GES-
CAL software for both study cases.

Case 1 Case 2
Heat pump power (kW)* 21.28 21.28
Heat exchanger length (m) 2,839.27 3,853.51
Total drilling length (m) 192 260
Number of boreholes 13 17
Initial investment (€) 66,412.90 83,274.77
Annual operational cost (€) 5,419.08 5,419.08
Annual CO; emissions (kg) 15,764.76 15,764.76

" In both study cases, electric heat pump with a prelaminar COP of 4 has been
considered.

area, considering this type of system is not recommended in the present
scenario. The presence of cavities in the planned well field could seri-
ously affect the thermal performance of the installation, in addition to
technical difficulties during the drilling process and the placement of the
geothermal tubes.
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5. Conclusions

This research focuses on presenting the advantages of geophysical
exploration in the thermal and geological characterization of the ground
for the design of a shallow geothermal system. The results of 2D and 3D
geophysical surveys and their interpretation through existing geological
documentation reveal the distribution of the underground structures
and are crucial for defining the configuration of the geothermal
wellfield.

In general terms, the principal findings of this research can be
summarized as follows:

(1) ERT prospecting has allowed identifying those complex areas in
which the operation of the future GSHP system could be seriously
affected. The installation of the geothermal wells in complex
units could reduce the global performance of the system (for and
affect its, thus compromising the initial planned well schema. All
the above could mean the uselessness of the geothermal system
throughout the useful life period and the possible increase of the
initially inversion.

Regarding the economic aspect, avoiding the areas not recom-
mended by the geophysical surveys, allows reducing the initial

(2

—

Table 5
Parameters for a possible horizontal geothermal system in the study area.
Heat Ground Initial Annual Annual CO,
exchanger thermal investment operational emissions
configuration conductivity ©) cost (€) (kg)
(W/mK)
Horizontal 1.350 55,959.56 7,865.44 20,651.60
1,200,000.00 -
1,000,000.00 -
—Case 2 - GSHP —Natural Gas
800,000.00 -
600,000.00 -
400,000.00 -

Investment Amortization

200,000.00

0.00 -
Year Year Year Year Year Year Year Year Year Year Year Year Year Year Year
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Fig. 9. Economic comparative of each of the proposed GSHP assumptions and the natural gas solution.
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Fig. 10. Accumulated costs during the considered useful life for each scenario.

investment of the global shallow geothermal system. As shown in

this work, Case 1 (based on ERT results) requires an inversion of

around 20% lower than that of Case 2. Comparing them with the
natural gas solution, initial investment of Case 1 could be amor-
tized in a period of 8 years, while Case 2 would need 12 years,

that is, a reduction in the amortization period of around 33%.

Geological and geophysical surveys are needed for ensuring the

correct and optimized operation of shallow geothermal solutions.

This information shows that horizontal geothermal configura-

tions could be also possible considering the accurate results of

geophysics in the first levels of the ground.

(4) In the case under study, geophysics is mandatory to identify the
underground structures and to perform the estimation of the
thermal properties of the ground, always starting from the geol-
ogy and the experience of the authors in this type of practices.

@3

~

In conclusion, geophysics provides important benefits for under-
stating the underground behavior. Even for shallow drilling systems (as
the helical configurations included in this research), the knowledge of
the underground structures and their thermal behavior is essential for a
correct dimensioning of the geothermal system, and to ensure that the
system will operate as expected in the initial planning phase. However,
it should always be evaluated, based on the available information, the
need or not to carry out this type of exploration, making a balance be-
tween the cost of a geophysical campaign, an exploratory borehole
survey or a simple geological study.
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