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Abstract: In order to boost the use of shallow geothermal energy, reliable and sound information
concerning its potential must be provided to the public and energy decision-makers, among others.
To this end, we developed a GIS-based methodology that allowed us to estimate the resource, energy,
economic and environmental potential of shallow geothermal energy at a regional scale. Our method
focuses on closed-loop borehole heat exchanger systems, which are by far the systems that are most
utilized for heating and cooling purposes, and whose energy demands are similar throughout the
year in the study area applied. The resource was assessed based on the thermal properties from the
surface to a depth of 100 m, considering the water saturation grade of the materials. Additionally,
climate and building characteristics data were also used as the main input. The G.POT method was
used for assessing the annual shallow geothermal resource and for the specific heat extraction (sHe)
rate estimation for both heating and, for the first time, for cooling. The method was applied to the
Region of Murcia (Spain) and thematic maps were created with the outputting results. They offer
insight toward the thermal energy that can be extracted for both heating and cooling in (MWh/year)
and (W/m); the technical potential, making a distinction over the climate zones in the region; the
cost of the possible ground source heat pump (GSHP) installation, associated payback period and the
cost of producing the shallow geothermal energy; and, finally, the GHG emissions savings derived
from its usage. The model also output the specific heat extraction rates, which are compared to those
from the VDI 4640, which prove to be slightly higher than the previous one.

Keywords: geographical information system (GIS); ground source heat pump (GSHP); shallow
geothermal energy; borehole heat exchanger (BHE)

1. Introduction

Heating and cooling consume half of the EU’s energy, and 75% come from fossil
fuels [1]. Its associated greenhouse gas (GHG) emissions have global consequences, such
as hitting the record of having had the warmest temperatures over the last five years. To
counter these and other consequences of climate change, the EU Commission is implement-
ing the European Green Deal policy framework. In September 2020, the EU Commission
adopted a new climate target plan, with the ambitious aim to reduce GHG emissions by
55% by 2030, compared to 1990 levels [2]. To this end, renewable heating and cooling (H&C)
play a key role in achieving the target, as it is considered the path to reduce emissions.
At a city level, this option is of great relevance, as it provides a strong impetus for the
deployment of renewables, enabling the scaleup of a renewable-based decentralized energy
system. The heat content of the ground, known as the geothermal resource, is an ideal
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source for H&C and is ubiquitous [3]. The ground source heat pumps (GHSP) use this heat
to provide renewable H&C. Their global installed capacity has more than doubled since
2010 to reach 75 GWth, and has been deployed in 88 countries in the world so far [4]. The
International Energy Agency, in 2019, predicted a shallow geothermal direct use increase in
buildings of more than 40% (2019–2024 period) with China, the United States and the EU
together responsible for more than 80% of additional consumption [5]. Notwithstanding,
the global health and economic pandemics we are facing that is caused by COVID-19 are
changing the current energy market tendencies [5]. Their implications are expected to
foster the clean energy transition, where resilient and energy security systems are more
indispensable than ever.

SGEs (shallow geothermal energy systems) can also play a relevant role in energy
transition when exploited holistically (for heating and cooling) to dramatically reduce the
amount of energy needed. A special mention needs to be made for those SGEs in South
Europe, where passive SGEs are considered the highest efficient mode and are suitable for
most of the southern countries in Europe [6]. However, the exploitation of the untapped
shallow geothermal potential still has considerable drawbacks that are preventing these
resources being used at a massive scale. The shallow geothermal energy production cost
(€/kWh) is comparable to any other renewable H&C energy cost (i.e., solar energy). A
recent study also showed that shallow geothermal exploitation by GSHP is more cost-
efficient and energy-efficient than conventional air heat pumps [7]. However, due to the
borehole heat exchangers (BHE) drilling that is required in most of the cases, the initial
upfront costs make these installations less economically attractive a priori, compared with
other renewable H&C systems. Other drawbacks of SGEs deployment are the lack of
awareness between investors and policy makers and the lack of knowledge about the
amount of heat that can be expected to be extracted from the underground. To this end,
clear, concise and comprehensible information about the potential of these systems and
the real results expected from them is considered paramount to increasing the use of SGEs.
There is currently a strong effort in developing new materials and drilling solutions to
overcome this limitation and create more cost-competitive SGE approaches. This includes
the engineering of new plastics, the integration of phase change materials in the grout and
new drilling concepts [8,9].

Defining a shallow geothermal system is directly dependent on end-user needs [8].
Conditions, in turn, depend on the climate, building typology, ground and working tem-
peratures, among others, and are site-specific. This makes the shallow geothermal potential
assessment generalization a difficult task when applied in considerable geographical ar-
eas [9]. This potential can even differ with the same ground and temperature properties
from one installation to another. To this end, there is an increasing interest in mapping the
assessment of SGE potential based on geographical information systems (GIS).

Ondreka [10] was one of the pioneers in developing such a methodology. In 2007, he
applied a GIS-based mapping methodology in southwest Germany based on the VDI4640
standard underground-specific heat extraction (sHe) values. In 2011, Gemelli [11] launched,
for the first time, a methodology analyzing the geothermal potential for heating at a re-
gional scale and its economic accessibility in Italy. Here, potential was assessed on the basis
of lithologies and hydrogeological formations. Likewise, Noorollahi [11] evaluated the
shallow geothermal potential in Iran in two models, determining the spatial association
between exploration and the thematic maps created. In addition, in Italy, Viesi [12] devel-
oped his methodology to assess the shallow geothermal potential according to the German
VDI4640. This method possesses a strong background in the hydrogeological properties of
the area. In 2015, García-Gil et al. [13] also developed a GIS-based methodology applied to
the Metropolitan Area of Barcelona, where both open and closed loops were considered. It
consisted of the calculation of the admissible heat flux exchange with the underground,
attested by heat transport analytical statements. This time, the methodology was applied
in Barcelona, Spain. In 2016, Cassaso et al. developed a heat transfer simulation method
performed by setting and varying site-specific variables, such as the thermal properties of
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the ground and of the BHE, and specific parameters of the plant. Other variants have also
been published, such as Schiel et al. [14], who, in 2015, modeled in GIS the CO2 mitigation
in urban areas achievable by the use of SGE. While all above mentioned methodologies
only considered natural environmental properties, a few of them conducted a further
analysis on how this potential can be integrated into the energy systems market. Besides,
they all have been applied in areas where only heating needs are considered due to the
study areas’ climatic conditions. Thus far, the sHe values used in most of the areas studied
were designed for the particular conditions of Germany, which may vary the real results in
other areas.

To this end, this study has applied a GIS-based methodology to obtain the shallow
geothermal potential for both heating and cooling purposes for the first time. Under the
climatic conditions of the area studied, the particular site-specific heat extraction rates were
estimated. The model analyses the economic conditions and environmental benefits of
exploiting such potential. Additionally, outputs are shown in maps, which is considered
the most successful way to reach stakeholders.

2. Materials and Methods

Figure 1 shows the GIS-based methodology used in this work. According to the origin
of the processes and the topic tackled, four steps are identified.
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Figure 1. GIS-based top-down methodology workflow.

Step 1 addresses the determination process of the site-specific conditions of the area
to be studied, regarding the underground and climatic properties in a separate way. This
involves the selection, collection and transformation into GIS format of the necessary data
required for the calculation of the following steps. In Step 2, data from Step 1 are processed
and energy-resulting data are obtained and analyzed to serve as inputs for the following
steps. Here, the shallow geothermal potential and specific thermal energy rate maps are
obtained as main milestones. This step assesses the shallow geothermal energy resource
available that can be extracted using the existing technology. In other words, it evaluates
the amount of shallow geothermal energy that can be extracted per unit time (per year or
per hour) under the conditions that the GSHP offer. Step 3 tackles an economic analysis
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based on data from Step 2 in terms of costs of exploiting the SGE potential. It allows us to
determine how cost-efficient this technology is compared to the conventional energy used.
Finally, Step 4 involves conducting an environmental analysis focused on determining the
resulting GHG reductions due to the supposed migration from H&C conventional systems
to geothermal.

2.1. GIS-Based Mapping Opportunities

Geographical information systems (GIS) provide enormous power in evaluating the
potential for renewable energies [15]. It can be a key element of new energy policies and a
successful way to encourage the use of the untapped shallow geothermal energy, in this
case. GIS allow not only for management of huge databases but also makes mapping the
results from small (urban) to large-scale (provinces) comprehensible. It also offers support
to deal with strong geographic, climate and energy behavior discrepancies existing in any
large area. All in all, this work was entirely developed in a GIS environment so that most
inputs and outputs of the model were outlined in maps and site-specific information is
accessible for every point over the investigated area. The approach conducted in GIS is
summarized in Figure 2.
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Figure 2. Schematic overview of the GIS approach.

2.2. Step 1. Mapping and Preparing Input Information

This process involves the selection and collection of the relevant data and their conver-
sion into GIS format data when needed (first two steps in Figure 2). For the GIS analysis,
tools within QGIS [16] were used; mostly the raster calculator tool. Furthermore, GIS
were used to visualize and create different input and output data in maps. At the initial
stage of the work, the data preparation process must be carried out separately for the
hydrogeological information in the one hand and the climatic information in the other, and
is the same for both cases. Here, thermal conductivity, thermal capacity and undisturbed
underground temperature are the main input data for the hydrogeological part and heating
and cooling degree days (HDD and CDD) for the climatic part (see Section 2.3.). They
are site-specific variables of the model and they should be previously mapped over the
surveyed territory. The rest of the parameters are fixed and established based on the regular
GSHP conditions, so that previous mapping is not necessary. From Step 2 onward, the
outputs will serve as inputs for the next step and its transformation is not required.

2.3. Step 2. Energy Analysis
2.3.1. Hydrogeological Module

This module contains the processes and data used to determine the underground
conditions of the approach. They will be used to conduct the shallow geothermal potential
assessment that a closed-loop GSHP can extract under specific conditions. For this purpose,
the G.POT method [17] was used. In the same manner as other methodologies determining
the shallow geothermal potential, this methodology is based on the assumption that the
final potential mainly depends on the site-specific parameters of the underground and its
usage in the residential sector. The model allows for estimating the potential for space
heating and space cooling separately. It calculates the average thermal load that can be
exchanged between a borehole heat exchanger (BHE) and the underground per time unit.
It processes a set of heat transfer simulations, where some variables remain fixed, such as
the properties of the BHE, and others vary spatially, such as the underground properties.
Within the first group, there are threshold fluid temperature, borehole depth, borehole
radius, borehole thermal resistance and simulated time. In the second group, there are the
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thermal conductivity, thermal capacity and undisturbed temperature. The length of the
heating or cooling season can be both fixed or varied in case of the presence of different
climatic zones in the area to be studied.

QBHE =
a·(To − Tlim)·λ·L·t′c

−0.619t′c·log(u′s) + (0.532t′c − 0.962)·log(u′c)− 0.455t′c − 1.619 + 4πλ·Rb
(1)

Equation (1) states that shallow geothermal potential is a function of the following
variables: To and Tlim, which are, respectively, the soil temperature and benchmark tem-
perature of the carrier fluid expressed in Celsius degrees; λ is the thermal conductivity in
W/mK; L is the BHE length in meters; Rb is the thermal resistance of the borehole in mK/W.
a is a non-dimensional variable that is equal to 8 when QBHE is expressed in W and equal
to 7.01·10−2 when expressed in MWh/y. Finally, t′c, u′s and u′c are also non-dimensional
variables, which depend on the simulation time and the length of the load cycle. The model
is eventually solved by calculating the benchmark temperature causing the maximum
temperature increment of the heat carrier fluid.

Main outputs expected at this stage are the annual shallow geothermal potential and
the specific thermal rate:

• Shallow geothermal potential for heating and cooling

This refers to the yearly geothermal potential and is expressed in MWh/year. Its
estimation allows us to obtain an indicator of the suitability of the GSHP installation for
every point of the area studied. The potential was calculated for heating and cooling mode
separately so that the G. POT method was computed two times, one for each mode.

• The specific thermal extraction rate for heating and cooling

Countries with a mature GSHP market possess their own guidelines in which heat
extraction rates are given. A clear example is Germany, with its well-established and wide-
spread used standard VDI 4640 [18]. Specific heat rate values contained in the German
standard were established for the climatic and hydrogeological site-specific conditions of
the country and only for heating purposes. These rates can lead to misinformation in the
real extraction rate potential when applied in areas with different conditions. For instance,
Erol, 2011 [19] estimated heat extraction rates under different conditions than those in the
VDI and compared his results with those in the standard, his rates result between 10 and
20% lower than in the VDI. Since VDI does not provide succinct background information,
such as hydraulic conditions, it is difficult to adapt the VDI conditions to a different area
condition. Thus, as the study site national standard has no specific rates defined, they
must be estimated for this work. G. POT method offers the possibility to estimate the
annual geothermal potential that can be extracted by a GSHP technology for 100-m depth
boreholes for heating and cooling. The method outputs the thermal energy per unit time
(heat or cool) that can be exchanged with underground under certain conditions. This is the
same information as the specific extraction rate but under different conditions regarding
BHE length and simulation time. Therefore, considering the new conditions (1 m length
borehole in 1 h time simulation) as the new variables, the specific extraction rates were
estimated. Here, specific rates also vary depending on the lithology, which is defined and
introduced in the model using the thermal conductivity.

Main inputs required to conduct this output in the hydrogeological module are the
thermal conductivity and capacity and undisturbed ground temperature:

• Thermal conductivity and thermal capacity assessment

The thermal conductivity of the rock is a key indicator, as it determines the efficiency
of the GSHP systems [20]. When assessing both thermal conductivity and thermal capacity
of the rock, its water saturation is considered, as it considerably influences the thermal
property for certain lithologies [14]. Considering water saturation of the underground
materials, the average thermal conductivity and thermal capacity values can be obtained
at a large scale in GIS using Equation (2) [21], where TCk is the thermal conductivity
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or capacity of the layer k, thk is the thickness of the layer k-th and Thagg is the overall
depth considered.

n

∑
k=1

1
Thagg

(TCk·thk) (2)

Thermal conductivity and thermal capacity values, for dry and saturated materials,
can be obtained from different sources depending on the country to be applied. For
instance, in Spain, there is a specific standard to this end [22]. Another example is Germany,
which developed the widely used VDI4640 national standard [18]. The thickness of the
saturated layer can be obtained from specific maps [23] or can be estimated from piezometer
measurements. Thermal conductivity and thermal capacity are created in a raster format,
which will serve as inputs for the model.

• Ground undisturbed temperature

The ground surface temperature is one of the most relevant parameters when assessing
the geothermal yield of the GSHP. G. POT method model is based on the temperature
difference between the ground and the heat carrier fluid. Unlike other study cases, where
G.POT was used only for heating, here, ground surface temperature must be assessed
two times: one for the winter and another for the cooling season. This allowed us to
measure the seasonal temperature difference between the underground and the heat carrier
fluid in every mode. The ground surface temperature (GST) calculation is commonly
based on surface air temperature (SAT) [24], which is easier to measure. However, in
most cases, these methodologies output only the annual average GST, and for this work,
seasonal GST is sought. According to Good et al. [25], there is a relationship between air
surface temperature and ground surface temperature. In their work, after analyzing the
relationship between these two temperatures in a 17-year period, they concluded that the
correlation between both data series was 0.9 and can be applied throughout the year. Thus,
in order to proceed with GST calculation in GIS, mean average temperature was estimated
in the period of the cooling season and the same for the heating season. To convert SAT
into GST, they were finally multiplied by 0.9 and converted into GIS raster layer. Influence
in the underground of the fluctuations of seasonal temperature was not considered, as
it can be neglected on closed-loop systems due to temperature variation occurring only
several meters from the surface [19].

2.3.2. Climate Module

This part defines the energy needs required for the building stock that will consume
the geothermal energy beneath the area to be studied. With this purpose, heating and
cooling (H&C) unitary energy needs of the residential sector of the area studied must be
determined. According to CIBSE [26], the annual heating and cooling demand for a specific
building can be calculated derived from the heating and cooling degree days (HDD and
CDD) and the heat loss coefficient of the building. They can be easily estimated using the
following equation:

U(MWh/y) = 2.45·10−5·∑ V·A +
1
3

N·(HDD or CDD) (3)

where U is the overall building heat loss (W·m−2·K−2), A is the component area (m2), N is
the air filtration rate in air changes per hour (h−1), V is the volume of the space (m3) and
HDD and CDD are the annual local heating and cooling degree days, respectively. This
allows us to calculate the heating and cooling needs separately.

Next, the assessment of the GSHP power demand is considered as valuable informa-
tion in this work. It allows us to determine the technical characteristics of the system as
a relevant input in determining the economic conditions to exploit the SGE potential. To
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calculate the power demand (kW) for heating and cooling, the energy demand was then
divided by the average operating hours.

P(kW) =
Energy consumption (kWh)

Average operating hours
(4)

Power demand shall be assessed only for the operating mode that is the prevailing
one [27]. The building characteristics can be simulated or can be extracted from technical
building guides. Operating hours directly depend on the climatic conditions and can be
calculated from either of them.

2.4. Step 3. Economic Analysis

This step contains the information and the processes performed to set the economic
conditions for the exploitation of the potential obtained in the previous step. Here, data
from hydrogeological and climate modules converge. Main outputs in this section are the
GSHP system cost, GSHP payback time and production cost of the geothermal energy
(€/kWh). GSHP installation costs are considered to be significantly high compared to other
conventional and, even, other renewable thermal technologies [28]. This is due eminently
to the costs associated with the drilling to bury the BHE. Besides, this is the main barrier
that is preventing this type of energy from a faster deployment in certain countries of the
EU. The final cost of the installation varies spatially based on the borehole heat exchanger
(BHE) length, as it is considered the main cost driver in SGE [21].

• BHE length

To calculate the BHE length required for every point of the area being studied, the
following equation was applied in GIS.

BHE length =
Power demand (kW)

sHE (W/m)
(5)

Both power demand and the specific thermal energy rate used here are the outputs of
Step 2. Likewise, for the power demand calculations, BHE length must be calculated for
the prevailing operating mode.

• GSHP installation cost assessment

The total capital cost of the GSHP installations is mainly the sum of costs for equip-
ment, BHE drilling and development. Drilling includes grouting, tubing and piping and
supposes an important part of the total budget. Depending on the other parameters af-
fecting the suitability of the installation, drilling can reach up to 60% of the total upfront
cost [21]. Thus, as drilling works strongly determine the final cost of the installation, the
latter was calculated on the basis of the former and this, simultaneously, was calculated on
the basis of BHE length. Starting with the calculations, once BHE length was known for
every pixel, they were multiplied by a fixed drilling cost value (€/m). Next, an extra fixed
amount was added to the concept of the GSHP cost, and the hydraulic components and
the total GSHP installation cost was obtained for every pixel of the map.

• Payback period time

This factor expresses the time required for the conventional energy cost to reach
the energy facility cost, and it is considered the main economic indicator in determin-
ing the profitability of the energy installation [21]. It was estimated according to the
following equation:

Payback time (years) =
GSHP installation cost (€)

Yearly energy costs (€)
(6)

Besides, the cost of the geothermal energy was also calculated considering a 10-
year period following Equation (7): CkWh is the cost of the geothermal energy production
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(€/kWh), CGHSP is the total cost of the GSHP installation (€) and the energy demand is
the energy demanded by the building for heating or H&C. This factor reflects the cost
of the geothermal energy production, which, compared to other fuel costs, supports the
economic analysis.

CkWh (€) =
CGHSP (€)

Energy demand (kWh)
(7)

As established by Urchueguía et al. [29], GSHPs working in both heating and cooling
modes in the eastern coast of Spain save up to 43% costs. Here, economic analysis was
developed, directly taking the most profitable option, which is an installation covering the
supply of both heating and cooling needs.

2.5. Step 4. Environmental Analysis

This module contains information to assess the environmental benefits derived from
the migration from conventional H&C systems to geothermal. It is fed with the H&C
consumption obtained in Step 2 and information shaping the energy performance of
GHSP to determine the energy savings derived from the migration to geothermal. The
performance of the GSHP is represented by the coefficient of performance (COP) for heating
and energy efficiency ratio (EER) for cooling. This way, energy consumption to provide
energy demand with SGE can be obtained and compared with the consumption with a
conventional source, which must be also estimated. The difference represents the energy
savings, from which, finally, GHG emissions savings can be calculated by applying a factor
emission (Kg of CO2 per kWh produced) to the energy saved.

3. Study Case
3.1. Region of Murcia, Spain

The Region of Murcia is located in the southeast of Spain (see Figure 3) by the Mediter-
ranean Sea. It has a population of 1488 million people and an area of 11,313 km2. The
mean annual temperature reaches up to 17.6 ◦C. Due to its orography, it is isolated from the
Atlantic influence, resulting in a dry and soft climate. A wide range of lithological groups
can be found in this area, with gravels and sands, sandstones and dolomites as the most
frequent among sedimentary rocks, and phyllites the most frequent among metamorphic
rocks [30].
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Approximately 27% of the total territory corresponds to the mountainous topography,
38% to intramountain depressions and corridor valleys and the remaining 35% to plains
and plateaus, resulting in an area with a certain temperature disparity. This results in three
climatic zones that define the winter climatic severity (Figure 3), according to the Spanish
Technical Building Code [31]: B3, from 0 to 100 m.a.s.l., C3 from 100 to 500 m.a.s.l and D3
from 500 to 1300 m.a.s.l. To B3 belong the warmer areas, whereas, to D3, the coldest.

In the Region of Murcia, electrical heat pumps that supply both heating and cooling
are, by far, the most frequent energy systems used to provide H&C [32].

3.2. Data Used
3.2.1. Hydrogeological Data

The main source of the geological data used was the Spanish Geological Survey [33].
The information is provided openly online in the geological map of the Region of Murcia
1:200,000 in GIS format. The source for the thermal parameters of the underground, i.e.,
thermal conductivity and thermal capacity, is the Spanish standard 100715–one, called
the thermal conductivity and thermal capacity of the ground, and extracted from [22]. It
provides a range of values of thermal parameters depending on the underground type,
their consolidation grade and water saturation. The piezometers-level datasource was the
Official Network for Monitoring the Quantitative State: Piezometric Network from the
Spanish Ministry [34]. It provides historical series data of the piezometers from 1985, which
are grouped by watershed authorities. The Region of Murcia contains 197 piezometers
registered with free accessible updated information. Air surface temperature GIS data were
collected from the Iberian Peninsula Digital Climatic Atlas [35]. This database provides
climatic information in a raster format (200 m spatial resolution) that covers the Iberian
territory segmented by regions.

3.2.2. Climate Data

Air surface temperature data in GIS format were collected from [35]. This database
provides climatic information in a raster format (200 m spatial resolution) that covers
the Iberian territory segmented by regions. It also provides pluviometry, maximum and
minimum data, as well as solar radiation. Heating and cooling degree days were gathered
from the Spanish Meteorological Agency (AEMET) [36]. It provides meteorological data
for different meteorological stations along and across the Spanish territory. In the Region of
Murcia, there are five of these meteorological stations. From them, HDD15/15-based data
were selected for heating and CDD20/20-based data for cooling, as stated by the Spanish
Building Technical Code [31].

3.2.3. Building Characterization Data

Data concerning the energy demand behavior of the stock buildings were extracted
from the Spanish Building Technical Code [31]. This standard provides average values
for both the thermal enclosure of the buildings and change air relation (V/A) per climatic
zone. Those corresponding to the climatic zones of the study area were used for estimating
the energy needs.

4. Results
4.1. Thermal Conductivity and Thermal Capacity of the Ground

Thermophysical properties of the underground have been identified. They are de-
duced from the thermal conductivity and thermal capacity of the ground. As they have
site-specific conditions, their values have been calculated in GIS. The input values were
those extracted from UNE 100715-1. In order to define the water saturated level of the
materials, a water-level map was constructed.

• Water saturation material assessment

In the Region of Murcia, there are 194 piezometers located, whose depth ranges from
0 to 1000 m approximately. For this study, only piezometers up to a 100 m depth were
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considered, as our thickness of interest is located between this height to the surface. An
average of the last 10 years’ time series data was selected and used here. Only water bodies
containing selected piezometers were considered. The rest were believed to reach deeper,
and were therefore out of the study area. For every water body, an interpolation of the
depth values was made so that the average water level was obtained for every water body.
This way, different water bodies’ heights were not mixed. Later on, all water bodies maps
were collected and merged into only one layer so that the Region of Murcia water-level
map was obtained. As shown in Figure 4, shallower water bodies are located in coastal
areas and nearby, and in the western part of the area, whereas inland water bodies are
deeper. This map allowed us to estimate the thickness of saturated and dry material from
the surface to a 100-m depth for the whole study area.
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• Thermal conductivity and thermal capacity

The thermal conductivity and thermal capacity of the underground estimation were
processed in a GIS environment. For this purpose, four layers were created for each
parameter. Two of them are related to the saturation of the materials: the former for dry
material, considered from the water table up to the surface, and the latter for saturated
material, from the water table to a 100 m depth. The other two were related to the
thermal conductivity values: the former with thermal conductivity values from [22] for dry
materials, and the latter with values for saturated materials. Although thermal conductivity
values for the saturated material affect only gravels and sands, they are significant in the
study site, as they represent more than 40% of the lithology in the Region of Murcia. Then,
the Equation (1) was applied and the thermal conductivity map, taking the saturation of
the materials into account, was obtained. Results can be observed in Figure 5. Likewise, the
thermal capacity calculation was performed in the same manner as thermal conductivity.
The resulting thermal conductivity values vary from 0.6 to 4.1 W/mK. Three different
areas were detected with similar characteristics and conductivity behavior results: the



Energies 2021, 14, 5740 11 of 21

coastal part near the sea, a band crossing the region in the east–west direction and the
north part from the band. In the first group, by the coast, predominant materials are mainly
unconsolidated materials, such as gravels and sands, where the water table can be found at
20 m on average from the surface. Some consolidated materials (limestones and dolomites)
with a higher conductivity can also be found here, with thermal conductivity values of up to
3.8. In the second group, there is a band with low values (0.6 to 1.3 W/mK) corresponding
to sunken areas at the Guadalentín catchment, where the African and Iberian continental
plates converge. Predominant materials here are dry gravels and sands, as there is no
evidence of the presence of shallow groundwater. The last group involves the rest of the
region, characterized by a huge heterogeneity of lithologies and saturation material grades.
Here, the highest thermal conductivity values are found due to the presence of consolidated
rock in the mountainous areas composed by dolomites and limestones. In these areas,
therefore, high values are derived from the consolidation grade of the rocks rather than the
saturation content. Alternatively, lower conductivities here are found in dry gravel and
sand areas, and medium values in saturated gravel and sand parts.
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4.2. Shallow Geothermal Potential Assessment

The shallow geothermal potential for both space heating and space cooling (Figure 6)
was calculated by applying the G. POT method in Equation (2). The approach was pro-
cessed in GIS with input parameters mirrored in Table 1. Results show that the annual
shallow geothermal potential in the Region of Murcia for heating ranges from 2.4 to 20.7,
with a mean potential of around 10 GWh. These values are in the same range as the values
found in a region in Italy with similar conditions using the same approach [17]. For space
cooling, the potential varies from 1.8 to 14.2 GWh yearly, with 6.7 as the mean value. Such a
wide range comes from the heterogeneity on the subsurface and climatic conditions across
and around the study area. As the cooling resource potential has been evaluated in this
work, no comparison can be made with other authors. As expected, higher values are found
in areas with better thermal properties. Differences in the shallow geothermal potential
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for heating and cooling differ in the difference between the ground surface temperature
and the heat carrier fluid temperature. Shallow geothermal potential calculations were
conducted, assuming a 6-month heating season length and the other 6 months a cooling
season length as an average in the study area. As explained in the next section, this is not
always precise, as the cooling length is usually longer than the heating length in most of
the study area. However, this way was considered to be more accurate for further analysis
of the data, and they are forward-adjusted to the real conditions. Regardless, thermal
properties of the subsurface dominate the heat transfers, as can be concluded by looking at
the map results.

Table 1. Shallow geothermal potential assessment inputs.

General Parameters Unit Values

Borehole radius m 0.075
Borehole length m 100

Borehole thermal resistance mK/W 0.1
Simulated lifetime years 50

Thermal conductivity WmK−1 0.6 ÷ 4.1
Thermal capacity 106 J−3K−1 1.4 ÷ 2.9

Parameters heating mode

Threshold fluid temperature ◦C −2
Heating season length range d 150 ÷ 200

Superficial air temperature range ◦C 9.7 ÷ 18.7
Undisturbed ground temperature range ◦C 8.7 ÷ 16.9

Parameters cooling mode

Threshold fluid temperature ◦C 40
Cooling season length range d 150 ÷ 200
Superficial air temperature ◦C 14.8 ÷ 24.4

Undisturbed ground temperature range ◦C 15 ÷ 24
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4.3. Energy Analysis

To determine energy needs and distribute them along the study area, Equations (3) and (4)
were used, with HDD and CDD as main inputs. HDD and CDD local data were only ac-
cessible for certain municipalities (shown as a dark color in Figure 7). For the rest of the
municipalities, average estimated values based on the available values of the same climatic
zones were assigned. Results show that the annual heating demand varies from 2575 to
8035 kWh and annual cooling demand varies from 2415 to 5050 kWh. Average energy
needs by climatic zones were calculated and the results are shown in Table 2.

It is observed that heating needs are higher than cooling needs in D3 municipalities,
cooling needs are higher than heating needs in C3 municipalities and, in B3, cooling needs
are much higher than heating needs. The prevailing operating mode has been considered
when calculating the power demand for each municipality so that only the higher energy
needs with the prevailing mode were considered. In the end, in 30 of the 45 municipalities,
cooling prevailed (67%), whereas in the remaining 15, the heating mode prevailed (33%).
The Equation (4) was used to calculate the power demand of the GSHP utility, which
is based on the energy demands and the annual operating hours of the GSHP utility.
Although operating hours may vary among the study area, an average of 1500 h [37] was
considered the yearly full-load operating hours for H&C. The power demand obtained a
range from 4 to 5 kW in the B3 and C3 climatic zones, and from 4 to 7 kW in D3.

For calculating the BHE length, the sHe rate was estimated in watts per meter depth
following the G.POT method for both the cooling and heating mode (Figure 8). The specific
thermal energy extraction rate for cooling ranges from 38 to 85 W/m, whereas, for heating,
the range varies from 17 to 87 W/m. As expected, based on the specific conditions in the
study site, the specific energy rate is slightly higher for cooling than for heating. Comparing
results obtained for cooling and heating, although they possess similar spatial behavior, it
is observed that the highest rates can be found in different areas. That is, in the cooling
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mode, higher rates are observed in the northwest–north part (mountainous area), whereas,
for the heating, the highest rates move to the central part of the region. This is mainly due
to the undisturbed ground temperature: in the cooling mode, the lower the undisturbed
ground temperature, the higher the extraction rate, and in the heating mode, the opposite
occurs. This is the reason why a higher cooling potential is observed in low-temperature
areas and a higher heating potential in high-temperature areas. Regardless, specific rates
obtained here are slightly higher than those from VDI4640, although, here, operating hours
are lower than in the VDI (1200 vs. 1800 to 2400).

Energies 2021, 14, x FOR PEER REVIEW 15 of 23 
 

 

Although operating hours may vary among the study area, an average of 1500 h [37] was 
considered the yearly full-load operating hours for H&C. The power demand obtained a 
range from 4 to 5 kW in the B3 and C3 climatic zones, and from 4 to 7 kW in D3.  

 
Figure 7. Climatic needs characterization. On the left, municipalities in the darker color with meteorological stations where 
HDD and CDD data are measured and, in lighter color, municipalities where HDD and CDD were estimated from those 
with real values. (Left) Climatic characterization based on the energy mode prevailing by municipality. In blue, munici-
palities where up to 75% are cooling needs; in green, municipalities where approximately half are for cooling and half for 
heating; and in red, municipalities where at least 75% of demand is for heating. Own elaboration. 

For calculating the BHE length, the sHe rate was estimated in watts per meter depth 
following the G.POT method for both the cooling and heating mode (Figure 8). The spe-
cific thermal energy extraction rate for cooling ranges from 38 to 85 W/m, whereas, for 
heating, the range varies from 17 to 87 W/m. As expected, based on the specific conditions 
in the study site, the specific energy rate is slightly higher for cooling than for heating. 
Comparing results obtained for cooling and heating, although they possess similar spatial 
behavior, it is observed that the highest rates can be found in different areas. That is, in 
the cooling mode, higher rates are observed in the northwest–north part (mountainous 
area), whereas, for the heating, the highest rates move to the central part of the region. 
This is mainly due to the undisturbed ground temperature: in the cooling mode, the lower 
the undisturbed ground temperature, the higher the extraction rate, and in the heating 
mode, the opposite occurs. This is the reason why a higher cooling potential is observed 
in low-temperature areas and a higher heating potential in high-temperature areas. Re-
gardless, specific rates obtained here are slightly higher than those from VDI4640, alt-
hough, here, operating hours are lower than in the VDI (1200 vs. 1800 to 2400). 

Figure 7. Climatic needs characterization. On the left, municipalities in the darker color with meteorological stations
where HDD and CDD data are measured and, in lighter color, municipalities where HDD and CDD were estimated from
those with real values. (Left) Climatic characterization based on the energy mode prevailing by municipality. In blue,
municipalities where up to 75% are cooling needs; in green, municipalities where approximately half are for cooling and
half for heating; and in red, municipalities where at least 75% of demand is for heating. Own elaboration.

Energies 2021, 14, x FOR PEER REVIEW 16 of 23 
 

 

 
(a) (b) 

Figure 8. Specific heat extraction (sHE) rate for cooling mode (a) and heating mode (b) estimated with G. POT method 
based on the hydrogeological and climatic conditions. 

4.4. Economic Analysis 
The economic analysis is based on the installation cost of geothermal systems, which 

are determined mainly by the length of the BHE. The length of the BHE was determined 
for every point of the study area by applying the Equation (5) in GIS based on the energy 
demands and the power demand required in every municipality. Figure 9 shows the re-
sults in the power demand and BHE length. The power demand was calculated based on 
the energy demand of the prevailing mode (heating or cooling) for every municipality. 
Results show that the power demand ranges from 4 to 7 kW and that this power is suffi-
cient to provide the energy needs for cooling and heating. The BHE length varies from 45 
to 410 m across the study area. The mean BHE length is 99 m, which coincides with the 
average length stated in [38], and the standard deviation is 49 m. An exceptionally large 
BHE length is required in certain areas provoked by the high energy demands and poor 
hydrogeological conditions of the area. This is observed mainly in those areas with the 
highest power demand required that, simultaneously, correspond to the areas with the 
highest heating demand. Considering a fixed drilling cost (50 €/m), a total cost for drilling 
the BHE length required (Figure 10) to supply the power demanded in every point of the 
study area has been calculated. The resulting drilling costs vary from EUR 2300 to EUR 
21,000, with a mean cost of EUR 5000. Higher costs are found in northern areas with the 
highest energy demands and in those areas composed of gravels and sands, where ther-
mal properties are poor due to the low water table level. 

Figure 8. Specific heat extraction (sHE) rate for cooling mode (a) and heating mode (b) estimated with G. POT method
based on the hydrogeological and climatic conditions.



Energies 2021, 14, 5740 15 of 21

Table 2. Average annual energy demands for the residential sector in the Region of Murcia for H&C.

Climatic Zone Heating Demand (kWh) Cooling Demand (kWh)

B3 3200 5200
C3 4200 5100
D3 6200 3800

4.4. Economic Analysis

The economic analysis is based on the installation cost of geothermal systems, which
are determined mainly by the length of the BHE. The length of the BHE was determined
for every point of the study area by applying the Equation (5) in GIS based on the energy
demands and the power demand required in every municipality. Figure 9 shows the results
in the power demand and BHE length. The power demand was calculated based on the
energy demand of the prevailing mode (heating or cooling) for every municipality. Results
show that the power demand ranges from 4 to 7 kW and that this power is sufficient
to provide the energy needs for cooling and heating. The BHE length varies from 45 to
410 m across the study area. The mean BHE length is 99 m, which coincides with the
average length stated in [38], and the standard deviation is 49 m. An exceptionally large
BHE length is required in certain areas provoked by the high energy demands and poor
hydrogeological conditions of the area. This is observed mainly in those areas with the
highest power demand required that, simultaneously, correspond to the areas with the
highest heating demand. Considering a fixed drilling cost (50 €/m), a total cost for drilling
the BHE length required (Figure 10) to supply the power demanded in every point of
the study area has been calculated. The resulting drilling costs vary from EUR 2300 to
EUR 21,000, with a mean cost of EUR 5000. Higher costs are found in northern areas with
the highest energy demands and in those areas composed of gravels and sands, where
thermal properties are poor due to the low water table level.

• Payback period time

Based on the cost of the GSHP installation and the cost of producing the yearly
conventional energy demand, the payback period was calculated following the Equation
(6) for an installation covering heating and cooling demands. GSHP total installation costs
have been determined by adding a fixed value of 13,000 € to the drilling costs, in terms
of the GSHP cost and all of the accessories needed. The heating plus the cooling yearly
energy demand was considered for each municipality. From them, the electrical energy
consumption was estimated on the basis of an estimated coefficient of performance (COP)
improvement of the GSHP, with respect to the conventional heat pump [29]. Yearly energy
costs were obtained by first converting the energy demand in energy consumption and
then multiplying the energy demands by the average electricity price (0.11667 €/kWh tariff
2.0 A). Results (Figure 11) show that the payback period varies between 8 and 20 years, with
a mean value of 11 years. As expected, shorter periods are observed in areas with optimal
thermal properties. The payback period calculated using similar methodologies [21]
obtained shorter paybacks. This is due to the higher energy needs in the study area and
having considered only drilling costs in the study.

An exceptionally suboptimal area is observed in the west part, where poor thermal
properties along with high energy demands occur.

• Shallow geothermal energy production cost (€/kWh)

The cost of producing a thermal kWh with shallow geothermal energy under the
indicated conditions above has been calculated. To this end, a 10-year period has been
considered. Results (Figure 12) show that the kWh price ranges from EUR 0.13 to 0.18.
Compared to the price of electricity in 2020 (0.116 €/kWh), it represents an increment
between 10 and 35%. Here, any financial support has been applied.
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4.5. Environmental Analysis

Considering an energy regional scenario in which all H&C systems would migrate
to geothermal, the annual CO2 emissions savings were estimated. Calculations of the
primary energy (electricity) saved were based on the system efficiency of both conventional
HP and GSHP. In the Mediterranean zone, the average SCOP for HP is 3.49 [39]. For
GSHP, recent studies [29] concluded that, in the Mediterranean area, savings in heating
mode represent 30% for heating and 27% for cooling on average, compared to HP. Once
energy savings were obtained, they were converted into GHG emissions by using the
electricity GHG emission factor (241 g CO2/kWh, 2020 [40]). Therefore, considering energy
demands from Table 1, primary energy needs were calculated for both systems, as well as
the energy savings and GHG emission savings for a single house per climatic zone. Mean
annual results per climatic zones are summarized in Table 3 and graphically expressed in
in Figure 13. GHG emissions savings vary from 0.12 and 0.18 Tn per house. Areas with
higher emissions savings correspond to those with higher overall energy needs, which, in
the Region of Murcia, are those with high heating demands.

Table 3. Mean annual energy savings and GHG emissions savings per climatic zone.

Climatic Zone Energy Savings
(kWh)

GHG Emissions Savings per House
(Tn CO2)

B3 686 0.137
C3 767 0.153
D3 794 0.159
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5. Conclusions

The results show the variation of the main conditions affecting the SGE performance in
the region and its translation into economic and environmental information. The regional
scale provides the opportunity to work with detailed lithological and water saturation
materials and, thus, the outputting results are considered quite reliable. However, in the
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shallow geothermal resource evaluation, for ease, only conduction has been considered.
This may derive in underground temperatures that differ from reality, which can be address
in further research.

Based on open-source data, the different thematic maps were elaborated on. Derived
from the maps, the following can be highlighted:

• Thermal conductivity values vary from 0.5 to 4 W/mK, with a mean of 2.2 W/mK.
The highest values are found in dolomites and limestone lithologies, although high
values were also found in water-saturated unconsolidated materials with a shallow
aquifer water table. Using this information as the main input to the G.POT method,
and other simulated parameters identified in the region, the shallow geothermal
energy that can be extracted by GSHP was estimated. For this method, the higher the
temperature difference between the carrier fluid and the ambient temperature, the
higher the shallow geothermal potential in a certain area;

• Combining the resource potential (hydrogeological conditions) and the technical
potential (the amount of energy that the GSHP can produce), the shallow geothermal
energy that can be extracted annually varies from 2.4 to 20.7 GWh for the heating
mode, with a regional average of 10 GWh. For the cooling mode, the potential ranges
from 1.8 to 14.2 GWh, with a mean of 6.7 GWh. For the first time, the cooling potential
has been assessed and spatially and graphically represented;

• Based on the climatic conditions, the average energy needs of the residential building
stock were identified per municipality within the region. Depending on the climate
zone, the heating needs vary from 3200 to 6200 kWh/year and the cooling needs vary
from 3800 to 5200 kWh/year;

• Results showed that the cooling mode is the prevailing mode in the majority of the
municipalities within the region, although the heating needs turned out to also be
considerable. These conditions are relevant in the thermal efficiency of the SGE
systems in the long term, as it may provoke the warming of the underground and the
loss of efficiency in the future;

• Technical parameters of the GSHP to cover the required energy demand were also
assessed. To this end, the sHe rate that the GSHP can supply at an hourly basis was
estimated for heating and cooling separately. The sHe for heating varies from 17 to
87 W/m, with a regional average of 56.2 W/m, and 38 to 85 W/m for cooling, with
56.7 W/m as average. High sHe rate areas are different when considering the heating
and cooling needs and are localized where the highest temperature difference between
the heat carrier fluid and ambient temperature is located. sHe rates obtained here are
slightly higher than those from VDI4640, although, here, operating hours are lower
than in the VDI (1200 vs. 1800 to 2400);

• The sizing of the reference GSHP system for each municipality in order to cover the
entire thermal loads was assessed, ranging from 4 to 7 kW. The combination of the
power required and the sHe value allowed us to know that the BHE length of the
reference system may vary between 45 to 410 m. Nevertheless, the mean value is 99 m,
which usually varies ± 50 m;

• Drilling BHE costs were calculated using a fixed value of 50 €/meter, and the result
shows that drilling cost varies from EUR 2300 to EUR 21,000, with a mean value of
EUR 5000;

• The total cost of the reference GSHP was also calculated, which ranges between
EUR 15,300 and EUR 34,000. A higher GSHP cost is found where higher associated
energy demands are located. The GSHP payback period calculated shows that the
investment can be recovered in between 8 and 20 years, with 11 years as an average.
Considering a 10-year period, shallow geothermal energy production costs in the
region vary from 0.13 to 0.18 €/kWh. Compared to the current electricity cost, which
is by far the main primary energy used to produce H&C in the region, these prices
represent an increment of 10 to 35%. It is worth highlighting that any public financial
support was considered in the economic study;
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• Finally, the environmental benefits of the use of the shallow geothermal potential in
the region were brought to light. GHG emissions savings were associated with each
climate zone: in B3 areas, 0.13 Tn of CO2 as an average can be annually saved per
GSHP system, 0.15 Tn in C3 and 0.16 Tn in C3 areas.
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