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Aprovechamiento de Sistemas Geotérmicos”

Presentada en el Departamento de Ingenieria Cartografica y del Terreno
por
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La Tesis Doctoral titulada “Desarrollo de Nuevas Lineas de Investigacidn en el Campo del
Disefio y Aprovechamiento de Sistemas Geotérmicos”, presentada por Ignacio Martin Nieto, se
engloba dentro de la linea de investigacion de Energia correspondiente al Programa de
Doctorado “Geotecnologias Aplicadas a la Construccidén, Energia e Industria”, en concreto
dentro del desarrollo y mejora de recursos geotérmicos.

La linea abordada se considera de gran relevancia dentro para la comunidad cientifica
internacional, con una clara propuesta de optimizacion de los sistemas geotérmicos y que ha
deparado exitosos resultados en el campo de las energias renovables y una altisima
produccién cientifica. Se trata asimismo de una linea de investigacion promovida y
desarrollada por el Grupo de Investigacion TIDOP (http://tidop.usal.es) y de la Unidad de
Geotermia derivada del propio grupo de investigacion (https://geoenergysize.usal.es/), ambos
pertenecientes a la Universidad de Salamanca.

Considerando el papel que las energias renovables juegan en la mitigacion del cambio
climatico y la futura transicidn energética, se hace necesaria la busqueda de nuevas soluciones
y posibilidades de utilizacién de recursos respetuosos con el medio ambiente. Dentro del
amplio espectro de energias renovables, la energia geotérmica ha alcanzado una posicién
especialmente relevante en el marco de un futuro desarrollo sostenible. En funcidon de su
caracterizacién térmica y geoldgica, el uso de esta energia incluye la generacién eléctrica y
térmica como fuente de calefaccion y/o generacidn de agua caliente sanitaria.

A través de la presente Tesis Doctoral, se ha podido identificar el potencial de esta energia y su
importancia en el ambito cientifico, hecho constatado por los articulos cientificos publicados
en revistas con impacto reconocido. Estos articulos han verificado los correspondientes
procesos de evaluacidn critica y revisidon por parte de expertos internacionales de trayectoria
reconocida. Las contribuciones de esta Tesis se centran en:

= Caracterizacidon del recurso geotérmico mediante la implantacion de técnicas de
prospeccién geofisica.

= Andlisis del rendimiento econdmico y medioambiental de diferentes esquemas de
bombas de calor geotérmicas.

= Estudio de la mejora en el disefio de sistemas geotérmicos de baja entalpia mediante
el desarrollo de herramientas especificas de analisis y cdlculo.
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Finalmente, 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 critica y de proyeccidon hacia el desarrollo de futuros
trabajos integrados en esta linea de investigacion.
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Abstract

Abstract

It is universally accepted that a global energy transition is urgently needed to meet the
objectives of limiting average global surface temperature increase below 2°C. With the aim of
reducing the carbon dioxide (CO,) emissions, low-carbon solutions such as the renewable
resources will play an essential role. The energy transition will be enabled by technological
innovation, especially in the field of renewable energy. In this sense, geothermal resources are
getting a growing interest derived from their nature of reliability, sustainability, abundant
resource and minor impact on environment. The large number of advantages that define this
renewable source makes this energy considered as one of the future potential resources to
meet the world's growing energy demand. Depending on the nature and conditions of the
resource, geothermal energy allows to be used for the generation of electricity as well as for
heating/cooling purposes.

The present Doctoral Thesis is focused on the analysis of the global geothermal resource,
including the ground thermal characterization in shallow and deep environments, the
evaluation of the heat pump system and the improvement of the general shallow geothermal
design. In this way, the principal objective of the research work of this Thesis is contributing to
a more extensive use of this renewable energy. With this aim, research lines include extensive
field work and laboratory tests, experimental and simulation processing and different
computing tasks.

From the initial identification of the main weaknesses associated to the general use of
geothermal resources, efforts were focused on the performance of a series of laboratory tests
and field work. Experimental works was then complemented with the implementation of
computing tools and specific software that allowed completing the practical and theoretical
studies. Conclusions obtained from the research presented in this Thesis are expected to
contribute to the most optimal future geothermal development. In summary, the present
Doctoral Thesis contains valuable information, compiled in different scientific works, which
include all the know-how and expertise arsing during the research stage.



Resumen

Resumen

Es universalmente aceptado que se necesita urgentemente una transicion energética global
para cumplir los objetivos de limitar el aumento medio de la temperatura superficial global por
debajo de 2°C. Con el objetivo de reducir las emisiones de didxido de carbono (CO,), las
soluciones bajas en carbono como los recursos renovables jugaran un papel fundamental. La
transicion energética requerird una fuerte innovacidn tecnolégica, especialmente en el campo
de las energias renovables. En este sentido, los recursos geotérmicos estan recibiendo un
interés creciente derivado de su naturaleza de confiabilidad, sustentabilidad, abundancia y
menor impacto en el medio ambiente. La gran cantidad de ventajas que definen a esta fuente
renovable hace que esta energia sea considerada como uno de los recursos potenciales
futuros para satisfacer la creciente demanda energética mundial. Dependiendo de la
naturaleza y las condiciones del recurso, la energia geotérmica permite su uso para generar
electricidad, asi como para fines de calefaccidn/refrigeracion.

La presente Tesis Doctoral se centra en el analisis del recurso geotérmico global, incluyendo la
caracterizacion térmica del suelo en ambientes someros y profundos, la evaluacién del sistema
de bomba de calor y la mejora del disefio geotérmico somero general. De esta forma, el
principal objetivo del trabajo de investigacién de esta Tesis es contribuir a un uso mas extenso
de esta energia renovable. Con este objetivo, las lineas de investigacion incluyen un extenso
trabajo de campo y pruebas de laboratorio, procesamiento experimental y de simulaciéon y
diferentes tareas informdticas.

Desde la identificacidn inicial de las principales debilidades asociadas al uso generalizado de
recursos geotérmicos, los esfuerzos se han enfocado en la realizacidn de una serie de pruebas
de laboratorio y trabajo de campo. Posteriormente, los trabajos experimentales han sido
complementados con la implementacidn de herramientas informaticas y software especifico
qgue han permitido completar los estudios practicos y tedricos. Se espera que las conclusiones
obtenidas de la investigacidon presentada en esta Tesis contribuyan al desarrollo geotérmico
futuro mas o6ptimo. En resumen, la presente Tesis Doctoral contiene informacidn valiosa,
recopilada en diferentes trabajos cientificos, que incluyen todo el saber hacer y la experiencia
adquirida durante la etapa de investigacion.
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Capitulo 1. Introduccion

1. Introduccion

En este capitulo se incluye, en primer lugar, una descripcion del panorama general de la
energia geotérmica, que es el tema central de esta investigacién. Seguidamente se exponen las
motivaciones que han conducido a la realizacién de este trabajo y los objetivos generales.
Finalmente se introduce la estructura de la tesis doctoral con una descripcién de los temas
tratados en cada capitulo que conforman las diferentes lineas de investigacién que se han
seguido, resultando en la publicacidon de los articulos que han conformado este trabajo
doctoral.

1.1 Introduccidn a la energia geotérmica

Segun el instituto Geoldgico y Minero de Espafia (IGME), la energia geotérmica puede definirse
de diferentes maneras, algunas de ellas son (IGME, 2008):

“La energia geotérmica es, en su mds amplio sentido, la energia
calorifica que la Tierra transmite desde sus capas internas hacia la parte
mds externa de la corteza terrestre.”

"Fuente de energia renovable abundante, de explotacidn viable, técnica
y econdmicamente, que evita emisiones de gases de efecto invernadero y
cuya existencia en nuestro subsuelo estd probada".

La Geotermia se encarga del estudio de los fendmenos térmicos internos del planeta. Tal y
como su propio nombre indica, “Geotermia” es una referencia etimoldgica a la energia térmica
producida, o que proviene, del interior de la Tierra.

También forman parte del campo de interés de esta disciplina técnico/cientifica (y son la parte
objeto de estudio en esta tesis doctoral):

e Laenergia térmica almacenada en suelos y rocas.

e Laenergia térmica almacenada en aguas subterraneas.

e Los procesos técnicos e industriales que explotan esa energia para generar
electricidad.

e Los procesos que aprovechan esa energia para utilizarla de forma industrial o con fines
de climatizacion.

Esa energia térmica que emana de la Tierra tiene su origen en los siguientes procesos:

e Proseos de cristalizacion en el nucleo.

e Movimientos de unas capas respecto de otras (especialmente manto y nucleo).

e Calor debido a las fuerzas gravitacionales en la formacién del planeta hace 4500
millones de afios que aun sigue llegando hasta la superficie.

e Reacciones nucleares en la materia debidas a procesos de desintegracion de isétopos
radiactivos. Fundamentalmente en la corteza y en el manto, los elementos
responsables son, uranio 235, uranio 238, torio 282 y potasio 40.

Cuando la energia que se libera en esos procesos alcanza la zona mas externa de la corteza
terrestre, podemos acceder a ella y utilizarla como recurso.
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Capitulo 1. Introduccion

Como hemos visto, la energia geotérmica proviene del calor generado en las capas interiores
de la Tierra, pero las tendencias mas recientes en investigacion geotérmica también afiaden
como recurso aprovechable las propiedades térmicas de los materiales que las forman. Esto se
pone de manifiesto, por ejemplo, en las investigaciones sobre almacenamiento de energia en
el subsuelo (Sanner, et al., 2003).

Esta energia renovable, no esta vinculada a la incertidumbre sobre los fendmenos
meteoroldgicos como la energia solar térmica, fotovoltaica o la energia edlica, que han
experimentado un gran crecimiento a nivel global en los ultimos afios. Esta es una energia que
estd disponible de forma continua (siempre que se haya disefiado de forma adecuada su
aprovechamiento), lo que permite su integracion en el suministro energético a cualquier escala
de forma sencilla.

1.1.1 Breve resefia historica

El uso de las manifestaciones geotermales superficiales por parte de los seres humanos
probablemente sea tan antiguo como nosotros. Se han encontrado restos arqueoldgicos en
Japon relacionados con el uso de fuentes termales por parte de pobladores de la zona que
datan de hace entre 15.000 y 20.000 afios (Stober y Bucher, 2013).

El inicio de la utilizacidn industrial del recurso geotérmico, sin embargo, podemos situarlo en
Larderello (ltalia), en una fecha tan relativamente reciente como 1928. Se comenzd a utilizar el
calor de fluidos hidrotermales de la zona en el tratamiento de sales de boro (cuyo yacimiento
estaba asociado a esa fuente hidrotermal).

Tiempo después, en Boise (Idaho, Estados unidos) entraba en funcionamiento el primer
sistema de calefaccidn de distrito mediante calor geotérmico del que se tiene noticia (1892).

A principios del siglo XX, otra vez en Larderello, nace la primera central de produccién de
energia eléctrica de origen geotérmico (1913).

En 1945, en Indianapolis (Estados Unidos), se construye la primera instalacién geotérmica de
baja entalpia con bomba de calor.

En 1977, en Los Alamos (Nuevo Méjico, Estados Unidos) se ensaya por primera vez la nueva
tecnologia de aprovechamiento de recursos de geotermia de alta entalpia en roca caliente
seca (HDR). En 1987 en Francia, en Soultzsous-Foréts, se instald la primera central eléctrica
experimental basada en esta tecnologia (actualmente cerrada debido a la sismicidad que
inducia en el terreno). En la actualidad el proyecto mas prometedor se encuentra en periodo
de construccidn por parte del departamento de energias renovables del gobierno americano
(NREL) en Idaho.

1.1.2 Recursos geotérmicos

Llamamos recurso geotérmico, a toda acumulacion de energia térmica en el subsuelo que
podemos explotar de forma rentable ahora o potencialmente en el futuro.

Esa acumulacion puede ser natural o planteada por la accion humana tanto de forma
voluntaria (en almacenamientos de calor desde otras fuentes para su posterior utilizacidn)
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Capitulo 1. Introduccion

como involuntaria (como el aprovechamiento del calor residual producido por las redes de
metro suburbanas, por ejemplo).

Los tipos de recursos geotérmicos se clasifican segun su utilidad, que viene de la mano de la
temperatura a la que se encuentran (proporcional a su energia especifica termodinamica, por
eso es usual también referirse a su entalpia). De ahi que podemos tener:

e Recursos de muy baja temperatura/entalpia: menos de 30 °C.
e Recursos de baja temperatura/entalpia: entre 30 y 90 °C.

e Recursos de media temperatura/entalpia: entre 90 y 150 °C.
e Recursos de alta temperatura/entalpia: mas de 150 °C.

Cada uno de ellos tiene unas particularidades que hacen que su caracterizacion, asi como el
disefio e implementacion de su forma de explotacion requieran técnicas y muy diferentes.

Recursos geotérmicos de muy baja temperatura

Practicamente en cualquier lugar de la superficie terrestre se puede plantear un sistema de
aprovechamiento de este tipo de recurso. Hasta los 10 metros de profundidad, por término
medio, se pueden percibir los cambios estacionales de temperatura en el terreno, pero a partir
de 15 m de profundidad, la temperatura de los materiales geoldgicos, que son atravesados por
el calor que asciende desde las capas mas internas de la Tierra, sélo depende de las
condiciones geoldgicas y geotérmicas.

El uso de este recurso estd limitado a los sistemas de climatizacién. Ademads, es necesaria la
inclusion de una bomba de calor en las instalaciones para adecuar la temperatura de salida del
sistema.

Una bomba de calor es un dispositivo capaz de extraer energia térmica de una fuente a una
temperatura menor para cederla a otra fuente a mayor temperatura. Esto lo hace siguiendo un
ciclo termodinamico y necesita un aporte de trabajo externo (ver capitulo 2).

La captacién de calor del terreno se realiza mediante sondas geotérmicas recorridas por un
fluido (usualmente agua con un porcentaje de anticongelante) encargado del transporte de
energia al exterior. La disposicion de las sondas puede ser de forma vertical en sondeos,
empaquetadas en formas helicoidales e insertadas en las cimentaciones de edificios o las
llamadas horizontales que se disponen en zanjas en el terreno.

El parametro conductividad térmica (medido en W-m™-K™) cobra especial relevancia en este
tipo de instalaciones ya que va a determinar el tamafio del intercambiador de calor necesario
para cubrir las necesidades energéticas del proyecto sin agotar térmicamente al terreno.

Recursos geotérmicos de baja temperatura

Generalmente asociados a fendmenos hidrotermales en cuencas sedimentarias. De
caracteristicas similares los anteriores excepto que segun la temperatura de los mismos
podemos evitar la inclusion de la bomba de calor en las instalaciones. Su uso
fundamentalmente esta restringido a la climatizacién, pero en ocasiones se puede aprovechar
en procesos industriales de baja temperatura (por ejemplo, como los que se desarrollan en la
industria agroalimentaria) (Bundschuh, et al., 2015).
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Capitulo 1. Introduccion

Recursos de media temperatura

También asociados a fendmenos hidrotermales en cuencas sedimentarias, pero a mayor
profundidad que los anteriores. Las aguas termales en superficie son un indicio de la posible
existencia de este recurso en profundidades que no suelen superar los 1.000 metros (ver
capitulo 1, articulo2).

Es posible su utilizacién tanto para climatizacién a gran escala (habitual en Islandia y otros
paises con abundancia de este recurso) como para la produccion eléctrica incluyendo circuitos
separados con fluidos de intercambio de calor para pasarlos a la turbina generadora en forma
de vapor (ciclos termodinamicos de Kalina, por ejemplo) (Arslan, 2010).

Recursos de alta temperatura

Situados en zonas que suelen coincidir con la existencia de fendmenos geolégicos como
actividad sismica elevada, vulcanismo reciente, etc. Su uso mas generalizado es la produccion
de electricidad.

La forma tradicional de explotacidon es utilizando directamente el agua a gran presion y
temperatura que suele existir en ellos. Al ascender a la superficie se produce una disminucién
de la presidon que hace que se forme vapor que se puede utilizar de forma directa en las
turbinas de generacion eléctrica.

Existen nuevos desarrollos para el aprovechamiento de este recurso capaces de extender su
uso a muchas mas areas del planeta. Los llamados yacimientos de roca caliente seca (HDR, del
Inglés Hot Dry Rock) o también denominados a veces sistemas geotérmicos estimulados (EGS,
del Inglés Enhanced Geothermal Systems). Estos desarrollos han sido posibles aprovechando
los avances en técnicas de fracturacion hidraulica de rocas por sondeos que se han llevado a
cabo en el campo de la extraccidon de hidrocarburos no convencionales (Shale gas, Tight gas,
etc.) en el campo de la geotermia. Se trata de crear de forma artificial una red de fracturas en
la roca caliente que permita la circulacién de un fluido que serd responsable del transporte de
energia térmica al exterior (Kruger, 1995).

1.1.3 Panorama actual en la investigacion geotérmica

La investigacién en la caracterizacion y aprovechamiento de recursos geotérmicos se
encuentra en constante actividad, todos los afios se publican miles de articulos relacionados
con el tema en las revistas cientificas y técnicas mas influyentes (Geothermics, Applied Energy,
Renewable Energy, Nature Energy, Energies, etc.).

Es dificil hacer una descripcidn precisa del panorama actual de la investigacion en esta area
porque de forma continua estan surgiendo nuevas tendencias y muchas de ellas se acaban
consolidando como lineas de investigacion independientes por derecho propio adquiriendo
una masa critica importante de articulos de investigacién influyentes.

No obstante, vamos a hacer un recorrido por algunas de las lineas de investigaciéon mas
interesantes:
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e Adaptacidn de técnicas de otras disciplinas a la caracterizacion del recurso geotérmico:
de forma constante aparecen nuevos ensayos sobre técnicas (geofisicas
fundamentalmente) que se han aplicado con éxito en otras areas de la ingenieria o de
la geologia y se tratan de adaptar a la investigacion geotérmica del terreno. Esto esta
permitiendo conocer cada vez con mayor precision la situacidn y caracteristicas de los
recursos, asi como la identificacion de numerosos lugares con potencial de explotacidon
(Ja, Githir y Ambusso. 2020; Pitti-Pimienta, et al., 2020). En esta linea estarian
encuadrados los trabajos presentados en el capitulo 2.

e Integraciéon de la energia geotérmica con otras energias renovables: dentro de la
corriente de descarbonizacion de la produccion eléctrica y de calor que se estd
llevando a cabo en numerosos paises del mundo. Fundamentalmente se proponen
diferentes tipos de sistemas hibridos para utilizar la geotermia como almacén de
energia en el terreno en diversas formas (Atiz, et al., 2020; Gondal, 2020; Mokrani, et
al., 2020).

e Aplicacién de técnicas de inteligencia artificial y mineria de datos a la investigacion
geotérmica: Se trata de presentar vias de aplicacion o ejemplos en donde se han
aplicado estas nuevas técnicas (Pandey y Singh, 2020; Coro y Trumpy, 2020).

e Nuevas herramientas de disefio y monitorizacién de instalaciones geotérmicas: Se
trata de presentar nuevas herramientas que supongan mejoras en el cdlculo y disefio
de sistemas geotérmicos. En ocasiones suponen una novedad y otras veces son
adaptaciones de métodos usados en otras areas de la ingenieria. (Alirahmi, et al.,
2020; Ader, et al., 2020; Ciriaco, et al., 2020). A esta rama perteneceria el trabajo
presentado en el capitulo 4.

e Estudios diversos sobre rendimientos de sistemas geotérmicos: La complejidad de los
sistemas energéticos actuales, y de las condiciones de los suministros de energia
primaria, hacen que sea necesaria una constante evolucidon en las investigaciones
sobre la idoneidad de muchas infraestructuras energéticas tanto a pequefia como a
gran escala (Meng, et al., 2020; Altun y Kilic, 2020; Maddah, Goodarzi y Safaei, 2020).
En esta linea se encontraria el trabajo presentado en el capitulo 3.

Por supuesto que existen muchas otras lineas de investigacidon. Se ha pretendido citar algunas
de las mas relevantes que tienen relacidon con esta investigacion. No obstante, la tremenda
variedad de nuevos caminos que nos ofrece esta disciplina, en el momento actual de cambio
de paradigma energético a nivel global, resulta ser enormemente ilusionante de cara al futuro.

1.2 Motivacion y Objetivos

Existen dos factores fundamentales, relacionados con los enfoques modernos de la comunidad
cientifica y técnica internacional en las investigaciones sobre el uso del recurso geotérmico,
qgue han impulsado de forma decisiva esta investigacion.

En primer lugar, los desarrollos relacionados con los sistemas geotérmicos de muy baja
entalpia con bomba de calor, que han permitido extender geograficamente la posibilidad de
implementacién de éstos de forma exponencial (Sarbu y Sebarchievici, 2014). Se han
desarrollado en los ultimos tiempos numerosos estudios para caracterizar las propiedades
térmicas de los materiales en profundidades adecuadas para estos sistemas (Ramstad, et al.,
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2015; Blazquez, et al., 2017) asi como de métodos diversos para realizarlo (Witte, Van Gelder y
Spitler, 2002; Low, et al., 2015) de manera que existe ya una base de conocimiento amplio
sobre cada vez mas areas en donde se puede implementar la geotermia de muy baja entalpia.
Es esperable que esto produzca un impacto positivo en el aumento futuro del nimero de estas
instalaciones.

La importancia de este hecho viene de la mano de un dato que es clave para entender por qué
la electrificacion del sector de la climatizacidn es fundamental en el desarrollo de las politicas
de reduccién de emisiones de gases de efecto invernadero. Aproximadamente el 36% de las
emisiones de CO, en Europa provienen de la generacidon de calor en entornos urbanos
(Mastrucci, et al., 2017).

El proceso de electrificaciéon de la movilidad que estamos iniciando (por ejemplo, con la
introduccion cada vez con mas fuerza en el mercado de los vehiculos eléctricos), y que va a
contribuir sin duda a una reduccidon de emisiones a la atmdsfera deberia ir acompafiado del
otro gran proceso de electrificacion que hay que llevar a cabo, que debe ser el del sector de la
produccién de calor para usos de calefaccion. Aqui, la geotermia de baja entalpia va a jugar un
papel clave en el futuro (debido a los rendimientos que ofrece, ver articulo 3).

Sin el impulso coordinado de estos dos procesos de cambio de paradigma no sera facil cumplir
los objetivos de reduccién de emisiones cada vez mds ambiciosos que demanda el futuro.

El segundo factor que ha significado una gran motivacion para dirigir las investigaciones en la
rama de esta energia renovable es el desarrollo de nuevos sistemas de aprovechamiento de
recursos de geotermia de alta entalpia. Aqui hay que destacar las instalaciones piloto basadas
en la circulaciéon de fluido por fracturacion en roca caliente seca (HDR). Estos sistemas ofrecen
la posibilidad de utilizar la energia geotérmica para producir electricidad en zonas sin
manifestaciones geotermales superficiales (Kitsou, Herzog y Tester, 2000). Es decir,
contribuyen también a la expansion de este tipo de generacién eléctrica a muchos nuevos
lugares.

Con la proliferacion actual de instalaciones de gran generacidn eléctrica renovable
(principalmente edlicas y fotovoltaicas) cada vez es mas necesario un sistema de apoyo a esta
generacion que sea estable y predecible para poder ir sustituyendo los actuales recursos de
apoyo (para cuando estas renovables no pueden cubrir la demanda) que suelen ser
habitualmente basados en energias no renovables (en Espafa fundamentalmente son ciclos
combinados a gas natural).

Estos dos factores, que van a incidir de forma importante en la expansidon de la energia
geotérmica a zonas previamente no contempladas para su aprovechamiento, pueden hacer de
la geotermia una pieza importante en el desarrollo del nuevo paradigma energético (basado
en la no emisidon de gases de efecto invernadero). Poder participar de la evolucidon que se
avecina ha sido el motor de todo este trabajo.

Los objetivos de este trabajo estan alineados con los dos factores expuestos:

e Porun lado, se ha pretendido avanzar tanto en el conocimiento del recurso como en la
mejora en el disefio y los criterios de seleccidn de la bomba de calor para instalaciones
geotérmicas de baja entalpia.
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e Por otro lado, se ha pretendido avanzar en la caracterizacién del recurso de alta
entalpia en una zona con indicios de posible existencia de una zona de roca caliente
(quiza adecuada para una futura instalacién HDR).

Los articulos 1, 3 y 4 estan alineados con el primer factor. El articulo 2 esta proximo al segundo
factor. Mds que una investigacion lineal con un tema que se desarrolla de principio a fin, esta
tesis doctoral consiste en cuatro teselas colocadas en el gran mosaico del panorama
internacional de la investigacion geotérmica.

1.3. Estructura de la Tesis Doctoral

La presente Tesis Doctoral se presenta en forma de compendio de articulos cientificos
publicados en revistas internacionales de impacto, de acuerdo con la normativa especifica de
la Universidad de Salamanca. Como se puede ver en la siguiente Figura 1, se organiza en tres
capitulos que engloban un total de cuatro articulos cientificos publicados en revistas
internacionales de alto impacto.

Caracterizacion del

recurso geotérmico ¢
Articulo1
Articulo 2

Estudio del rendimiento
econdmicoy
medioambiental de las
bombas de calor
Articulo 3

ESTRUCTURA DE
LA TESIS
DOCTORAL

Introduccion,
motivacion, objetivos y

estructura Estudio de la mejoraen el

disefio de sistemas

geotérmicos de baja entalpia
Articulo 4

Conclusiones y
trabajos futuros

Figura 1. Estructura de la Tesis Doctoral
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= Capitulo 1: Introduccién

=  Capitulo 2: Caracterizacidon del recurso geotérmico

= Capitulo 3: Estudio del rendimiento econémico y medioambiental de las bombas de
calor

= (Capitulo 4: Estudio de la mejora en el diseiio de sistemas geotérmicos de baja entalpia

= (Capitulo 5: Conclusiones y trabajos futuros

A continuacién, se detalla el contenido de cada uno de los capitulos mencionados
anteriormente.

Capitulo 1: se proporciona una introduccion al contexto general del tema bajo estudio.
Ademas, se abordan las motivaciones y objetivos de esta Tesis, asi como su estructura.

Capitulo 2: este capitulo se centra en la caracterizacién térmica del recurso geotérmico con
objeto de definir de forma mas exhaustiva las posibilidades de aprovechamiento de los
recursos de baja y media-alta entalpia. A este respecto, el Articulo 1 se basa en el empleo de la
técnica geofisica de tomografia eléctrica 3D para deducir la conductividad térmica del terreno,
contribuyendo asi a mejorar el disefio de los sistemas geotérmicos de baja entalpia. Por otro
lado, el Articulo 2 tiene como objetivo el andlisis del gradiente geotérmico en profundidad en
una zona determinada de estudio mediante la aplicacion de la técnica geofisica de
electromagnetismo en el dominio del tiempo, asi como de la testificacion geofisica.

Capitulo 3: el tercer capitulo aborda el estudio de las bombas de calor geotérmicas desde el
punto de vista econdmico y medioambiental. Se incluye en este capitulo el Articulo 3 donde se
trata el andlisis de diferentes modelos de bomba de calor en una serie de escenarios europeos.

Capitulo 4: este capitulo se centra en los aspectos a mejorar para optimizar el disefio de
sistemas geotérmicos de baja entalpia. A este respecto, el Articulo 4 presenta una nueva
herramienta de disefio y cdlculo geotérmico, sefialando sus posibilidades de uso vy
comparandolo con el software geotérmico mas utilizado en este ambito.

Capitulo 5: este ultimo capitulo engloba una discusién técnica de los resultados y conclusiones
deducidos en la presente Tesis Doctoral. Se abordan también en este capitulo una serie de
posibles lineas futuras de trabajo.
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2. Caracterizacion del recurso geotérmico

En este capitulo se presentan los articulos llevados a cabo dentro de la linea de trabajo
dedicada a la mejora en el conocimiento del entorno geoldgico en donde se pretende
establecer un sistema geotérmico de aprovechamiento energético, o bien el proceso de
busqueda del recurso aprovechable.

2.1 Prospeccion geofisica aplicada a los recursos geotérmicos

El conocimiento del recurso geotérmico se hace indispensable para plantear un
aprovechamiento que sea rentable y a la vez sostenible en el tiempo.

La investigacion para la mejora en la caracterizacidn del recurso geotérmico se ha llevado a
cabo mediante la aplicacién de técnicas geofisicas. Estas consisten en la medida de
propiedades fisicas del terreno (densidad, conductividad eléctrica, magnetizacion, etc.) que
nos permiten inferir su estructura después de un tratamiento especializado de esos datos
obtenidos. En general los procedimientos geofisicos estdn basados en la provocacién (o
generacion artificial) de alteraciones en alguna o algunas propiedades fisicas del terreno para
poder medir sus efectos y sacar conclusiones.

El uso de estas técnicas de investigacidn del subsuelo estd muy extendido en muchas areas de
las ciencias y las ingenierias del terreno. Por ejemplo, podemos sefalar su uso habitual en los
estudios geotécnicos para la construccidon de infraestructuras, en las campanas arqueoldgicas
de prospeccién, en la busqueda de depdsitos de hidrocarburos, en la investigacidon geolégica
basica entre otros muchos campos.

En cuanto al dmbito de la energia geotérmica, el uso de técnicas geofisicas comenzd hacia la
década de los afios 60 para identificar las estructuras geoldgicas presentes en areas de
actividad geotérmica probada (Hayakawa, 1963). A partir de ahi, se llevan desarrollando toda
una serie de investigaciones en diferentes métodos que cubren todo el espectro posible de
sistemas geotérmicos estudiados:

e Podemos encontrar trabajos dedicados a la geotermia de baja entalpia (Hermans, et
al., 2014) basados en la medida del potencial espontaneo para detectar alteraciones
de temperatura en el terreno, por ejemplo. O también basados en el estudio del
terreno mediante sondeos electromagnéticos (Kana, et al., 2015), entre otros muchos.

e Se han desarrollado campafias de sismica y métodos magneto-teliricos en la
caracterizacion de recursos de media entalpia (Bujakowski, et al., 2010).

e En cuanto a los recursos de alta entalpia, se encuentran entre los primeros estudiados
con este tipo de métodos. Podemos citar los analisis de microsismos en sistemas de
geiseres (Majer y McEvilly, 1979.). También podemos encontrar estudios por medio de
métodos gravimétricos (Allis y Hunt, 1986.) de inestabilidades en campos de captacion
de centrales geotérmicas de produccién de electricidad. Por citar trabajos realizados
recientemente y en los modernos yacimientos geotérmicos de roca caliente seca
(HDR) encontramos los desarrollos en el uso de magnetdmetro de precesion de
protones en combinacidon con lecturas de datos gravitatorios presentados en la
campafa de prospeccion para este tipo de recursos llevada a cabo en la regién de
Gonghe (China) (Zhao, et al., 2020).
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En los trabajos desarrollados en la linea de investigacion descrita en este capitulo, se
presentan dos articulos correspondientes a la caracterizacion de dos tipos de recursos
geotérmicos diferentes, en el articulo 1 se estudian los recursos de baja entalpia y en el
articulo 2 se da cuenta de una caracterizacion mas amplia, interesando tanto la alta entalpia
como la media y finalmente la baja utilizando resultados de articulos publicados previamente.
A continuacidén, se expone una breve descripcién de las técnicas geofisicas utilizadas en cada
articulo:

Articulo 1: Dada la profundidad media del recurso geotérmico de baja entalpia que se trata en
este articulo, se escogié un método geofisico basado en la medida de resistividades eléctricas
en el terreno como es la tomografia eléctrica. Este método ofrece una adecuada resolucidn de
las capas superficiales, asi como un nivel de practicidad operativa que permite hacer lecturas
de las posibles ubicaciones de los campos de captacién geotérmica en un tiempo y con un
coste razonables. Existe experiencia previa en la aplicacion de tomografia eléctrica a recursos
geotérmicos (Kumar, Thiagarajan y Rai, 2011) y se ha profundizado en ese sentido afiadiendo
factores al estudio que no se habian tenido en cuenta con anterioridad (transformacién de los
resultados de la inversiéon en conductividades térmicas, seleccidon de lugares y métodos de
perforacion, etc.).

Articulo 2: En este trabajo, dado que se trata de caracterizar recursos geotérmicos vy
estructuras geoldgicas a profundidades mayores que en el anterior, se hace uso del método de
sondeos electromagnéticos en el dominio del tiempo (TDEM). Este método consiste en la
perturbacién del terreno mediante una corriente eléctrica en un intervalo de tiempo
determinado, esto induce la creacidn de un campo magnético que denominaremos primario.
Al interrumpir el aporte de corriente, ese campo magnético primario se vuelve variable en el
tiempo, lo que implica que se produzcan una serie de inducciones electromagnéticas de
corriente eléctrica en el subsuelo (Ley de Faraday) que migran en profundidad y lateralmente.
Midiendo el comportamiento de estas corrientes es posible inferir una distribucién de las
estructuras geoldgicas presentes en la localizacion estudiada. Este método también se ha
utilizado en investigaciones del recurso geotérmico con anterioridad (Cumming y Mackie,
2010), en el caso de la presente investigacion se logra un doble propésito, no solo se trata de
establecer las potencias de las capas sedimentarias presentes sino de la posicidn y buzamiento
en el perfil estudiado del lecho de roca.

Ademads del método geofisico mencionado, en este articulo también se hace uso de la
testificacion geofisica de un sondeo presente en la localizacidn elegida. Esta técnica geofisica
podria entenderse como un conjunto de técnicas distintas que son llevadas a cabo no en la
superficie, sino a lo largo de toda la profundidad del sondeo donde se aplica. Consiste en la
introduccién en el sondeo de una sonda con una serie de instrumentos de medida
seleccionados que van recogiendo datos de distintos parametros (resistividad, potencial
espontaneo, temperatura, etc.) y profundidades de registro.

La testificacion geofisica de sondeos comenzé hacia el afio 1920 desarrollada por los hermanos
Schlumberger en Francia. Se utiliza en muy diversos campos de las ingenierias del terreno y de
la geologia e hidrogeologia. En el campo de la energia geotérmica también se ha incluido este
método en el arsenal de herramientas de caracterizacion del recurso (Massiot, McNamara y
Lewis, 2015).
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En la Tabla 1 se detallan los tipos de registros geofisicos que incluia la sonda utilizada en la
testificacion llevada a cabo para el articulo 2.

Tabla 1. Tipos de registro, parametros recogidos e informacidn que aportan en la testificacion

geofisica realizada.

Registro

Parametro recogido

Informacion

Gamma natural

Radiaciéon gamma natural.

Litologia, estimacion del
contenido de arcillas del estrato
atravesado (4°K)

Temperatura

Temperatura del fluido en el

Gradiente geotérmico y flujos de

sondeo. agua.
Resistividad del fluid |
Resistividad esistividad dettiuido en e Flujo de agua y su salinidad.
sondeo.

Potencial espontaneo (SP)

Potencial eléctrico entre la

sonda y electrodos en superficie.

Litologia, salinidad del agua y, en
algunos casos, fracturas en roca
cristalina.

Resistencia lateral (SPR)

Resistencia eléctrica entre la
sonda y la pared del sondeo.

Litologia, identificacién de
fracturas.

Resistividad normal

Resistividad aparente del
material atravesado

Litologia, salinidad del agua.

La informacién recogida por la testificacion, en combinacidon con los andlisis llevados a cabo
sobre los datos del perfil realizado mediante los sondeos electromagnéticos en el dominio del
tiempo son el fundamento sobre el que se construye la caracterizacidn del recurso geotérmico
de media y alta entalpia planteada en el articulo 2.
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Articulo 1

Articulo 1

Resumen:

Al disefiar sistemas geotérmicos de baja entalpia, la ubicacidn y la longitud de los pozos en el
campo de captacion es la clave para mejorar el rendimiento y reducir la inversién inicial de la
instalacion. La estimacion correcta de la conductividad térmica del terreno también juega un
papel muy importante a la hora de calcular la cantidad de energia que se va a poder obtener
del subsuelo y el ritmo ideal de extraccién que no provoque el agotamiento térmico del
terreno. En geotermia de baja entalpia, las instalaciones situadas en ambientes geolégicos de
tipo granitico son especialmente sensibles a esta estimacidon debido a la gran variacién
horizontal que podemos encontrar en este tipo de terrenos.

El objetivo principal de esta investigacion es mostrar que un estudio de la resistividad eléctrica
in-situ se puede utilizar para estimar la conductividad térmica del emplazamiento en geologias
graniticas con diferentes estados de alteracién.

Para ello, se han llevado a cabo prospecciones geofisicas en el terreno consistentes en lineas
de tomografia eléctrica ademas de test en laboratorio de conductividad térmica de materiales
recogidos en el lugar con diferentes estados de alteracion.

Con los datos obtenidos se ha construido una curva de correspondencia entre las dos
magnitudes, lo que ha permitido elaborar un modelo 3D con la estructura geoldgica del
terreno y otro con los valores de conductividad térmica en cada punto.

Utilizando el modelo 3D geoldgico se ha conseguido determinar los puntos ideales de situacién
de los sondeos geotérmicos en esa localizacidn. Ademads, con el modelo 3D de conductividades
térmicas se puede estimar de forma mds precisa el rendimiento térmico de cada uno de los
sondeos en las localizaciones seleccionadas. Esto, posibilita un disefio mas preciso del campo
de captacion de una instalacion geotérmica de baja entalpia que operara en las condiciones
geoldgicas descritas.
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ARTICLE INFO ABSTRACT

In designing low enthalpy geothermal systems, the ideal location and length of the boreholes in the well-field is
the key to improve the performance and reduce the costs of the i ion. The correct of the heat
conductivity of the ground (1) plays also a very important role in estimating the amount of energy that we are
going to be able to obtain from the subsoil and the ideal pace of the process. In low enthalpy geothermal
installations based on granite type environments is especially important to improve the information we have
from the subsoil at a small scale. This is due to the great horizontal variation we can find on this kind of terrain.

Electrical conductivity (C = 1/p, p = resistivity in ohm meters) can be related to thermal conductivity (A) of
many rock types (Directive (EU), 2019) (see Robertson, 1988). We show that a 3D electrical resistivity survey
can be used as a proxy for A in terrain with weathered and solid granitic rock. Knowledge of A is essential for the
design of efficient ground source heat pump systems that use vertical wells for closed-loop systems. Shorter well
lengths are accomplished if wells are in solid granite with high A. Furthermore the electrical resistivity survey
identifies low density, clayey subsurface materials that may require specialized drilling methods. Project cost

Keywords:

Electrical resistivity

Thermal conductivity

Granite type rocks (adamellites)
Design of the well field

savings can result from shorter borehole lengths, number of holes, and correct drilling methods.

1. Introduction

In the current context of greenhouse gas emissions reductions po-
licies carried out by the European Union (Directive (EU), 2019), and
many other countries, the use of electricity for heating purposes is
taking more and more prominence. Low enthalpy geothermal systems
can play a relevant role given its advantageous features:

® Great efficiency. These systems do their work with coefficients of
performance (COP, performance of heat pumps is usually expressed as
the ratio of heating output or heat removal to electricity input) starting
in 4 and up in the majority of cases.

® Possibility of implementing low enthalpy geothermal systems in
large geographical areas with decent technical and economic per-
formance (Blazquez et al., 2017a).

e Continuous improvements in both, the design and the price of these
systems, which is making them increasingly competitive.

The initial investment for low enthalpy geothermal installations is
still quite high compared with other heating systems based on natural

* Corresponding author.
E-mail address: nachomartin@usal.es (I.M. Nieto).

https://doi.org/10.1016/j.geothermics.2019.01.007

gas or diesel oil to name a few (Blazquez et al., 2018a), this is the main
reason inhibiting widespread use of geothermal heat pump systems
compared to conventional heating methods. Improvements on the de-
sign of the well field area can be very significant in the attempt to re-
duce the initial cost of the project.

One of the main parameters to design a low enthalpy geothermal
system in a precise way is the thermal conductivity (A) of the ground
where the installation will take place. Meanwhile the whole majority of
the other parameters can be calculated or esteemed more or less in a
direct way (energy needs, heat pump nominal power, etc.), usually the
A is not easy to assess precisely enough. This obliges the designer to
oversize the well field of the system, increasing the initial investment,
due to the fear of being short in the estimation of the necessary length
of the geothermal circuit. Good conductivity is necessary for utilizing
ground as a heat source or sink. To be able to estimate, as accurately as
possible, the thermal conductivity of the ground (A) is also key in the
design of other underground structures such as: nuclear waste under-
ground repositories (which must diffuse heat generated by the radio-
active waste), etc (Sundberg et al., 2009).

This paper is an example of the use of geophysical properties of
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granite type rocks (adamellites in this case) in order to improve the
design of the well-field from a low enthalpy geothermal system. We will
estimate the thermal conductivity of the ground as well as finding the
best places to locate the wells needed. All this will be decided using
data from the 3D Electrical resistivity tomography (ERT), supported by
some lab determinations of thermal conductivity (A) and electrical re-
sistivity (p) of samples from the project’s area.

Nowadays, the most respected essay, in order to obtain an accurate
value of the average bulk conductivity (A), is the Thermal Response
Test (TRT) (Sanner et al., 2003). However, it is much more expensive
than our proposed method, and it is much more local by nature. Indeed,
when you obtain A from this test, you only know this value for the
terrain surrounding the borehole tested (Signorelli et al., 2007; Sanner
et al., 2005).

Many devices are capable of measuring the thermal conductivity of
a certain material from samples in the laboratory (Blazquez et al.,
2017b), these devices do not consider the whole rock formation con-
ditions in the thermal conductivity results (Liou and Tien, 2016), so
they do not represent the thermal conditions we can find in the ground
(Kukkonen and Lindberg, 1995).

We will proceed using the electrical resistivity data of the ada-
mellites, collected from the tomography, to estimate the thermal con-
ductivity and the compactness distribution of the rock mass in the lo-
cation area (Popov et al., 2003).

Estimation of rock density from Electrical Resistivity (p) has an
additional benefit of locating areas of altered rock that could present
drilling problems. Drilling difficulties may be mitigated by choosing an
appropriate boring method for the predicted rock material (i.e. mud
rotary, percussion, coring, etc.) (Fig. 1).

In the process of alteration of the granite type rocks, and the ada-
mellites in particular, a relation between electrical resistivity on one
hand and thermal conductivity and alteration grade on the other hand
can be established. This means that by using the data from the electrical
tomography we can assess those parameters in order to improve the
design of the geothermal system.

With the data collected of electrical resistivity of the ground, we will
be capable of create a 3D map of thermal conductivities in the sub-soil
for all the area of interest. This way, we are going to be able to choose
the better areas for the boreholes, not just the thermal properties of
them. We are going to have information about the cohesive state of the
materials so we can project much better the drilling technique.

For the same initial conditions (energy needs, location, etc.), 2
different installations will be presented and discussed for comparison:

Scenario A: Installation designed without using the data from the
ERT, all the data collected from bibliographical sources, tables, etc.

Scenario B: Installation designed using the ERT data to estimate the

Fig. 1. Highly fractured granite environment, the arrows show the different
materials we can find depending on the placement of the boreholes.
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Table 1
Current accepted magnitude orders for electrical resistivities and thermal
conductivities of rocks, soils and water.

Material Resistivity (Ohm'm) Thermal Conductivity"
(W/mK)
Igneous and metamorphic
rocks
Granite 2 %103 = 106 1.5-=5
Basalt 103 = 106 1525
Slate 6% 103 > 4 X 106 152
Marble 102 = 2.5 x 108 18 -3
Quartzite 102 - 2 x 108 e SV
Sedimentary rocks
Sandstone 4-8x%x103 1535
Shale 20 - 2% 10 15-4
Siltstone 50 = 4 x 10? 253
Limestone 104 - 10° 14 - 24
Soils and water
Clay 1 - 100 05— 3
Sedimentary soil 10 — 800 03 -3
Freshwater 10 - 100 0.6
Seawater 0.2 0.6

® Some original data in Conductivity Units (CU) (Popov et al., 2003) (1
CU = 0.4184 W/mK) (Robertson, 1988).

thermal conductivity and the ideal location for the boreholes. The ad-
ditional data needed is obtained from the same sources as case A.

2. Relation of electrical resistivity (p) to thermal conductivity (A)
and lab Yy

2.1. Relation of electrical resistivity (p) to thermal conductivity (A)

In Table 1, we can observe that igneous and metamorphic rocks
typically have high resistivity values (Robertson, 1988; Blazquez et al.,
2018b). The resistivity of these rocks depends a lot on the degree of
fracturing that they have and the percentage of water that fills the
ground fractures.

We can assume that in the area of the project, the boreholes will be
above the water table, so there will be no interaction with the
groundwater level which is expected to be way down our installation
(MAGNA, 2019).

It is noticeable from Table 1 that somehow the state of compactness
of the different families of rocks tends to affect in an unfavorable way
the thermal conductivity (for instance we can compare granite with
sandstone).

The electric resistivity of granite type rocks behaves directly pro-
portional to the altered state that they have (Kolditz, 1995).

On the other hand, the thermal conductivity of granite type rocks
behaves inversely proportional to the level of alteration of the granite
type rocks.

This behavior is partially due to the increase in clay content, which
comes from feldspar, typical of the process of in-situ weathering of
granites.

We will take samples to the laboratory from the project area to
measure electrical resistivity and thermal conductivity, in order to es-
tablish the relationship.

Thermal conductivity of rocks depends on various factors including
porosity, fracturing, mineral composition and structure. Many studies
have demonstrated the significance of porosity and fracturing on rock
thermal conductivity, and have shown that between these properties
there exists a complicated relationship, which is particularly dependent
on the pore space structure (Robertson, 1988).

Granite type rocks (such as adamellites) frequently suffer a dis-
aggregation due to “in situ” weathering only (as in the present case) or
by complete erosive processes with weathering and transport. In rocks
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Fig. 4. Linear regression of temperature rise to logarithm of temperature.

composed of different large grain minerals (such as granite for example)
the weathering attacks the first the weakest mineral. Especially the
bonds between the minerals lose stability. In the end the rock is broken
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Fig. 2. A) KD2 Pro, (Decagon Devices, 2016)
and sensor RK-1. (Range from 0.1 to 6 W/mK,
accuracy 10%) B) Rock cores, 5 x 11.5 cm. We
must drill to insert the needle (3.5 mm in dia-
meter and 6cm in length) and use thermal
grease to improve the thermal contact C)
Proctor compacted soil samples, (in situ water
content preserved). D) Core samples extraction.

down to a set of loose grains.

In the process of weathering of the granites, clay materials from the
disintegration of feldspars appear (with low thermal conductivity
compared to sound granite rock. This, together with the fact that it
increases the porosity and fracturing, causes the thermal conductivity
to be reduced in the various stages of weathering of this type of rocks
(Robertson, 1988).

At the same time, electric resistivity also decreases as metheoriza-
tion progresses, partially due to the progressive appearance of clay
based material (with higher electric conductivity than the solid granite
rock and C = electrical conductivity in Siemens; C = 1/p; p= resistivity
in ohm meters) from the feldspars. There is also the contribution of the
moist in the fractures and porous which also helps in the reduction of
electric resistivity (Samouélian et al., 2005).

Our aim is to find a relation between these two magnitudes (thermal
conductivity and electric resistivity from the tomography) in the study
area. With this information, we will be able to identify the best places
for the location of the boreholes in the well field, the ones with better
thermal conductivity across their length. Better thermal conductivity
also means more cohesive state in the subsoil in this kind of environ-
ments (Blazquez et al., 2018b). So in the 3d tomography we can also
find information about the compactness of the ground in the area, al-
lowing us to fit better the drilling method. Some problems in the dril-
ling process will be avoided by selecting the proper method according
to the type of rock formation we will find. In granite type rock en-
vironments, hammer drilling with air is the ideal technique. However if
the ground is not compact enough, we can find several problems
(subsidence, entrapment of the hammer, etc.). Conventional rotary
drilling is the other method, much more suitable for soils and less
compact materials than hammer drilling. This method usually is much
more expensive than the previous one.

2.2. Laboratory Measurements

The equipment used for measuring thermal conductivities of sam-
ples in the laboratory was the thermal properties analyzer commercially
known as KD2 Pro, developed by Decagon Devices (Decagon Devices,
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Table 2
Laboratory measurements from samples collected in the project’s area.
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Sample Qualitative Description ~ Measure ~ Thermal Conductivity (W/mK)  Mean Std. Deviation  Electrical Resistivity ('m)  Mean Std. Deviation
Grus 1 Altered M1 1.423 1.490  0.092 72.52 74.28 254
M2 1.421 77.25
M3 1.582 76.23
M4 1.503 71.12
Grus 2 Altered M1 1.435 1499  0.096 65.45 65.89 218
M2 1.497 68.23
M3 1.514 67.36
M4 1.584 62.54
Altered 1 Partially Altered M1 1.862 1.899  0.024 1092.4 1177.7 78.41
M2 1.914 1192.3
M3 1.926 1127.7
M4 1.895 1298.5
Altered 2 Partially Altered M1 2315 2196 011 1650.3 1691.8 71.44
M2 2.012 1725.2
M3 2.255 1602.7
M4 2.203 1789.6
Adamellite A Sound Granite Rock M1 2.694 2619  0.050 2230.3 2188.2 39.63
M2 2.562 2124.8
M3 2.587 2187.5
M4 2.634 2210.3
Adamellite B Sound Granite Rock M1 2.974 2954 0.025 23247 2361.8 42.78
M2 2.946 2410.8
M3 2.981 2397.4
M4 2.916 2314.1
“Sample selection was carried out by visual inspection “in-situ” from the study area.
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Fig. 5. Thermal conductivity vs. electrical resistivity (data from Table 1).
. " 3 t
2016). It is constituted by a portfible controller and {1 certain sensor T= m + mt + msln
(RK-1) (Fig. 4) commonly used in geothermal practice and usually t—1ty )
« » - :
known as need‘le. probe” that makes pf)SSlble the measuring of the The thermal conductivity is computed from Eq. (3).
thermal conductivity (KD2 Pro, 2016) (Fig. 2).
The measurement operation is based on the infinite line heat source K=l @)
4ms

theory and calculates the thermal conductivity by monitoring the dis-
sipation of heat from the needle probe. Heat is applied to the needle for
a set heating time, t, and temperature is measured in the monitoring
needle during heating and for an additional time equal to tj, after
heating (Fig. 3).

The temperature during heating is computed from Eq. (1).

T = mg + myt + mylnt [¢))

Where:

my is the ambient temperature during heating.

my, is the rate of background temperature drift.

mj is the slope of a line relating temperature rise to logarithm of
temperature.

Eq. (2) represents the model during cooling.

31

q is the heat flux applied to the needle probe for a set time (Fig. 4).
In this study, the RK-1 probe has been used to measure the thermal
conductivity of the different materials collected from the area of study.
This probe is capable of measuring the thermal conductivity between
the range of 0.1 and 6 W/mK and + 10% of accuracy.
From samples collected in the area of the project (Fig. 2 shows
description of the samples) we have measured:

A.) Thermal conductivity, using KD2-Pro devices described above.
B.) Electric resistivity, with a regular electric device.

Table 2 shows the measures of 3 types of samples collected from the
area of the project:
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Fig. 6. Location and geology of the project’s area.
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Fig. 7. ERT field data capture diagram of apparent resistivity (later to be pro-
cessed to obtain real resistivity and, due to this, the geological structure).

e Grus (from the in-situ metheorization of the granite type environ-
ment). Samples compacted, Proctor compaction with humidity
corresponding to the ascendant phase of the proctor essay (Bjerrum
et al.,, 1973). The original conditions of humidity of the samples
were preserved.

® Medium altered adamellites (intact samples cored and drilled).

o Adamellites (solid rocks, cored and drilled).

R is used as a proxy for A and lab results show that A can be
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estimated to = 0.15W /m'K. One could also estimate A from rock ap-
pearance: sound granite = 2.5-3.0 W/m'K, and altered
granite = 1.6-2.2 W/mK.

With the above data we can establish the following relationship
shown in Fig. 5

3. Site description

The investigated area is located within the Spanish region of Avila,
in the Central System Mountains, the predominant materials being ig-
neous rocks belonging to the large tectonic blocks in which the
Hercynian massif was divided during alpine folds (MAGNA, 2019)
(Fig. 5).

The study area is entirely within the area mapped as adamellite (a
coarse-crystalline intrusive igneous rock composed mostly of quartz,
orthoclase and plagioclase). Several degrees of weathering and disin-
tegration are observed at the surface:

1 Grus (sands and clays), products of the “in situ” mechanical and
chemical disintegration of the granites ", the thickness of this altered
zone is very variable, according to geological information, from 1 or
two to 45m (Directive (EU), 2019).

2 Outcrops of altered weathered adamellite in-situ and cohesive ma-
terial.

3 Rocky outcrops of sound solid, granite, fracture spacing typically
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Fig. 8. Sample 2D and 3D models of real resistivity and depth obtained from RES2DINV and RES3DINV software.

Fig. 9. 2D profiles location.

Table 3
Location of the extreme lines 1 and 5 of the 2D profiles.
Line North Point South Point
1 Latitude 40° 39’ 23.17" N 40° 39’ 22.50" N
Longitude 4° 40’ 39.48” W 4° 40’ 39.62" W
5 Latitude 40° 39° 23.39” N 40° 39’ 22.60” N
Longitude 4° 40’ 40.90” W 4° 40’ 41.23" W

around several meters (MAGNA, 2019) (Fig. 6).
4. Electrical resistivity tomography (ERT), survey method

The Electrical resistivity tomography (ERT) is a research technique
for the characterization of the subsoil in such important fields as
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mining, hydrogeology, underground environmental pollution, agri-
cultural pollution, modern archeology, geotechnology, and in general
the location of structures and complex anomalies usually sub super-
ficial, both geological and anthropic.

The Electrical Resistivity Tomography consists of measuring the
apparent resistivity (p,) of the terrain (Eq. (1)) at different depths,

AV

=y ™
Where K is constant for each device (a geometric factor), AV is the
potential difference measured on the ground and I the current injected.

We use a tetra-electrode device with a constant separation between
electrodes called "a", varying the distances between the pairs of emit-
ting-receiving electrodes by multiples of a value called "n". As a result, a
section of p, at several levels "n" in depth will be obtained; data that are
subsequently processed through mathematical investment algorithms
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Fig. 10. 2d profiles processed with RES2DINV software (error 16.7%).

(Fig. 7) (Keller and Frischknecht, 1966).

With this apparent resistivity data, a software processing process is
carried out using 2D and 3D modeling. Introducing the apparent re-
sistivity and distance/depth data in an inversion program (RES2DINV-
RES3DINV) (Geotomo Software, 2019) we can obtain the electrical
surface profiles for the different materials at different depths.

The software returns as a result an "Image of real resistivity and
depth" (Fig. 8). Those results should be checked with geological in-
formation of the area (field observations, drill data, etc.).

The inversion of the data returns as a result a section or block (as
shown in Fig. 3) of resistivity, which is usually a very good approx-
imation of the model of real resistivity vs. depth of the subsoil.

5. ERT result and thermal conductivity structure
5.1. Tomography lines location

In the figure (Fig. 9), we can see the position of the 2D electrical
resistivity profiles used to model the 3D tomography (Table 3).
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5.2. ERT results

Fig. 10 shows 2D profiles processed with RES2DINV to show the
inversion of measured values to subsurface resistivity. The RES2DINV
programs use the smoothness-constrained Gauss-Newton least-squares
inversion technique (Sasaki, 1992) to produce a 2D model of the sub-
surface from the apparent resistivity data. The process is now com-
pletely automatic; the user does not have to supply a starting model
(Olayinka and Yaramanci, 2000).

In Figs. 11 and 12 we can see processes trough the RES3DINV
software. The program uses also the smoothness-constrained least-
squares inversion technique to produce a 3D model of the subsurface
from the apparent resistivity data.

Fig. 11 shows horizontal profiles from the process of the RES2DINV
data of the ERT, the modeled extension of these profiles to a 3D object is
shown in Fig. 12.

In Fig. 12 we can see the 3d model complete of the location for the
well field, It’s a 20 x 20 x 20 m cube that will allow us to establish the
better location for our boreholes (we will have to balance the distance
against the improvement in the thermal conductivity of the different
solutions modeling the different possibilities).
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Fig. 11. 3D processing, horizontal sections, RES3DINV program (numbers on margins are x and y coordinates of survey in meters) RMS error 19.2%.

5.3. Thermal conductivity structure

According to the measures in chapter 2, we can establish the
thermal conductivity of the subsoil in the area of the project (Fig. 13).

This will allow us to find the best locations for our wells, and also to
estimate the thermal conductivity around each one in order to be more
accurate in the calculus of the length of the boreholes.

6. Project design

Our project is based in the design of a low enthalpy geothermal
system in order to provide 31.245MWh per year (only in heating
function).

It’s an actual project to be implemented in the area described in
chapter 3 (Table 4).

As mentioned in the introduction, we will design the well field in
two scenarios:

Scenario A: Installation designed without using the data from the
ERT, all the data collected from theoretical sources, tables, etc.
Specifically, thermal conductivity of the ground (A) is assigned based
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on an assumed lithology of the ground and using published laboratory
measurements (Blazquez et al., 2017a). This scenario generally results
in a wide separation of boreholes.

Scenario B: Installation designed using the ERT data to estimate the
thermal conductivity and the ideal location for the boreholes. The other
necessary inputs will be taken from the same sources as scenario A.

The project is based on a vertical closed loop geothermal system, in
each of the two scenarios studied it’s expected that we will have dif-
ferent fluid temperatures due to the different designs of the well field.
We are selecting the same heat pump for both scenarios based on the
energy needs, which are the same. However, the performance of this
heat pump will be different in each scenario because it depends on the
temperature of the thermal fluid from the well field if all other cir-
cumstances are the same: BS EN 14825:2016 “Air conditioners, liquid
chilling packages and heat pumps, with electrically driven compressors,
for space heating and cooling. Testing and rating at part load conditions
and calculation of seasonal performance”.

The area for the well field consists on a 20 x 20 square meter sur-
face, with no other restrictions for the location of the boreholes ap-
plicable.
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Fig. 13. Thermal Conductivity Structure of the subsoil (W/mK).

Both scenarios will be modeled using Earth Energy Designer (EED)
geothermal software (EED software created by BLOCON, 2019). EED is
a PC-program for vertical borehole heat exchanger design. It is used in
everyday engineering work for design of ground source heat pump
system (GSHP) and borehole thermal storage. It can be purchased on-
line in https://buildingphysics.com/.

6.1. Scenario A. Design without the ERT information

Here we assign the value of the heat conductivity of the ground (A)
based on geological information, according to which we can assess
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A =1.9W/mK (Blazquez et al., 2017a; Robertson, 1988).

We have a 20 x 20m field, and no other placing restrictions are
applied to the optimization process.

Results for the proposed solutions are shown in Table 5.

We would probably choose the 2-well proposal due to the con-
venience the drilling company’s rig which is usually limited to a depth
of 100 m. Under these circumstances the mean temperatures of the
geothermal fluid (the fluid in the closed ground loop) evolve as shown
in Fig. 8:

They are acceptable for the working range of our heat pump (above
—5°C), nevertheless there is expected a reduction of the C.O.P as time
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Table 4

Monthly distribution of the energy needs from the ground.
Month Energy (MWh)  Percentage (%) Mean monthly temperature (°C)"
January 3.887 15.5 2.7
February 3.712 148 41
March 3.135 125 6.9
April 2.632 10.6 9
May 2.483 g9 122
June 0.000 0.0 171
July 0.000 0.0 20.7
August 0.000 0.0 20.1
September  1.530 6.1 16.7
October 2182 8.7 11.1
November  2.934 117 6.1
December  3.611 14.4 37

® Data from “Agencia Estatal de Meteorologia (AEMET), Ministry for
Ecologic Transition, Spanish Government”.

Table 5
Proposed solutions by geothermal software based on 25 years simulation (EED
software).

Number of Wells  Type Spacing (m)  Depth (m)  Total Length (m)
1 Single - 165 165
2 1x2Line 20 94 188
2 1 x 2 Line 18 95 190
2 1x2Lne 17 9 192
2 1 x 2 Line 15 99 198

passes due to the descent of the fluid temperature (Fig. 14).
6.2. Scenario B, design using the information from the ERT

According to the ERT data, we consider the best location for the
boreholes, with the idea of using the correspondence between electric
resistivity and heat conductivity to esteem this one in the design pro-
cess.

It’s necessary to have in mind the results from scenario A, this way
we already know the number of wells required (approximately), in
order to locate them.

Working with the 3D model, offered by the simulation of the
RES2DINV-RES3DINV software, based in the ERT data, we can now
choose how to locate the boreholes in order to obtain the better possible
heat conductivity of the ground and also the most convenient subsoil
for the drilling process.

We must take into account the separation between the boreholes, in
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this case as far from each other as possible (Beier et al., 2011).

Fig. 15 shows two views of the locations selected for each one of the
boreholes.

The estimation of the thermal conductivity (A) of the ground for
both boreholes can be calculated with the polynomial fit from the Fig. 5
using data from the electrical resistivity of each section of the projected
borehole.

A = 210702 + 0.0001p + 1.4881 (5)
6)

Considering each section length and electrical resistivity from the
ERT we can obtain the thermal conductivity for the whole borehole
(Ag):

W I
).,,:Z/l,xZ
1

R2 = 0.987

@

We must bear in mind that we cannot be sure about the length of the
wells, this will come with the simulation in EED software, but as far as
the A is needed as an input of : the software we have better confidence
to assess the borehole length than in scenario A.

Since the 3D model shows unaltered adamellite all through the
wells except for a few meters in the upper section (less than 5m in each
case), and we are expecting lengths of around 70 m and up, we will
obtain a much better value for A than in the previous case. All this with
sufficient reliability to trust the reduction in the length of the boreholes
from "95m in scenario A to “70 m in scenario B.

In Table 6 are collected the estimated values of the characteristics of
the wells from previous data:

With the thermal conductivity estimated and all the other para-
meters of the project being the same, the design of the well field pro-
posed now by the simulation is shown in Table 7.

In this scenario it’s meaningless to show the other possibilities of-
fered by the software, because we are focusing on our fixed location
with the ground conditions shown above and the distance between the
wells estimated from the 3D model.

The development of the temperatures of the fluid is shown in
Fig. 16.

As we can see, we have achieved a considerable reduction in the
drilling length (190 m-140 m = 50 m), as well as an improvement in
the behavior of the geothermal fluid temperatures.

7. Economic study of these types of projects

The cost of an ERT (Electrical Resistivity Tomography) in the area of

”

Years

Fig. 14. Scenario 1, fluid’s temperature evolution (25 years).
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Fig. 15. Locations selected for each one of the boreholes (2 views).

Table 6 a low enthalpy geothermal project may be around 3000-4000 €. More
Heat conductivity estimation for the boreholes. or less the same cost of a Thermal Response Test (TRT) in one or two
Rorelicied Borehole 2 initial wells of the well field (Técnicas Geofisicas, 2019).
In this project, we have implemented the ERT information for aca-
Depth  Electrical ~ Thermal Depth  Electrical ~ Thermal demic purposes, because the small size of the well field does not justify
Resistivity  Conductivity Resistivity  Conductivity the expense. However, in much bigger projects, a 25% reduction of the
®m W) o) Wk drilling costs could make worthy the investment in an ERT of the area
05m. 6355 181 03m. 523.3 175 (for these particular geological environments).
S-end 2275.0 2.8 3-end  2275.0 2.8 Including the information from the ERTs in our design process we
Ground thermal conductivity for each barehols (W/nK). have improved dramatically the accuracy of the location of the wells in
Borehole 1 Borehole 2 the well field (taking into account the better drilling conditions in the
2.72 2.75 second design due to the higher amount of solid rock in the field which
Combined thermal conductivity for the well field (W/nvK). is much better in our proposed drilling method), also the drilling length
274 has been reduced in a 25.5%.
We estimate the initial investment of the project in about 25,000
Table 7 euros. Considering that the price per meter of drilling for the chosen
EED's Gitimization well fiald 1 system is about 45€, a reduction of 48 m represents a saving of 2160€.
— = This means an 8% reduction in the initial investment (Fig. 17).
NumbergfWells:  Type Spacing (m)  Depth (m)  Total Length (m) The modeled behavior of the installation in 25 years, based mainly
1 Single = 130 130 on the mean temperatures of the fluid from the well’s field, reach an
2 1x2Lne 17 70 140 important improvement as shown in Figs. 11 and 13. We can see in

Fig. 11 that the Temperature reaches —4.5°C, however in the second
scenario (Fig. 13) Temperature descends till —0.5 °C only.

L

"

Year

Fig. 16. Scenario 2, fluid’s temperature development (25 years).
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Fig. 17. Economic comparison between scenarios.

The temperature of the fluid is quite important when we are trying
to improve the performance of any geothermal system, we must re-
member that it is directly proportional to the coefficient of performance
of the heat pump (even it is mandatory to declare the operating tem-
peratures of the heat pump when we are offering the COP (CEN - EN
16147/2017, 2019)).

Taking this into account we can estimate the difference in annual
cost from the heat pumps working in each scenario. The temperatures
to estimate the COP in each case will be the mean temperature for the
25 years period of simulation see the next Figs. 18 and 19.

The COPs for the heat pump at those mean temperatures are shown
at table 10. Although scenario A is not real, since we have under-
estimated the thermal conductivity of the ground, gives us an idea of
the deviation in the forecasts that we would be committing when
projecting the geothermal installation without the ERT data (Table 8).

8. Conclusions

There are some geological structures (Fig. 1), where it’s possible to
find a great difference in the material compactness with quite low
horizontal displacement (Dewandel et al., 2006). This is an attempt to
apply geophysical methods (based on electric resistivity tomography) to
help us in finding the best location for the wells in this type of areas.
Constructing a 3D model of the ground in the area of the project will
allow us to locate the wells in the best possible situations (from the
thermal point of view) as well as to avoid difficult areas for the drilling
process.

This particular project where we have included the ERT is probably
too small to see a clear economic return of the investment on a

hltbth‘;ﬁg.‘
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geophysical survey, however, with a 25% saving in the drilling length
(in this case) it’s easy to conclude that there could be much bigger
projects in these type of ground that could benefit from these type of
technique.

The increase of performance of the well field for the geothermal
system that we can obtain also means an important saving in electric
power thorough the life of the installation. This becomes more and
more important with the increase of the geothermal system’s electric
power installed. The bigger the heat pump is we have better economic
results by reducing the annual energy costs.

Apart of the savings in the drilling length we can obtain there is also
the possibility of choosing the best locations for the wells from the
drilling point of view. This is not possible with the TRT test, since it
does not offer us a general view of the geological structure of the area.
Choosing the correct drilling method based on the previous knowledge
of the geology of the area has two main advantages:

1 Prevents failures during the drilling process of the well field.
2 Makes possible to select the best drilling method in each case.

The inclusion of geological 3D models in the process of designing
low enthalpy geothermal systems will become more and more popular
in the future. This will allow the designers to model the thermal in-
teraction of the ground with the wells of the project.

We expect that more and more high energy demand geothermal
projects will include geophysical surveys (depending on the geology of
the area) to complement the usual thermal response test which now are
quite common.
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Fig. 19. Mean temperature for scenario B.
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Resumen:

Los recursos geotérmicos en Espafa han sido fuente de profunda investigacidn en los ultimos
afos y estdn, en general, bien definidos. Sin embargo, existen zonas donde los registros del
Instituto Geoldgico y Minero de Espana recogen evidencias de una cierta anomalia térmica en
las aguas subterraneas a pesar de que alli no se tienen registrados recursos geotérmicos de
ningun tipo.

Se ha pretendido prospectar geofisicamente una de estas zonas para poder discernir si ese
aumento andmalo de la temperatura en las aguas de las unidades de acuiferos locales es
debido a algin contacto con un lecho de roca activo térmicamente que pueda ser
aprovechado en la produccién de energia.

Los métodos geofisicos empleados han sido: sondeos electromagnéticos en el dominio del
tiempo (TDEM) y testificacion de un sondeo presente en el lugar. El primero proporcioné
informacidn sobre la profundidad del lecho rocoso vy la estructura geoldgica general, mientras
que el segundo dio mas detalles sobre la estructura geoldgica, la composiciéon de las diferentes
capas y un registro de temperatura a lo largo de toda la perforacién.

Los resultados han permitido establecer el gradiente geotérmico del area y discernir la
potencia de los estratos sedimentarios hasta el lecho de roca. También se ha conseguido
localizar las capas de arenas responsables de los aumentos de temperatura en el gradiente
térmico, asi como su contenido en sales aproximado. Utilizando los primeros 200 m de la
testificacion del sondeo, se ha estimado la conductividad térmica para su posible uso en
geotermia de baja entalpia en la zona.
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Abstract: The geothermal resources in Spain have been a source of deep research in recent years and
are, in general, well-defined. However, there are some areas where the records from the National
Institute for Geology and Mining show thermal activity from different sources despite no geothermal
resources being registered there. This is the case of the area in the south of the Duero basin where this
research was carried out. Seizing the opportunity of a deep borehole being drilled in the location,
some geophysical resources were used to gather information about the geothermal properties of the
area. The employed geophysical methods were time-domain electromagnetics (TDEM) and borehole
logging; the first provided information about the depth of the bedrock and the general geological
structure, whereas the second one gave more detail on the geological composition of the different
layers and a temperature record across the whole sounding. The results allowed us to establish
the geothermal gradient of the area and to discern the depth of the bedrock. Using the first 200 m
of the borehole logging, the thermal conductivity of the ground for shallow geothermal systems
was estimated.

Keywords: geothermal resources; geophysical prospecting; time-domain electromagnetics; borehole
logging; geothermal gradient; thermal conductivity

1. Introduction

The use of geophysical methods for the characterization of geothermal resources has been applied
in many countries of the world. A large number of works have been carried out for this purpose using
a wide variety of techniques. Among the many research works conducted in Poland [1] was a very
interesting use of a new approach that used common-reflection-surface (CRS) seismic 3D methods
to characterize deep geothermal reservoirs [2]. Additionally, the United States has been subject of
numerous works that have characterized geothermal resources by geophysical methods [3]. We can
also name Italy, Iceland, China and many others as examples of application of these techniques [4-6].

Increasing knowledge about the geothermal resource in a given place is essential to promote its use.
For this reason, geophysical prospecting campaigns, which play an important role in characterizing
these resources, are an important step prior putting them into operation.

Geothermal resources in Spain had not been exploited in a significant way until recently.
Some ground source heat pump geothermal systems have been implemented in recent years, but other
geothermal possibilities with fluid temperatures above low enthalpy ones are widely unknown and
therefore unexploited [7,8].

Different works have been published on the distribution of geothermal resources in Spain [9,10].
However, this has not significantly contributed to boosting to the implementation of this type of energy
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system, which may be very important in the future for the lowering of emissions from heating/cooling
systems in order to meet the objectives set by the European Union [11].

Figure 1 shows the usual depth/temperature distribution of different geothermal resources.
Region I embraces resources that need to make use of a heat pump in heating/cooling geothermal
systems, those that can be used directly for heating purposes and for thermal industrial processes
that take place at those temperatures are in region II, and there are geothermal resources capable of
producing electricity in region III. In Spain, most of the installed geothermal systems have come from
region I [12], with only some region III resources being under evaluation in the Canary Islands [13].
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Figure 1. Types of geothermal resources (* EGS stands for enhanced geothermal systems and HDR
stands for hot dry rock).

Works on the distribution of geothermal resources in the Iberian Peninsula often mention very
little about the zone in which this research is located (sedimentary layers in the south-center of the
Duero river basin) [14-16], although there have been several hints about the possible existence of some
kind of geothermal resources [17] more likely to belong to region II from Figure 1.

Taking advantage of a water well drilling operation in the area of interest at about 700 m deep,
geophysical studies were carried out to determine the detailed geological structure, as well as borehole
logging of the sounding, to characterize the composition and the geothermal gradient of the area.
We intended to determine the depth of the bedrock, as well as the depth and temperature of the
different aquifers crossed by the borehole. All this was done with the intention of identifying the area’s
geothermal resources and their possibilities of use.

The geophysical work carried out included:

e  The time domain electromagnetic (TDEM) method was used to estimate the geological structure
of the sedimentary layers even beneath the length of the borehole in study. This method also
revealed the depth of the bedrock in the area and how far it was from the end of the borehole
logging performed. The geological information obtained with this method could be used to
estimate the thermal properties of the ground to assess the performance of future geothermal
systems in the location.

e Borehole logging, crossing the entire length of the sounding with a downhole probe, was able to
collect data from multiple sensors that provided varied detailed information about the geological
composition, traversed aquifers, temperatures throughout the borehole, etc. Additionally, from the
detailed information about the geological formations crossed by the logging, it was possible to
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estimate the thermal properties of the ground to design well fields in geothermal systems with
more detail than with the TDEM method.

The results were not completely satisfactory. The thermal gradient from the borehole logging
was not as promising as expected. However, in the final part of the borehole, a more pronounced
increment of temperature seemed to appear. Perhaps drilling closer to the bedrock (now clearly
located by the TDEM method) could find a thermal gradient capable of providing low and medium
enthalpy resources that could be used for processes in the food industry, which is a force for economic
development in the area.

2. Materials and Methods

2.1. Time Domain Electromagnetic Prospecting Methods

The time domain electromagnetic (TDEM) method of geophysical prospecting was a very important
innovation in the field of applied geophysics at the beginning of the 1980s [18,19]. From those
years on, the application of the method has allowed for remarkable experiences regarding the
capacity of this technique in hydrological science, mining, underground environmental pollution
quantification, archeology, etc. In addition, in these years, its advantages over electrical vertical
sounding (EVS), limitations, and fields of application have been set. The accumulated experience and
the technological improvement in devices have transformed this method into one of the most effective
in current geophysics.

Within the TDEM method is time domain electromagnetic sounding (TDEMS), which we performed
for this work. TDEMS is a geophysical tool capable of providing very detailed information on the
distribution of subsurface resistivity; it can determine its variations both laterally and vertically.

The TDEMS system is classified within the electromagnetic research systems with artificial sources.

Performing a TDEMS consists of injecting a constant current in a loop or transmitter coil (Tx) to
generate a constant primary magnetic field. When the current flowing through the Tx is instantaneously
interrupted, the primary magnetic field ceases to be constant and decreases its value over time until it
becomes zero. In agreement with Faraday’s law, when the ground is exposed to a variable magnetic
field in time and a series of electromagnetic inductions of electric currents (Eddy currents) occur in the
subsoil (Figure 2). These currents flow in paths closed by the subsoil, laterally migrating in depth and
decreasing the current’s intensity over time. This, in turn, generates a decreasing transient secondary
magnetic field on the surface.

This secondary field induces a time-varying voltage in the receiving loop (Rx). The voltage
drop contains information on the resistivity of the ground because the magnitude and distribution of
induced currents depend on the resistivity of the medium.

The electromotive force created in the Rx can be described as follows (Equation (1)) [20]:

E=K+A*N 1)

where E is the electromotive force (V), K is a constant that depends on the magnetic field generated in
the Tx (V/m?2), A is the area of the Rx (m2), and N is the number of turns in the Tx.

The generated Eddy currents are inducted in the ground and tend to turn away from the generation
point at an approximate angle of 30°. The depth of penetration at a given time is given by the following
expression (Equation (2)) [20]:

Zy= (/) )

where Z; is the depth of penetration (m), f is the time (s), u is the permeability (H/m), and ¢ is the
electrical conductivity (S/m).

From Equation (2), it follows that the electrical conductivity of the medium conditions the
penetration of the geophysical method. The penetration is directly proportional to the medium
resistivity, so the less resistive the medium (marls, clays, etc.), the less the system penetration.
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Figure 2. Eddy currents to the underground.

The maximum depth to which we can measure is obtained through Equation (3) [20]:
Zmax = (2/25713)l/w(M/Uvunisa)l/S (3)

where |[M] is the magnetic moment (module) (Am?) and Vs, is the ambient noise (V).

Thus, the maximum depth does depends not only on the moment or conductivity but also on the
level of ambient noise [21].

Therefore, the useful depth of research depends on:

e  The dimensions of the Tx.

e  The intensity of the current flowing through the Tx.

e  The duration of the transitory observation time.

e The electrical resistivity of the surface layers and of the ground in general.

The processing of TDEMS (1D) field data is like that of other electrical prospecting methods [22].
Electromotive force, measured as a function of time, becomes the apparent resistivity that is fed an
inversion software, which calculates the ground structure with the best possible fit to the curve of the
obtained apparent resistivity.

Recently, a system was developed that allows for a 1D dataset to be processed in the form of
profiles, thus obtaining an electromagnetic tomography. The software performs joint processing based
on specific algorithms (the Spiker algorithm, which adjust the observed apparent resistivities in the
best possible way [23]) to obtain 2D sections of the apparent conductivity of the ground. This treatment
allows one to correlate the results of the quantitative interpretation of the various TDEMSs (1D)
grouped in the same profile, thus obtaining a geo-electric section. The lateral variations of resistivity
(lateral resolution) depend on the distance between the loops. More details on the data treatment can
be found in Section 3.

2.2. Borehole Logging

The principal aim of geophysical borehole logging techniques is to build a vertical map of the
geological composition, some properties of the crossed materials, and the groundwater hydrological
conditions of the area.
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The determination of which parameter(s) to measure mainly depends on the characteristics of the
borehole and the desired information.

Log interpretation mainly includes singular hydro-geophysical units and the sediment layers
identified in the descriptive report. Data are collected and stored digitally, and they can be presented
at any requested scale.

Table 1 gives a brief description of the magnitudes that were measured in our borehole logging
test, as well as their appliances.

Table 1. Borehole logging devices, parameters, and purposes.

Log Parameter Measured Purpose

Lithology and the estimation of clay

Natural gamma Natural gamma radioactivity content (K)
Fluid temperature Temperature of borehole fluid Geothermal gradient and water flow
Fluid resistivity Resistivity of borehole fluid Water flow and quality
Spontaneous potential (SP) Electrical potentials between probe  Lithology, water quality, anfi, in some
and surface electrodes cases, fractures in crystalline rock
Single point resistance (SPR) Resistance of materials between Lithology, fracture identification, and
probe and ground surface electrode location of well screens
Normal resistivity Apparent resistivity of material Lithology and water quality

2.3. Devices

The TDEMSs were performed by the deployment of 3 square 400 x 400 m loops. The used
measuring technique was the one of coincident loops. The repetition of measurements was carried out
for each loop to obtain a greater precision in the collection of the field data; this meant that for each one
of the three TDEMSs, one register was made by using a staking of 1000 repetitions of the measurement
per channel; 73 channels were measured for each one of the registers. However, due to the size of the
used loop (400 x 400 m), from channels 35 to 40, the results were heavily affected by the background
noise. This was also the case for the first channels, so the first and last channels were discarded in the
subsequent processing of the field data.

The equipment used for the TDEMS was the TerraTEM, from the Australian company MONEX
GeoScope Geophysical Manufacturing And Consulting Ltd. The TerraTEM incorporates a 10 amp
transmitter and a true simultaneous 500 kHz 3-component receiver. Spectral analysis, combined with
DSP options, allows the user to monitor and identify local sources of noise; these may be removed
using additional filters specific to local site conditions. This device is equipped with a diagnosis menu
that provides access to a spectrum analyzer as well as time-domain views of the input signal for the
rapid troubleshooting or optimization of acquisition parameters to ambient site conditions.

For the borehole logging, a downhole probe, logging winch, and data logger from Mount Sopris
Instruments Company were used. In Table 2, the technical specifications of the sensors included in the
downhole probe are detailed.

Table 2. Downhole probe sensor’s specifications [24].

Sensor Specifications !

Natural gamma sensor composed of a sodium iodide crystal. Gamma
range: 0-100,000 cps. Accuracy: 1%. Resolution: 0.02%.
Temperature sensor: linear and fast response semi-conductor. Range:
—20-80 °C. Accuracy: 1%. Resolution: 0.4 °C.

Spontaneous potential (SP) Range: —1500-1500 mV (DC). Accuracy: 1%. Resolution: 0.04%.
Single point resistance (SPR) Range: 0-10,000 Q). Accuracy: 1%. Resolution: 0.02%.
Sensors: stainless steel electrodes. Range: 0-10,000 Q-m. Accuracy: 1%.

Resolution: 0.02%.

Natural gamma

Fluid temperature

Resistivity (fluid and normal)

! Data from manufacturer (Mount Sopris Instruments, Denver, CO, USA).
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Figure 3A,B shows the TDEM device during the data acquisition in the location under study and
the scheme of the devices for the borehole logging works, respectively.

Figure 3. (A) TerraTEM time domain electromagnetic (TDEM) device during the data acquisition phase
of this study. (B) Borehole logging equipment (scheme).

2.4. Site Description

The area selected for this study is in the north of the province of Avila (Spain) in the south part of
the Duero basin. The southern half of this basin, although not especially renown for this reason, is an
area where there are numerous upwellings of groundwater with higher temperatures than could be
expected [17]. Figure 4 shows the location and in-situ scheme of the performed TDEM loops.

.
°

.
s®
.
.

w
e . Loop 1

Figure 4. Location and site of prospecting data.

In Table 3, the coordinates of the location of the 2D profile from the TDEM method are presented.
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Table 3. Location of the 2D profile endpoints (Figure 3).

Profile Location
Latitude Longitude
A 40°55'27.5” N  4°42'403” W
B 40°55'6.7” N  4°42'31.2" W

As stated in the introduction, this particular location was chosen because the Geological and
Mining Institute of Spain [25], where thermal water sources are described for each region, has recorded
several promising aquifer formations due to the presence of hot springs in the area.

2.4.1. Geological Description of the Area

The area is characterized by the horizontal or sub horizontal arrangement of materials. Figure 5
shows the geological environment of the location.

~~~~~ Sandstone and silt
gravel with high
quartz content (20 to
25),

Terraces from “Adaja-
; Voltoya” rivers. arkose
sandstone with high

! content in feldspar (14 to

Terraces from “Adaja-
Voltoya” rivers. red

- arkose sandstone and
quartzite gravel (8 to
1)

White sandstones with
carbonates, brown and
grey arkose sandstone.
quartz and quartzite
gravels (210 7).

Figure 5. Geological survey of the study area [26].

Quaternary-age materials are the most common in the location, with some tertiary-age ones
appearing mainly on the left side. Concerning the quaternary materials, in general, all the terraces
are made up of sand and gravel, with the most recent with predominance being quartz gravels and
the old ones mainly being quartzite with a high percentage of quartz in their composition. As for
the average grain size, it decreased from the oldest to the most modern levels with sizes of 7-12 and
3—4 cm, respectively.

Tertiary-age materials, which are the oldest of the outcropping rocks in the area, are mainly a set
of arkosic sedimentary rocks of beige and whitish color. There are also some cemented sandstones
from the lower-middle Miocene [27].

At the specific point where the project was carried out, marked with a blue circle in Figure 4,
there are surfaces with or without a deposit of fluvial arkoses with quartz gravel and feldspar, along with
the possibility of the appearance of large blocks near the surface.

2.4.2. Hydrogeological Survey

Concerning the hydrogeological indications that were evaluated to choose the location of the
study area, information about existing thermal water in the neighborhood was one of the most decisive
sources of information. The Geological and Mining Institute of Spain, specifically its Geological
Resources Research Department, has been working in the field of mineral and thermal water for
decades. The fundamental objective of this service is to contribute to the knowledge and protection
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of mineral water through research. This labor includes advising administrations, disseminating
knowledge about mineral and thermal water to society in general, and promoting and developing the
economic sector that uses this water. As such, there is a complete geospatial database that gathers all the
information encoded through the years, as well as a large number of documents kept in the archive that
are currently digitized and systematized. There is also the Mineral Water Information System (SIAM)
for the optimal management of all this information that constitutes a powerful multifunctional tool.

In Figure 6, the hydrogeological map of the area under study is shown; locations A, B, C, D, E,
and F are locations with some evidence of thermal water. The Geological and Mining Institute of
Spain [28] records the hot springs and classifies them into areas with proven or historical evidence of
thermal water and officially declared water.

310 330 350 370 390 410

VS TR

A Sands,veryprmeatle anproducieexeshe
N

) oA
4570 'Y Akosics sands with some clay, discontinuous and local
i sauifers of moderate permeabilty and production

Gravel, sands and silts, very permeable and
productive aquifers.

Limestone and dolomite, discontinuous and local
! aquifer of moderate permeablity and production
4550 { Clays, generally impermeable or very low

i permeability formations.
Geanite, granodiorite, very low permeability
formations with superficial aquifers due to alteration
or cracking

4540 q

ki % o

FLELR So Yl

Clays, arkoses and marls, large discontinuous and
local aquiers of low permeability and production.

Thermal locations
« Officially declared: A, B and E.

« Officially declared (in process): F.

« Historical evidence registered: C and D.

4520

Figure 6. Hydrogeological map of the area [28].

Figure 6 shows the main sandy aquifer units in the surroundings of our location, which are
represented in blue. As can be seen, there are numerous pieces thermal water evidence in the same
aquifer of this study, as well as in close ones. Table 4 shows a description of each one of these pieces
of thermal evidence. In Appendix A, the chemical composition of the thermal water is included
(when available).

Table 4. Thermal locations from Figure 5 [25].

Location Description Current Status

20 m deep spring water drilling. Lithology sands, clays,
and silts. Water temperature: 14.1 °C.
234 m deep spring water drilling. Lithology clays, silts,

A Officially declared thermal water. Spa in operation.

sands, and gravel. Water temperature: 21.5 °C. Officially declared thermal water. Spa in operation.
Historical evidence. Dry in surface. Inactive.
Historical evidence. Dry in surface. Inactive.

85 m deep spring water drilling. Lithology, clays, and
silts. Water temperature: 16.5 °C.
Evidence. Officially declared thermal water (in process).

Officially declared thermal water.

m m N =

After gathering all this information on the location of study, the geophysical prospecting work
detailed in the previous subsection was carried out.

3. Results

The 2D profile of the ground were obtained with the TDEM method. Figure 7 shows the results.
The location of the bore hole where the logging was carried out is also presented.
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Figure 7. 2D profile gathered from the TDEM method.

A, B, C, and D in Figure 6 represent the different layers. A brief explanation of the composition of

each one can be seen in Table 5.

Table 5. Layers from Figure 6.

Layer Description
I Neogene. Sands and clays.
II Neogene. Altered clays with levels of sands and silts.
I Neogene. Clays and marl with levels of sands and silts.
v Early Tertiary. Sandstone, shales, and schists. Bedrock at 800 m (NW) to 900 m (SE).

The borehole logging was carried out, and the results of the last 155 m (from 530 to 685 m of depth)
are shown in this chapter. The rest of the logging data for the whole well can be found in Appendix B

(Figures A1-A7).

Table 6 shows the key to the different columns in the borehole logging report. Colored text

corresponds to the color of the lines on the report.

Table 6. Key to the borehole log report.

Column Measurements
A Depth (m)
Natural Gamma (0-150 counts per second)
B Spontaneous Potential (300-431 mV)
Single point resistance (35-55 ()
C Normal resistivity (0-30 :-m; R8, R16, R32, and R64.)
Lithology (graphical description)
E Lithology (description)
F Fluid resistivity (214-208 (2:m)
Temperature (10-30 °C)
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Figure 8 shows the depth from —530 to —608 of the borehole logging report. Sand layers located at
-536 and —-550 m, colored in yellow in column D, were reported as most promising for water use of

the borehole. These levels should be considered during the casing process of the well.
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Figure 8. Borehole logging report (from —531 to —608 m).

The black and blue circles in Figure 8 show water inclusions into the borehole from the crossed
layers. The black circles point the behavior of the SP (spontaneous potential; mV) reacting to water
income with a left leap due to the lower salt content in this water than in the drilling mud. The blue
circles indicate the descent in resistivity due to the sand layers with water content. Notice that there is
a small depth gap between the sensor’s response in SP and the resistivity, which may have been due to
the different locations of the sensors in the downhole probe (which was approximately 2.15 m long).

Figure 9 shows the depth from —609 to —686 of the borehole logging report. It was the end of
the logging, so the borehole may have had about 10 m more length. However, for safety reasons,
the device stopped data logging at this depth.
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Figure 9. Borehole logging report (from —609 to —685 m). End of the borehole logging.

The black circles in the SP and the blue circles in the resistivity column mean the same as in
Figure 8. Here, there were no sand-only layers, as in the previous section; however, as shown by the
logging, there were some layers with sand and water contents entering the borehole. The sudden
increase in temperature and fluid resistivity observed at —683 m in Figure 9 should be discarded and
can be attributed to pulley braking.

4. Discussion

As shown in Section 3, the temperature results of the borehole logging where not as promising as
expected given the thermal evidence in the area. Figure 10 shows a comparison between the expected
thermal gradient of the location declared by the IDAE (Diversification and Energy Saving Institute of

Spain) [29] and the one measured by the temperature sensor in the downhole probe.
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Figure 10. Expected vs. measured temperatures across the borehole.

In the measured thermal gradient from the previous figure, two turning points marked with the
blue arrows can be observed at around —550 and —650 m of depth. These two sudden increases in
temperature seemed to be in line with the contributions of water to the sounding of the layers marked
with circles in Figures 8 and 9 found at these depths. Additionally, the approach to the bedrock can
explain the fast temperature rising rate as depth increased.

This increase in temperature, if it was caused by the proximity of the bedrock, would indicate
that looking for drilling sites closer to its surface would give better results for the thermal gradient.
As shown from the TDEM prospecting profile results in Figure 7, the bedrock can be found at —800 m
of depth in the north-west side of the area; in comparison, the bedrock can be found at —1000 m of
depth in the borehole. Maybe the thermal gradient would be higher there.

Thermal Properties of the Ground by Geophysical Methods

According to previous work, some thermal properties of the ground can be determined by
geophysical prospecting methods [22,30,31].

In the previous work “Comparative Analysis of Different Methodologies Used to Estimate the
Ground Thermal Conductivity in Low Enthalpy Geothermal Systems” [31], the authors estimated the
thermal conductivity of the ground with some geophysical methods (including electrical ones and
borehole logging) and then compared the results with the thermal response test (TRT) performed in
the same area (the TRT is considered to be the main assay used to obtain the thermal conductivity of
the ground [32]).

Following the methods described in the previously mentioned work, the thermal conductivity of
the ground was estimated with the data from the TDEM method and the borehole logging. Due to
the usual depth of the wells in low-enthalpy geothermal systems of around a maximum of 200 m,
this depth was taken into consideration here. In Table 7, the obtained results are shown.

Table 7. Estimated thermal conductivities from the geophysical methods according to [26].

Geophysical Method Thermal Conductivity (W/m-K) Usual Deviation from TRT

TDEM (NW) 1.48 -
TDEM (SE) 137 -
Borehole Logging 1.58 15%
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Though the usual deviation from the TRT in electrical geophysical methods was established by
the authors [33] to be around 14%, in this scenario, the low resolution obtained in the layers near the
surface due to the size of the loop in the TDEM method did not allow for a realistic estimation of
that deviation.

The TDEM results in Table 7 are divided in two sections because there was horizontal variation in
the first 200 m of the 2D profile, as shown in Figure 7.

The effects of the variations in the water table could affect the thermal conductivity value in this
kind of geological environment (sedimentary layers) thorough the year. In this case, the borehole
logging was performed in summer, so the thermal conductivity in other seasons could be higher due
to the ascension of said water table.

5. Conclusions

Through the carried out geophysical works, the geothermal gradient was determined up to a
depth of 685 m (the depth of the drilling). The depth of the bedrock and its inclination in the area were
also established. Likewise, the most superficial geology data (up to 200 m) were used to establish
the conditions of the thermal conductivity of the ground for low-enthalpy geothermal systems in
the location.

Temperatures from the borehole logging were not as high as expected, although two promising
turning points in the geothermal gradient were found, as can be seen in Figure 10. These turning points
seemed to be in line with the water inlets from two sandy layers at around —550 and —650 m of depth.

The position of the bedrock was established (Figure 7) and may be useful in further research in
the area. The hypothesis here is that if the borehole was drilled in the NW part of the profile, where the
bedrock is not as deep (Figure 7), the temperatures would have been higher. Temperature logging in
many different boreholes along the south half of the Duero basin is currently being carried out by our
research group, and the results and conclusions will be sources of future publications. The use of TEM
apparent resistivity curves for a more precise interpretation of the deep TDEM soundings will also be
considered for a future research.

The thermal conductivity of the ground for shallow geothermal systems was also estimated from
the data of the borehole logging and the performed TDEM. This was carried out by following methods
presented in previous works [33]. By nature, the TDEM method offers much less definition in the most
superficial layers, so the expected deviation from a TRT that would have been performed in the area is
not included here. However, the expected deviation from a TRT for the more reliable data in shallow
layers from the borehole logging is included, again following the work cited above.
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Appendix A

Here, the chemical composition and pH of the thermal water from Figure 6 and Table 4 are
included when available.

55



Articulo 2

Energies 2020, 13, 5397

14 of 22

Table A1. Chemical composition of the thermal water from locations in Figure 6 and Table 4 [25].

Location

Thermal Water’s Chemical Composition !

pH'!

F

Bicarbonates: 137.3 mg/L. Sulfates: 139.5 mg/L. Chlorides: 266.2 mg/L.

Nitrates: 10.1 mg/L. Calcium: 116.7 mg/L. Magnesium: 26.8 mg/L. Sodium:

163.3 mg/L. Potassium: 5.9 mg/L. Silica: 18.19 mg/L. Fluorides: 0.16 mg/L.
Sulfides: 0.001 mg/L. Ammonium: 0.09 mg/L. Phosphides: 0.5 mg/L. Iron:
10 pg/L. Manganese: 32 pg/L. Strontium: 1.97 mg/L. Lithium: 0.096 mg/L.
Bicarbonates: 307.4 mg/L. Sulfates: 757.2 mg/L. Chlorides: 3082.6 mg/L.
Nitrates: 6.4 mg/L. Calcium: 26.9 mg/L. Magnesium: 9.1 mg/L. Sodium:
2189.6 mg/L. Potassium: 3.9 mg/L. Silica: 11.52 mg/L. Fluorides: 5 mg/L.
Sulfides: 0.001 mg/L. Ammonium: 0.08 mg/L. Phosphides: 0.5 mg/L. Iron:

110 pg/L. Manganese: 13 pg/L. Strontium: 0.057 mg/L. Lithium: 0.145 mg/L.

Not available
Not available

Bicarbonates: 236.1 mg/L. Sulfates: 12.3 mg/L. Chlorides: 34 mg/L. Nitrates:

18 mg/L. Calcium: 37.7 mg/L. Magnesium: 4.3 mg/L. Sodium: 71.8 mg/L.
Potassium: 1.2 mg/L. Silica: 13.21 mg/L. Fluorides: 0.08 mg/L. Sulfides:
0.001 mg/L. Ammonium: 0.01 mg/L. Phosphides: 0.5 mg/L. Iron: 10 pg/L.
Manganese: 10 pg/L. Strontium: 0.576 mg/L. Lithium: 0.053 mg/L.
Not available

7.98

Not available
Not available.

7.74

Not available

! Source: Instituto Geoldgico y Minero de Espana. Inventario de aguas termales de Espafia. Location A Ref. 2/293.
Location B Ref. 2/292. Location E Ref. 3/23.

Appendix B

The complete borehole logging, from the surface to —531 m of depth, is included here.
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Figure A1. Borehole logging report (from 0 to =75 m).
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The black circles in Figure A1 show abnormalities at the beginning of the borehole logging due
to the characteristics of the soil or the outlet of the sounding. The SP also presented some abnormal
behavior until around —75 m of depth.
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Figure A2. Borehole logging report (from ~76 to —152 m).
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Figure A3. Borehole logging report (from —153 to —227 m).
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Figure A4. Borehole logging report (from —228 to =301 m).
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Figure A5.

60



Articulo 2

19 of 22

Energies 2020, 13, 5397

T °
£ HEERE ® |3 = 7| = 2 by
3 R E AL H HHEEERHE
R 5 JHEELE
0 <
n S 3 S |3 8 g S 5|3 z 3
. . . . 5o SIS [l
T TR T TR S T T T T g
____ I a OO___________ __.___.__
45 H - 8 HHHEHOHE _ ' o
IR R S I R e E i
) AR A s e R e e e e e 2 e (A 5
N
i
ESBESaSSSas STANSSEZNZANSTA SRR AN ARSI TR AN
-1 M T TN ﬂ\\\. LT T TN AN AN LA AT N
— P /| i P
" I, 4 [\
;.c./_r).?,.&\,\ﬁ M NI 7./(\ PNz Ew M TN Al 1 ' w
vi@ o 9w o w o w o w o w o w o
- ® ® & & S o =H = a «a @ & F o+
n @ @ & ®m *T T T = T T T <+ T =
Lo e eyl

Figure A6. Borehole logging report (from —374 to —447 m).
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Figure A7. Borehole logging report (from —448 to —534 m).
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3. Estudio econdmico y medioambiental de las bombas
de calor

En este capitulo se presenta el articulo publicado dentro de la linea de investigacién dedicada
al andlisis del rendimiento econdmico y medioambiental de bombas de calor. Se pretende
avanzar en el conocimiento sobre la influencia que tiene la situacidn geogréfica y geopolitica
del sistema geotérmico de baja entalpia en su desempefio final y la idoneidad de las diferentes
opciones disponibles para la seleccion de la bomba de calor.

3.1 Sistemas geotérmicos de baja entalpia con bomba de calor

De entre los recursos geotérmicos aprovechables, aquellos de baja entalpia que necesitan una
bomba de calor para ser utilizados son los que presentan una temperatura mas baja
(tipicamente menor de 30 °C) (Dickson y Fanelli, 1990). Aunque la temperatura impida la
utilizacion de esos recursos de forma directa en sistemas de climatizacién, el empleo de Ila
energia térmica que atesoran puede resultar muy rentable desde el punto de vista econdmico
y, como vemos en el articulo publicado, también medioambiental.

Una vez que la temperatura del subsuelo pasa a un segundo término (aunque en principio es
mejor cuanto mas elevada sea), otras caracteristicas térmicas del terreno adquieren
protagonismo, fundamentalmente la conductividad térmica (Jia, et al., 2019). Es esta variable
la que va a determinar en gran medida (acompafada del flujo de calor geotérmico que exista
en esa localizacidn) la cantidad de energia que podemos extraer por unidad de longitud del
intercambiador de calor y el ritmo adecuado para hacerlo sin causar un agotamiento térmico
del terreno.

La bomba de calor es una maquina térmica cuyo funcionamiento sigue un ciclo termodinamico
que nos permite extraer calor de una fuente con una temperatura inferior para cederlo a otra
con una temperatura mas alta, mediante un aporte externo de trabajo. Segun esto, podemos
establecer de forma sencilla el coeficiente de rendimiento de las bombas de calor (COP del
Inglés Coefficient of Performance) operando en modo calefaccion, como un cociente entre el
calor que obtenemos y la energia que aportamos en forma de trabajo mecanico en el
compresor:

cop =% (1)
w

Dénde:

COP es el coeficiente de rendimiento.

Qy es el calor cedido por la bomba de calor al foco caliente.

W es el trabajo realizado sobre el compresor de la bomba de calor para obtener Q.

Este coeficiente de rendimiento varia con las temperaturas de operacidn, que son por un lado
la del fluido que llega a la bomba de calor desde las sondas geotérmicas (entre 2 y 10 °C
usualmente) y por otro la de salida que desea el usuario para la climatizaciéon (que en estos
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sistemas de calor suave por suelo radiante suele encontrarse en el entorno de los 40 °C). Estas
temperaturas deben declararse cuando se anuncia el calculo del rendimiento de una bomba
de calor (AENOR. UNE-EN 14825:2019).

En cuanto al trabajo aportado (W), para que se produzca ese traslado de energia térmica de un
foco a otro, se introduce en el sistema haciendo funcionar un motor que acciona el compresor
responsable de que se produzca el ciclo termodinamico. Ese motor puede ser de varios tipos,
los habituales son eléctricos, pero también se utilizan motores de combustidon interna con gas
natural como combustible (que también podria ser biogds en el estudio comparativo del
articulo publicado en este capitulo).

Teniendo en cuentea los rendimientos habituales de los dos tipos de motores que se usan
actualmente para accionar el compresor de las bombas de calor, podemos establecer como
datos generales:

e Bombas de calor con motor eléctrico: Rendimiento del motor 90%, COP 4.
e Bombas de calor con motor de combustidon de gas natural: rendimiento del motor
30%, COP 1,6.

Seria esperable que las mejoras en este rendimiento de las bombas de calor fueran
directamente asimiladas como mejoras también en los sistemas geotérmicos que las integran.
Sin embargo, como se ha puesto de manifiesto en trabajos anteriores (Saez-Blazquez, et al.,
2018), cualquier aumento del COP en la bomba de calor lleva implicito un aumento también en
la longitud de los intercambiadores del campo de captacién geotérmico. Esto implica un
incremento de la inversién inicial de la instalacién que es uno de los principales escollos en Ia
difusién de este tipo de sistemas de climatizacion. Paraddjicamente, la reduccién del
rendimiento que presentan las bombas de calor alimentadas con gas natural (o biogds) puede
representar una ventaja bajo ciertas condiciones.

La reduccién de rendimiento en los motores a gas natural también significa que necesitan un
mayor aporte de energia a igualdad de calor cedido, pero esto puede estar equilibrado
econdmica y medioambientalmente dependiendo de las condiciones de emisiones en
produccién eléctrica del suministro y de los precios tanto de la electricidad como del gas
natural en esa zona.

Como vemos, existen factores en conflicto, que dificultan decir qué condiciones de disefio,
rendimiento y de aporte de energia son las ideales en la generalidad de los casos. De ahi la
necesidad de establecer comparativas seglin las diferentes caracteristicas, tanto del mix
energético como de los precios del gas natural y otros factores de caracter geoespacial en este
tipo de instalaciones. Este es el principal tema del articulo publicado correspondiente a esta
linea de investigacion.
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Articulo 3
Resumen:

Este trabajo de investigacion tiene como objetivo un estudio multinacional en Europa de las
emisiones de CO,y de los rendimientos econdmicos en sistemas geotérmicos de baja entalpia
con bombas de calor alimentadas por diferentes fuentes de energia. El principal objetivo es
establecer la idoneidad de cada una de las fuentes de energia (tanto desde el punto de vista
econdmico como medioambiental) en cada pais de los seleccionados para la comparativa.

Para ello, se ha realizado un estudio de los rendimientos y emisiones de bombas de calor que
operaran en las mismas condiciones y bajo las caracteristicas de las energias propuestas
(electricidad, gas natural y biogas) en cada pais.

Desde un punto de vista econdmico, los precios del gas natural y el biogas suelen ser, mas
bajos que los de electricidad. Por tanto, puede resultar ventajoso utilizar estas fuentes de
energia para alimentar las bombas de calor en lugar de electricidad. Desde el punto de vista
ambiental, se pretende resaltar el hecho de que bajo determinadas condiciones de produccién
de electricidad (mix eléctrico), se producen mas emisiones de CO, por el consumo de
electricidad que utilizando otras fuentes de energia a priori menos "limpias" como el gas
natural.

Los resultados muestran que, en la mayoria de los casos, la bomba de calor eléctrica es la
solucion mas recomendable. Sin embargo, hay algunos paises (como Polonia y Estonia) con
condiciones energéticas nacionales especiales que hacen que las bombas de calor con motor
de gas para alimentar el compresor sean una mejor alternativa.

De todos los datos recopilados y compilados en este trabajo se desprende claramente que las
bombas operadas mediante biogas serian la mejor solucion desde el punto de vista econémico
y medioambiental. El desarrollo y expansién de este tipo de sistemas de climatizacién podria
contribuir de forma importante a que las politicas de reduccidn de emisiones de CO, sean
implementadas con éxito en Europa en un futuro préximo y también a la difusion de los
sistemas geotérmicos de baja entalpia dada su menor inversién inicial y bajo coste
operacional.
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Abstract: This research work aims at a multinational study in Europe of the emissions and energy
costs generated by the operation of low enthalpy geothermal systems, with heat pumps fed by
different energy sources. From an economic point of view, natural gas and biogas prices are, usually,
lower than electricity ones. So it may be advantageous to use these energy sources to feed the heat
pumps instead of electricity. From the environmental point of view, it is intended to highlight the
fact that under certain conditions of electricity production (electricity mix), more CO, emissions
are produced by electricity consumption than using other a priori less “clean” energy sources such
as natural gas. To establish the countries where each of the different heat pumps may be more
cost-efficient and environmentally friendly, data from multi-source geospatial databases have been
collected and analyzed. The results show that in the majority of cases, the electric heat pump is the
most recommendable solution. However, there are some geographic locations (such as Poland and
Estonia), where the gas engine heat pump may be a better alternative.

Keywords: geospatial energy data; electric heat pumps; gas-driven heat pumps; electricity mix;
economic and environmental analysis

1. Introduction

Many European countries are heavily committed to developing a sustainable and decarbonized
energy system [1]. This may be due, in a large part, to the lack of oil and natural gas resources in
most countries of Europe. In the challenge to reduce CO; emissions, the building stock plays a very
important role because it is responsible for 36% of emissions in the European Union (EU) [2].

Heating and cooling systems powered by electricity instead of fossil fuels may become more
and more important in the future due to the upcoming policies of CO, emissions control [3]. In this
environment, the low enthalpy geothermal systems may emerge as one of the best solutions available
due to the wide locations where it is possible to install these systems and the high efficiency of them [4].

The above-mentioned systems do not depend on great geothermal anomalies; they can be installed
in many other places where a certain heat conductivity of the ground and some initial temperature
conditions can be found [5]. In exchange for this wide availability, these systems are not able to use
geothermal energy directly; they need to include a heat pump in their core.

Remote Sens. 2020, 12, 1093; doi:10.3390/rs12071093 www.mdpi.com/journal/remotesensing
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These heat pumps may work with electricity or with natural gas or even biogas. The first group
may be the most environmentally friendly, however, under certain circumstances, the natural gas and
biogas driven heat pumps can be more efficient in terms of CO, emissions and annual costs.

The idea of the present work is to make a comparison between heat pumps belonging to low
enthalpy geothermal systems, working under different conditions (technical, economic, and energetic),
in many different European countries This will be carried out by considering a fixed quantity of thermal
energy (10 MWh, chosen according to some circumstances explained in Section 2) to describe how this
thermal energy is delivered by each one of the different heat pumps in each case and then reveal the
economic and environmental costs of the process.

Heat pumps (HPs) constitute a very important part of the aforementioned installations [6] so one
of the main concerns about using them in low enthalpy geothermal systems is associated with their
primary energy consumption. The performance of the HP is commonly characterized by the coefficient
of performance (COP) and the seasonal performance factor (SPF). Both are performance coefficients,
defined by the ratio between the heat obtained through the HP and the primary energy consumed by it
(most of it goes to the activation and operation of the compressor’s power unit). The COP is obtained
using instantaneous values, while the SPF considers annual behaviors [7,8]. For the present work,
the COP of the chosen HPs is used to make the comparisons due to data availability; nevertheless,
using the SPF instead would not change the results in a significant way.

The general workflow followed in this study is shown in the next diagram (Figure 1):

(@RS Scarch and compile the data for the different geospatial databases (CO: emissions, costs, etc.).
// &

[ 2 Establish the thermal energy to be produced (10 MWh).

W,

Select HPs for the comparison. We need the related COPs to do the calculations.

Do the calculations for each country and compile the results (tables).

Show the geospatial distribution of the results.

Analyze the sensitivity of the results related to diffferent parameters.

Evaluation of the results and conclusions.

Figure 1. Description of the workflow followed in the present research.

It is important to notice that the COP of the HP conditions the design of the well field associated
with the geothermal system. A higher COP means that the field must supply a lot more energy to the
system so a much larger well field is needed. In the HPs driven by natural gas and biogas, the COPs
are much lower; this reduces the drilling length of the well field so the initial investment is smaller [9].

Regarding the different options of energy feeds proposed, the main focus is on the comparison of
electricity versus natural gas. This is due to the present availability of these kinds of HPs in the market,
although the electric ones are more widely available through European countries.

As an additional option to think about, and to introduce a new trend which could be a source of
future works, the biogas alternative to the natural gas-driven HPs is suggested and taken into account
in the comparisons. Although this has to be done with the following assumptions:
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e There are no biogas HPs available in the market at the moment, although a direct use in the natural
gas HP is considered here, this may not be possible to apply in real devices due to the different
composition and the different higher calorific values (HCV) of the two gases. To introduce biogas
driven HPs, these probably must have some differences in the gas engine section at least.

e If the internal combustion engine of the heat pump is not supplied by natural gas but by biogas,
the emissions of the energy sources associated with the use of this gas are usually considered zero
because of the neutral cycle contemplated during its production [10].

e  Transport and classification are mandatory whatever use is given to the residue (so emissions in
this phase are not accounted to biogas).

e If the biogas is produced in large-scale biogas plants, where capture and possible reuse of the
different gases produced in the process could be achieved (carbon oxide CO, nitrogen oxides
NOXx, sulfur dioxide SO2, hydrocarbons HC, etc.) and the distribution of biogas is ideally done
via gas-pipe to the surrounding vicinity of the biogas-plant, then emissions on distribution may
ideally be near zero.

2. Materials and Methods

2.1. Heat Pumps Technology

Ground source heat pumps geothermal systems (GSHPs) use the ground as a heat source or sink
depending on seasonal working conditions. In heating mode (winter), heat is extracted from the
ground by a set of boreholes, the energy that is taken from the ground is then lifted by the heat pump
up into the building/s. For cooling applications (summer), this process can be reversed, injecting the
heat extracted from the building into the ground.

In order to perform the thermal delivery from the ground to the building, the heat pump performs
a cyclic process with 4 phases as shown in Figure 2 for the heating cycle(for the cooling cycle it is the
same in a reversed order).

Natural gas CHa f Electricity

\
Heat pump |

S

Well field /q Thermal needs
| A |

Compressor

3‘ 1 Heating mode ) 3

[ > I
\ Expansion valve /

Figure 2. Phases in the cyclic process inside a heat pump in heating mode (Qe heat exchanged in the
evaporator and Qc heat exchanged in the compressor).

0000

I

—
—
—
—I
— =
=

In step 2 (Figure 2) a compressor is mentioned, and the way of powering the compressor shaft
will condition the type of heat pump (HP) that is chosen. Although the cycle described above is the
same in all HPs, depending on the primal energy, there are some differences between HPs which are
worth commenting on.
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Heat pumps are usually categorized as electric heat pumps (EHPs) or gas engine heat pumps
(GEHPs) [11]. Most of the current heat pump models in the market are driven by electric motors.
Regarding gas engine heat pumps, this equipment has recently been used as an alternative to the
conventional electric heat pumps. They use natural gas, liquefied petrol gas (LPG) or biogas and they
are able to recover the waste heat released by the engine to enhance the total heating capacity (this
characteristic makes it possible to significantly reduce the drilling length of the well field) [12].

For an EHP operating in heating mode, the energy efficiency can be established as follows.
A quite intuitive start, thinking about the balance between the energy introduced and the heat
obtained. Thus, a COP (coefficient of performance) which is the most widespread coefficient to
compare performances of heat pumps (European Standard EN-14825-2016 of good practices in the
calculation of HPs” performance), can be defined, as follows (Equation (1)).

=t e . L 1)

w -Qc_Qe_ _6

e
c

The concept of the performance of our system can be extended to the electrical supply and
performance of the compressor (electric), defining what is known as a global coefficient of performance
(Equation (2)):

COPg,Db,,, = C; X Cy; xCOP (2)

The coefficient of performance of the electric motors (C;) of heat pumps in the domestic regime is
around 90%. C, depends on the electric mix of which the HP is operating [13].

Data from the EHP selected for this study are presented in a table (Table 1) later on, the typical
COP of these heat pumps is around 4-4.5 [14].

Table 1. General features of electric heat pumps vs. gas engine heat pumps.

EHP GEHP
Energy consumption Electric consumption Natural gas, biogas consumption
Compressor shaft’s engine performance Around 90% and up Around 30-35%
cor 445 1.5-1.7
Refrigeration circuit Not required Required (heat recovery systems)
Equipment cost High Very high
Operation costs Electricity price Gas or biogas price
Weight of the equipment Normal Very high
B g s ; Natural gas 252 g/kWh; biogas
CO, emissions Electricity mix of the area 0 g/kWh

There are heat pumps on the market (GEHPs) that perform the thermodynamic heat exchange
cycle described above driven by a compressor, which in turn, is driven by an internal combustion engine
(most commonly fueled by natural gas or biogas). In this case, Equation (2) turns into Equation (3).

COPglaba[ = Cy xCOP 3)

For the thermodynamic performance obtained from the Otto cycle engine, C; from Equation (3) is
usually around 30-35% [15]. This reduces the COP of the heat pump in terms of the energy provided
(from the natural gas) and the energy obtained from the land to be transferred to the building. The
COP from GEHPs is usually around 1.5-1.7 (more detailed data about the GEHP selected for this study
can be found in Table 1).

The effect of the lower performance of the Otto cycle engine from the GEHPs compared to EHPs
may induce GSHP designers to think that the EHP is a better choice, however, we must take into
account some considerations:

e The price per kWh of natural gas and biogas is much cheaper than the price per kWh of electricity
in most countries in Europe.
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e The sizing of the geothermal well field is reduced more or less by half (depending on the thermal
conductivity of the project’s site). This means a very significant lowering of the initial investment
in the installation. Recall that the initial investment is one of the main drawbacks when considering
a geothermal system instead of the other alternatives [16].

e The heat produced in the internal combustion engine driving the compressor’s shaft, excess heat
that cannot be used as mechanical energy, is usually used to heat the geothermal fluid from the
wells before being introduced in the evaporator intercooling system of the heat pump (Figure 2
phase 1). This increases significantly the performance of the internal heat pump process. It can be
used also to feed the domestic hot water circuit of the installation.

The heat pumps selected for this study are described in Table 1. All the characteristics are from a
real heat pump that can be purchased and included in a geothermal system.

The same characteristics for the GEHP and the biogas HP are assumed, although there are some
differences between the two energy sources explained in the next section. These differences may
require specific designs of the devices in biogas HPs which are not yet available in the market.

2.2. Analysis Description

The objective of this study, as presented in the introduction, is to compare the economic and
environmental performances of different HPs in different European countries. This will be done by
considering a certain quantity of thermal energy (equal for all cases) in order to describe how this
thermal energy is delivered by each one of the different heat pumps in each case and then reveal
the economic and environmental costs of the process. The annual energy demand in Europe of a
single-family home strongly depends on the climate area where it is located [12,17]. In the cited
article [12], the thermal needs are described for the same building located in three different climate
areas as established by the European Directive 2009/28/CE [18]. The annual thermal needs in these
three equivalent buildings are: 39.088, 71.742, and 88.882 MWh per year. As can be seen, the usual
thermal needs in Europe for a regular home are in the order of magnitude of some tens of MWh per
year. There is also another reason related to the annual thermal (domestic) needs per person in Europe,
which are around 10 MWh also depending on the circumstances related above. So, 10 MWh of thermal
energy has been established as the reference energy to be produced in this comparison by the different
systems. The data related to the energy mix and CO, emissions for each location come from different
geospatial databases such as Eurostat, the International Energy Agency, etc. All this is referenced in
Tables 3 and 4 in Section 4.

2.2.1. Heat Pump Selection

For this study, two types of domestic heat pumps have been selected to perform the analysis on a
real basis, in Table 2 the characteristics of both devices are shown.

The GEHP will also work with Biogas for the sake of this study and although this technology is
not fully developed, it could be one of the best solutions from the economic and environmental points
of view. To be able to work with biogas, some considerations about the system must be assumed. First
of all, at the moment there are not yet any HPs in the market ready to be fed with biogas, so for this
study, the data from the GEHP selected in Table 2 will be used as if it were possible to feed that HP
with biogas. Secondly, the consumption of the GEHP fed with biogas will be greater than with natural
gas to get the same amount of energy, this is because the biogas higher calorific value (HCV) is lower
than the natural gas HCV. According to the Institute for Diversification and Energy Saving “idea” [12],
the biogas HCV is 46.21% lower than the natural gas HCV, so the volumetric gas consumption will be
46.21% higher in this case. However, the COP of the biogas GEHP will remain the same because it only
depends on the energy balance of the thermodynamic process, and here the thermal energy supplied
by natural gas and biogas is the same.
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Table 2. Characteristics of the heat pumps used for the comparative.

EHP GEHP
Waterkotte GmbH Basic Line Ail Geo AISIN (Toyota group) GHP 8hp
COP EN14511 BO/W35 ! 4.6 cor? 157
Refrigerant R410A3 Refrigerant R410A
Power consumption output 5.7 kW Power consumption  8hp (5.96 kW)
Electrical engine performance ~ 92% Gas engine 3 cylinder, 4-stroke
Gas engine performance 32%
Engine displacement 952 cm?

Water cooling engine, heat recovery systems

! A device using brine as a heat source and water as heat transfer, for example, is called a brine/water heat pump. In
the case of brine/water heat pumps, the nominal standard conditions at low temperature for brine are 0 °C (B0,
B = brine, a mixture of anti-freeze and water) and a heating water temperature of 35 °C (W35, W = water). This
boundary condition is abbreviated to BOW35. 2 No brine temperature is given, due to the pre-heating cycle previous
to the evaporator inlet. > Mixture of difluoromethane (CH,F,, called R-32) and pentafluoroethane (CHF,CFj, called
R-125), patented by Allied Signal (now Honeywell International Inc.) in 1991.

2.2.2. Input Energies

A brief look at the energies used in the operation of the correspondent HPs. Main characteristics
and sources are given, in order to establish the framework for the economic and environmental
calculations in the next section.

1. Natural gas

An equal natural gas composition is established for all countries, consisting of 99% methane and
1% of other components, mainly CO, [19].

Energy data comes from the IDAE in its report on the calorific powers of fuels, where it quotes
sources from EUROSTAT and the International Energy Agency (IEA). HCV of natural gas is set to
9667 kcal / Nm3 (11.23 kWh / Nm3).

Regarding the emissions, data from IDAE in its guide of CO, emissions for each energy source [19]
has been considered. Therefore, 0.252 kg CO2/ kWh of final energy will be used in further calculations.
These energy and CO; emissions data can be extended to all countries since we have set equal natural
gas conditions.

2. Biogas

The IDAE data for calorific powers of fuels mentioned in Section 2.2.1 has been used as a reference
here also. HCV of 5200 kcal / Nm3 (6.04 kWh / Nm3) for biogas is set from that same source.

The biogas type composition is 53.5% methane and 46.5% CO,. The energetic consequence of this
chemical composition, established as the standard for all countries, is clear if we compare the calorific
values of the natural gas and biogas. This is also mentioned in the previous sections.

The assumptions for the biogas HPs made in the introduction must be taken into account, all the
data and analysis are from this point of view.

3. Electricity

In order to calculate CO, emissions by electric energy use, data from the International Energy
Agency have been used. The fraction of the CO, emissions that should come from electricity production
has been proportionally separated, taking into account the amount of generation that comes from the
renewable energies and those that do not (data in L.A.E. Statistics by country).

The process of obtaining CO, emissions by electricity production in each country started from the
separation of total emissions by electricity and large-scale heating. Here, it has been taken into account
that the data on the production of electricity from fossil fuels (those that contribute to these emissions)
is given to us in the form of electrical energy, a performance factor in that transformation of 0.4 has
been considered to evaluate the thermal energy used and to establish the proportion that determines
the electrical contribution to the total emissions of the data.
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In Table 3, the countries selected and the CO, emissions and household prices for the three types
of energies considered to feed the different HPs are presented.

Table 3. Countries, CO, emissions, and household prices for electricity, natural gas, and biogas.

EEC ENGC

Biogas Prices

. EP

Eoninisles (§COJKWR) 1 (3 COykWH)?  (gkwh)®  NCPERWR® ot

Belgium 169.6 252.0 0.2824 0.0547 0.0042
Bulgaria 470.2 252.0 0.0979 0.0368 0.0028
Czech Republic 5127 2520 01573 0.0583 0.0045
Denmark 166.1 252.0 0.3126 0.0833 0.0064
Germany 440.8 252.0 0.2987 0.0661 0.0051
Estonia 8189 2520 0.1348 0.0346 0.0027
Treland 4249 2520 02369 0.0652 0.0050
Greece 623.0 252.0 0.1672 0.0564 0.0043
Spain 2654 252.0 0.2383 0.0677 0.0052
France 585 2520 01748 0.0650 0.0050
Croatia 210.0 252.0 0.1311 0.0428 0.0033
Italy 256.2 252.0 0.2067 0.0731 0.0056
Latvia 1049 2520 01531 0.0424 0.0033
Lithuania 18.0 252.0 0.1097 0.0413 0.0032
Luxemburg 2193 2520 0.1671 0.0454 0.0035
Hungary 260.4 252.0 0.1123 0.0344 0.0026
Netherlands 505.2 252.0 0.1706 0.0779 0.0060
Austria 85.1 2520 0.1966 0.0690 0.0053
Poland 7733 252.0 0.1410 0.0392 0.0030
Portugal 3247 252.0 0.2246 0.0913 0.0070
Romania 3060 2520 01333 00332 0.0026
Slovenia 2541 2520 01613 0.0599 0.0046
Slovakia 132.3 252.0 0.1566 0.0460 0.0035
Finland 112.8 252.0 0.1612 0.0310 0.0024
Sweden 133 2520 01891 01129 0.0087
U.K. 281.1 252.0 0.1887 0.0553 0.0042

! Source: “Data and Statistics by country, CO, emissions from electricity and heat by energy source,” (2018).
International Energy Agency (IEA), 31-35 rue de la Fédération 75739, Paris, France. 2 “Factores de emisién de CO, y
coeficientes de paso a energia primaria de diferentes fuentes de energia final consumidas en el sector de edificios en
Espana.”. Instituto para la Diversificacién y Ahorro de la Energia, “IDAE”. 2018. ® International Monetary Fund.
World Economic Outlook Database, October 2018. Eurostat Database, 2019.

Emissions and costs in the three cases of primal energy feed to the HPs in different countries
selected can be found in Table 4. Emissions from biogas combustion are usually considered to be zero,
because of the neutral cycle contemplated during its production. For the costs and emissions in EHP
and GEHP fed by natural gas, the associated calculations have been performed as follows:

For the EHP:

For the GEHP:

EP (€/kWh) *1000 () + 10
cop

8 CO.
copP

Costs (€/10 MWh) =

Emissions (kg CO,/10MWh) =

NGP (€/kWh) +1000 (#4) « 10

Costs (€/10 MWh) = coP
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- ENGC($52) 10
Emissions (kg CO,/10MWh) = copP 7)
Table 4. Costs and emissions.
Countries Costs (€) ! Emissions (kg CO,) !
EHP GEHP BIO-GEHP EHP GEHP BIO-GEHP
Belgium 706.00 34841 26.76 424.00 1605.10 0
Bulgaria 24475 234.39 18.00 1175.50 1605.10 0
Czeclt 393.25 37134 28.52 1281.75 1605.10 0
Republic

Denmark 781.50 530.57 40.75 415.25 1605.10 0
Germany 746.75 421.02 32.34 1102.00 1605.10 0
Estonia 337.00 220.38 16.93 2047.25 1605.10 0
Ireland 592.25 415.29 31.90 1062.25 1605.10 0
Greece 418.00 359.24 27.59 1557.50 1605.10 0
Spain 595.75 431.21 33.12 663.50 1605.10 0
France 437.00 414.01 31.80 146.25 1605.10 0
Croatia 327.75 272.61 20.94 525.00 1605.10 0
Ttaly 516.75 465.61 35.76 640.50 1605.10 0
Latvia 382.75 270.06 20.74 262.25 1605.10 0
Lithuania 274.25 263.06 20.21 45.00 1605.10 0
Luxemburg 417.75 289.17 2221 548.25 1605.10 0
Hungary 280.75 219.11 16.83 651.00 1605.10 0
Netherlands 426.50 496.18 38.11 1263.00 1605.10 0
Austria 491.50 439.49 33.76 212.75 1605.10 0
Poland 352.50 249.68 19.18 1933.25 1605.10 0
Portugal 561.50 581.53 44.67 811.75 1605.10 0
Romania 333.25 211.46 16.24 765.00 1605.10 0
Slovenia 403.25 381.53 29.31 635.25 1605.10 0
Slovakia 391.50 292.99 22.50 330.75 1605.10 0
Finland 403.00 197.45 15.17 282.00 1605.10 0
Sweden 472.75 719.11 55.23 33.25 1605.10 0
UK. 471.75 352.23 27.05 702.75 1605.10 0

! To produce 10 MWh (thermal energy) as explained in Section 3.

Biogas prices are an estimation based on prices offered in Spain by some biogas producers
extended to all the other countries by keeping the ratio of the price with natural gas (this seems to fit in
the countries with biogas prices available to compare).

As shown, while biogas prices are related to the natural gas prices or taken directly from suppliers,
biogas emissions are considered zero.

With all the data from Table 3 and the formulas referred above, we can introduce Table 4.

There are some remarkable results in Table 4. Regarding the economic aspect, biogas costs are,
by far, the cheapest of all three options. EHPs prices to get 10 MWh are commonly higher than the ones
from GEHPs except for three countries: The Netherlands, Sweden, and the Czech Republic. (Figure 3).

From the emissions point of view, Table 4 shows that there are two countries (Poland and Estonia),
where EHPs CO, emissions are higher than GEHPs emissions as suggested in previous sections. We
can see also that there are some countries where both emissions are quite similar. (Figure 4).

Combining cost and emissions, Poland and Estonia showed lower costs and lower emissions
scenario for GEHPs against EHPs. Greece shows lower costs from GEHPs and similar emissions,
and The Netherlands presents similar emissions but higher costs from GEHPs.

Evolutions expected and extended conclusions are detailed in the next sections.
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Nethérlands

CGrech Republic

Figure 3. From Table 4, countries with higher costs from EGP are in green. Netherlands, Sweden, and
the Czech Republic, in blue, have higher costs from GEHP (biogas powered HPs have lower costs in all
the countries).

Estonia

Poland

Figure 4. From Table 4, countries with higher emissions from GEHP are in light-blue. Poland
and Estonia, in red, have higher emissions from EHPs than from GEHPs. Netherlands and Greece,
in light-orange, their emissions from EHPs and GEHPs differ by less than 20% (biogas powered HPs
have, of course, no emissions in all the countries).

4. Discussion

Concerning the economical aspect from Figure 3, it is clear that, despite the difference between
the COPs of the HPs, the GEHPs have less operational costs in most countries. This may be surprising
due to the different natural gas supplies in Europe. There seems to be no difference between the
southern-Mediterranean area, where the natural gas usually comes from than the north of Africa

78



Articulo 3

Remote Sens. 2020, 12, 1093 100f 16

and the east-northern-central parts of the continent, where the gas comes through the gas-pipes from
Russia. The countries not following this trend (The Netherlands, Czech Republic, and Sweden) have
especially higher taxes on imported natural gas due to advanced green policies.

CO; emissions shown in Figure 4 are quite clarifying regarding the impact of fossil fuels on the
electrical mix of each country. Three groups of countries can be clearly distinguished:

1. The majority of countries (in light blue in the map from Figure 4) present less CO, emissions
from EHPs than from GEHPs. As commented above, this should be expected because of the
present policies in the EU and also because of the difference in the COPs of the two types of HPs
considered. This difference between the COPs means that it is necessary to spend much more
energy from GEHPs than from EHPs (0.58 against 0.22 factors) to obtain the same amount of
thermal energy considered (10 MWh).

2. The Netherlands and Greece have quite similar emissions from both systems (the difference is
less than 20%). These countries are the most sensible for future trends, in the next sub-section (4.1
Sensitivity analysis) some future scenarios are analyzed.

3. Poland and Estonia present more emissions from EHPS than from GEHP systems (17% and 22%,
respectively). This can only resemble the high percentage of electricity mix derived from fossil
fuel combustion in those countries. Some future developments may change this scenario and it is
worth analyzing some possibilities (next sub-section).

In Appendix A, a description of the electricity mixes of these four countries is included.

4.1. Sensitivity Analysis

This section presents a sensitivity analysis to evaluate how different factors may influence the
costs and the emissions of the different HPs considered. We will be proposing changes to the main
factors guided by the recent circumstances around them, and taking into account the geographical,
political, and social environment.

4.1.1. Sensitivity Related to COP Improvement in EHPs

A 25% improvement in the COP of the EHPs (from 4 to 5 in our case) could be possible in the near
future according to past behavior, so it seems interesting to take into account this scenario.

This COP enhancement may come from new and improved designs on this device and also
because of the improvements in the design of the geothermal systems where an improvement in the
working conditions may affect the COP [20].

With this COP improvement in the EHPs, the map from Figure 3 changes a lot (Figure 5). We
have 12 countries now (instead of two) where the cost to get 10 MWh of thermal energy is higher from
the GEHPs than from the EHPs.

Regarding the emissions in this scenario, it is interesting to compare Figure 4 with Figure 6.
Whereas in the first case, there are two countries with higher emissions from the electricity mix than
from the gas engine heat pumps, in the new scenario, there is only one country in this situation, Estonia,
and two other countries where emissions are similar (the difference is less than 25%), Poland and
Greece. The Netherlands have now clearly lower emissions from EHPs.
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Sweden

Fithuania

Netherlinds

Czech Republic
Slovakia

Austria
Slovenia
Chouatia
Bulgary

Portugal

Figure 5. Green countries represent higher costs from EHPs. Blue countries represent higher costs
from GEHPs.

§ Estonia

Figure 6. Blue countries where CO, emissions from EHPs are lower than from GEHPs. Red countries
where emissions from GEHPs are lower than from EHPs. Orange countries equal to blue ones except
that the difference is less than 25%.
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4.1.2. Sensitivity Related to COP Improvement in GEHPs

Due to the low market penetration of these models of HPs, it is not expected that there will be
an improvement in the COP of these systems based on research and development in the factories. In
addition to this, the political environment in Europe is not favoring these kinds of devices, although
the geothermal systems should be considered as important in future plans for the heating and
air-conditioning industry.

It is also worth mentioning that an important improvement in the COP of these systems will mean
that one of the main advantages of the GEHPs could be compromised. This is the ability to reduce, in a
considerable way, the drilling length of the well field.

4.1.3. Sensitivity Related to Emissions in Electricity Production

This scenario is especially important for the countries in Figure 3, where emissions from EHPs are
higher than the ones from GEHPs, and it is in those cases where an improvement in the emissions
from electricity production could produce a change concerning solutions with fewer emissions.

Figure 7 shows the evolution of CO, emissions from electricity production in these four countries.

i CO: emissions from electricity and heat production (Mt).

160

’ Poland
140 4
120
100

80
The Netherlands
g SIS

Greece

60

40

20 Estonia

2010 2011 2012 2013 2014 2015 2016 2017 2018

Figure 7. Evolution of the CO, emissions by electricity production in the countries selected. IEA. CO;
emissions by energy source.

In two countries, Poland and Estonia, the emissions from GEHPs were less than the ones from
EHPs. As Figure 6 shows in both cases, there is not any clear decreasing signal in the evolution of
emissions over the last 4-5 years. So it is unlikely to find a significant change in the near future [21].

The two other countries from Figure 3, Greece and The Netherlands, are special because their
emissions from EHPs are lower but quite near the ones from GEHPs. Here a downward trend in the
emissions is observed, especially in The Netherlands. This may affect the selection of GEHPs since the
costs are also higher there.

5. Conclusions

Homogeneity with some interesting exceptions seems to be the rule in the economic and
environmental sections of this study. In the economic part (summarized in Figure 3) GEHPs prevail in
most countries, though the sensitivity analysis shows that this could not last long (Figure 5). However,
from the environmental point of view, the EHPs system is better in most countries with some exceptions
as commented below.
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It is clear from all the data collected and compiled in this work, that the biogas driven HPs would
be the best solution from the economic and environmental points of view. The development and
widespread usage of these types of GSHP systems would contribute to the low emission policies to be
implemented in Europe in the near future [22].

Apart from this, in most countries, EHPs are much more common than GEHPs. The results from
this work seem to agree with this selection of most Europeans. However, although emissions are
clearly higher from GEHPs in most geographical locations, the reduction of the drilling length, with the
reduced initial investment derived from this, may be an important factor to consider. Additionally, the
annual costs seem to be lower from natural gas in most countries. Maybe the purchase price of the
GEHP is higher but this is fully balanced with the price reduction in the construction of the well field.

In Table 5 we identify the four locations where the selection of the type of HP may not be so
straight forward.

Table 5. Countries where GEHPs may be more suitable from the economic and environmental points
of view.

10 MWh (Thermal Energy)
Costs (€) Emissions (kg CO,)
Countries EHP GEHP EHP GEHP

Estonia 337.00 22038 204725  1605.10
Poland 35250 249.68 1933.25 1605.10
Greece 418.00 359.24 1557.50 1605.10
Netherlands  426.50 496.18  1263.00 1605.10

It is clear that in Poland and Estonia, under the current circumstances (which are not expecting
to change much in the near future [15]) the GEHP is the ideal selection from the economic and
environmental points of view.

In the Netherlands, the gas price is against the GEHPs and the emissions are lower from EHPs
and are continuing in that direction in the future Therefore, the usual selection would be electrical.
The Greek case is similar, here, even the annual costs are lower for the GEHPs. However, future
developments in CO2 emissions from electricity production and COP improvements in EHPs seem to
recommend the electric choice also.

We can conclude that, for some geographical areas and under certain circumstances, it may be a
good idea to recommend the GEHPs to reduce the thermal energy costs and the CO, emissions at the
same time. The cutout in the initial investment is also an advantage to take into consideration.

Apart from these exceptional cases, in most countries in Europe, the EHP may be a better option
(mainly due to the emissions factor) and will be getting even better in the near future.
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Nomenclature

HP heat pump

cor coefficient of performance

SPF seasonal performance factor

GSHP ground source heat pump geothermal system

EHP electric heat pumps

GEHP gas-engine heat pump

LPG liquefied petrol gas

w mechanical energy from the compressor (MWh)

Qc thermal energy from the condenser (MWh)

Qe thermal energy from the evaporator (MWh)

Gy coefficient of performance of the electric motor or the gas engine motor of the HP

c average performance of the thermoelectric transformation of the primary energy
5 into electricity

HCV higher calorific value

IDAE Institute for Diversification and Energy Saving

EUROSTAT Statistical Office of the European Union

EP electricity prices (€/kWh)

EEC emissions (CO,) by electricity consumption (g CO,/kWh)

NGP natural gas prices (€/kWh)

ENGC emissions (CO,) by natural gas consumption (g CO,/kWh)

Appendix A

Information about the composition of the electricity mixes of the countries under discussion is presented
here. Data from the International Energy Agency (2018).

Table A1. Poland and Estonia, electricity mix composition (IEA Key energy statistics 2018).

Electricity [GWh]
Energy Source Poland Estonia
Coal 132972 10.093
Oil 1.864 119
Natural Gas 12.643 58
Biofuels 6.247 1.255
Waste 525 124
Nuclear — —
Hydro 2388 16
Geothermal — —
Solar PV 301 —
Wind 12.844 636
Tide — —
Municipal waste 461 124
Waste (renewable) 83 —
Other sources 68 —
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Table A2. Netherlands and Greece electricity mix composition (IEA Key energy statistics 2018).

Electricity [GWh]
Energy Source Netherlands  Greece
Coal 29.884 17.907
Oil 1.292 4.788
Natural Gas 57.536 13.649
Biofuels 2.479 325
Waste 4.291 —
Nuclear 3.515 —
Hydro 72 5.814
Geothermal — —
Solar PV 3.201 3.792
Wind 10.549 6.300
Tide —_ =
Municipal waste 4.177 —
Waste (renewable) 2.214 —
Other sources 719 —
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4. Estudio de la mejora en el diseno de sistemas
geotérmicos de baja entalpia

En este capitulo se presenta el articulo publicado dentro de la linea de investigacidén dedicada
al disefio de sistemas geotérmicos de baja entalpia con bomba de calor. Se introduce una
nueva herramienta de disefio de estos sistemas energéticos desarrollada en el grupo de
investigacion que ha sido comparada con el software mdas comunmente utilizado en la
actualidad. Esta nueva herramienta es un programa informatico denominado GES-CAL que
permite una estimacion de las necesidades energéticas que debera cubrir la instalacion como
punto de partida para su disefio. En el proceso se ha optado por una perspectiva global de la
instalacion geotérmica de forma que se tiene en cuenta tanto el campo de captacidon de
energia desde el terreno como el dimensionamiento de la potencia de la bomba de calor.

4.1 Diseiio de sistemas geotérmicos de baja entalpia con bomba de calor

El disefio de los sistemas geotérmicos con bomba de calor es una de las claves a la hora de que
se produzca un buen funcionamiento de la instalacién de forma sostenida en el tiempo y con
unos costes operacionales dentro del rango previsto.

Una primera aproximacién al calculo teérico de la longitud de intercambiador dptimo para
estos sistemas comenzé en las primeras décadas del siglo veinte (Allen, 1920). A partir de ahi,
el enfoque seguido para calcular el flujo térmico alrededor de una tuberia situada en un
sondeo perforado en el terreno fue el modelo de la fuente lineal radiante de Lord Kelvin
(Ingersoll et al. 1948, Ingersoll y Plass 1948, Ingersoll et al. 1950). Poco después, esos trabajos
de calculo tedrico fueron utilizados por primera vez para dimensionar longitudes de
intercambiadores para casos reales de sistemas geotérmicos de baja entalpia con bomba de
calor (Penrod, 1954).

El método riguroso de calculo anterior, dada su complejidad, era raramente utilizado. El
sistema mds usual consistia en la consulta de tablas de calculo de longitud de
intercambiadores en diferentes entornos geoldgicos. Estas permitian seleccionar un parametro
llamado “extraccién de calor especifica” para cada tipo de terreno. La extraccién especifica se
expresa en Watios por metro de longitud de intercambiador, con ello se consigue una
aproximacién a la longitud necesaria para cubrir las necesidades energéticas deseadas
(Goulburn y Fearon, 1978). Los valores oscilan por norma general entre 40 y 70 W/m
dependiendo de la conductividad térmica que se considere para ese entorno geoldgico.

En los afios 80 comenzd un enfoque basado en la simulacion numérica del proceso que dio
lugar a la aparicion de las primeras herramientas de software relativamente faciles de usar
para el personal técnico encargado de tareas de disefio (Claesson y Eskilson, 1988).

Posteriormente se adopta el modelo, que sigue vigente hoy en dia, de modelizacién de los
ciclos estacionales de temperatura del fluido que circula por las sondas geotérmicas. Esta
nueva via fue inaugurada por el programa informatico Earth Energy Designer (EED) presentado
en a finales del siglo pasado (Hellstrom y Sanner, 1994). El programa se ha ido actualizando
(actualmente se comercializa la versién 4.20 que se ofrece desde abril de 2019) y sigue siendo,
aun hoy dia, el referente en cuanto a calculo de longitud de intercambiadores geotérmicos.
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Este ha sido el software elegido para la comparativa de resultados ofrecidos con el programa
GES-CAL, publicada en el articulo incluido en este capitulo.

Tan importante como la metodologia de cdlculo en estas instalaciones, es la precisién de los
pardmetros relacionados con las capacidades térmicas del terreno que utilicemos en el
proceso de dimensionamiento (Cho y Choi, 2014). En este sentido GES-CAL se beneficia de los
estudios sobre conductividades térmicas realizados previamente al lanzamiento del software,
éstos han sido compilados e incluidos en una base de datos geoespacial para que sean
afiadidos de forma automadtica al proceso de disefio en el momento en el que el usuario
selecciona el emplazamiento de su instalacion.

Diferentes tipos de intercambiadores de calor también son considerados en GES-CAL, a
diferencia de EED que solamente considera sondas verticales (aunque ofrece multiples
opciones en este caso como U-simple, U-doble, coaxial, etc.). El uso cada vez mas extendido de
pilotes termo-activados en las cimentaciones de infraestructuras de nueva construccién ha
impulsado la inclusion de las sondas helicoidales entre las posibilidades ofrecidas por GES-CAL
para la seleccidn de intercambiadores. También se ha tenido en cuenta la geotermia horizontal
para cubrir los casos en donde la perforacion pueda no ser posible.
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Articulo 4
Resumen:

El propdsito de este articulo es presentar una nueva herramienta desarrollada para el disefio
de sistemas geotérmicos de baja entalpia. La mayoria de los programas informaticos de célculo
de intercambiadores geotérmicos disponibles solo permiten considerar intercambiadores de
calor verticales en las configuraciones de los campos de captacién (es decir,
fundamentalmente tubos en U-simple o U-doble), excluyéndose los disefios horizontales y
helicoidales. En un intento de llenar este vacio, la herramienta GES-CAL, presentada aqui, es
capaz de proporcionar el disefio completo de todas las configuraciones mds comiUnmente
utilizadas en estos sistemas. Este software fue desarrollado inicialmente para su
implementacién en la provincia de Avila (Espafia), incluyendo en el programa los resultados
mas relevantes de las investigaciones previas de los autores en esta area (como el mapa de
conductividades térmicas o las necesidades energéticas adaptadas).

El nuevo software es descrito en profundidad a través del cdlculo de tres casos de estudio
diferentes. Finalmente, los resultados obtenidos por GES-CAL son comparados con los
obtenidos por el software geotérmico mas utilizado, EED (Earth Energy Designer).

Del analisis de estos resultados, se ha podido concluir que la herramienta GES-CAL constituye
una solucidn dptima para planificar un sistema de geotermia somera, especialmente para
aquellas instalaciones ubicadas en la provincia de Avila. En esta &rea, el campo de captacidn
puede ser disefiado de una manera mds precisa, lo que da como resultado longitudes de
perforacion mas bajas y, por lo tanto, una reduccién en las inversiones iniciales de las
instalaciones.

Las conclusiones de este trabajo indican que GES — CAL ofrece ventajas notables como el
calculo automatico de la demanda energética, la inclusién de todas las configuraciones del
intercambiador de calor, asi como un analisis econémico y medioambiental de la solucién
geotérmica final elegida.
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ARTICLE INFO ABSTRACT

Keywords: The purpose of this paper is to present a new tool developed for the calculation and design of shallow closed-loop
Computer program geothermal systems. Most of the available geothermal computer programs only allow to consider vertical heat
Sizing tools exchangers configurations (i.e. single or double-U tubes), being the horizontal and helical designs excluded. As
GES-CAL an attempt to fill this gap, GES-CAL tool, presented here, is capable of providing the complete design of all the
:::;"Dw gEothsimial systems most common configurations used in low enthalpy geothermal systems. This software was initially developed for

its implementation in the region of Avila (Spain), including the most relevant results of previous author’s re-
searches in this area. Throughout this work, the new software is deeply described and implemented in the
calculation of three different study cases. Results of GES-CAL are complementary compared with the ones ob-
tained from the most used geothermal software, EED (Earth Energy Designer). From the analysis of these results,
it was possible to conclude that GES-CAL tool constitutes an optimal solution for planning a shallow geothermal
system, but especially for those installations placed in the region of Avila. In this area, the well field can be
designed in more precise way which results in lower drilling lengths and, hence, lower initial investments. The
conclusions of this work indicate that GES-CAL offers remarkable advantages such as the automatic calculation
of the space energy demand, the inclusion of all the heat exchanger configurations and an economic and en-
vironmental evaluation of the final geothermal solution.

Heat exchangers
Software development

1. Introduction

Ground source heat pump (GSHP) systems are generally constituted
by a series of boreholes and heat pumps with the final purpose of
providing heating and/or cooling to buildings. The well field consists of
a variable number of boreholes with a certain length and spaced by a
previously set distance. When defining the configuration of a closed-
loop geothermal system, the most common practice is to use specific
sizing tools. However, several input parameters need to be determined
prior to the implementation of the mentioned computer tools. The
principal input parameters refer to the building and ground loads, flow
rate, heat pump temperature limits, ground thermal properties, bore-
hole and heat pump characteristics and the design operation period
(Monzo et al., 2016). Building and ground loads are typically de-
termined using separate tools, whereas the remaining parameters need
to be defined according to the geological formations where the building
is placed, the user preferences and the ground availability. Although all
the input parameters are crucial in the final geothermal schema, the
thermal conductivity of the ground is considered as one of the most

* Corresponding author.
E-mail address: u107596@usal.es (C. Sdez Blaquez).

https://doi.org/10.1016/j.geothermics.2020.101852

influential values to properly design a wellfield (Blizquez et al., 2017a,
b; Blazquez et al., 2018a, 2018b; Nieto et al., 2019). In this context,
previous studies showed that a * 10% uncertainty on the ground
thermal conductivity lead to an uncertainty of = 7% on the global
drilling length of a particular case (Bernier, 2002).

Once the required initial data are known, computer tools are re-
quired for obtaining the total drilling length, with different levels of
complexity and accuracy (depending on the software). According to
Spitler and Bernier Spitler and Bernier (2016), there are five levels (L0
to L4) of GSHP sizing tools. Level LO corresponds to simple solutions
that are mostly used for small systems for only heating applications. In
large systems, they are bound to give erroneous results caused by
ground thermal imbalance. These procedures should only be considered
as a reality check for more advanced sizing tools. Level L1 uses two heat
pulses (building peak heating and cooling loads) and are interesting just
from an historical perspective. They evaluate the ground thermal re-
sistance using the infinite line source that turns to be an unprecise
approach for long-term estimations (Cane and Forgas, 1991; Caneta
Research Inc, 1992). Level L2 methods are characterized by using
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Nomenclature

GSHP  Ground source heat pump

EED Earth energy designer

LPG Liquefied petroleum gas

HP,, Initial heat pump power (kW)

E,y Space energy demand (kWh)

w, Working period (1800h or 2400h)

cop Heat pump coefficient of performance

Ly Total pipe length in heating mode (m)

Ean Energy demand in heating mode (kWh)

COP, Heat pump coefficient of performance in heating mode
R, Pipes resistance factor

Rs Ground resistance factor

B Utilization factor

T Ground minimum temperature (°C)

T Inlet minimum temperature (°C)

L Total pipe length in cooling mode (m)

E4c Energy demand in cooling mode (kWh)

COP, Heat pump coefficient of performance in cooling mode
Tmax Outlet maximum temperature (°C)

temporal superposition of three successive load pulses (peak ground
load, average monthly ground load and the yearly average ground load)
to size the drilling field. Going further, level L3 compiles the most
popular software tools which rely on monthly averaged loads and
monthly peak loads. These methods are supposed to be more accurate
than the ones of L2 given that they follow more closely the time evo-
lution of the loads. Finally, level L4 methods consider hourly building or
ground loads as the starting point of the borehole size. Aside from the
load’s time scale, the calculation process of L4 is identical to L3 methods
(Ahmadfard and Bernier, 2019).

Within the L3 methods, EED (Earth Energy Designer) software
stands out for being one of the most used tools during the geothermal
calculation sequence (Hellstrom et al., 1997; Eugster and Sanner,
2007). Since the presentation of the preliminary version in the second
Rauischholzhausen Symposium in 1994 (Hellstrom and Sanner, 2020),

@ Gt Designer

Caja de widgets

Archivo Editar Formulario Vista Configuracién Ventana  Ayuda

DB BOD HBERE NEHZBHEIN

Ty Ground maximum temperature (°C)

kp Thermal conductivity of the pipe material (W/mK)

D, External diameter of the pipe (m)

D; Internal diameter of the pipe (m)

A Ground thermal conductivity (W/mK)

E; Exponential integral function

a Ground thermal diffusivity (m?/s)

r Pipe radius (m)

t Operational period of the pipe (s)

T Ground medium temperature (°C)

A Annual amplitude of the average daily temperature

X Depth (m)

T Fluid inlet temperature in the heat pump in heating mode
(§9)]

Ton Fluid outlet temperature in the heat pump in heating
mode (°C)

Tic Fluid inlet temperature in the heat pump in cooling mode
Q)

Toc Fluid outlet temperature in the heat pump in cooling mode
(§9)]

EED has experienced a large number of improvements, making this
software a potential solution for the design of ground source heat pump
systems. In this context, EED allows to accurately define the final
schema of a vertical closed-loop system, being also capable of evalu-
ating the average and the peak monthly mean fluid temperatures over
the design period of the installation. It is also worth mentioning that the
most recent version of EED can also operate as L4 software.

Although there are many other specific tools focused on the design
of GSHP systems (GLHEPRO, 2007; Chiasson, 2016), most of them only
consider vertical closed-loop heat exchangers, that is to say, horizontal
and helical configurations are usually excluded in the calculation of
these PC programs. With this need in mind (among others), a new
software capable of addressing the design of multiple heat exchangers
schemas was developed. GES-CAL tool was, thus, created with the in-
tention of incorporating the latest results in the low enthalpy
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Fig. 1. Working environment of GES-CAL, Pycharm (on the left) and QT Designer (on the right).
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geothermal field from an interactive and user-friendly point of view.
The objective of this paper is to present and introduce GES-CAL soft-
ware as an updated solution for the dimensioning of vertical, horizontal
and helical closed-loop heat exchangers. The following sections contain
a general description of the tool as well as its validation through its
implementation on several specific study cases and its comparison with
EED software. Since the use of real results for the validation of the tool
is inviable (periods of around 25-30 years would be required to ensure
a proper design of the system), the comparison with the EED results is
the option selected for GES-CAL validation.

1.1. GES-CAL: a new geothermal computer program

GES-CAL is an innovative geothermal modelling software devel-
oped by a team of researchers from the TIDOP Research Group
(University of Salamanca) with wide experience in the analysis and
optimization of low enthalpy geothermal resources (Bldzquez et al.,
2016,2017¢,2017b,2017d,2019a). GES-CAL has been designed to be a
flexible and user-friendly computer tool for assessing the technical
calculation of closed-loop geothermal systems. The preliminary version
of this software was specially conceived for its implementation in the
region of Avila (Spain). The large amount of reliable information
coming from previous researches in the area makes it appropriate for
the development of this first GES-CAL version. Other facts that con-
tributed to include Avila in the tool were, among others: the great
variation of the ground thermal conductivity in the region, the ex-
istence of a large area of granitic formations with high thermal

Space energy
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Well field

schema

v
'
v H
Heat pump
v
| @

Option 1/A Option 2/B
v

&

Economic
evaluation
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conductivities and the urgent need of promoting shallow geothermal
systems in this region (the number of these systems is tremendously
low).

1.2. Fundamentals of GES—CAL software

The software tool GES-CAL has evolved out of previous studies and
scientific researches developed through laboratory tests and experi-
mental field works. According to the results and conclusions of these
studies, GES-CAL was written in the Python IDE PyCharm, using the QT
Designer framework.

As can be observed in the QT framework of Fig. 1, the tool is con-
stituted by five principal modules. The first of them, the starting
window, presents a brief description of the software, whereas the re-
maining modules (initial data, project, economic evaluation and en-
vironmental analysis) are directly focused on the technical develop-
ment of the shallow closed-loop system. The following subsections
contain a detailed description of each of these modules. Additionally,
the main functions of the program are summarized in the flowchart of
Fig. 2. As can be seen in this Fig. 2, after the introduction of the in-
formation concerning the project (space demand, heat pump, ground,
heat exchangers and grout), the software suggests several possible
system designs. Then, selecting one of the proposed options, the user
finally obtains the final well field schema besides an economic and
environmental system evaluation.

Heat Grouting

exchangers material

Option 3

Environmental
analysis

Fig. 2. Flowchart for program GES-CAL.
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1.2.1. Initial Data

GES-CAL tool requires, from the user, the introduction of some
specific initial conditions of the general shallow geothermal system.
This required information refers to the space energy demand, the heat
pump working properties, the ground characteristics and the heat ex-
changers configuration.

e The energy demand can be introduced by the user (if known) or can
be automatically calculated by GES-CAL from some space in-
formation. The calculation process of this module is based on the
application of the procedures specified at the regulation ISO 52016-
1:2017 (ISO 52016-1, 2017I1SO 52016-1, 2017), applicable to
buildings at the design stage, to new buildings after construction
and to existing buildings in the use phase. According to the methods
of the mentioned law, heating and/or cooling demands are auto-
matically obtained from the previously inserted information about
the space (type of demand, area, height, year of construction and
orientation). The incorporation of this module avoids the use of
additional energy demand tools facilitating, to a great extent, the
global geothermal design.

Once detailed the space energy demand, the user must define the
heat pump model (electric or gas engine), the annual operative
period (1800-2400h) and the heat pump preliminary COP.
GES-CAL allows the user to adjust the final heat pump power de-
pending on the working period selected. With all this information,
GES-CAL calculates the minimum heat pump power required in the
system (Eq. (1)).

Eq

HBy = —4
™™ We.cOP 1)

This initial value calculated from Eq. (1) is then oversized with the
aim of obtaining the final heat pump power. GES-CAL applies a specific
factor depending on the initial power previously obtained. The prin-
cipal purpose of this over dimensioning is to deal with possible un-
expected system variations. At the end of this step, the user knows the
final power of the heat pump that will constitute the geothermal gen-
eration plant.
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® Following up in the initial data module, the next stage is the defi-
nition of the ground area available (width and length) and the in-
troduction of the ground thermal conductivity. As mentioned above,
the initial version of GES-CAL was specially designed for the region
of Avila. The development (in previous author’s researches) of the
thermal conductivity map of this region allowed adding it to
GES-CAL tool. In this way, if the user wants to design a geothermal
system in Avila, the ground thermal conductivity can be directly
obtained in GES-CAL by clicking on the particular area of the
thermal conductivity map. On top of the above, when selecting the
area in the map, the tool automatically describes the drilling method
that should be applied in the case of using vertical heat exchangers.
On the contrary, if the area of implementation is not the Avila re-
gion, GES-CAL offers the possibility of manually introducing the
thermal conductivity value of the surrounding ground.

The initial module is finally completed with the selection of the heat
exchanger configuration. One of the most notable strengths of
GES-CAL tool is that allows the geothermal dimensioning for the
most frequent heat exchangers; horizontal, vertical and helical de-
signs. When selecting one or another heat exchanger, the user must
also define the pipe material and diameter and the simple-U or
double-U configuration in the case of vertical systems. For these
vertical designs, GES-CAL also requires the selection of the material
that will be used as geothermal grout. In this context, the tool
proposes several options including the materials with the highest
thermal conductivities (based on previous author’s studies (Blazquez
et al, 2017d)). It is worth mentioning that the tool only re-
commends the use of helical configurations for sedimentary ground
with the aim of avoiding difficulties when drilling the high diameter
holes.

Each of the steps of the initial module of GES-CAL tool described
above can be observed in Fig. 3.

1.2.2. Project
Once introduced the particular conditions and characteristics of the
closed-loop system, the project tab of GES-CAL calculates the design

Fig. 3. Initial data module in GES-CAL software.
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parameters with the aim of defining the total pipe length and the final
schema of the system.

The calculation of the total pipe length derives from the im-
plementation of the expressions described in Eqgs. (2) and (3), for
heating and cooling mode respectively (Instituto para la diversificacion
y ahorro energético, 2020).

coPp—1

P Ean ~com— (R, + RyF)
" Tp — T @
R
L Ee “aer— Ry + ReF)
2 Tvax — Tu 3)

According to the above expressions, a series of parameters must be
previously defined. These parameters are obtained as the following Egs.
(4)-(10) describe (Carslaw and Jaeger, 1959).
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Finally, inlet and outlet temperatures (Tyqy and Ty4x) are estimated
by taking into account the inlet and outlet interval of temperatures of
the fluid for both heating and cooling modes. Thus, Tyyy and Tyax are
obtained as follows:

1
Tuiv = E(TIH + Ton) [©)

1
Tvax = E(Txc + Toc) 10)

The general expressions of Egs. (2) and (3) are valid for both heat
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interchangers, vertical and horizontal. The characteristics of the con-
figuration in the particular case are reflected in the ground resistance
factor (Ry), defined in Eq. (5).

Once obtained the total pipe length of the system, GES-CAL de-
termines the most optimal distribution for the geothermal field de-
pending on the heat exchanger previously selected (horizontal, helical,
simple-U or double-U).

In the case of horizontal heat exchangers, the tool offers two pos-
sible designs considering the available ground area:

e Option A, straight pipes are placed in series in the trench made on
the ground. This alternative is characterized by requiring large land
areas, being only viable for specific conditions.

e Option B, pipes follow a spiral pattern which allow lower land use.
This option is specially recommended when the ground area is
limited but horizontal configurations deserve to be used.

On the contrary, when vertical heat exchangers were selected in the
initial module (either for simple or double-U tubes), GES-CAL proposes
three possible schemas for the well field design.

e Option 1 is always the alternative with the lowest global drilling
length and number of boreholes. The borehole length is, however,
higher in this first option due to the reduction of the borehole
number.

e Option 2 offers an alternative solution that increases the number of
boreholes, reducing the individual borehole length but requiring an
increase of the total drilling length.

® Option 3 is the solution characterized with the highest number of
boreholes and total drilling length but lower borehole length.

Finally, when the geothermal project is planned to be constituted by
helical heat exchangers, GES-CAL tool follows a similar pattern than in
the previous case, offering three different drilling schemas depending
on the number of boreholes and total drilling length. Fig. 4 presents an
example of the final schema proposed by the tool for a particular helical
geothermal project.

Pipe length

Fig. 4. Final design of a helical closed-loop system at the project tab in GES-CAL software.
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1.2.3. Economic and environmental evaluation

Once defined the well field schema and the principal design para-
meters, GES-CAL also includes two additional modules to evaluate the
geothermal project from an economic and environmental point of view.

e Starting with the economic section, the tool is capable of calculating
the initial investment and operational costs associated with the
geothermal solution selected in the previous tab. The global initial
investment is, in turn, broken down into the following main cate-
gories: drilling, ditches and manifold installation, heat pump/ac-
cessories, grouting material, heat carrier fluid and heat exchangers/
accessories. For its part, the annual operational costs only require to
consider the heat pump operation (including also the costs asso-
ciated to the electricity consumption of the circulation pumps) and
the system maintenance. Taking into account all this information,
GES-CAL also offers the possibility of comparing the geothermal
system with other energy sources; natural gas, electricity, diesel oil
and LPG (Liquefied Petroleum Gas). This comparison is based on the
initial investment and operational costs involved in the im-
plementation of each alternative system to supply the same space
energy demand. Finally, the tool graphically displays the evolution
in costs of each energy source and the geothermal one for a period of
25 years. The above described economic module can be observed in
Fig. 5.

As mentioned before, the environmental aspect is also addressed by
GES-CAL software. In this way, the last module is exclusively fo-
cused on the determination of the greenhouse gases emission asso-
ciated to the operation of the geothermal system and the remaining
energy sources contemplated in the tool (natural gas, electricity,
diesel oil and LPG). As shown in Fig. 6, CO, emissions accumulated
for each energy solution in the year 25 are also displayed in this last
tab of GES-CAL.

2. Practical application

This section is mainly focused on the application of GES-CAL tool in
several particular cases. Results will be then compared to the ones
obtained by the use of EED software using the same initial conditions.

Start InitislData  Project Economic evaluation  Environmetal Analysiz
Geothermal System

Initial investment
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Table 1 presents the preliminary information concerning each of the
study cases that will be geothermally sized by GES-CAL and EED
software.

The cases included in the above Table 1 have been selected ac-
cording to the representative climates in Europe, European Directive
2009/28/CE (Directiva, 2009; Bldzquez et al., 2019b). The region of
Avila (representative of the warm climate) has also been chosen since,
as previously commented, GES-CAL tool was mainly designed for this
area. The results of applying GES-CAL are included in the following
Table 2.

In addition to the technical calculation presented for each of the
study cases (Table 2), GES-CAL also provides the initial investment and
operational costs of the geothermal solution and the environmental
evaluation through the estimation of the CO, emissions.

It can be noted from Table 3 that operational costs and CO, emis-
sions are the same for all the schemas of each study case. The reason
derives from the fact that the global heat pump electricity use is the
same; that is to say, although some configurations require more power
for the recirculation pumps, it is compensated by shorter operating
times. Thus, since the electricity use is identical, the operational costs
and CO, emissions (that derives from the heat pump working) are also
the same for all the configurations of the same study case.

Along the same lines, EED software was tested under the same in-
itial conditions. Results of this tool can be observed at Table 4. As
previously commented, this tool only allows the geothermal design for
vertical heat exchangers, single-U or double-U tubes, so that; horizontal
and helical calculations are not included in this Table 4.

3. Discussion of results

The three test cases considered in this work are used in an inter-
model comparison of the new tool GES-CAL and EED software. It is
worth mentioning that EED software has been chosen for the validation
of GES-CAL since it is considered as one of the most consolidated and
reliable geothermal tools. In the first study case, it is assumed that the
space is located in the region of Avila, with the purpose of im-
plementing the tools in the area for which GES-CAL was specifically
developed. This first case together with the other two scenarios cover

Annual costs

oot ogwason

Stem mamenarce )

et exchargers

SRR, = Total annual costs [1163.00

2056129

Initial investment (€] Annual costs [€]

!

§

_ comere |
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ECONOMIC EVALUATION

— Geothermal Energy

Natural Gas

Fig. 5. Economic evaluation of the geothermal project made by GES-CAL software.

96



Articulo 4

C. Sdez Bldquez, et al.

Start  InitalData  Project  Economic evaluation  Environmetal Analysis
Environmetal Analysis

Carbon dioxide emissions

CO2 Emissions Year 25 [kg]
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L]

Diesel Oil

Geothermal  Natural Gas  Hlectricity

Fig. 6. Environmental analysis of the geothermal system provided in GES-CAL tool.

the spectrum of the representative European climates, as mentioned in
the previous section.

Based on the results of the practical application presented in the
above section, the following statements can be deduced:

3.1. Heat exchanger design

The global design of the geothermal system is mainly determined by
the configuration of the heat exchanger selected during the calculation
process. Using GES-CAL tool the user has the possibility of evaluating
the implementation of horizontal, helical or vertical heat exchangers.
As shown in Table 2, the same system is configured with all the men-
tioned heat exchangers to finally choose the most optimal schema
taking into account the economic and environmental evaluation of the
software (Table 3).

When using EED tool, only vertical heat exchangers are considered.
For this reason, for the three study cases of the previous practical ap-
plication, only this vertical design (single-U and double-U) can be se-
lected when applying this software.

3.2. Andlysis of the working fluid

One of most remarkable strengths of EED software is the evaluation
of the working fluid evolution during all the lifetime of the system. This
fact allows accurately adjusting the drilling length required in function
of the fluid temperature. It is especially important for high power in-
stallations in which the working fluid is likely to reach extremely low
temperatures that will inevitable affect the right heat pump operation.

In the case of GES-CAL, all its internal calculations are conceived to
ensure that the temperature of the working fluid will never reach a

Table 1
Study cases considered in the implementation of GES-CAL and EED.

certain value. This tool does not provide the graphical evolution of the
fluid temperature, but it establishes a temperature limit always re-
spected when defining the final design. In general, calculations cannot
be as adjusted as using EED, but results ensure that the temperature of
the fluid will not interfere in the heat pump operation. This fact means
that for the same case, EED could reduce the total drilling length (that
could be significant in high power projects) in relation to GES-CAL
results.

3.3. Drilling length

The most relevant factor that allows the comparison of both
GES-CAL and EED tools, is the total drilling length required in the
geothermal solution. Considering Tables 2 and 4, there seems to be
great agreement between both the programs, this comparison can be
observed in a graphical way in the following Fig. 7.

Observing the previous graphs of Fig. 7, differences between
GES-CAL and EED are of below 4% for both single and double-U tubes
of scenario 2 and 3. In these cases, the drilling length proposed for the
geothermal system by GES-CAL is slightly higher than the one of EED.
However, this high agreement is not found in scenario 1, in which EED
suggests the highest drilling length for both configurations (single and
double-U). Differences in this first case are notable (around 20%) and a
deeper explanation of this fact is presented below:

- GES-CAL was mainly developed for the region of Avila, the location
for the space of case 1. The high knowledge acquired about the
thermal properties of the geological formations of this place, im-
plemented in the tool, makes GES-CAL a more efficient solution for
the design of GSHP systems in this region.

Study case Energy demand (kWh) Space location Geological formations
sc1 23,889 Avila (Spain) Adamellite

sCc2 71,742 Edinburgh (Scotland) Basalts

sc3 88,882 Karlstad (Sweden) Granite and gneisses
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Table 2

Results obtained from GES-CAL tool for each of the selected study cases.

Geothermics 87 (2020) 101852

sC1

sC2

sC3

Horizontal*
Helical
Single-U

Double-U

Pipe length = 716.93m
Ground area = 89.61 m*
Number of boreholes = 3
Total drilling length = 39 m
Number of boreholes = 1
Total drilling length = 112m
Number of boreholes = 1
Total drilling length = 96 m

Pipe length = 1758.89 m
Ground area = 219.86 m*
Number of boreholes = 6
Total drilling length = 83m
Number of boreholes = 3
Total drilling length = 315 m
Number of boreholes = 3
Total drilling length =299 m

Pipe length = 1411.80 m
Ground area = 176.47 m*
Number of boreholes = 5
Total drilling length = 73m
Number of boreholes = 3
Total drilling length = 305m
Number of boreholes = 3
Total drilling length = 253 m

* Spiral pattern has been selected.

Table 3
Economic and environmental information for each scenario obtained in GES —
CAL software.

Initial investment ~ Operational costs CO; emissions
©) (€/year)* (kg/year)*

SC1 Horizontal ~37453.09 112250 3146.06
Helical 36533.97
Single-U  20870.78
Double-U ~ 21168.79

SC2 Horizontal 71676.54 1643.00 4694.55
Helical 61954.61
Single-U  33309.55
Double-U  30680.19

SC3 Horizontal 54934.76 2144.00 6185.02
Helical 56552.90
Single-U  29937.74
Double-U ~ 29151.72

- The thermal conductivity of the surrounding ground can be highly
adjusted in GES-CAL (for the region of Avila) which also allows
adjusting the final drilling schema. This thermal parameter has huge
influence on the global drilling length. As shown in previous re-
searches, a slight reduction of the ground thermal conductivity
means a significant increase of the drilling length proposed by EED,
and vice versa (Blazquez et al., 2017b).

- The calculation process of both programs allows getting similar re-

sults when the ground thermal conductivity is the same (or very

similar). However, when this parameter is different (as in scenario

1), results need to be also different.

For different scenarios (cases 2 and 3), GES-CAL provides an op-

timal solution but requiring a higher drilling depth (slightly higher)

than EED, due to the limitation of the working fluid temperature.

Regarding the number of boreholes proposed by each software,
results directly depend on the restriction of the maximum drilling
length that the user can establish in the tool. For this reason, the
comparison of this factor does not have a significant role in this work.

3.4. Environmental and economic aspects

The economic and the environmental issues are often the main
reasons for choosing or discarding a specific system. Through the

additional environmental and economic modules of GES-CAL, the user
can easily compare each solution proposed by the tool and select the
most appropriate one from the previous evaluation of GES-CAL. For the
cases considered here, as shown in Table 3, attending to the initial
investment, the single-U configuration would be the most re-
commendable option for case 1 and double-U tubes for cases 2 and 3. In
relation to the operational costs, these are the same for all the options of
the study case, as well as the CO, emissions, given that the heat pump
(source of the emissions and annual costs) is identical for the solutions
of a case. In addition to these data, as already explained in Section 2,
GES-CAL software also allows the comparison of the geothermal system
with other traditional energy sources. One of the main purposes of this
tool is to contribute to the diffusion of shallow geothermal systems.
Through GES-CAL, the user can easily check the influence of the GSHP
system on the global environmental side and climate change mitigation
and also on her/his own economy.

4. Conclusions

The geothermal industry needs effective multidisciplinary solutions
to deal with an effective design of the most widespread installations;
low and very low enthalpy geothermal systems. In this context, one of
the principal goals of this work is to propose an alternative tool that
could be used to define the most optimal design of a GSHP system.
Thus, the paper presents the new geothermal techno-economic and
environmental simulation tool GES-CAL. Through the implementation
of this software in the design of three different specific cases, results of
GES-CAL are evaluated and compared with the ones obtained from
EED, one of the most used geothermal software.

Both sizing tools are mainly compared on their ability to predict the
total drilling length required in the system using single-U and double-U
tubes (the only configurations included in EED). From the analysis of
the whole ensemble of results, this work concludes that GES-CAL
software provides high accurate geothermal designs, especially for
those systems placed in the region of Avila (GES-CAL was initially
developed taking into account the thermal and geological properties of
the ground in this region). For the rest of locations, the tool has proven
to be an acceptable solution, providing both GES-CAL and EED similar
results. However, in these locations, EED usually gets more adjusted
configurations due to the evaluation of the heat carrier fluid tempera-
ture. It must be clarified that there is not limitation for the general use

SC2

sC3

Table 4
Results obtained from EED tool for each of the selected study cases.
sC1
Horizontal =
Helical -
Single-U Number of boreholes = 1
Total drilling length = 134m
Double-U Number of boreholes = 1

Total drilling length = 115m

Number of boreholes = 3
Total drilling length = 313m
Number of boreholes = 3
Total drilling length = 288 m

Number of boreholes = 3
Total drilling length = 290 m
Number of boreholes = 2
Total drilling length = 251 m
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Fig. 7. Drilling length proposed for each tool in the three cases under study.

of GES-CAL in other locations; but, additional information is available
for the region of Avila.

The comparison of both computer tools and the low deviations
among the results of both programs (< 4% for the general use) have
denoted that GES-CAL software constitutes a reliable and re-
commendable option for the design of all types of GSHP systems.
Additionally, GES-CAL tool offers a series of relevant modules that
must be highlighted:

® Automatic calculation of the space energy demand from the in-
troduction of the most influential building information.

e Implementation of experimental parameters based on previous stu-
dies that allows obtaining more precise results.

® Possibility of designing the geothermal system considering the
group of the most common configurations: horizontal, helical and
vertical (single or double-U tubes) heat exchangers.

e Economic and environmental evaluation of the final geothermal
solution through the determination of the initial investment, op-
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5. Conclusiones y lineas futuras

Finalmente, este ultimo capitulo recoge las principales conclusiones que se han extraido de los
trabajos de investigacién presentados en los apartados anteriores y las futuras lineas de
investigacion que dardn continuidad al trabajo existente.

5.1. Conclusiones

La presente Tesis Doctoral aborda un andlisis exhaustivo de diferentes componentes y partes
involucradas en el aprovechamiento de recursos geotérmicos. El procedimiento seguido en la
fase investigadora y los resultados obtenidos han sido publicados en revistas de impacto como
articulos cientificos de investigacion.

Este capitulo recoge las principales aportaciones de todos los trabajos cientificos y destaca los
resultados mas relevantes de los mismos. Se incluye también una discusién de posibles
direcciones para trabajos futuros. A continuacidn, se citan en primer lugar, las conclusiones
generales para hacer después referencias a aspectos especificos de cada campo.

5.1.1. En términos generales

e Tras la consecucién de todo el trabajo de investigacién, se ha logrado un aumento en
el grado de conocimiento geotérmico global. En este sentido, todo el estudio abordado
sobre estos sistemas ha permitido mejorar su caracterizacidn y optimizacién global.

e La caracterizacién de los recursos geotérmicos es esencial para asegurar el futuro
funcionamiento del sistema. La prospeccion geofisica juega un papel importante como
base para la prediccion del comportamiento térmico del subsuelo y la definicion de los
pardmetros mas influyentes.

e Se requiere el andlisis de las condiciones de utilizacién de las bombas de calor
geotérmicas tomando en consideracion las fuentes disponibles y las condiciones del
mix energético de la zona en cuestidon. Una adecuacion de los sistemas de bombas de
calor al drea de estudio lleva consigo una optimizacion de los componentes
econdémicos y medioambientales.

e Un disefio adecuado de los sistemas geotérmicos de baja entalpia es vital para definir
los componentes de la instalacion de una manera eficiente, segura y fiable. Se ha
demostrado que el uso de la herramienta de calculo geotérmico GES-Cal proporciona
una exhaustiva configuracién del campo de captacion partiendo de informacion
especifica del terreno y de la instalacidn.

5.1.1.1. Caracterizacion del recurso

e La importancia de definir el recurso geotérmico se ha confirmado a lo largo del
Capitulo 2.

e las técnicas empleadas para determinar la conductividad térmica del subsuelo
contribuyen a mejorar la eficiencia del sistema general de bomba de calor geotérmica.
La distribucion del comportamiento térmico del terreno se ha logrado mediante la
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combinacion de métodos geofisicos y térmicos y ha dado como resultado la estimacién
de la conductividad térmica en profundidad.

e El estudio del gradiente geotérmico se ha llevado a cabo partiendo de técnicas de
prospeccién geofisica. Los resultados son vitales para identificar las zonas potenciales
para el aprovechamiento futuro de recursos geotérmicos de media y alta entalpia.

e Los métodos geofisicos se pueden utilizar con fines geotérmicos para mejorar de
manera eficiente el conocimiento térmico del suelo.

5.1.1.2. Sistema de bomba de calor

e La seleccidén de la bomba de calor geotérmica debe realizarse teniendo en cuenta las
condiciones particulares de suministro energético de la zona donde se prevé su
implantacién. Un sistema geotérmico que emplea bombas de calor eléctricas se
caracteriza por COP altos y profundos campos de captacion en comparacién con los
sistemas que utilizan bombas de calor con motor de gas donde los COP y la longitud de
perforacidon se reducen considerablemente. El biogds podria constituir una solucion
viable para el suministro de bombas de calor a gas con el fin de reducir la emision de
gases de efecto invernadero.

e Las caracteristicas del mix energético de la zona en cuestion determinan el modelo de
bomba de calor que deberia ser incluido en el sistema geotérmico. Esta consideracion
conlleva importantes ventajas desde el punto de vista econédmico y medioambiental.

e Las regulaciones energéticas europeas podrian cumplirse en aquellos casos en los que
la seleccion del suministro de energia de la bomba de calor geotérmica se basa en las
caracteristicas del mix energético de la zona especifica.

5.1.1.3. Diseio de sistemas geotérmicos de baja entalpia

e Es esencial realizar un disefio del sistema geotérmico superficial partiendo de las
caracteristicas especificas del terreno y de la instalacion. Partiendo del correcto
dimensionamiento del campo de captacién, se asegura que el sistema operard de
manera eficiente durante la vida util considerada en el proyecto.

e El software de calculo y disefio geotérmico GES-Cal es una herramienta intuitiva
donde, el usuario tiene la posibilidad de seleccionar e introducir los parametros que
definen el sistema y determinar la configuracion final del mismo. Ademads, GES-Cal
proporciona un detallado informe econdmico y medioambiental de la instalacion
geotérmica y una comparativa con otras fuentes energéticas mas convencionales.

e El empleo de herramientas de disefio geotérmico como GES-Cal suponen una garantia
para asegurar el correcto funcionamiento del sistema.

5.2. Lineas futuras
A partir de la presente Tesis Doctoral, se han abierto una serie de lineas de investigacién

futuras en el contexto de mejorar, complementar y optimizar el uso de sistemas geotérmicos.
El estudio continuo en campo permitird una mejora continua de todos los parametros que
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intervienen en el intercambio térmico con el subsuelo. En este contexto, se espera abordar las
siguientes cuestiones en un futuro préximo:

e Estudio en profundidad de recursos geotérmicos de media y alta entalpia con el
objetivo de contribuir a hacerlos mds accesibles.

e Abordar las posibilidades de almacenamiento térmico subterrdneo y el papel que el
conocimiento del terreno juega sobre el mismo.

e Desarrollar un abanico mas amplio de posibilidades dentro del software GES - Cal para
que habilite el disefio geotérmico en un nimero mayor de ubicaciones. A tal efecto,
habria que evaluar las condiciones térmicas y geoldgicas de estas areas.

e Continuando con la mejora del disefio geotérmico, también se podrian analizar
componentes adicionales de sistemas de baja temperatura. Asi, se podrian probar
experimentalmente diferentes fluidos portadores de calor para definir las mezclas mas
adecuadas en funcién de las condiciones particulares de la zona y la instalacién.

e Finalmente, se podria considerar la posibilidad de monitorear un pozo geotérmico
real. Significaria una excelente herramienta en la bisqueda constante de mejorar y
optimizar el disefio geotérmico.
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