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Supervisors’ report regarding the Doctoral Thesis 

“Analysis and Development of New Techniques and Possibilities 

of Using Geothermal Energy” 

Presented at  

the Department of Cartographic and Land Engineering 

by 

Cristina Sáez Blázquez 

La Tesis Doctoral con mención internacional “Analysis and Development of 

New Techniques and Possibilities of Using Geothermal Energy”, presentada 

por Cristina Sáez Blázquez, se inserta en la línea de investigación de Energía 

correspondiente al Programa de Doctorado “Geotecnologías Aplicadas a la 

Construcción, Energía e Industria”, más concretamente la energía renovable 

geotérmica mediante el desarrollo y mejora de sistemas geotérmicos de baja 

entalpía. 

Se trata de una línea muy original y relevante en la comunidad científica 

internacional, con una clara propuesta metodológica de bajo coste que ha 

deparado exitosos resultados en el campo de las energías renovables y que ha 

deparado una altísima producción científica. Se trata asimismo de una línea de 

investigación promovida y desarrollada por el Grupo de Investigación TIDOP 

(http://tidop.usal.es) y de la Unidad de Geotermia derivada del propio grupo de 

investigación (https://geoenergysize.usal.es/), ambos pertenecientes a la 

Universidad de Salamanca.  

Las energías renovables tienen un papel esencial en la mitigación continua del 

cambio climático. La sociedad actual requiere de la implementación de fuentes 

de energía verdes con el objetivo principal de reducir el uso de combustibles 

fósiles. Dentro del amplio espectro de energías renovables, la energía 

geotérmica constituye una base importante para un futuro desarrollo sostenible. 

Dependiendo de su caracterización térmica y geológica, el uso de esta energía 

está directamente relacionado con la generación de agua caliente doméstica o 

http://tidop.usal.es/
https://geoenergysize.usal.es/
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el calentamiento/enfriamiento de un espacio determinado. La producción de 

electricidad también podría incluirse como aplicación geotérmica si las 

condiciones geológicas del recurso lo permitieran. 

La Tesis Doctoral aborda un adecuado y amplio estado del arte de manera que 

permite identificar claramente la oportunidad estratégica de la aportación que 

se realiza como lo demuestra el hecho de que la Tesis se articula en torno a un 

gran número de artículos científicos publicados en revistas con impacto 

reconocido. Estos artículos han verificado los correspondientes procesos de 

evaluación crítica y revisión por parte de expertos internacionales de trayectoria 

reconocida. Estas contribuciones se centran en: 

▪ Caracterización y estimación de la conductividad térmica del terreno en un 

sistema de bomba de calor.  

▪ Establecimiento de los parámetros de configuración más eficientes en un 

sistema de muy baja entalpia. 

▪ Implementación y comparativa de la geotermia de baja entalpía como 

sistema de calefacción. 

La Tesis Doctoral concluye con el correspondiente apartado de Conclusiones en 

el que de forma precisa y concreta se especifican las principales aportaciones 

realizadas de tal manera que puedan ser objeto de crítica y de proyección hacia 

el desarrollo de futuros trabajos integrados en esta línea de investigación. 

 

Ávila, 8 de mayo de 2019 

 

Dr. Diego González Aguilera                       Dr. Arturo Farfán Martín 
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Abstract 

Renewable energies have got an essential role in the continuous climate change 

mitigation. The present-day society requires the implementation of green energy 

sources with the principal aim of reducing the fossil’s fuels use. Within the broad 

spectrum of renewable energies, geothermal energy constitutes an important part for 

a future sustainable development. Depending on its thermal and geological 

characterization, the use of this energy is directly related to the generation of 

domestic hot water and/or heating/cooling purposes. Electricity production could be 

also included as a geothermal application if the geological conditions of the resource 

allowed it. There is a large number of advantages that define this kind of renewable 

source (e.g. continuous use, reduced greenhouse gases emissions, minimum 

operational costs, geological independence for heating and cooling uses, etc.). 

However, the high initial investment commonly required for domestic installations 

and the lack of knowledge in the field, make the use of this energy limited in certain 

occasions.  

The present Doctoral Thesis is framed within the analysis and evaluation of the 

principal parameters and components that, directly or indirectly, influence the 

development of low enthalpy geothermal systems. Specifically, the main goal of this 

research work is to define the most optimal schema of geothermal operation that 

helps to contribute in a more extensive use of this renewable technology. The 

research lines include extensive field work and laboratory tests, in addition to the 

computing processing and analysis of the experimental and simulation data. 

The starting point of the research work was the identification of the weaknesses that 

characterize low enthalpy geothermal resources. After this first evaluation, efforts 

were focused on the realization of different tests on the parameters detected as 

essential in the previous stage. Experimental work was complemented with the use 

of specific software on the basis of the geothermal systems dimensioning, energy 

simulation and modelling apart from the corresponding numerical and theoretical 

studies. Conclusions obtained from the whole practical and theoretical work allowed 

establishing the most optimal geothermal methodology. In summary, the present 

Doctoral Thesis contains valuable information that has been compiled in numerous 

scientific works in which all the know-how and expertise arising during this research 

stage have been compiled. 
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Resumen 

Las energías renovables juegan un papel imprescindible en la lucha contante contra 

el cambio climático. La sociedad de hoy en día requiere la implementación de 

fuentes de energías limpias con el objeto de reducir la utilización de combustibles 

fósiles. Dentro del amplio espectro de energías renovables, la energía geotérmica 

constituye un pilar importante en el futuro desarrollo sostenible. En función de su 

caracterización térmica y geológica, el uso de esta energía está directamente 

relacionado con la producción de agua caliente sanitaria o la climatización de un 

determinado espacio. La generación eléctrica puede también incluirse en las 

aplicaciones de la energía geotérmica si las condiciones geológicas del recurso lo 

permiten. Existen un gran número de ventajas que definen esta clase de recurso 

renovable (como por ejemplo; uso continuo, emisión de gases de efecto invernadero 

reducida, costes operativos mínimos, independencia geológica en aplicaciones de 

climatización, etc.). Sin embargo, la elevada inversión inicial que estas instalaciones 

requieren y la carencia de conocimiento en el ámbito, limitan el uso de esta energía 

en ciertas ocasiones. 

La presente Tesis Doctoral se enmarca en el análisis y evaluación de los principales 

parámetros y componentes que directa o indirectamente influyen en el desarrollo de 

los sistemas geotérmicos de baja entalpía. En particular, el principal propósito de 

este trabajo es definir el esquema de funcionamiento geotérmico óptimo con el fin 

de contribuir a un uso más extensivo de esta tecnología renovable. Las líneas de 

investigación incluyen un extenso proceso de trabajo de campo y ensayos de 

laboratorio, así como el procesamiento y análisis de los datos experimentales y de 

simulación.  

El punto de partida del trabajo de investigación dio comienzo con la identificación 

de los puntos débiles de los recursos geotérmicos de baja entalpía. Tras esta primera 

evaluación, los esfuerzos se centraron en la realización de diferentes ensayos sobre 

los parámetros detectados como esenciales en la etapa anterior. El trabajo 

experimental se complementó con el uso de software especializado en el 

dimensionamiento de sistemas geotérmicos, simulación y modelado energético 

además de la realización de los correspondientes estudios teóricos y numéricos.  Las 

conclusiones extraídas de todo el desarrollo práctico y teórico han permitido 

establecer la metodología geotérmica más adecuada. En resumen, la presente Tesis 
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Doctoral está compuesta por información muy relevante para el campo geotérmico, 

que ha sido recogida en forma de artículos científicos donde se compila todo el 

conocimiento y experiencia adquiridos a lo largo de la etapa investigadora.  
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I. Introduction 

This introductory Chapter contains the overall context of the research topic treated 

in this dissertation. Next, the motivation and objectives of this Doctoral Thesis are 

stated and finally, the structure of the Thesis is presented at the end of the Chapter.  

I.I Overall context 

Geothermal energy, included in the group of renewable energies, has become 

essential in the current energy sector. It is the only renewable source independent of 

solar radiation and/or the gravitational attraction of the sun and moon (Younger, 

2014). In this context, numerous scientific works focused on the evaluation and 

development of this energy can be found in the existing literature. Geothermal 

resources refer to the energy contained within the Earth that generates geological 

phenomena on a planetary scale (Dickson and Fanelli, 2003). Despite the large 

number of advantages this green energy has, certain technical and/or economic 

issues limit an extensive expansion of geothermal resources. The objective of this 

Doctoral Thesis is to cover the topics considered as essential in the development and 

common use of geothermal energy systems. Conclusions of this Thesis are expected 

to represent a significant contribution in the general geothermal field that, in turn, 

motivates an extensive use of the mentioned energy.  

I.II. Theoretical background 

I.II.I. Overview and fundamentals of geothermal energy 

The origin of the Earth’s thermal energy is linked to the internal structure of our 

planet and the physical processes occurring there. The presence of hot springs, 

volcanoes or other thermal phenomena led our ancestors to deduce that parts of 

Earth’s interior were hot. Between the sixteenth and seventeenth century, the first 

mines were excavated to a few hundred meters under the ground level confirming 

that the Earth’s temperature increased with depth. Thus, the existence of this heat is 

known because the rocks temperature increases with depth, proving that a 

geothermal gradient exists: this gradient averages 3°C/100m of depth. Assuming a 

conductive gradient and mean surface ambient temperature, the Earth temperature at 

the depth of 10 km would be over 300°C. However, in some areas of the Earth’s 
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crust, gradients above the average can be found. This fact occurs when, a few 

kilometres from the surface there are magma bodies undergoing cooling, still in a 

fluid state or in the process of solidification, and releasing heat. On the contrary, in 

areas where there is not magmatic activity, the heat accumulation is derived from 

particular geological conditions of the crust. Armstead (1983) divided the Earth’s 

crust into non-thermal and thermal areas, considering thermal areas those ones with 

temperature gradients greater than 40°C/km depth. 

All the large quantity of heat accumulated needs to be transferred to accessible 

depths beneath the Earth’s surface. Heat is generally moved from depth to sub-

surface regions by conduction (firstly) and by convection (then) using geothermal 

fluids. In a natural way, these fluids are essentially constituted by rainwater that has 

penetrated into the Earth’s crust and has been heated thanks to the contact with hot 

rocks and has been accumulated in aquifers (geothermal reservoirs). 

Hot fluids are extracted from the reservoir by wells drilled in the surface. Depending 

on the temperature and pressure, these fluids can be used for the generation of 

electricity or for space heating/cooling and industrial processes (Enrico Barbier, 

2002).  

I.II.II. Geothermal resources 

Geothermal resources are constituted by the thermal energy that could reasonably be 

extracted for a specific purpose. The diversity of both the nature of the geothermal 

resource and its exploitation usually generates a challenge in the context of its 

classification. Numerous possible criteria for such classification are available, but 

they are traditionally classified according to their reservoir temperatures. 

Temperature is the parameter used in the geothermal classification because it is the 

easiest to measure and understand. Average reservoir temperature is measured in 

exploration wells or estimated by geo-thermometers (Hochstein, 1990). According 

to White and Williams (1975) classification, geothermal resource types are classified 

as Table 1 shows. 
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Table 1. Geothermal resource classification. 

Geothermal Resource Type 
Temperature range 

(°C) 

Convective hydrothermal 

resources 

Vapour dominated ~240 

Hot-water dominated 20 - 350 

Other hydrothermal 

resources 

Sedimentary basin 20 - 150 

Geo-pressured 90 - 200 

Radiogenic 30 - 150 

Hot rock resources 
Solidified (hot dry rock) 90 - 650 

Part still molten (magma) > 600 

 

In general terms, resources with temperatures of above 150°C are used for electricity 

generation, although lower temperature resources have also been used for power 

production (Lund, 2006). Regarding geothermal resources below 150°C, they are 

commonly used for heating and cooling in direct-use projects. In the case of 

temperature ranges between 5 - 30°C, they can be also used by the implementation 

of geothermal heat pumps for both heating and cooling purposes (ground 

source/ground water heat pump systems).  

A more extended and simple classification according to the uses and resource 

temperatures considers the following groups (IDAE, 2011): 

▪ Very low enthalpy geothermal resources [T < 30°C]. 

▪ Low enthalpy geothermal resources [30°C < T < 100°C]. 

▪ Medium enthalpy geothermal resources [100 °C < T < 150°C]. 

▪ High enthalpy geothermal resources [T > 150°C]. 

Very low enthalpy geothermal resources 

Very low temperature geothermal resources can be practically found in the whole 

Earth’s crust thanks to the constant ground temperature from depths of 8 - 10 meters. 

At any point of the crust, heat can be extracted for heating and cooling applications 

by the use of geothermal heat pumps. Seasonal temperature variations are 
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perceptible in the ground to a depth of around 10 m. From that depth, ground is able 

to store the heat even seasonally, so that ground temperature is practically constant 

throughout the year.  From the depth of 15 m, the rocks temperature does not depend 

on the seasonal temperature variations or climate; it only depends on the geological 

and geothermal conditions.  

Low enthalpy geothermal resources 

These resources can be located in sedimentary basins in which the geothermal 

gradient is normal or slightly higher. The only geological condition required makes 

reference to the existence of permeable geological formations (at depths of around 

1.500 – 2.000 m), capable of containing and allowing the circulation of fluids to 

extract the rocks heat. 

There are numerous low enthalpy geothermal reservoirs in the planet: Amazon Basin 

and the River Plate in South America, Boise Region (Idaho) and the Mississippi 

Basin in North America, the Artesian Basin of Australia, the Peking Region and 

Central Asia, the Basins of Paris and Aquitaine in France, etc. (Trillo and Angulo, 

2008) 

Medium enthalpy geothermal resources 

Geothermal resources with temperatures between 100 - 150°C are found in a large 

number of locations: sedimentary basins (depths of around 2.000 – 4.000 m), 

lithospheric thinning areas, deposits with elevated radioactive isotopes 

concentration, etc. These types of geothermal reservoirs are found in numerous 

localized areas, where, thanks to discontinuities and faults, water can easily raise the 

surface as thermal waters.  

As in the case of high temperature reservoirs, these resources require a magmatic 

intrusion as heat source and a good recharge aquifer. However, in medium 

temperature geothermal resources, there is not an impermeable layer on the aquifer 

that maintains heat and pressure in the reservoir. Nearby examples in sedimentary 

basins are found in Germany and Austria (Trillo and Angulo, 2008). 

The characteristic temperatures of these resources allow their use for power 

generation through binary cycles. However, they are being increasingly used in 
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combined processes of electricity production and centralized heat systems (district 

heating) improving the economic returns. 

High enthalpy geothermal resources 

These resources are located in geographical areas with an extraordinarily high 

geothermal gradient, up to 30°C/100 m. The existence of high temperature 

geothermal reservoirs is conditioned by the existence of an active heat source close 

to the Earth’s surface, a permeable formation capable of containing and transmitting 

the geothermal fluid, and finally, a confining-waterproof layer that prevents the 

energy escape. Consisting of steam or a mixture of water-steam, they are usually 

used to produce electricity at depths of 1.500 – 3.000 meters. 

The presence of these resources is commonly linked to the existence of notable 

geological phenomena, such as high seismic activity, recent volcanic activity and, 

mainly, volcanic regions placed on the edges of lithospheric plaques. 

I.II.III. Historical use of geothermal energy 

Since immemorial time, geothermal energy emerging at the Earth’s surface as 

natural hot springs has been instinctively used by human beings for different 

purposes. In the ancient Roman Empire, the potential of several natural hot springs 

was analyzed in order to supply the hot water demands of public baths (Stober and 

Bucher, 2013).  

The thermal energy of the Earth is immense, but only a fraction of it can be utilized 

by humankind. The use of this energy has been traditionally limited to areas in 

which the geological conditions allow to transfer the heat from deep hot zones to or 

near the surface. Geothermal sector has been exploited in many areas of life for 

different practical applications. At the beginning of the nineteenth century, 

geothermal fluids were already used for the energy content they had. In that period, 

Italy opened a chemical industry (known as Larderello) to extract boric acid from 

hot waters naturally emerging or from specific shallow boreholes. Natural steam 

began to be used for its mechanical energy, between 1910 and 1940 the low-pressure 

steam in the Tuscany region was brought into use to heat residential and industrial 

buildings and greenhouses. In this context, Iceland (also pioneer in the geothermal 

energy use) began to exploit geothermal fluids for heating purposes in 1928. All 



 
 
 
 
 
 

Chapter I. Introduction 

 

38 

 

these uses together with industrial heating applications are examples of direct use of 

geothermal resources (Dickson and Fannelli, 2005). Direct use of geothermal energy 

is one of the oldest and most common ways of utilizing this renewable energy. 

Regarding the mentioned non-electric applications of geothermal energy, the 

installed power and energy used worldwide were for the year 2000 of 15.145 MWt 

and 190.699 TJ/yr respectively. The most common use is to heat pumps followed by 

bathing, space heating, greenhouses, aquaculture and industrial processes (Lund and 

Freeston, 2000). An evolution of the global thermal installed power from 1995 to 

2015 is presented in Table 2. 

Table 2. Evolution of the total direct use worldwide for the period 1995-2015 (Lund and 

Boyd, 2016). 

Year Total Installed Capacity (MWt) 

1995 8.664 

2000 15.145 

2005 28.269 

2010 48.493 

2015 70.885 

 

The indirect use of geothermal energy is the power generation. The first efforts at 

producing electricity from geothermal steam were made at Larderello in 1904. 

Thank to this experiment, the industrial value of this energy was verified, beginning 

a new way of exploitation that meant an important commercial success. In this way, 

the installed geothermoelectric capacity was 127.650 kWe by 1942. After the 

electricity generation success in Larderello, several countries followed the same 

procedure. Some examples are Japan, that drilled geothermal wells at Beppu in 1919 

or United States, at The Geysers, California, in 1921. In New Zealand, a small 

geothermal power plant started to be operating in 1958, also in Mexico in 1959 and 

United States in 1960. Between 1975 and 1979, the geothermal electric capacity, 

installed in the developing countries, increased from 75 to 462 MWe (Dickson and 

Fannelli, 1988). In 2000, geothermal power in these countries represented 47 per 

cent of the world total with 7,974 MWe and 9,028 MWe in 2003. This value 

continued increasing and, in 2017, there were 13.270 MWe installed worldwide in 
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24 countries. The evolution of the worldwide geothermal installed capacity can be 

observed in Table 2.  

Table 3. Evolution of the total worldwide installed capacity from 1995 to the end of 2015 and 

forecasting for year 2020 (Bertani, 2015). 

Year Total Installed Capacity (MWe) 

1995 6.832 

2000 7.973 

2005 8.903 

2010 10.897 

2015 12.635 

Forecasting for 2020 21.443 

 

Electricity generation 

Geothermal power generation usually takes place in conventional steam turbines and 

binary plants. Fluids at temperatures of at least 150°C are required in the traditional 

steam turbines. Atmospheric exhaust turbines are easier and cheaper; steam passes 

through a turbine and is exhausted to the atmosphere. However, in these systems the 

steam consumption is double that of a condensing unit. Condensing units are 

commonly more complex and require bigger sizes of installations.  

The production of electricity from geothermal fluids coming from low to medium 

temperature reservoirs has been improved thanks to the binary fluid technology. 

These systems use a secondary working fluid (organic fluid) that gains heat from the 

geothermal fluid through heat exchangers so this second fluid is heated and 

vaporized. This fluid is then cooled and condensed to begin a new cycle. Binary 

technology is especially reliable to convert into electricity, the energy available from 

water-dominated geothermal fields where temperatures are below 170°C. Kalina 

cycle, a new binary fluid cycle utilizes a water-ammonia mixture as working fluid. 

This cycle is considered to be up to 40 per cent more efficient than the existing 

binary power plants.  
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Direct heat applications  

The use of geothermal energy for heat generation is one of the most versatile and 

oldest ways of utilization. Space and district heating technologies have progressed in 

the last years and these systems are widely distributed in European countries, United 

States, China, Japan, etc. The main costs of these installations are initial investment 

costs, for boreholes, pumps, heat exchangers and distribution networks. However, 

the subsequent operating costs are comparatively lower than in traditional systems 

and are attributed to the pumping power, and system control and maintenance. 

Regarding space cooling, it is also a possible geothermal use if heat pumps are 

adapted to that use. The technology is based on an absorption cycle that utilizes heat 

instead of electricity as the energy source.  

Geothermal space conditioning (including both heating and cooling) has grown 

considerably since 1980 together with the development of geothermal heat pumps. 

These machines allow to economically extract the heat from low and very low 

temperature reservoirs such as the ground and shallow aquifers (Sanner, 2001). Most 

of the current heat pumps are reversible and are able to provide either heating or 

cooling in the space. These devices need energy to operate but, in suitable climactic 

conditions and with a proper design, the energy balance will be a positive one. 

Ground source and ground water heat pumps systems (GSHP and GWHP) are 

installed in a large number of countries. Grounds and aquifers with temperature in 

the range of 5 - 30°C are usually used in these systems.  

I.II.IV. Heat pump systems 

Geothermal heat pumps are capable of transferring heat, at a temperature suitable to 

maintain a comfortable environment within a space. In this sense, heat pumps can be 

coupled to the ground, making use of its thermal energy (Ground Source Heat 

Pumps – GSHP) or they can recover thermal energy stored naturally in groundwater 

or aquifers (Ground Water Heat Pumps – GWHP). Both systems are comprised of 

three main sections: 

▪ Earth connection: allows the extraction of heat from the Earth thanks to the use 

of heat exchanger loops. 

▪ Geothermal heat pump: moves the heat between the ground (or groundwater) 

and the building modifying the temperature of the heat carrier fluid. 
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▪ Heat distribution system: distributes the heat throughout the space. 

Heat exchangers configuration 

Ground loop heat exchangers or Earth connection consist of a collection of pipes 

that transfer heat between the heat pump and ground by the use of a heat carrier fluid 

(usually a mixture of glycol 25-30% and water 70-75% in GSHPs or groundwater in 

GWHPS). The basic configurations include closed loop or open loop systems.  

Closed loop heat exchangers constitute the most common configuration. In these 

cases, the working fluid is enclosed in a circulating loop and the heat transfer with 

the ground occurs through the piping material (Cui et al, 2011). In this context, 

different types of closed loop heat exchange systems can be distinguished. The 

principal ones are the vertical and horizontal loops. 

▪ Vertical heat exchangers are installed in boreholes of variable depths in the 

range of 75-150 meters. Pipes are fed into the hole and are connected at the 

bottom by a U-shaped connector. Typical piping configurations include single-

U or double-U heat exchangers. The gap between the pipes and borehole is 

filled with a specific grouting material (Yang et al, 2009). Variant versions of 

these systems are the geothermal piles in which vertical heat exchangers are 

installed in the foundation piles of new buildings. Additionally, new vertical 

designs consider the use of helical pipes that require higher borehole diameter 

but reducing at the same time the total drilling depth.  

▪ Horizontal closed loops are usually implemented when ample ground area is 

available. Heat exchangers are laid out horizontally slightly below the Earth’s 

surface in backfilled trenches. The loops design can vary according to the heat 

transfer requirements and land availability. The most usual configurations are 

the basic horizontal loop, series loop and parallel design (Stuart et al, 2013). 

Given the shallow depths where these systems are placed, interaction between 

soil and ambient environment is high, affecting the global heat exchange. In 

this regard, spiral loop arrangements can be also found within the horizontal 

configurations. Piping is laid out in circular loops within the trench. These 

loops require less land space than the conventional horizontal loops but piping 

lengths are higher. In addition to all the above, closed pond loops which are 

spiral loop systems submerged in a water body, can be also chosen as 

geothermal heat exchanger.  
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The design of open loop systems is fairly simple. Groundwater is pumped from 

the ground through a production well. This fluid is then used in the heat pump 

and transmitted to the distribution system to be finally injected in the 

corresponding injection well into the same aquifer. Thus, water is extracted 

from a drilled production well and, after passing through the heat pump heat 

exchanger, is injected into the aquifer to a sufficient distance to avoid thermal 

interferences between wells (Omer, 2008). Groundwater temperature remains 

nearly constant contributing to increase the ground heat pump COP.  

Heat pumps 

Heat pumps allow extracting thermal energy from a heat source with a low 

temperature and making it available as useful thermal energy. In this way, 

geothermal fluids are an ideal heat source for heat pumps systems. Traditional heat 

pumps operate using electricity to provide the required work for the concentration 

and transport of thermal energy. Geothermal heat pumps move thermal energy 

between the ground and the space by controlling pressure and temperature by means 

of compression and expansion cycles (Wu, 2009; Bi et al, 2009). In the heating 

mode, the operating procedure of a geothermal heat pump would be as follows: 

▪ The thermal energy is extracted from the ground and transported to the 

evaporator of the heat pump by the heat carrier fluid. 

▪ Inside the heat pump, heat is transferred to the refrigerant of the heat pump 

(heat pump unit cold refrigerant) until it becomes a low pressure vapor. 

▪ The vapor gets in the heat pump compressor, resulting in a high pressure and 

temperature vapor. 

▪ High temperature and pressure vapor enters the condenser. The refrigerant has 

a higher temperature than the space so it transfers heat to the building. Then, 

the refrigerant cools and condenses, transforming into a high temperature and 

pressure liquid. 

▪ Finally, high temperature liquid passes through an expansion valve that reduces 

its pressure and decreases its temperature. The refrigerant gets into the 

evaporator to begin a new heating cycle.  

It is worth mentioning that most of the present-day heat pumps include a cooling 

mode thanks to a reversing valve that moves the fluid in the opposite direction in the 

above described cycle (Stuart et al, 2013).  
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Heat distribution system 

The last section of a ground source heat pump system (or GWHP) refers to the 

distribution of the heat throughout the space. In this regard, two principal models of 

distribution systems can be found: water to air and water to water. In the first of 

them (water to air system), thermal energy is transferred from the ground to air, used 

as the medium to heat the space. Once heated, the air is moved throughout the 

building by the use of HVAC (Heating Ventilation and Air Conditioning) ducts and 

air vents (Bloomquist, 2003). In water to water systems another fluid is used as the 

heat transfer medium. That fluid is then pumped around the building and transfers 

the heat using in-floor radiant heaters, radiators or air coils.  

It is also possible to find hybrid systems that combine both types of distribution 

systems, thus, a higher control and flexibility of the space temperature is achieved.  

I.III. Research background 

The research in the geothermal field is continuously growing up. Making special 

emphasis on shallow geothermal resources (the topic of this Thesis), there is a great 

scientific production within the context of optimizing the geothermal heat recovery. 

Throughout the present Doctoral Thesis, a review of the state of the art is provided 

in the subsequent Chapters for each of the topics addressed on them. Nevertheless, a 

brief mention to some of the most relevant studies in the geothermal context is 

presented below.  

Different aspects of the geothermal operation as the potential of low enthalpy 

geothermal resources, the heat transfer and the heat production performance have 

been addressed in a large number of occasions (Hamza, 2003; Méndez  et al, 2011; 

Colmenar-Santos et al, 2017; Aragón-Aguilar et al, 2017; Jalili et al, 2018; Song et 

al, 2018). As a result of these thermal evaluations, numerous maps have been 

produced to show the geothermal possibilities of the areas under study (Sipio et al, 

2012; Galgaro et al, 2015; Casasso and Sethi, 2016; Stylianou et al, 2016; Casasso 

and Sethi, 2017; Siler et al, 2019). 

Following in the context of the general study of the shallow geothermal 

performance, another common practice is the development of numerical and 

experimental analysis assessing the geothermal heat extraction (Ghoreishi-Madiseh 
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et al, 2015; Lyu et al, 2017; Yuksel and Ozturk, 2017; Wang et al; 2019; Kayaci et 

al, 2019; Qiao et al, 2019). 

On top of the above, another major area of research interest is the development of 

alternative uses and applications of geothermal resources (Schüppler et al, 2019). In 

this regard, it is possible to find studies focused on the use of geothermal energy 

from abandoned mines or wells (Templeton et al, 2014; Wight and Bennett, 2015; 

Loredo et al, 2017; Røksland et al, 2017; Menéndez et al, 2019; Sui et al, 2019) or 

the integration of this energy with other heating plants or energy sources (Zafar and 

Dincer, 2014; Ghezelbash et al, 2015; Yildirim  and Genc, 2015; Atkins et al, 2015; 

Jradi et al, 2017; Zayed et al, 2019; Yang and Zhai; 2019).  

The previous literature review only represents a short example of the broad 

contribution existing in the shallow geothermal field. In addition to the already 

mentioned, the state of the art is analyzed for each of the topics approached in this 

Doctoral Thesis. 

I.IV. Motivation 

There is no doubt that geothermal energy has experienced a remarkable resurgence 

in most of European countries as an essential energy source for heating and cooling 

uses and for power generation in some of them. While it is true that geothermal 

energy is unique amongst renewables for its baseload and renewable heat provision 

capabilities, it still lags far behind those of solar and wind. This is mainly 

attributable to a lack of awareness in the global geothermal working configuration 

joined to the existence of uncertainties over resource availability in poorly-explored 

reservoirs and the concentration of full-lifetime costs into early-stage capital 

expenditure. Although it is true that the study of geothermal resources is quite ample 

nowadays, the exploration of this field is still below the research in other renewable 

sources. For these reasons, one of the main purposes of the present Doctoral Thesis 

is the analysis of the principal components that are part of the geothermal exchange. 

In this direction, very low enthalpy geothermal resources are the key issue of the 

global research process.  

Since low and very low temperature geothermal systems are the most common way 

of exploiting this type of renewable energy, it raises the need for increasing the 

knowledge in this specific field. When a borehole heat exchanger is designed, 

https://www.sciencedirect.com/science/article/pii/S0360319916306796?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0360319916306796?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S1359431115005840#!
https://www.sciencedirect.com/science/article/pii/S1359431115005840#!
https://www.sciencedirect.com/science/article/pii/S0360544219304050?via%3Dihub#!
https://www.sciencedirect.com/science/article/pii/S0360544219304050?via%3Dihub#!
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important factors are utilized in predicting the thermal response of the ground. 

Ground thermal properties, heat exchangers efficiency or optimization of the 

operational cycles are some of the intense research activities carried out within the 

scopes of this Doctoral work. 

I.V. Research objectives 

The general objective of the present Doctoral Thesis is to provide new and relevant 

information about the principal factors and parameters involved in the global 

thermal energy extraction in very low enthalpy geothermal systems. In order to 

achieve this general objective, the following specific objectives have been defined: 

i. Thermal conductivity characterization of the surrounding ground in GSHP 

systems to define the boundary conditions and optimize the ground thermal 

extraction capacity. 

 

ii. Evaluation and optimization of the main components of low temperature 

geothermal installations. Within this specific objective are: 

a. Definition of the most efficient heat exchanger designs.  

b. Development of alternative grouting materials and analysis and comparison 

with the most used geothermal grouts. 

c. Selection of the most appropriate heat pump model according to the 

particular conditions of the geothermal system and location. 

 

iii. Development of a general sizing geothermal methodology to assess the 

influence of all the analyzed parameters on the determination of the borehole 

configuration, total drilling depth and number of boreholes. 

 

iv. Evaluation of possible green energy integrations to cover the energy demand 

of an extensive area or district. 

I.VI. Structure of the Doctoral Thesis 

This Doctoral Thesis is presented in the form of “a compendium of impact scientific 

articles” published in international journals in accordance with the Doctoral 

Regulations of the University of Salamanca. It is organized in five Chapters 

consisting of nine scientific articles published in international high impact journals. 
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An overall guide of the structure of Chapters and publications is presented in Figure 

1.  

 

Figure 1. Structure of the present Doctoral Thesis. 

 

▪ Chapter I: Introduction. 

▪ Chapter II: Ground characterization in a GSHP system. 

▪ Chapter III: Technical evaluation of the geothermal design. 

▪ Chapter IV: DH systems aided by geothermal energy. 

▪ Chapter V: Conclusions and future works. 
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Additionally, details of the content of each Chapter are presented below. 

Chapter I: is an introduction to the overall context of the research topic. It also 

provides the overall objective and the specific objectives of the dissertation and its 

structure. 

Chapter II: focuses on the first item considered in this dissertation, the estimation 

of the ground thermal conductivity in a ground source heat pump system. It provides 

a summary and discussion of a series of laboratory and theoretical solutions to 

provide the mentioned parameter. In this regard, Paper 1 contains a theoretical 

method to calculate the global thermal conductivity of the ensemble ground-heat 

pump. Paper 2 provides a general methodology to experimentally estimate the 

thermal conductivity of rocky samples. Paper 3 concludes with a thermal 

conductivity map derived from laboratory measurements. Paper 4 makes use of 

seismic parameters for the ground thermal characterization. Finally, Paper 5 

compares the methodologies included in the previous research works with the results 

of a Thermal Response Test with the aim of evaluating the validity of the mentioned 

techniques. 

Chapter III: establishes the most efficient configuration parameters in a very low 

enthalpy system. This Chapter includes Paper 6, which focuses on the analysis and 

evaluation of different grouting materials, Paper 7 that studies the common heat 

exchanger designs and their influence on the global operation of the geothermal 

installation and Paper 8 that addresses the analysis of the heat pump system.  

Chapter IV: this Chapter considers the implementation of the very low enthalpy 

geothermal energy in a district heating system. It underlines the benefits offered by 

this energy in comparison with the traditional energy sources. Paper 9 is responsible 

for materializing this aim.  

Chapter V: this final Chapter provides a technical discussion based on the results 

and conclusions deduced from the present Doctoral Thesis. Different open 

approaches towards the continuity of this research line are also set.     
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II. Ground thermal characterization in GSHP systems 

This Chapter describes the fundamentals of the heat transfer in GSHP systems 

focusing on the influence of the ground thermal conductivity. At the beginning, a 

review of existing methods for predicting the mentioned parameter is presented.  

The last part of the Chapter contains the Papers published in high impact journals.  

II.I. Fundamentals of the heat transfer process in a GSHP 

system 

In the frame of understanding the behavior of shallow geothermal reservoirs, a 

proper characterization of their thermal, hydrogeological and environmental 

properties is mandatory. In this context, thermal conduction is thought to be the 

dominant heat propagation mechanism involved in the geothermal phenomena. 

Thermal conductivity of the surrounding materials crucially determines the 

operation of a GSHP installation, being an essential parameter for the design of 

these systems. A geothermal system based on a misconception of the real thermal 

response of the underground may be considered a failure. Thus, ignoring the thermal 

conductivity of the ground could involve different problems as the soil thermal 

exhaustion or over sizing of the well loops that means unnecessary investments. 

With the aim of avoiding the above issues, the extraction rate of a geothermal 

system must be adapted to the ground thermal conditions so the thermal conductivity 

must be quantified.  

In this context, despite the key role of the ground thermal conductivity in a GSHP 

system, its quantification is complex and depends on a large number of factors; 

mineralogical composition and internal structure, water content, temperature, etc. 

Research methods are mainly divided into two models. The first one is the numerical 

back analysis method that uses Fourier law to calculate the equivalent thermal 

conductivity based on the boundary conditions temperature distribution. The second 

method is the theoretical prediction model that establishes a prediction model of the 

thermal performance from test results and theory analysis (Pei et al, 2013).  

In this area, numerous researches have been focused on the development of 

techniques that, based on one of the previous methods, allow the determination of 

the thermal conductivity. Thus, in the estimation of this property, several steady 
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state and transient techniques have been proposed over time (Lira-Cortés et al, 2008; 

Ramstad et al, 2009 Barry-Macaulay et al, 2013; Vijdea et al, 2014). Popular devices 

are the needle probe, the divided bar, the laser flash or the optical thermal 

conductivity scanner (Jorand et al, 2013), that are usually implemented in the 

laboratory through specific rock samples (on cores) or in situ.  

Within the geothermal context, the most popular active method to evaluate the 

thermal conductivity of a whole borehole column is the Thermal Response Test 

(TRT) used for first time in the 1980s (Mogensen, 1983; Raymond, 2018). The 

traditional TRT method, where heat is injected underground and inlet and outlet 

temperatures are monitored, has evolved with alternative methodologies. Some 

variations of this test include the thermal recovery monitoring following heat 

injection, constant inlet temperature, temperature monitoring by heating cables or 

heat extraction tests (Raymond, 2018). However, given the high costs involved in 

the realization of a TRT, its use is not justified in small GSHP systems.  

On the basis of the above, a significant proportion of this Thesis has been focused on 

the development of techniques and procedures regarding the evaluation of the 

ground thermal conductivity in shallow geothermal installations. All this 

information is contained in the following Papers.  

The first study (Paper 1) considered in this Thesis describes an alternative estimation 

of the ground thermal conductivity from temperature measurements in a specific 

borehole, making special reference to the influence of this parameter in the 

geothermal design. Fourier’s heat transfer equation is taken as the principal basis for 

the corresponding thermal conductivity calculation. Once deduced the thermal 

conductivity of the ground for several temperature variations and for each one of the 

hypothesis, geothermal designs were defined using “Earth Energy Designer” (EED) 

software. From the results of this software, the influence of the ground temperature 

in the thermal conductivity parameter and in the drilling length is analyzed. The 

study served on the one hand, to validate the constant temperature of the ground 

from a certain depth. On the other hand, this research offers a theoretical procedure 

to estimate the thermal conductivity of the ground when methods as the TRT are not 

available.  

Paper 2 is focused on the development of a new procedure to measure the thermal 

conductivity of soils and rocks. With that aim, an experimental device was 
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constructed at laboratory scale. Once this device was completely prepared and 

checked, different tests were made on samples with different geological 

composition. After the experimental phase, an average thermal conductivity value 

was obtained for each study sample from the results of each test. Results were then 

validated according to the commonly accepted thermal conductivity values for each 

geological formation. Finally, the importance in the geothermal design of an 

accurate ground thermal conductivity value was highlighted by the use Earth Energy 

Design (EED) software.  

The main purpose of Paper 3 is the creation of a thermal conductivity map of the 

Spanish region of Ávila. To that end, a specific methodology was implemented to 

analyze, from a thermal point of view, the principal geological formations of the 

mentioned region. From an initial identification, samples belonging to each 

geological group were collected and taken to the laboratory. The thermal 

conductivity of these samples was then measured by the use of KD2 Pro equipment 

supplied by Decagon Devices. Global test results were then organized to produce the 

thermal conductivity map of the region of Ávila. As shown in the Paper, a color 

scale was used to represent the different thermal conductivity ranges. As a result of 

this work, a valuable tool was created to identify the most appropriate areas for 

placing a shallow geothermal system. This work also served to highlight the great 

possibilities of Ávila regarding the use of low enthalpy geothermal energy.  

In the context of Chapter II, Paper 4 addresses the prediction of the ground thermal 

behavior from the use of geophysical methods. Multichannel analysis of surface 

waves (MASW) and seismic refraction techniques were applied to determine the 

propagation velocities of S and P waves in three different geological formations. At 

the same time, thermal conductivities of samples with variable alteration ranges 

were measured through KD 2 Pro device and RK-1 sensor. The final product is the 

establishment of a correlation between P and S waves velocities and the thermal 

conductivity of the materials existing in each area. From these correlations, the 

Paper finally includes a 2D thermal conductivity section of the ground, that is to say, 

the evolution of the thermal conductivity parameter in depth for each geological 

formation considered in the study. Invisible underground phenomena, such as 

fracturing or heterogeneities thoroughly affect the thermal conductivity in those 

areas. Since seismic velocities qualitatively include information of the ground, the 
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mentioned areas are detected and taken into account for the prediction of the global 

thermal conductivity.  

After the suggestion (in the previous research works) of alternative methods to 

estimate the ground thermal conductivity as a part of a proper shallow geothermal 

design, the final part of this Chapter is responsible for analyzing their validity. In 

this way, Paper 5 establishes a comparison between the thermal conductivity results 

obtained from the methodologies included in the studies described before and the 

results of a Thermal Response Test. The research work included in this Paper serves 

to evaluate the technical validity of the mentioned alternative solutions considered as 

useful tools in all situations in which the realization of a Thermal Response Test is 

not economically justified.  
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III. Technical evaluation of the geothermal design 

The present Chapter firstly addresses the influence of different geothermal 

components on the final performance of the system. Lastly, this section contains the 

Papers published in high impact journals concerning the analysis of some of the 

mentioned components; grouting material, heat exchangers and geothermal heat 

pumps.   

III.I. Configuration of the geothermal system 

Within the context of very low enthalpy geothermal installations, a series of 

elements that are part of these systems have an enormous influence on the global 

efficiency.  The purpose of the Papers included in this Chapter is the analysis of 

three of the main actors in the thermal exchange with the ground. In this way, Paper 

6 addresses the evaluation of traditional grouting materials and their improvement 

by the addition of new substances, Paper 7 is focused on the comparison of the most 

frequent heat exchanger configuration and finally, Paper 8 is responsible for 

analyzing the unavoidable geothermal heat pumps.  

Grouting materials are one of the key components of ground source heat pump 

systems. This fact is especially evident in vertical closed-loop configurations, where 

the stability of the borehole walls is ensured by the injection of the mentioned 

materials. In addition to their stability function, grouting materials must present 

convenient thermal properties (above all high thermal conductivity) to transmit the 

heat from the pipes to the ground and vice versa. Given the important role of these 

materials, various researches have been directed to the analysis of different mixtures 

evaluating technical and thermal properties. Grouting materials using cement or 

bentonite as a base material have been tested in several occasions (Smith and Perry, 

1999; Allan and Philippacopoulos, 2000). In addition to the common mixtures of 

bentonite, sand or cement, alternative materials have been used to enhance the 

grouts. In this context, graphite (natural flake or compressed expanded natural 

graphite), electric arc furnace slag or construction and demolition waste have been 

added and evaluated as constituents of grouting materials (Lee et al, 2010; Delaleux 

et al, 2012; Erol and François, 2014; Borinaga-Treviño et al, 2014). The contribution 

of the present Doctoral Thesis in this field is presented as Paper 6 and is based on 

the analysis of new grouting materials that help to improve the general heat 

exchange between ground and pipes.  
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Following up on the topic of Chapter III, heat exchangers are considered another key 

pillar of the GHSP performance. Traditional geothermal systems consist of the 

installation of closed loop tubes in the ground, within which a heat carrier fluid 

circulates. In this context, numerous studies have been focused on evaluating the 

differences in the thermal performance of vertical and horizontal ground-coupled 

heat exchangers (Petit and Meyer, 1997, 1998; Esen et al, 2006, 2007; Tarnawski et 

al, 2009; Zhai and Yang, 2011; Michopoulos et al, 2013). Within the framework of 

vertical heat exchangers, usually considered the most recommended configuration, 

there is a continuous effort to find the most efficient design. Computing and in situ 

simulations are frequently made on entire GSHP systems in order to evaluate the 

influence of using one or another heat exchanger design (Focaccia and Tinti, 2013; 

Zarrella et al, 2013; Lee et al, 2015). As part of the present Doctoral Thesis, Paper 7 

studies, through laboratory tests, the influence (on the global system performance 

and initial investment) of using one or another heat exchanger configuration. To this 

effect, simple-U and double-U vertical pipes as well as the helical-shaped ones are 

tested in an experimental laboratory setup. 

Another essential pillar in the shallow geothermal exchange of a GSHP system 

makes reference to the use of heat pumps. Geothermal heat pumps offer an attractive 

option for heating and cooling residential and commercial building thanks to their 

higher energy efficiency compared with conventional systems. The important role 

these devices play in the operation of low enthalpy geothermal installations forced to 

focus, a part of this Doctoral Thesis, on the analysis of geothermal heat pumps. In a 

world with limited natural resources and large energy demands, it becomes 

increasingly important to develop systematic approaches for improving systems and 

thus, reducing the environmental impact. In the heat pump context, improvements 

are focused on increasing the efficiency of its components to optimize the 

thermodynamic cycle. For that purpose, a large number of research studies have 

dealt with this issue by means of exergy and energy analysis applied to various types 

of heat pumps (Tsaros et al, 1987; Crawford, 1988; Salah El-Din, 1999; Hepbasli 

and Akdemir, 2004). Furthermore, one of the major issues regarding the use of 

traditional heat pumps is their associated electricity consumption. As a way of 

avoiding the use of electrical energy coming from fuel power plants, recent 

experimental studies have also considered the use of gas engine heat pumps (using 

natural gas propane of LPG) as a part of a geothermal system (Hepbasli et al, 2009; 

Liu et al, 2017; Hu et al, 2017). Within this last context, Paper 8 of the present 
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Doctoral Thesis addresses a wide technical comparison of three heat pumps variants: 

the common electrical heat pump and the gas engine heat pump aided by natural gas 

and biogas. Such arrangement provides the advantage of evaluating the most 

appropriate heat pump model based on the specific conditions of the location.  
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IV. District Heating Systems Aided by Geothermal Energy 

Chapter IV deals with the integration of very low enthalpy geothermal energy in 

district heating systems. To this end, a Paper published in a high impact journal 

evaluates the principal characteristics of the mentioned systems from an economic 

and environmental point of view.  

IV.I. Renewable district heating review 

District heating networks have an important role to play in the task of improving 

energy efficiency based on centralized plants or distributed heat producing units. In 

the frame of promoting renewable energy resources, district heating means an 

additional opportunity of using these systems. District heating systems have been 

extensively reviewed in the past years from different angles; waste heat recovery 

(BCS, 2008), thermal energy storage (Harris, 2011), technology and potential 

enhancements (Rezaie and Rosen, 2012) or 4th generation (Lund et al, 2014) among 

others.  

In the geothermal field, the development of geothermal district heating has been one 

of the fastest growing segments of the geothermal space heating industry. Thus, in 

countries like Turkey, the majority of geothermal applications have been made 

thanks to district heating systems (Hepbasli and Ozgener, 2004). Given the 

importance of these systems in the geothermal growth, numerous scientific 

researches have been focused on analyzing the implementation of geothermal 

district heating applications (Ozgener et al, 2007; Coskun et al, 2009; Hepbasli, 

2010; Østergaard and Lund, 2011; Kyriakis and Younger, 2016; Yürüsoy and 

Keçebas, 2017; Halit and Arslan, 2017). 

In the context of this topic, the purpose of Paper 9, included in the present Doctoral 

Thesis, is to highlight the versatility and potential of very low enthalpy geothermal 

energy as the principal energy source in district heating systems. The research work 

is based on the implementation and comparison of different alternative energies 

applied on the same real study case. Geothermal district heating thoroughly stands 

out on the rest of options considered in the Paper, emphasizing the economic and 

environmental strengths on the basis of the results coming from actual technical 

calculations. 
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V. Conclusions and future work 

Finally, Chapter V collects the principal conclusions deduced from the research 

works presented in the above sections and the future research lines that will provide 

a continuation of the existing work.  

V.I. Conclusions 

The present Doctoral Thesis deals with an extensive analysis and evaluation of 

different components and parts involved in the thermal exchange of very low 

enthalpy geothermal systems. The methodological procedure and the results have 

been published in several impact journals as research Scientific Papers.  

Chapter V summarizes the main contributions of all the scientific works and 

highlights the most relevant results of them. This Chapter also includes a discussion 

of possible directions for future works. In the first place, general conclusions are 

mentioned below in order to make reference then to some specific topics of the field.  

V.I.I. In general terms 

▪ After the development of this research work, a general improvement of the 

global geothermal knowledge has been achieved. The deep study carried out on 

geothermal systems has allowed increasing their characterization and 

optimization.  

▪ It is possible to improve the efficiency of very low geothermal systems through 

an appropriate assessment and design of the principal components; ground 

thermal characterization, geothermal exchangers, grouting materials and heat 

pump operation.  

▪ The implementation of geothermal district heating means an important solution 

from the environmental, operational and economic dimensions.   

▪  All the results obtained from this Thesis allowed the development of Software 

GES – Cal to assist and automate the design of a ground source heat pump 

system located in the province of Ávila (Spain).  
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V.I.II. Ground thermal conductivity 

▪ The importance of accurately defining the thermal conductivity of the ground 

in very low enthalpy geothermal systems has been confirmed throughout 

Chapter II. 

▪ The present Doctoral Thesis applies a series of alternative techniques to 

determine the ground thermal conductivity contributing to improve the 

efficiency of the general ground source heat pump system. The results of these 

methodologies are then compared to the ones obtained by the implementation 

of a Thermal Response Test. Despite TRT is the most accurate method, the 

suggested techniques are proven to be suitable for the estimation of the ground 

thermal conductivity. 

▪ The measuring of the ground temperature has been confirmed as an useful tool 

for the subsequent estimation of its thermal conductivity parameter. 

▪ Geothermal map of the location of Ávila allows selecting the most suitable 

areas to implement a geothermal installation as well as acting as the basis for 

the corresponding geothermal design in the mentioned province.  

▪ Geophysical methods can be used for geothermal purposes to efficiently 

improve the thermal knowledge of the ground.  

V.I.III. Geothermal design 

▪ It is essential to analyze in each specific case the material used as grout in the 

geothermal borehole. The thermal conductivity of grouting materials highly 

influences the global heat exchange process between ground and working fluid. 

Results from the tests of this Thesis include new material mixtures with 

improved thermal conductivity values and suitable properties to be used as 

grouting materials. 

▪ Helical-shaped heat exchangers constitute the most appropriate option for 

vertical closed-loop systems in those areas where the geological conditions 

allow the drilling of large diameter boreholes. The use of double U-tube heat 

exchangers (regarding single U-tube) does not mean significant improvements 

in the global geothermal operation.  

▪ The selection of the geothermal heat pump must be made taking into account 

the particular energy supply conditions of the area.  A geothermal system using 

electric heat pumps is characterized by high COPs and deeper drillings in 

comparison to those systems using gas engine heat pumps where COPs and 
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drilling lengths are considerably reduced. Biogas means a viable solution for 

supplying gas engine heat pumps in order to reduce the greenhouse gases 

emission.  

▪ nZEB regulation can be only satisfied in certain cases where the selection of 

the geothermal heat pump energy supply is based on the characteristics of the 

energy mix of the particular area.  

V.I.IV. Geothermal district heating  

▪ District heating systems aided by geothermal energy mean an ideal solution to 

reduce the greenhouse gases emission and the operational costs of a set of 

buildings.  

▪ Despite the elevated high initial investment required by a geothermal district 

heating, it would be amortized in a short period of time in comparison with a 

traditional fossil installation. 

▪ Mixed systems constituted by geothermal energy and fossil heaters are also a 

better solution in relation to the individual and unique use of fossil sources.  

V.II. Future works  

Once developed the present Doctoral Thesis, a series of research lines and 

implementations are open to improve, complement and optimize the use of very low 

enthalpy geothermal systems. The continuous study in the field will allow a 

continuous improvement of all the parameters that take part in the ground thermal 

exchange. In this context, the following issues are expected to be addressed in the 

near future: 

▪ Considering the substantial level of knowledge reached in the thermal 

characterization of the ground in very low temperature geothermal systems, it 

would be desirable to extend it on medium and high enthalpy geothermal 

resources with the aim of contributing to make them more accessible.  

▪ Within the framework of deep geothermal resources, the most frequent 

technologies currently used in the electricity generation (such as the Kalina 

cycle) could be taken into account for a possible utilization in low enthalpy 

geothermal systems.  

▪ Broaden the range of possibilities offered by GES – Cal software so that it 

enables the geothermal design for an extensive number of locations. To this 



 
 
 

 
 
 
 

Chapter V. Conclusions and future work 

 

212 
 

effect, the thermal and geological conditions of these areas would have to be 

evaluated.  

▪ Continuing with the improvement of the geothermal design, additional 

components of low temperature systems could be also analyzed. Thus, different 

heat carrier fluids could be experimentally tested to define the most appropriate 

mixtures depending on the particular conditions of the area and installation. 

▪ Finally, the possibility of monitoring a real geothermal borehole could be 

considered. It would mean an excellent tool in the constant search of improving 

and optimizing the geothermal design.  
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GES – Cal SOFTWARE 

 

Type: Registration of intellectual property 

Reference: SA – 92- 19 

University: University of Salamanca 

Abstract:  

GES – Cal Software, developed in Python, is software built-up for the design of 

ground source heat pump systems. All the calculations included in the software 

follow the principles and theoretical basis of the “Institute for the Diversification 

and Energy Saving” (IDEA) but also implementing the results from the 

experimental research period. The combination and inclusion of these results have 

allowed obtaining the most optimal geothermal design for each particular case. The 

first version of GES – Cal is only conceived for low enthalpy geothermal systems 

located in the province of Ávila since most of the tests and studies have been 

focused on this area.  

Applications:  

It is highly necessary to have an automatic tool for designing a ground source heat 

pump system as accurately as possible. With that purpose, GES – Cal is a response 

to the need of adapting the configuration of the geothermal system to the particular 
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conditions of the area and needs. In this way, this software solves the problems 

identified in existing geothermal applications that do not consider the specific 

properties of the ground in the area or the most optimal design of the particular case.  

Authors:  

▪ Cristina Sáez Blázquez 

▪ Ignacio Martín Nieto 

▪ Rocio Mora Fernández de Córdoba 

▪ Arturo Farfán Martín 

▪ Diego González Aguilera 

Additional information: 

By the introduction of a series of initial data corresponding to the energy demand, 

building characteristics, specific location and preferences in the geothermal 

configuration, GES – Cal automatically presents the most appropriate solutions for 

the case.  

Once all the inputs have been selected and the design has been developed, the 

software offers the possibility of comparing the geothermal resource with other 

energy alternatives from an economic and environmental point of view. Thus, GES 

– Cal calculates the initial investment and operational costs of the suggested 

geothermal solution and makes and exhaustive comparison with other energy 

sources. Additionally, the mentioned software estimates the greenhouse gases 

emission of the geothermal solution and the rest of possible energy alternatives.  

Inputs: 

▪ Energy demands to be covered by the ground source heat pump system, 

building dimensions and characteristics and ground availability. 

▪ Heat pump model and operation period. 

▪ Heat exchanger design. 

▪ Specific location of the system. 
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Outputs: 

▪ Heat pump power. 

▪ Principal design parameters. 

▪ Drilling length, number of boreholes and most optimal loop configuration. 

▪ Initial investment required. 

▪ Economic comparison. 

▪ Greenhouse gases emission and comparison with other energy solutions.   

 

 

Figure B1. Main GES – Cal software interface. 
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Figure B2. Input data introduction in GES – Cal software. 

 

 

Figure B3. Final geothermal design proposed by GES – Cal software. 
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Figure B3. Economic analysis made by GES – Cal software. 

 

 

Figure B4. Environmental evaluation of the geothermal system made by GES – Cal software.

 



 
 
 
 
 
 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 

Curriculum vitae 

 
 

241 
 

Curriculum Vitae 

Cristina Sáez Blázquez 

22/03/1990, Ávila (Spain) 

Education 

▪ 2015-2019 

 PhD at the Department of Cartographic and Land Engineering, Higher 

Polytechnic School of Ávila University of Salamanca, Spain 

▪ 2016-2018 

 Master’s Degree in Mining Engineering and Energy Resources, Higher 

and Technic School of Mining Engineers, University of León, Spain 

▪ 2012-2014 

 Engineering Degree in Mining and Energy Technology, Higher Polytechnic 

School of Ávila, University of Salamanca, Spain 

▪ 2012-2013 

 Master´s Degree in Occupational Risk Prevention Camilo José Cela 

University, Spain 

▪ 2008-2012 

 Technical Engineering in Mining, area: drillings and mining prospecting, 

Higher Polytechnic School of Ávila, University of Salamanca, Spain 

Work and Research Experience 

▪ 2015-2019 

 FPU researcher at TIDOP Research Group 

▪ 2018 

 Research stay at Padua University, Italy (2 months) 

▪ 2017 

 Research stay at Polytechnic School of Turin, Italy (3 months) 

▪ 2016 

 Research stay at Industrial Polytechnic School of Vigo, Spain (1 week) 

 

 

 



 
 
 
 
 
 
 
 

Curriculum vitae 

 
 

242 
 

Research grants 

▪ 2013-2014 

 Grant aimed at the collaboration with university departments 

 Ministry of Education, Culture and Sport 

▪ 2015-2019 

 FPU, University professor formation 

 Ministry of Education, Culture and Sport 

Awards and mentions 

▪ 2017 

 Finalist at the EDP University Challenge 

▪ 2015 

 Winner at the TECUE call 

▪ 2013 

 Finalist at the Hueco Energy Starter 

▪ 2012 

 Winner at the EDP University Challenge 

 Extraordinary award for the Technical Engineering in Mining, area: 

drillings and mining prospecting 

Educational practice 

▪ 2016-2019 

Subject: Drillings 

Degree: Engineering Degree in Mining and Energy Technology 

Higher Polytechnic School of Ávila, University of Salamanca 

 

Subject: Working engineering 

Degree: Engineering Degree in Mining and Energy Technology 

Higher Polytechnic School of Ávila, University of Salamanca 

 

▪ 2018-2019 

Subject: Market, logistics and petroleum products distribution 

Degree: Engineering Degree in Mining and Energy Technology 

Higher Polytechnic School of Ávila, University of Salamanca 

 



 
 
 
 
 
 
 
 

Curriculum vitae 

 
 

243 
 

Subject: Online course “Specialization in the advance design of low 

enthalpy geothermal systems” 

Higher Polytechnic School of Ávila, University of Salamanca 

Participation in educational innovation projects 

▪ 2018-2019 

 Project: “Design of the initial phase of a software for the calculation of 

renewable energy installations” 

 Project: “Analysis of the different possibilities of integration renewable 

energies 

▪ 2013 

 Project: “Implementation of a drilling for the realization of different 

practices at the Higher Polytechnic School of Ávila.  

Participation in research projects 

▪ 2018-2019 

 Project: “Development of an intelligent motor of wind predictor” 

▪ 2014-2017 

 Project: “Integrated system for energy optimization in buildings: BIM 

technologies, indoor mapping, UAV and energy simulation tools 

(ENERBIUS)” 

▪ 2015-2016 

 Project: “Energy modeling of building facades. EFECONS” 

Scientific committee participation  

Reviewer in indexed journals 

▪ 2017-2019 

 Editorial: MDPI 

 Editorial: ELSEVIER 

 Editorial: SCIENCE DOMAIN 

Evaluating Committee 

▪ 2018-2019 

 ICSC-CTIES IBERIAN CONGRESS 2018 



 
 
 
 
 
 
 
 

Curriculum vitae 

 
 

244 
 

 CYPA CONGRESS 2019 

Publications 

Journal Papers 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Pedro Carrasco García, Luis 

Santiago Sánchez Pérez, Sara Jiménez del Caso. “Analysis of the process 

of design of a geothermal installation”, Renewable Energy 89 (2016) 1-12. 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Ignacio Martín Nieto, Pedro 

Carrasco García, Luis Santiago Sánchez Pérez, Diego González Aguilera. 

“Thermal conductivity map of the Avila region (Spain) based on thermal 

conductivity measurements of different rock and soil samples”, 

Geothermics 65 (2017) 60–71. 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Ignacio Martín Nieto, Pedro 

Carrasco García, Luis Santiago Sánchez Pérez and Diego González-

Aguilera. “Efficiency Analysis of the Main Components of a Vertical 

Closed-Loop System in a Borehole Heat Exchanger”, Energies (2017), 10, 

201-216; Special Issue "Low Enthalpy Geothermal Energy". 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Ignacio Martín Nieto and 

Diego González-Aguilera. “Measuring of Thermal Conductivities of Soils 

and Rocks to Be Used in the Calculation of A Geothermal Installation”, 

Energies (2017), 10, 795-813. 

▪ Sara Jiménez Del Caso, Emilio López Cano, Arturo Farfán Martin, Cristina 

Sáez Blázquez, Javier Martínez Moguerza. "Interrelationship between 

variables relating to the day ahead market’s electricity price". DYNA 

Energía y Sostenibilidad 6, no. 1 (2017). 

▪ Sara Jiménez Del Caso, Emilio Lopez Cano, Arturo Farfan Martin, Cristina 

Sáez Blázquez, Javier Martinez Moguerza. "Analysis of relevant predictive 

variables within the day-ahead electricity market". DYNA 92, no. 6 (2017). 

▪ Cristina Sáez Blázquez*, Arturo Farfán Martín, Ignacio Martín Nieto, Pedro 

Carrasco García, Luis Santiago Sánchez Pérez, Diego González-Aguilera. 

Analysis and study of different grouting materials in vertical geothermal 

closed-loop systems, Renewable Energy 114 (2017) 1189-1200. 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Pedro Carrasco García, 

Diego González-Aguilera. “Thermal conductivity characterization of three 

geological formations by the implementation of geophysical methods”, 

Geothermics 72 (2018) 101-111. 



 
 
 
 
 
 
 
 

Curriculum vitae 

 
 

245 
 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Ignacio Martín Nieto and 

Diego González-Aguilera. “Economic and Environmental Analysis of 

Different District Heating Systems Aided by Geothermal Energy”, 

Energies, Special Issue, Geothermal Energy: Utilization and Technology, 

(2018), 11, 1265. 

▪ Ignacio Martín Nieto, Arturo Farfán Martín, Cristina Sáez Blázquez, Diego 

González Aguilera, Pedro Carrasco García, Emilio Farfán Vasco, Javier 

Carrasco García, Use of 3D electrical resistivity tomography to improve the 

design of low enthalpy geothermal systems. Geothermics 79 (2019) 1–13. 

▪ Cristina Saez Blazquez, David Borge-Diez, Ignacio Martin Nieto, Arturo 

Farfan Martin, Diego Gonzalez-Aguilera, Technical optimization of the 

energy supply in geothermal heat pumps. Geothermics 81 (2019) 133–142. 

▪ Cristina Sáez Blázquez, Ignacio Martín Nieto, Arturo Farfán Martín, Diego 

González-Aguilera and Pedro Carrasco García, Comparative Analysis of 

Different Methodologies Used to Estimate the Ground Thermal 

Conductivity in Low Enthalpy Geothermal Systems. Energies (2019), 12(9), 

1672.  

Book Chapters 

▪ Blázquez C.S., Nieto I.M., Martín A.F., González-Aguilera D. (2019) 

Optimization of the Dimensioning Process of a Very Low Enthalpy 

Geothermal Installation. In: Nesmachnow S., Hernández Callejo L. (eds) 

Smart Cities. ICSC-CITIES 2018. Communications in Computer and 

Information Science, vol 978, 179-191 Springer, Cham. 

Conference Proceedings 

▪ Cristina Sáez Blázquez, Arturo Farfán Martín, Pedro Carrasco García, Luis 

Santiago Sánchez Pérez and Sara Jiménez del Caso, Nuevas posibilidades 

de generación eléctrica mediante energía geotérmica. SPAIN MINERGY 

CONGRESS (2015) vol 1, 356-363. 

▪ Sara Jiménez del Caso, Arturo Farfán Martín, Pedro Carrasco García, Luis 

Santiago Sánchez Pérez and Cristina Sáez Blázquez, Sistemas de Gestión 

de la Energía. SPAIN MINERGY CONGRESS (2015) vol 1, 451-458. 

 



 
 
 
 
 
 
 
 

Curriculum vitae 

 
 

246 
 

General indicators of the scientific production quality 

▪ 2017-2019 

 Total citations: Google Scholar – 56 

 h index: Google Scholar – 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


