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Chapter 1
Introduction

1.1 Background

Planetary change in climate and ecological functioning associated with the
phenomenon of global warming is attributed, with a high degree of acceptance in
the scientific community (IPCC 2007, 2011, 2013), although not universally, to the
massive emission of greenhouse gases (GHGs) (carbon dioxide, methane, nitrogen
oxides, sulphur hexafluoride, HFCs and PFCs) derived from the production, distri-
bution and consumption of energy. This energy is obtained through the use of fossil
fuels as the main primary energy source in the production of electricity, heat or
locomotion.

Since the Industrial Revolution, the world’s population has grown exponentially
as has per capita energy consumption (Glassley 2010). In the mid-twentieth century,
after the Second World War, in order to meet the growing energy demand, there
was a boom in the use of petroleum derivatives and fossil fuels in general, their use
spreading across the planet. Since then, the combustion of carbon-rich fossil fuels
has increased the concentration of CO2 and other GHGs in the atmosphere to concen-
trations never before experienced on this planet. There is ample scientific evidence
linking global warming to anthropogenic GHG emissions. Evidence includes instru-
mental, glacial and sedimentary records. Recent technological advances, especially
in the field of satellite remote sensing, have made it possible to obtain ground-scale
data on the decrease in infrared radiation over the last 40 years (Brindley and Bantges
2016). This is seen as unequivocal evidence of the anthropogenic origin of GHGs
being responsible for the increase in global warming and, therefore, climate change.

Different possible strategies to reduce the concentration of GHGs in the upper
atmosphere to sustainable levels include incorporating large amounts of low-carbon
resources into the energy sector. The use of primary energy not based on fossil fuels,
so-called low-carbon energy, has been promoted as a first energy policy for several
years.
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The concerns of the scientific, technological and social community lie in under-
standing the relationship between climate and the chemical composition of the atmo-
sphere and oceans, as well as predicting the impact on climate of different possible
energy production scenarios. Global energy demand will double by 2050 due to
global economic and population growth, with a large impact from the emerging
market economy (Whitesides and Crabtree 2007). In principle, this demand can be
met by fossil fuel-based energy resources. However, even to maintain CO2 levels in
the atmosphere at twice pre-industrial levels by 2050 will require intervention in the
energy production sector and decarbonisation at a magnitude equal to or greater than
current global energy production.

The growing demand for energy can only bemet in the future if supply is increased
by using low-carbon technologies or through good management and deceleration of
energy demand (Narsilio and Aye 2018).

The negotiation of protocols for action on climate change has been carried out at
the international level through international conferences such as those held in Rio de
Janeiro (Brazil) in 1992 and Kyoto (Japan) in 1997. These international conferences
have sought to obtain commitments from participating nations to significantly reduce
GHG emissions over the coming decades.

Everything seems to indicate the need to develop technologies capable of using
primary energy sources that are not based on fossil fuels, that ideally do not run
out and that are environmentally friendly, i.e. they must meet three conditions: (1)
low-carbon energy (2) renewable energy and (3) clean energy. Energy sources and
resources that meet these three premises are known as renewable energy.

The very concept of renewability depends on the rate of replenishment. If this
replenishment occurs on the scale of a human lifetime, only then is it considered
renewable. Oil and other hydrocarbons renew themselves but only after several
hundred thousand years and are, therefore, not considered renewable. The most
important renewable energy resources and sources are solar, hydro,wind, geothermal,
solid biomass, biogas and biofuels. The contributions of these renewable energy
sources and resources still play a minor role in global energy production. They
have additional advantages, such as improving industrial profits and balance sheets,
contributing to technological development and creating jobs.

There has been a succession of agreements within the framework of the United
Nations Framework Convention on Climate Change (UNFCCC) to try to reduce
carbon dioxide emissions into the atmosphere. At the 2015 convention (COP21),
the 2015 Paris Agreement was signed, a binding climate agreement among 195
countries, with the aim of strengthening global response to the threat of climate
change. A common goal was set to keep the average global temperature increase to
less than 2 °C (preferably 1.5 °C) above pre-industrial levels, which entails keeping
atmospheric CO2 concentration below 450 ppm. A target was set to reduce GHG
emissions by at least 40% below 1990 levels by 2030 (UNFCCC 2015).

The Intergovernmental Panel on Climate Change (IPCC) scientific consortium
has identified the global need to phase out the use of fossil fuels in power generation
by 20% by 2050 and to phase this use out completely by the end of the century.
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We are searching for economically profitable energy generation technologies
that meet society’s energy demand and do not continue to damage the environ-
ment. However, there is also considerable scepticism that GHG emissions will be
adequately reduced in time to significantly curb the effects of global warming. Strate-
gies to be considered include reducing energy consumption, using energy sources that
do not rely on carbon-intensive fossil fuels, and finding alternatives to atmospheric
GHG emissions.

The use of shallow geothermal energy is one of the alternatives that contributes
to achieving these goals. Geothermal heat pumps improve energy efficiency in air
conditioning, compared to other conventional technologies that are based on the
combustion of fossil fuels. They use renewable thermal energy and their GHG emis-
sions are very low and even zero in some specific situations (EPA 1997; Saner et al.
2010). The Kyoto Protocol is being incorporated into European Community legis-
lation and transposed into national legislation. In addition to requiring the energy
efficiency of buildings, building regulations require the use of low-carbon technolo-
gies in thermal installations. In this context, the use of shallow geothermal heat
production systems has important potential.

However, at the moment the whole world continues to consume energy based on
fossil resources for social, economic and human development. Currently, 65% of
the energy used for air conditioning in buildings comes from power plants based on
fossil fuels such as hard coal and lignite, which are the source of the highest GHG
emissions on the planet. Therefore, it is crucial to look for alternatives that require
more efficient energy consumption for the air conditioning of these spaces.

Although the use of geothermal energy has clear advantages to be the technology
with the most potential for decarbonisation of the global thermal sector, it is true that
it does not necessarily lead to a drastic reduction of GHGs (Bayer et al. 2012; Blum
et al. 2010; Saner et al. 2010). Shallowgeothermal systems require a certain amount of
electrical energy for operation of the integrated heat pump. If the fraction of electrical
energy needed for the operation of a geothermal installation is based on fossil fuels,
contribution to the reduction in greenhouse gas emissions is smaller. Disregarding
the possible share of fossil fuel-derived electricity can lead to an overestimation of
the technology’s benefit, which has sometimes been counterproductive and has led to
negative responses from the scientific community and industry. Overestimation of the
technology’s benefit has added to cases of bad practice due to poor design of shallow
geothermal installations (Florea et al. 2017; Vienken et al. 2015). A responsible
stance, adoption of good practices and efficient management of shallow geothermal
resources are required.

In addition to the environmental cause, there are other compelling reasons to
promote alternative primary energy sources over fossil fuels. From a geopolitical
point of view, it is desirable to reduce dependence on fossil fuels, given the instability
of the regions hosting the main hydrocarbon deposits and the obvious reasons for
conflicts of interest between nations. From an economic and social point of view,
shallow geothermal systems offer new services from borehole drilling companies, so
that this activity is currently displacing the water borehole drilling market, especially
in countries such as Norway and the UK (Banks 2011). Shallow geothermal activity



4 1 Introduction

has a positive impact on employment and the household economy, providing large
savings to households in the medium term.

1.2 Shallow Geothermal Energy

1.2.1 Geothermal Energy

Geothermal energy, in the thermodynamic and general sense, refers to the internal
energy of geological materials (rocks, groundwater, sediments, magma, etc.)
contained between the earth’s surface and down to the earth’s core itself. Geothermal
energy tends to transfer in a solidaryway, fromhigher internal energy to lower internal
energy. The process of transferring internal energy from one system to another, where
internal energy is conserved, is known as heat. If, during the transfer of internal
energy from one body to another, part of this energy is transformed into another type
of energy, this transformation process is called work. Therefore, geothermal energy
describes the potential ability of a geological system (rocks, groundwater, sediment,
etc.) to transfer thermal energy in the form of heat or to perform work.

The study of how internal energy is transferred between systems is one of
the fundamental objectives of thermodynamics. The geothermal energy discipline
combines thermodynamic and geological knowledge to understand and quantify
heat transfer in the subsurface and its possible exploitation as heat (direct use) or as
work (electricity generation). Thermodynamics demonstrates how part of the heat
flow from one body to another can be transformed into mechanical energy, through
work on a steam turbine. It also establishes that the amount of work that can be done
is a function of the difference in internal energy of the two systems.

1.2.2 Types and Classification of Geothermal Energy

In the absence of changes in the nature and internal structure of a geological ther-
modynamic system, the change in internal energy is accompanied by a more or
less proportional increase in temperature. In the geological environment there is a
great variety of systems at different temperatures. On a planetary scale, the highest
internal energy of the planet is found in its core, with temperatures of about 6000 °C
(Anzellini et al. 2013), more than a hundred times higher than earth’s surface and
atmosphere temperatures. The internal energy difference between these extremes
induces an energy flow from the core to the earth’s surface, known as terrestrial heat
flow. The result of this continuous heat flow is an associated decreasing temper-
ature gradient towards the surface. With this conceptual model, it can be roughly
understood how geothermal energy is distributed on a planetary level.



1.2 Shallow Geothermal Energy 5

In general, in regions where there is a normal geothermal gradient of approxi-
mately 25–32 °C km−1 (Limberger et al. 2018), boreholes of several kilometers deep
are required to reach geological materials presenting temperatures exceeding 175 °C,
which are needed for electrical power generation. Therefore, geological materials at
a depth of several kilometers could be of economic interest for geothermal energy
transformation into electricity through mechanical work. In volcanic areas, where
the geothermal gradient can be much higher (up to 200 °C km−1), electrical power
can be generated by very shallow boreholes. This primary energy source has enor-
mous potential, and its development has resulted in the production of electricity from
geothermal energy on a commercial scale (Narsilio and Aye 2018). Once access to
geological materials with sufficient internal energy is gained using deep piped bore-
holes, steam is recirculated and heated by hot rock at a high temperature. It is then
conducted to steam turbines to generate work capable of producing economically
exploitable electricity (Toth and Bobok, 2017). This type of geothermal exploitation
and its study is known as deep geothermal energy or high-temperature (enthalpy)
geothermal energy (Fig. 1.1).

Lower temperature geological materials with lower geothermal energy are closer
to the surface and are therefore more technically and economically accessible.
However, their internal energy transferred to another system in the surface would
not be able to generate economically exploitable work. They do, however, constitute
a thermal reservoir of great interest for internal energy transfer as heat. It should not
be forgotten that Western society consumes approximately 50% of the total energy
produced for heating and cooling (Sanner et al. 2013). The internal energy exchange
of geological materials with surface thermodynamic systems to satisfy a heat demand
without its transformation into work is called direct geothermal use. The term direct
refers to the absence of transformation of internal energy into work; a direct use of
geothermal energy is realised through the transfer of internal energy, i.e. heat.

Since prehistoric times, direct use of geothermal energy has been carried out in
several ways such as in caves, avoiding environmental extreme temperatures, or in
the use of natural hot springs. Throughout the history ofmankind, attempts have been
made tomaximise productivity of thermalwater reservoirswith existing drilling tech-
nology. With the advent of mechanical drilling machines in the nineteenth century
until the present day, it has been possible to reach geothermal reservoirs of varying
depths. This has made it possible to utilise geothermal energy for direct use in build-
ings and district heating networks. As drilling and heat pump technologies have been
developed, the great potential for transferring thermal energy with the more acces-
sible subsoil (first 400mof depth) has become increasingly apparent, to a pointwhere
it has become economically viable, and even viewed as the most economical option
in the long term. Two types of geothermal energy use can be distinguished according
to the drilling technology considered which, in turn, is a function of the maximum
drilling depth expected. These are deep well drilling technology (technology similar
to oil drilling) and shallow well drilling technology (technology similar to ground-
water drilling). The drilling cost per linear meter is radically different. In fact, deep
drilling is usually only costeffective for oil wells. This is evidenced by the conver-
sion of abandoned oil wells into geothermal wells (Templeton et al. 2014). This type
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of geothermal exploitation and its study is known as medium geothermal energy
or medium or low temperature (enthalpy) geothermal energy (Fig. 1.1). Shallow
(arguably conventional) drilling technology, although cheaper, requires considerable
initial investment. However, the low primary energy consumption in heat production
enhances offsets of the initial investment, resulting in a quick payback. This type
of geothermal exploitation and its study is known as shallow geothermal energy
or very low temperature (enthalpy) geothermal energy (Fig. 1.1). Furthermore, it
should be noted that while medium and deep geothermal energy (cogeneration) are
capable of providing heat for heating, only shallow geothermal energy has potential
for cooling, since the subsurface temperature in the shallow domain roughly coin-
cides with the annual average atmospheric temperature of the region. Therefore, the
shallower ground (<400 m) can provide heating and cooling, including domestic
hot water (DHW), all year round (Banks 2012). Another very significant difference
between shallow and deep geothermal energy, apart from its economic efficiency and
its use as a heat sink, is its ubiquity. While deep and medium geothermal energy (to
some extent) depend on thermal anomalies in the ground, shallow geothermal energy
is available everywhere, independent of the geology found. Geology and hydroge-
ology will condition the design to maximise the efficiency of exploitation but do not
question its economic viability. Figure 1.2 represents a summary of the classification
of geothermal energy according to depth and type of end use.

Geothermal energy, in general, is a huge and versatile resource capable of helping
to meet the world’s energy demand and reduce the use of fossil fuels as primary

Fig. 1.2 Classification of geothermal energy according to depth and type of end use. EGS:
Enhanced geothermal systems. GHP: Geothermal heat pump



8 1 Introduction

energy. Geothermal energy can produce electricity and efficiently meet the needs
for air conditioning and DHW generation in residential, commercial and industrial
buildings (Glassley 2010; Narsilio and Aye 2018).

1.2.3 Shallow Geothermal Energy

The first 400m below the ground surface is a unique thermal reservoir for the transfer
and storage of thermal energy. All the thermal energy that can be transferred as heat to
this thermal reservoir, either by heat dissipation or heat absorption, is called shallow
geothermal energy. The shallowest subsurface, together with bodies of surface water
and the atmosphere, form the main thermal reservoirs of ambient thermal energy
(Fig. 1.3). The set of industrial processes aimed at optimising heat transfer with
these environmental reservoirs are called geothermal (shallow), hydrothermal and
aerothermal.

Among the ambient thermal reservoirs, the shallow geothermal reservoir is the
most efficient in the long term. Nevertheless, this technology requires a signifi-
cant initial investment in the drilling of the necessary geothermal heat exchangers
(Fig. 1.3). The shallow geothermal reservoir is characterised by a constant stable
temperature throughout the year and is renewable, thus offering immense poten-
tial, not only for heating, ventilation and air conditioning (HVAC) of domestic
and commercial buildings, but also for heat production in industrial and other
infrastructures.

The threshold value of 400 m depth is conditional on the depth limits of
conventional drilling technologies needed to construct geothermal heat exchangers.
As drilling technology advances, this threshold value could increase. Shallow
geothermal energy is also known as very low temperature (or enthalpy) geothermal
energy, since the vast majority of the shallow subsurface of the continental domain is
in thermal equilibrium with atmospheric conditions and solar radiation (Oke 1987).
Under these conditions, shallow geothermal reservoirs present stable temperatures
throughout the year of about two degrees Celsius above the annual mean atmospheric
temperature. The shallow geothermal reservoirs are constituted by rocks, unconsol-
idated sediment and groundwater with relatively similar thermal properties. These
properties, which do not vary in large amounts, ensure the cost-effective use of
shallow geothermal energy in any part of the territory considered.

The continuous development of heat pump technology, based on the vapour
compression cycle, has made its heat transfer efficiency even higher and more
competitive. When highly efficient heat pumps are combined with shallow
geothermal reservoirs, the resulting technology, known as geothermal heat pumps,
becomes themost efficient technology for heating and cooling buildings (EPA 1993).
The energy efficiency of ground source heat pumps is 50–70% higher than that of
conventional heating systems, and 20–40% better than air-to-air heat pumps used in
aerothermal systems (Letcher 2013). The use and promotion of ground source heat
pumps is also justified by the decarbonisation of the heating sector as a measure of
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Fig. 1.3 Environmental thermal energy concept. Figure courtesy of Gregor Göetzl (Geologische
Bundesanstalt für Österreich)

mitigating climate change. In 2008, the use of around 879,000 thermal installations
with ground source heat pumps in 19 European countries saved 3.7 × 106 tCO2eq
compared to thermal installations making use of conventional production systems
based on the combustion of fossil fuels (Bayer et al. 2012).

GHG emissions and particulate air pollution only occur indirectly and far from
urban areas where most of the electrical energy is consumed. Its high efficiency
consumes approximately 1 kWh electrical for every 4–8 kWh of thermal heat trans-
fered (Self et al. 2013). Therefore, GHG emissions will depend on the emissions
caused during the production of electrical energy (electricity mix), with zero emis-
sions when the electrical energy consumed by the heat pump is produced entirely
from renewable energy. Minimal electricity consumption and low GHG emissions


