DOCTORAL
THESIS

Novel method and instruments for the techno-economic
sizing of borehole heat exchangers

DOCTOR OF PHILOSOPHY IN ELECTRONIC
ENGINEERING

DOCTORAL THESIS

Novel method and instruments for the
optimal techno-economic sizing of borehole
heat exchangers

Nordin
Aranzabal
Barrio

Author:
Nordin Aranzabal Barrio

Supervisors:
Dr. Julio Martos Torres
Dr. Jesus Soret Medel

March 2020




VNIVERSITATG D VALENCIA

DOCTOR OF PHILOSOPHY IN ELECTRONIC
ENGINEERING

DOCTORAL THESIS

Novel method and instruments for the optimal techno-
economic sizing of borehole heat exchangers

Author:

Nordin Aranzabal Barrio

Supervisors:
Dr. Julio Martos Torres
Dr. Jests Soret Medel

Universitat de Valencia (UV)
Department of Electronic Engineering

46100 Burjassot, Spain — March 2020






VNIVERSITAT

B VALENCIA

ETSE-UV

Escola Técnica Superior

VNIVERSITAT WEnginyera
DGFVALENCIA

DR. JULIO MARTOS TORRES, Doctor en Enginyeria Electronica, Professor Titular al
Departament d’Enginyeria Electronica de I’Escola Tecnica Superior D’Enginyeria de la
Universitat de Valéncia.

DR. JESUS SORET MEDEL, Doctor en Enginyeria Electronica, Professor Titular al
Departament d’Enginyeria Electronica de I’Escola Tecnica Superior D’Enginyeria de la
Universitat de Valéncia.

FAN CONSTAR QUE:

NORDIN ARANZABAL BARRIO, Bsc i MSc in Enginyeria Electronica ha realitzat sota la
seva direccio el treball Novel method and instruments for the optimal techno-economic
sizing of borehole heat exchangers, que es presenta en aquesta memoria per optar al grau
de Doctor per la Universitat de Valéncia.

I per tal que aixi conste a efectes oportuns, i donant el vistiplau per a la presentacio
d’aquest treball davant el Tribunal de tesi que corresponga, signem el present certificat
a Valéncia el 20 de Juliol 2020.

Julio Martos Torres Jesus Soret Medel






TESI DOCTORAL:
Novel method and instruments for the optimal techno-economic sizing of
borehole heat exchangers

AUTOR:
Nordin Aranzabal Barrio

DIRECTORS:
Dr. Julio Martos Torres
Dr. Jests Soret Medel

El tribunal nombrat per jutjar la Tesi Doctoral citada anteriorment, compost per:

President:

Vocal:

Secretari:

Acorda atorgar-li la qualificacié de

I per a que aixi conste a efectes oportuns, signem el present certificat.

A Burjassot el de de 2020







NOTE TO THE READER

According to the University of Valencia Doctorate Regulation' this PhD dissertation
is presented as a compendium of at least three publications in international journals
containing the results of the conducted work. Furthermore, in accordance with the
aforementioned regulation and with the aim to foster the language of the University of
Valencia in research and education activity, this PhD dissertation starts with two
extended abstracts in the official languages of Valencian Community, Spanish and
Valencian. This thesis really begins at page XXVII with a short abstract in English
followed by the research context, motivation, objectives, theoretical fundamentals,
methodology, results and conclusion.

'Reglament sobre deposit, avaluacio i defensa de la tesi doctoral aprovat pel Consell de
Govern de 28 de Juny de 2016. ACGUV 172/2016.
Pla d’increment de la docéncia en valencia (ACGUV 129/2012) aprovat i modificat pel Consell
de Govern de 22 de desembre de 2016. ACGUV 308/2016.






Resumen

El test de respuesta térmica (TRT) es ampliamente utilizado como método estandar
para caracterizar las propiedades térmicas del terreno adyacente a un intercambiador de
calor enterrado (BHE). Los métodos tradicionales para interpretar los resultados aplican
soluciones analiticas o numéricas asumiendo que el terreno es infinito, homogéneo ¢
isotropico. Sin embargo, en realidad el subsuelo presenta generalmente una estructura
estratificada y heterogénea, y por lo tanto las propiedades térmicas pueden variar
sustancialmente con la profundidad. En este sentido y con la intencidén de resolver las
limitaciones del TRT estandar, la presente tesis doctoral se centra en el desarrollo de
métodos e instrumentos para cuantificar las propiedades de transferencia de calor de las
capas geoldgicas alrededor de un BHE. Informacion que resulta imprescindible para
alcanzar la méxima eficiencia energética y el dimensionado técnico-econémico optimo
de un BHE.

En particular, se propone un nuevo método de TRT, llamado observer pipe TRT
(OP-TRT), basado en una medicion de temperatura adicional a lo largo de una tuberia
auxiliar. En las ultimas décadas, varios investigadores han desarrollado TRT
distribuidos (DTRT) en los cuales se realizan mediciones de temperatura a lo largo del
tubo-U en el que se inyecta calor. No obstante, a partir de las investigaciones llevadas a
cabo en esta tesis, el tubo observador ha demostrado amplificar los efectos térmicos
producidos debido a capas geolodgicas con propiedades termo-fisicas diferentes,
requiriéndose asi sensores menos precisos para obtener resultados mas detallados. En
base a este logro, se ha desarrollado un modelo numérico de simulacion inversa para
parametrizar la conductividad térmica de las capas geologicas a partir de las mediciones
a lo largo del tubo observador. Basicamente, el modelo ajusta la conductividad térmica
de las capas geologicas hasta que los resultados de la simulacion coinciden con el perfil
de temperatura experimental a lo largo del tubo observador. El modelo ha sido
desarrollado con un algoritmo de estimacién de pardmetros para un ajuste automatico y
obtencion de resultados mas precisos. Otra ventaja es que este método solo requiere dos
perfiles de temperatura: (1) subsuelo en reposo (antes del TRT) y (2) al final del TRT
(antes de detener la inyeccion de calor).

Con la intencién de continuar investigando el método propuesto a partir de datos de
mayor calidad, se ha desarrollado un instrumento especifico (Geowire) para medir de
forma automatica y con mayor precision los perfiles de profundidad-temperatura
requeridos. El disefio del Geowire también ha sido orientado para cubrir otros requisitos,
como compatibilidad con equipos de TRT y operacion intuitiva. Ademads, se ha
desarrollado una version mejorada de una sonda de temperatura (Geoball) que es
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arrastrada por el fluido que circula en las tuberias a la vez que calcula su posicion, con
la ventaja de que puede ser utilizada en tuberias con disposicion vertical y horizontal.
Después de las pruebas de validacion en el laboratorio, las caracteristicas fundamentales
de ambos instrumentos han sido evaluadas en comparacion con otros instrumentos
novedosos y estandar para mediciones de temperatura distribuidas durante un
experimento en un BHE de pruebas. La ventaja principal de los instrumentos propuestos
sobre la popular fibra oOptica es que miden la temperatura instantaneamente (para
intervalos temporales precisos). Asimismo, no necesitan de una calibracion dinamica
para obtener resultados precisos mientras que proporcionan una mayor resolucion
espacial y de temperatura: Geowire (0.5 mm, 0.06 K) y Geoball (10 mm, 0.05 K).
Ademas, son mas faciles de integrar en pozos existentes y son una solucion
potencialmente mas rentable para medir la temperatura distribuida.

Finalmente, se demuestran los beneficios del método e instrumentos propuestos
durante un DTRT en comparacion con la fibra dptica y con un programa basado en el
modelo de linea infinita para estimar la conductividad térmica distribuida. Los resultados
del modelo propuesto revelaron una zona altamente conductiva al usar los datos del
Geowire, mientras que esta zona no fue detectada al procesar los datos de fibra optica.

Palabras clave: Bomba de calor geotérmica; Intercambiador de calor enterrado; TRT
tubo observador; Subsuelo multicapa; Conductividad térmica; Simulacion numérica;
Eficiencia energética; Optimizacion técnico-econdmica.

1. Contexto de investigacion y motivacion

Los sistemas de bombas de calor geotérmica (GSHP) se expanden gradualmente
como una alternativa prometedora para ahorrar energia y reducir las emisiones de gases
de efecto invernadero. Los sistemas GSHP intercambian calor con el subsuelo con el
objetivo de proporcionar agua caliente o climatizacion (calefaccion o refrigeracion) en
aplicaciones domésticas, urbanas o agricolas. Estos sistemas han demostrado lograr una
mayor eficiencia energética que los sistemas de aire acondicionado. Sin embargo, el
capital de inversion inicial es normalmente mayor y depende principalmente de la
longitud, el tamafo y el nimero de intercambiadores de calor enterrados (BHE)
necesarios.

El test de respuesta térmica (TRT) es el método estandar para caracterizar las
propiedades térmicas del subsuelo y los BHE, informaciéon esencial para el
dimensionado técnico-econdmico dptimo de los sistemas GSHP. Generalmente, el TRT
se lleva a cabo en un circuito cerrado (tubo en U) donde el fluido portador de calor
desciende y asciende a lo largo de la perforacion del BHE. Durante el test, el fluido se
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bombea a una velocidad relativamente estable mientras que se inyecta calor a una
potencia constante utilizando un elemento eléctrico. Asimismo, se monitoriza y registra
de manera continua la potencia calorifica inyectada, el caudal del fluido, las
temperaturas de entrada y salida al BHE y la temperatura exterior. A partir de estos
parametros, varias soluciones analiticas y semi-numéricas han sido propuestas durante
las ultimas décadas para estimar las propiedades de transferencia de calor a lo largo del
intercambiador y el terreno adyacente. Estas soluciones consideran el subsuelo como un
medio homogéneo, isotrdpico e infinito y, por lo tanto, solo determinan pardmetros
globales y efectivos, como la conductividad térmica efectiva y la resistencia térmica
efectiva del intercambiador.

Sin embargo, en realidad, la composicion geologica del subsuelo es tipicamente
heterogénea, normalmente dividida en capas formadas por diferentes materiales como
tipos de tierra, tipos de roca y/o agua subterranea. Ademas, el subsuelo también puede
estar dominado por fracturas o cavidades. Esto significa que es improbable que el calor
se transfiera de manera uniforme a través de las capas geologicas del subsuelo situado
alrededor de un pozo. Es por ello por lo que conocer la tasa de transferencia de calor de
estas capas podria ayudar a evitar el sobredimensionamiento de instalaciones, asi como
a reducir la inversion de capital innecesariamente mayor que esta practica conlleva:
costes adicionales derivados de una mayor demanda de presion, una mayor demanda de
bombeo, caidas de presion adicionales y todo el material adicional necesario para
construir un BHE mas profundo (mano de obra, perforacion, tuberias, material de
relleno, etc.). Por ejemplo, en caso de alcanzar una zona con propiedades de
transferencia de calor poco favorables, se podria limitar la longitud de la perforacion y
construir un mayor nimero de pozos menos profundos en vez de menos pozos mas
largos. Es decir, se trata de informacion de gran interés que no es posible obtener a partir
de un TRT convencional, la cual permitiria detectar las capas méas favorables para
intercambiar calor y asi poder establecer la longitud 6ptima de un BHE para lograr el
maximo rendimiento de transferencia de calor al minimo coste.

A partir de esta problemaética sin resolver surgi6 la hipotesis que lanzo el enfoque de
esta tesis. (Es posible desarrollar métodos e instrumentos especificos que permitan
parametrizar de forma detallada la tasa de transferencia de calor de las capas geoldgicas
que cruzan un BHE?

2. Objetivos

El objetivo general de la presente tesis doctoral consiste en la exploracion de
métodos e instrumentos para evaluar la respuesta térmica de las diferentes capas
geologicas que rodean a un intercambiador de calor enterrado. Asi, con el proposito de
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alcanzar este objetivo general, se proponen ¢ investigan los siguientes objetivos
especificos:

vi
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Iv.

Desarrollo de un método de simulacion inversa para calcular la conductividad
térmica del subsuelo que rodea a un BHE en funcion de la profundidad a partir
de mediciones de temperatura adicionales, en un tubo auxiliar a lo largo de
toda la perforacion, durante un TRT. Elaboracion de un experimento para
evaluar el método en un BHE experimental.

Desarrollo de un instrumento especifico para medir los perfiles de temperatura
requeridos para aplicar el método. Deben investigarse las caracteristicas
apropiadas del instrumento, tales como: compatibilidad con equipos de TRT
estandar; alta resolucion espacial, temporal y de temperatura; perturbacion
térmica minima en el BHE; respuesta térmica de la sonda lo suficientemente
rapida para su modo de funcionamiento; un sistema embebido que incorpore
el conjunto apropiado de tecnologias de la informacion y la comunicacion;
registro automatico de datos para intervalos de tiempo y profundidad
predefinidos; una operacion facil y conveniente; interfaz grafica amigable e
intuitiva; capacidades para almacenar datos; posibilidades de control remoto
(interfaz grafica y descarga de datos); visualizacion de datos en tiempo real;
recursos suficientes para integrar un método que permita estimar las
propiedades térmicas en funcion de la profundidad. Elaboracién de pruebas
para validar las caracteristicas del instrumento, primero en el laboratorio y
luego en un BHE experimental.

Desarrollo de una version mejorada de la sonda de temperatura-posicion
propuesta en Martos et al. (2011). Deben investigarse las caracteristicas
apropiadas del instrumento, tales como: compatibilidad con equipos de TRT
estandar; menor tamafio; respuesta térmica mas rapida; menor peso; tiempos
de operacion mas largos; registro automatico de datos para intervalos
temporales y espaciales predefinidos; comunicaciones y carga de la bateria
inalambricas; mediciones de temperatura a lo largo de toda la red de tuberias
(flujo descendente y ascendente); capacidades para circular en tuberias con
disposicion vertical y horizontal. Elaboracion de pruebas para evaluar el
instrumento en el laboratorio.

Desarrollo de una metodologia experimental que permita analizar y comparar
los instrumentos propuestos con instrumentos novedosos y estandar para
mediciones de temperatura distribuida en un BHE de pruebas aislado de
condiciones externas.

Desarrollo de una metodologia experimental para analizar y comparar el
método e instrumentos propuestos con otros métodos e instrumentos durante



un TRT en un BHE experimental.

3. Metodologia

La presente tesis doctoral se basa en un compendio de publicaciones cientificas las
cuales han superado una revision por pares. El cuerpo de la tesis incluye un total de cinco
articulos cada uno de ellos describiendo la investigacion llevada a cabo para alcanzar
cada uno de los objetivos especificos planteados en la seccion anterior. En base a este
formato de tesis la metodologia se divide en cinco apartados.

Articulo 1. Extraction of thermal characteristics of surrounding geological layers
of a geothermal heat exchanger by 3D numerical simulations

En este primer articulo se propone un nuevo método para calcular la conductividad
térmica de las capas geologicas que atraviesan un BHE. El método sugerido,
denominado observer pipe TRT (OP-TRT), complementa al TRT estandar
proporcionando mediciones de temperatura adicionales a lo largo de una tuberia auxiliar
introducida en paralelo y equidistante a las tuberias del TRT. Asimismo, se propone un
procedimiento de simulacion inversa para estimar la conductividad en funcién de la
profundidad a partir de los datos medidos durante la implementacion de un OP-TRT.

Este estudio cubre el desarrollo e implementacion de un experimento donde se
evalua el método propuesto en un BHE situado en el campus de la Universidad
Politécnica de Valencia. El BHE tiene una profundidad de 40 m y el subsuelo que lo
rodea esta compuesto por seis capas geologicas diferentes incluyendo presencia de agua
por debajo de los cuatro metros. Después de la perforacion e insercion de las tuberias
geotérmicas, el pozo se rellena con una mezcla de cemento y bentonita. En esta
instalacion, se realiza un TRT en un tubo-U en el cual ademas de medir los parametros
tipicos (e.g. caudal, potencia, temperatura de entrada y salida, etc.) también se mide la
evolucion de temperatura en la tuberia auxiliar, denominada tubo observador. En este
caso, la temperatura distribuida a lo largo del interior del tubo observador se obtiene
desplazando una sonda cableada manualmente a intervalos de distancia conocidos. La
sonda mide la temperatura con una resolucion de 0.06 K y una precision de £0.5 K y es
calibrada en el laboratorio con un termémetro de precision.

Después de llevar a cabo el OP-TRT, se desarrolla un modelo 3D de elementos
finitos (FEM) utilizando COMSOL Multiphysics® con la misma geometria y respuesta
térmica que el BHE experimental. E1 modelo se implementa utilizando los modulos de
transferencia de calor en solidos (HT) y flujo no isotérmico en tuberias (NIPFL).
Ademas, se implementa un plano de simetria definido por los dos extremos del tubo-U
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reduciendo asi el volumen del modelo a la mitad. Asimismo, se ejecuta un estudio para
determinar el mallado éptimo persiguiendo un compromiso entre tiempo de simulacion
y precision de los resultados. Antes de comenzar con el algoritmo de simulacion inversa
el modelo se calibra para que la respuesta de temperatura en la entrada y salida de las
tuberias del TRT coincida con los resultados experimentales. Para ello, el modelo se
configura con los parametros medidos durante el TRT, como la potencia dinamica, el
caudal dinamico, la temperatura ambiente dinamica del aire y la temperatura inicial del
subsuelo. A los dominios del subsuelo y el pozo se asignan los valores efectivos de
conductividad y resistencia térmica calculados a partir del TRT standard. Al dominio
del pozo se asignan las propiedades térmicas de los materiales utilizados: relleno,
tuberias, fluido, etc. Y al dominio del subsuelo la densidad y capacidad térmica de los
tipos de tierra detectados durante la perforacion. Después de la calibracion del modelo,
el subsuelo se divide en capas a lo largo del eje vertical separadas a partir de las muestras
de temperatura espaciales medidas en el tubo observador. Posteriormente se implementa
el algoritmo iterativo, (1) se lanza una simulacion, (2) se compara el perfil de
temperatura en el tubo observador al final del TRT con los resultados experimentales y
(3) se ajusta la conductividad térmica de cada una de las capas. Este proceso se repite
hasta que los resultados de simulacion coinciden con los resultados experimentales
teniendo en cuenta un margen de error establecido.

Articulo 2. Novel instrument for temperature measurements in borehole heat
exchangers

Este segundo articulo cubre el disefio, construccion y verificacion de un instrumento
especifico, llamado Geowire, para medir de forma automatica y con mayor precision los
perfiles de profundidad-temperatura requeridos para implementar el método propuesto.
Asimismo, el instrumento cumple con las especificaciones de disefio presentadas en el
segundo punto de los objetivos. El Geowire consiste en un enrollador de cable
automatico que desplaza un sensor de temperatura a distancias previamente establecidas.
Basicamente, el cable del sensor se enrolla en un carrete, un servomotor gira el carrete
y un encoder mide la longitud del cable liberado para calcular la posicioén del sensor en
las tuberias.

En el articulo se presentan los aspectos de disefio que van desde la mecanica,
hardware, software, hasta el sistema operativo y la interfaz grafica de usuario.
Posteriormente, se proponen una serie de experimentos de laboratorio para evaluar el
funcionamiento y caracteristicas del instrumento:

e Repetitividad y fiabilidad de las medidas usando como referencia un termémetro
de alta recision (precision £0.03 K; resolucion £0.01).
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e Mediciones para determinar el tiempo de respuesta del sensor utilizando un
termometro de alta precision (precision £0.03 K; resolucion £0.01) y un baiio
térmico (precision £0.01 °C, estabilidad £0.01 °C).

e Pruebas para determinar la repetitividad y fiabilidad de los desplazamientos
espaciales.

e Calculo del tiempo minimo de reposo para lograr un equilibrio térmico después
de desplazar la sonda a una nueva posicion.

e Pruebas para validar la solidez y fluidez de la aplicacion del usuario (alarmas,
graficas en tiempo real, control remoto, seguridad y acceso simultaneo de
multiples usuarios).

Una vez validado el instrumento en el laboratorio se prepara un experimento en un
BHE de pruebas (aislado de condiciones externas) situado en la universidad de
Karlsruhe, Alemania. El pozo tiene una profundidad de 30 m y un diametro de 450 mm.
Al introducir el tubo-U dentro del pozo se colocan sensores comerciales de tipo pt100 a
lo largo de la tuberia para usarlos como referencia en la validacion del Geowire.
Asimismo, el pozo se llena con agua y se instala un cable calefactable en la mitad
superior. Finalmente, se llevan a cabo dos pruebas, una midiendo la temperatura en
reposo y otra después de calentar el pozo.

Articulo 3. Design and test of an autonomous wireless probe to measure
temperature inside pipes

Este articulo presenta el disefio, construccion y verificacion de una sonda de
temperatura, llamada Geoball, la cual es arrastrada por el fluido que circula en las
tuberias a la vez que calcula su posicion. Se trata de una version mejorada de la version
propuesta en Martos et al. (2011) cuyo disefio cumple con las caracteristicas presentadas
en el tercer punto de los objetivos.

En el articulo se presentan los aspectos de disefio relacionados con la parte mecanica,
hardware, firmware e interfaz grafica de usuario. Asimismo, se preparan las pruebas de
laboratorio para validar el funcionamiento y caracteristicas principales de la sonda:

e Mediciones para determinar el rango, precision, tiempo de muestreo y
resolucion de temperatura.

e Fiabilidad de las comunicaciones inalambricas.
e Capacidad para recolectar energia de manera inalambrica.

e Duracion de la bateria.
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e Capacidad para almacenar y representar de datos.

Articulo 4. Comparison of the developed instruments (Geowire and Geoball) with
new and standard in-borehole temperature measurement instruments

Esta cuarta publicacion acorde al cuarto objetivo describe un experimento con la
intencion de comparar las cualidades cuantitativas y cualitativas de los instrumentos
desarrollados en esta tesis doctoral con instrumentos comerciales (novedosos y estandar)
para mediciones de temperatura en intercambiadores enterrados, como el GEOsniff®,
equipos de fibra optica y cadenas de sensores Pt100.

En primer lugar, se realizan experimentos de laboratorio para comparar las
caracteristicas principales de cada equipo (rango de temperatura, resolucion de
temperatura, tiempo de muestreo, respuesta térmica, resolucidon espacial, etc.). En
segundo lugar, se implementa un experimento de campo en un BHE de pruebas con una
profundidad de 30 m y un diametro de 450 mm situado en la universidad de Karlsruhe,
Alemania. En el pozo se introduce una carcasa cilindrica de 450 x 19,5 mm y otra de
180x10,7 mm, las cuales se llenan con agua para crear una barrera aislante entre el pozo
y los posibles efectos térmicos del subsuelo adyacente. Posteriormente, se introduce un
tubo-U hasta 21.5 m de profundidad para poder circular el Geoball y GEOsnift®, ya que
se precisa de un circuito cerrado para su operacion. Durante la insercion del tubo-U se
adhieren cables de fibra optica y una cadena de sensor Pt100 a lo largo de la superficie
exterior del tubo. Ademas, se instala un cable calefactable a lo largo de la mitad superior
del pozo con la finalidad de crear una situacion térmica diferente a la de reposo.
Posteriormente, se evaluan las caracteristicas de los instrumentos ante dos situaciones
térmicas diferentes. Por ultimo, se desarrolla un modelo de elementos finitos 3D con la
misma geometria y comportamiento térmico del BHE para evaluar la fiabilidad de los
datos obtenidos con cada instrumento.

Articulo 5. Novel instruments and methods to estimate depth-specific thermal
properties in borehole heat exchangers

Este quinto articulo describe un experimento en el cual se evalian el método e
instrumentos propuestos durante un TRT distribuido (DTRT) en comparacién con
termometros de fibra optica y un programa basado en el modelo de linea infinita de
Kelvin (ILS) para estimar la conductividad distribuida. El estudio se lleva a cabo para
alcanzar el quinto objetivo.

En el experimento presentado en el Capitulo 2 la conductividad térmica a lo largo
de las capas geologicas se ajusta manualmente tras lanzar una simulacion y este proceso



se repite hasta que los resultados del modelo coinciden con los resultados
experimentales. No obstante, la ejecucion de una sola simulacion puede tardar del orden
de dias, por lo que el ajuste final puede resultar en una tarea excesivamente larga. Por
esta razon, se afiade un método de optimizacion por minimos cuadrados (Nelder-Mead)
para calcular de manera automatica la conductividad lanzando una sola simulacion. De
esta manera se pretende reducir el tiempo de simulacion y aumentar la precision de los
resultados.

En este caso se utiliza un BHE de 50 m de profundidad localizado en Vallentuna,
Suecia. La estratificacion del subsuelo adyacente al intercambiador enterrado esta
compuesta por una capa de arcilla hasta una profundidad de 6 m. Luego sigue un lecho
de roca de granito y pegmatita hasta el final del pozo, que se llena naturalmente con agua
subterranea. En el pozo se inserta un unico tubo-U y una tuberia auxiliar hasta una
profundidad de 48.5 m. El tubo se conecta a un equipo de TRT mientras que en la tuberia
auxiliar (tubo observador) se obtienen los perfiles de temperatura requeridos para
implementar el método de andlisis propuesto en esta tesis. Asimismo, se introducen
cables de fibra optica en el interior del tubo-U (tramo con flujo descendente) y dentro
del tubo observador para contrastar los resultados con el Geowire y Geoball.

Por otro lado, los perfiles de temperatura obtenidos a partir de la fibra optica en el
tubo observador se utilizan para evaluar el método propuesto en comparacién con el
programa ILS para calcular la conductividad distribuida. También se calcula
analiticamente la conductividad global del subsuelo a partir del método de analisis tipico
en un TRT (ILS) para contrastar este valor con el valor promedio de los datos de
conductividad locales estimados a partir de los métodos anteriores. Por ultimo, se
evaltan los resultados obtenidos al utilizar el método propuesto en combinacion con el
instrumento diseflado especificamente (Geowire) y se estos se comparan con los
resultados obtenidos al aplicar el método a partir de los datos de fibra ptica.

4. Conclusion

El método e instrumentos propuestos en este trabajo de doctorado han demostrado
su utilidad para mejorar la optimizacion de los sistemas de bomba de calor geotérmica
en términos de eficiencia energética, asi como para reducir la inversion de capital.
Ademas, esta tesis doctoral ofrece una vision general en cuanto a la estimacion de las
propiedades térmicas distribuidas del terreno adyacente a un pozo o un intercambiador
de calor enterrado (BHE).

Se ha propuesto un nuevo método, denominado observer pipe TRT (OP-TRT), para
calcular la conductividad térmica de las capas geoldgicas a lo largo de la profundidad de
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un pozo. Este método se basa en una medicion adicional que se puede implementar en
combinacion con el TRT estandar para mejorar sus resultados: Un perfil de temperatura
a lo largo de una tuberia auxiliar, denominada tubo observador, llena de agua e instalada
en paralelo a los extremos del tubo-U utilizado para inyectar calor. Ademas, se ha
desarrollado un procedimiento de simulacion inversa para estimar la conductividad
térmica en funcion de la profundidad a partir de los datos recopilados durante un
OP-TRT. Con la intencion de valorar el método propuesto, se ha llevado a cabo un
primer experimento bajando una sonda de temperatura cableada manualmente dentro del
tubo observador durante un TRT. Este experimento se presenta en el Capitulo 3, del cual
se pueden extraen las siguientes conclusiones:

e El OP-TRT ha demostrado reflejar en una escala de temperatura mayor las
fluctuaciones térmicas producidas debido a la presencia de capas con diferentes
propiedades térmicas y, por lo tanto, requiriéndose sensores menos precisos para
obtener resultados mas detallados.

e EIOP-TRT y el procedimiento de simulacion inversa han sido evaluados como
método potencialmente viable para medir las propiedades térmicas en funcion
de la profundidad del subsuelo que rodea un BHE.

e Tras aplicar el procedimiento de simulacion inversa a los datos recolectados, se
ha detectado una zona altamente conductiva entre 24 y 26 m, probablemente
dominada por flujos de agua subterraneos.

Después de los buenos resultados obtenidos a partir del OP-TRT y el método de
simulacion inversa, los esfuerzos de investigacion asociados a esta tesis han sido
orientados hacia el desarrollo de un instrumento especifico, llamado Geowire, con la
intencion de medir de manera fiable los perfiles de temperatura a lo largo del tubo
observador. Como se indica en el Capitulo 4, el funcionamiento del Geowire ha sido
analizado primero en el laboratorio, y posteriormente en BHE de pruebas utilizando
sensores Pt100 como referencia.

e Mediciones entre el Geowire y los sensores Pt100 comparables (error cuadratico
medio de 0.042), validandose asi su aplicabilidad.

e El Geowire ha demostrado ser un dispositivo apropiado para medir los perfiles
de temperatura distribuida con alta resolucion espacial, temporal y de
temperatura (0.5 mm, 750 ms, 0.06 K).

e Otras caracteristicas que han sido validadas positivamente: registro automatico
de datos a intervalos de tiempo predefinidos; incertidumbre en las mediciones
muy poco significativa (£5 mm en 10 m, = 0.06 K); respuesta térmica de la
sonda aceptable, interfaz intuitivo; control remoto (interfaz grafica y descarga
de datos); alarmas para detectar anomalias durante su funcionamiento; y gran
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capacidad para almacenar datos.

Ademas, se ha desarrollado una version mejorada de la sonda auténoma (Martos et
al., 2011), llamada Geoball, la cual ha sido evaluada en el laboratorio (Capitulo 5). De
este estudio se pueden extraen las siguientes conclusiones:

Mejoras adicionales con respecto a la primera version, como menor tamafio,
menor peso y mayor tiempo de operacion.

Adecuado para obtener mediciones espaciales y de temperatura dentro de
tuberias geotérmicas a lo largo de todo el circuito cerrado (flujo ascendente y
descendente).

Adecuado para distribuciones de tuberias verticales y horizontales.

Posteriormente, los dos instrumentos desarrollados en esta tesis doctoral (Geowire y
Geoball) han sido comparados con instrumentos comerciales novedosos y estandar para
la medicion de temperatura en un BHE, como el GEOsniff®, termémetros de fibra optica
y cadenas de sensores Pt100. Las caracteristicas principales de estos instrumentos han
sido evaluadas primero en el laboratorio, y luego en BHE de pruebas aislado de
condiciones externas (Capitulo 6). En este estudio se ha demostrado la importancia de
analizar las diferencias cuantitativas y cualitativas de cada instrumento, procedimiento
de calibracion y método de andlisis antes de implementar un TRT distribuido. A partir
del cual ademas se pueden extraen las siguientes conclusiones con relacion a los
instrumentos desarrollados:

En el laboratorio los nuevos instrumentos han medido la temperatura con una
respuesta térmica rapida y alta precision: Geowire (<2.0 s, + 0.06 K) y Geoball
(<0.5 s, +0.04 K).

Los nuevos instrumentos han medido la temperatura con altas resoluciones
espaciales y de temperatura: Geowire (0.5 mm, 0.06 K) y Geoball (10 mm,
0.05 K).

El Geowire y el Geoball miden la temperatura instantaneamente, sin que la
precision dependa de la resolucion espacial, temporal y del tiempo de muestreo.
Por ello, en comparacién con la fibra Optica, estos instrumentos proporcionan
resoluciones espaciales y precisiones mas altas en entornos con respuestas
térmicas transitorias, p. ej. durante un TRT distribuido (DTRT).

No requieren de una calibracidén dindmica para obtener resultados precisos, son
mas faciles de integrar en los BHE existentes y también son una solucion mas
rentable.

Se pueden evitar errores en la calibracion de multiples sensores, como puede ser
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el caso al utilizar una cadena de sensores.

Finalmente, se ha preparado un experimento (Capitulo 7) con la intencioén de evaluar
el método y los instrumentos en un BHE durante un OP-TRT. En dicho experimento, se
han introducido termémetros de fibra dptica dentro del tramo con flujo descendente del
tubo-U y dentro del tubo observador para evaluacion del Geowire y Geoball. Ademas,
el modelo de simulacion inversa ha sido evaluado en comparacién con un programa
basado en el modelo de linea infinita de Kelvin (ILS) para estimar la conductividad
térmica distribuida a partir de los datos recolectados en el tubo observador:
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Las mediciones de temperatura a lo largo del tubo observador han mostrado
diferencias de temperatura amplificadas para capas geologicas con propiedades
térmicas diferentes en comparacion con las medidas tomadas en el tubo con flujo
descendente del TRT.

El Geoball y el Geowire han demostrado una vez mas medir la temperatura con
una resolucién espacial, temporal y de temperatura mayor que el equipo de fibra
oOptica utilizado.

El modelo de simulacion inversa ha sido mejorado efectivamente al incluir un
modulo de estimacion de parametros. Tanto la precision de los resultados como
el tiempo de simulacion han sido mejorados significativamente mediante un
proceso automatico para ajustar el perfil de temperatura objetivo (tubo
observador) lanzando una tnica simulacion.

Se han obtenido resultados comparables entre el valor promedio de las
estimaciones locales efectivas calculadas por ambos métodos y la conductividad
efectiva para todo el subsuelo calculada analiticamente a partir de las ecuaciones
de linea infinita tipicas de un TRT estandar: 1.27% por debajo para el programa
basado en ILS y 0.28% por debajo para el modelo de simulacion inversa.

Las estimaciones locales de conductividad efectiva calculadas con el modelo de
simulacioén inversa a partir de los datos del Geowire han mostrado la mayor
dispersion con respecto a la conductividad efectiva global de un TRT estandar.
Consiguiendo asi detectar una zona de 5 m de largo con elevada conductividad
al utilizar el instrumento y método propuestos.

Una de las ventajas del modelo de simulacion inversa radica en que solo requiere
dos perfiles de temperatura como entrada: (1) subsuelo en reposo y (2) al final
del TRT.



Resum

El test de resposta térmica (TRT) és ampliament utilitzat com a meétode estandard
per la caracteritzacié de les propietats térmiques del terreny adjacent a un intercanviador
de calor soterrat (BHE). Els meétodes tradicionals per interpretar els resultats fan s de
solucions analitiques o numeériques assumint que el terreny és infinit, homogeni i
isotropic. No obstant aixo, en realitat el subsol presenta generalment una estructura
estratificada i heterogénia, i per tant les propietats térmiques poden variar
substancialment amb la profunditat. En aquest sentit i amb 1’objectiu de resoldre les
limitacions del TRT estandard, la present tesi doctoral se centra en el desenvolupament
de métodes 1 instruments per a quantificar les propietats de transferéncia de calor de les
capes geologiques al voltant d'un BHE. Informacio que resulta imprescindible per assolir
la maxima eficiéncia energética i el dimensionat técnic-econdomic optim d’un BHE.

En particular, es proposa un nou métode de TRT, anomenat observer pipe TRT (OP-
TRT), basat en un amidament de temperatura addicional al llarg d’un tub auxiliar. En
les ultimes decades, diversos investigadors han desenvolupat TRT distribuits (DTRT)
en els quals es realitzen amidaments de temperatura al llarg del tub-U en el que s'injecta
la calor. No obstant, a partir de les investigacions dutes a terme en aquesta tesi, el tub
observador ha demostrat amplificar els efectes térmics produits per culpa de capes
geologiques amb propietats termo-fisiques diferents, requerint-se aixi sensors menys
precisos per tal d’obtindre resultats més detallats. Basant-se en aquest resultat, s’ha
desenvolupat un model numeéric de simulaci6 inversa per parametritzar la conductivitat
térmica de les capes geologiques a partir dels amidaments al llarg del tub observador.
Basicament, el model ajusta la conductivitat térmica de les capes geologiques fins que
els resultats de la simulaci6 coincideixen amb el perfil de temperatura experimental al
llarg del tub observador. El model ha sigut desenvolupat amb un algoritme d’estimacio
de parametres per a un ajust automatic i obtencid de resultats més precisos. Un altre
avantatge és que aquest metode només requereix dos perfils de temperatura: (1) subsol
en repos (abans del TRT) i (2) al finalitzar el TRT (abans d’aturar la injecci6 de calor).

Amb D’objectiu de continuar investigant el métode proposat a partir de dades de
major qualitat, s’ha desenvolupat un instrument especific (Geowire) per tal de mesurar
de forma automatica i amb major precisié els perfils de profunditat-temperatura
requerits. El disseny de Geowire també ha estat orientat a cobrir altres requisits, com ara
compatibilitat amb equips de TRT i operacio intuitiva. A més, s’ha desenvolupat una
versid millorada d’una sonda de temperatura (Geoball) la qual és arrossegada pel fluid
que circula en les canonades i a la vegada calcula la seua posiciéo amb 1’avantatge de qué
pot ser utilitzada en tubs amb disposicid vertical i1 horitzontal. Després de les proves de
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validaci6 al laboratori, les caracteristiques fonamentals d'ambdoés instruments han sigut
avaluades en comparacié amb altres instruments recents i estandard per tal de mesurar
temperatures distribuides durant un experiment en un BHE de proves. L’avantatge
principal dels instruments proposat sobre la popular fibra optica és que mesuren la
temperatura instantaniament (a intervals temporals precisos). Aixi mateix, no necessiten
un calibratge dinamic per a donar resultats precisos proporcionant una major resolucio
espacial 1 de temperatura: Geowire (0.5 mm, 0.06 K) i Geoball (10 mm, 0.05 K). A més,
son més facils d’integrar en pous existents i son una solucié potencialment més rendible
per mesurar la temperatura distribuida.

Finalment, es demostren els beneficis del métode i instruments proposats durant un
DTRT en comparaci6 amb la fibra optica i amb un programari basat en el model de linia
infinita per estimar la conductivitat térmica distribuida. Els resultats del model proposat
revelaren una zona altament conductiva a I'emprar les dades de Geowire, mentre que
aquesta zona no va ser detectada al processar les dades de la fibra optica.

Paraules clau: Bomba de calor geotérmica; Intercanviador de calor soterrat; TRT tub
observador; Subsol multicapa; Conductivitat térmica; Simulacidé numeérica; Eficiéncia
energgtica; Optimitzacio técnic-econdmica.

1. Context d’investigacio i motivacio

Els sistemes de bombes de calor geotérmica (GSHP) s'expandeixen gradualment
com una alternativa prometedora per tal d’estalviar energia i reduir les emissions de
gasos d’efecte hivernacle. Els sistemes GSHP intercanvien calor amb el subsol amb
I’objectiu d'obtindre aigua calenta o climatitzacid (calefaccid o refrigeracio) en
aplicacions domeéstiques, urbanes o agricoles. Aquests sistemes han demostrat assolir
una major eficiéncia energetica que els sistemes d’aire condicionat. No obstant aixo, el
capital d’inversio inicial és normalment major i depén principalment de la longitud, el
grandaria i el nombre d'intercanviadors de calor soterrats (BHE) necessaris.

El test de resposta térmica (TRT) és el metode estandard per a caracteritzar les
propietats térmiques del subsol i els BHE, informacié que és essencial per al dimensionat
técnic-economic optim dels sistemes GSHP. Generalment, el TRT es realitza mitjangant
un circuit tancat (tub en U) on el fluid portador de calor circula en sentit descendent i
ascendent al llarg de tota la perforacié del BHE. Durant el test, el fluid es bombeja a una
velocitat relativament estable mentre que s'injecta calor a una poténcia constant
mitjancant un element eléctric. Aixi mateix, es monitoritza i registra de manera continua
la poténcia calorifica injectada, el cabal del fluid, les temperatures d'entrada i sortida al
BHE i la temperatura exterior. A partir d’aquests parametres, diferents solucions

XVvi



analitiques 1 semi-numériques han sigut proposades durant les ultimes décades per a
estimar les propietats de transferéncia de calor al llarg de l'intercanviador i el terreny
adjacent. Aquestes solucions consideren el subsol com un medi homogeni, isotropic
infinit i, per tant, Unicament determinen parametres globals i efectius, com ara la
conductivitat térmica efectiva i la resisténcia térmica efectiva de l'intercanviador.

No obstant, en realitat, la composicié geologica del subsol és tipicament heterogeénia,
normalment dividida en capes formades per diferents materials com a tipus de terra,
tipus de roca i/o aigua subterrania. A més, el subsol també¢ pot estar dominat per fractures
o cavitats. Aixo significa que és improbable que la calor es puga transferir de manera
uniforme a través de les capes geologiques del subsol situat al voltant d'un pou. Es per
aixo que el fer de conéixer la capacitat de transferéncia de calor d’aquestes capes podria
ajudar a evitar el sobredimensionament d’instal-lacions, aixi com a reduir la inversio6 de
capital innecessariament major que aquesta practica comporta: costos addicionals
derivats d’una major demanda de pressié, una major demanda de bombeig, caigudes de
pressio addicionals i tot el material addicional necessari per a construir un BHE més
profund (ma d’obra, perforacid, canonades, material de farcit, etc.). Per exemple, en cas
d’arribar a una zona amb propietats de transferéncia de calor poc favorables, es podria
limitar la longitud de la perforaci6 i construir un major nombre de pous menys profunds
en lloc de menys pous més llargs. Es a dir, es tracta d’informacié de gran interés que no
¢és possible obtindre a partir d’un TRT convencional, la qual permetria detectar les capes
més favorables per a intercanviar calor i aixi poder establir la longitud optima d'un BHE
amb 1’objectiu d’aconseguir el maxim rendiment de transferéncia de calor al minim cost.

A partir d’aquesta problematica sense resoldre va sorgir la hipotesi que motiva
I’enfocament d’aquesta tesi. Es possible desenvolupar métodes i instruments especifics
que permetran parametritzar de forma detallada la capacitat de transferéncia de calor de
les capes geoldgiques que creuen un BHE?

2. Objectius

L’objectiu general de la present tesi doctoral és I’exploracio de meétodes i
instruments per a avaluar la resposta térmica de les diferents capes geologiques que
envolten a un intercanviador de calor soterrat. Aixi, amb el proposit d’assolir aquest
objectiu general, es proposen i investiguen els segiients objectius especifics:

I. Desenvolupament d’un meétode de simulacidé inversa per a calcular la
conductivitat térmica del subsol que rodeja a un BHE en funcié de la
profunditat a partir d’amidaments de temperatura addicionals, en un tub
auxiliar al llarg de tota la perforacié, durant un TRT. Elaboracié d’un
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experiment per tal d’avaluar el meétode en un BHE experimental.

II. Desenvolupament d’un instrument especific per a mesurar els perfils de
temperatura requerits per tal d’aplicar el métode. Es deu investigar les
caracteristiques apropiades de l'instrument, com ara: compatibilitat amb
equips de TRT estandard; alta resolucié espacial, temporal i de temperatura;
pertorbacio térmica minima en el BHE; resposta térmica de la sonda prou
rapida per la seua manera de funcionament; un sistema embegut que incorpore
el conjunt apropiat de tecnologies de la informacid i la comunicacio; registre
automatic de dades per a periodes de temps i profunditat predefinits; una
operativa facil i convenient; interficie grafica amigable i intuitiva; capacitats
per a emmagatzemar dades; possibilitat de control remot (interficie grafica i
descarrega de dades); visualitzacié de dades en temps real; recursos suficients
per a integrar un métode que permeta estimar les propietats térmiques en
funcio de la profunditat. Elaboracié de proves per a validar les caracteristiques
de l'instrument, primer al laboratori i posteriorment en un BHE experimental.

II. Desenvolupament d’una versié millorada de la sonda de temperatura-posicid
proposta en Martos et al. (2011). S'investigaran les caracteristiques apropiades
de l'instrument, com ara: compatibilitat amb equips de TRT estandard; menor
grandaria; resposta térmica més rapida; menor pes; temps d’operacié més
llargs; enregistrament automatic de dades per a intervals temporals i espacials
predefinits; comunicacions i carrega de la bateria sense fils; mesurament de
temperatura al llarg de tota la xarxa de canonades (flux descendent i
ascendent); capacitats per a circular en canonades amb disposicid vertical i
horitzontal. Elaboracié de proves per a avaluar I’ instrument en el laboratori.

IV. Desenvolupament d’una metodologia experimental que permeta analitzar i
comparar els instruments proposats amb instruments innovadors i estandard
per a amidaments de temperatura distribuida en un BHE de proves aillat de
condicions externes.

V. Desenvolupament d’una metodologia experimental per tal d’analitzar i
comparar el metode i instruments proposats amb altres meétodes i instruments
durant un TRT en un BHE experimental.

3. Metodologia

La present tesi doctoral es basa en un compendi de publicacions cientifiques les quals
han superat una revisié per parells. El cos de la tesi inclou un total de cinc articles cada
u d’ells descrivint la investigacidé duta a terme per a assolir cada u dels objectius
especifics plantejat en la seccid anterior. Basant-se en aquest format de la informacié o
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de tesis, la metodologia es divideix en cinc apartats.

Article 1. Extraction of thermal characteristics of surrounding geological layers of
a geothermal heat exchanger by 3D numerical simulations

En aquest primer article es proposa un nou métode per al calcul de la conductivitat
térmica de les capes geologiques que travessa un BHE. El métode suggerit, denominat
observer pipe TRT (OP-TRT), complementa al TRT estandard proporcionant dades de
temperatura addicionals al llarg d’un tub auxiliar introduit en paral-lel i equidistant als
tubs del TRT. Aixi mateix, es proposa un procediment de simulaci6 inversa per a estimar
la conductivitat en funci6 de la profunditat a partir de les dades mesurades durant la
implementacié d'un OP-TRT.

Aquest estudi cobreix el desenvolupament i implementacié d’un experiment on
s'avalua el métode proposat en un BHE ubicat al campus de la Universitat Politécnica
de Valéncia. EI BHE té una profunditat de 40 m i el subsol que ho envolta esta format
per sis capes geologiques diferents incloent preséncia d’aigua per davall dels quatre
metres. Després de la perforacio i insercio dels tubs geotérmics, el pou es va farcir amb
una barreja de ciment i bentonita. En aquesta instal-lacid, es realitza un TRT en un
tub-U en el qual a més de registrar els parametres tipics (. cabal, potencia, temperatura
d’entrada i eixida, etc.) també es mesura I’evolucio de la temperatura en el tub auxiliar,
denominat tub observador. En aquest cas, la temperatura distribuida al llarg de I'interior
del tub observador s’obté desplagant una sonda cablejada manualment a intervals de
distancia coneguts. La sonda mesura la temperatura amb una resolucié de 0.06 K i una
precisio de 0.5 K, 1 és calibrada al laboratori amb un termometre de precisio.

Després de la perforaci6 i insercio dels tubs geotérmics, el pou es va farcir amb una
barreja de ciment i bentonita. En aquesta instal-lacio, es realitza un TRT en un tub-U en
el qual a més de registrar els parametres tipics (p. ex. cabal, poténcia, temperatura
d’entrada i eixida, etc.) també es mesura 1’evolucié de la temperatura en el tub auxiliar,
denominat tub observador. En aquest cas, la temperatura distribuida al llarg de I'interior
del tub observador s’obté desplagant una sonda cablejada manualment a intervals de
distancia coneguts. La sonda mesura la temperatura amb una resolucié de 0.06 K i una
precisio de 0.5 K, i és calibrada al laboratori amb un termometre de precisio.

Després de dur a terme 'OP-TRT, es desenvolupa un model 3D d’elements finits
(FEM) utilitzant COMSOL Multiphysics® amb la mateixa geometria i resposta térmica
que el BHE experimental. El model s’implementa, utilitzant els moduls de transferéncia
de calor en solids (HT) i fluix no isotérmic en tubs (NIPFL). A més, s’implementa un
pla de simetria definit pels dos extrems del tub-U reduint aixi el volum del model a la
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mitat. Aixi mateix, s’executa un estudi per a determinar el mallat optim, buscant un
compromis entre temps de simulacid i precisid dels resultats. Abans d’iniciar amb
I’algoritme de simulacio inversa, el model es calibra per a que la resposta de temperatura
en l'entrada i eixida dels tubs del TRT coincideix amb els resultats experimentals. Per
aixo, el model es configura amb els parametres mesurats durant el TRT, com ara la
poténcia dinamica, el cabal dinamic, la temperatura ambient dinamica de l'aire i la
temperatura inicial del subsol. Als dominis del subsol i el pou s’assignen els valors
efectius de conductivitat i resisténcia térmica calculats a partir del TRT estandard. Al
domini del pou s’assignen les propietats termiques dels materials utilitzats: farcit, tubs,
fluid, etc. I al domini del subsol, la densitat i capacitat térmica dels tipus de terra detectats
durant la perforacio. Després del calibratge del model, el subsol es divideix en capes al
llarg de I’eix vertical, separades a partir de les mostres de temperatura espacials
mesurades en el tub observador. Posteriorment s’implementa 1’algoritme iteratiu, (1) es
llanca una simulaci6, (2) es compara el perfil de temperatura en el tub observador al
final del TRT amb els resultats experimentals i (3) s’ajusta la conductivitat térmica de
cada una de les capes. Aquest procés es repeteix fins que els resultats de simulacio
coincideixen amb els resultats experimentals tenint en compte un marge d'error establit.

Article 2. Novel instrument for temperature measurements in borehole heat
exchangers

Aquest segon treball cobreix el disseny, construccié i verificacidé d’un instrument
especific, anomenat Geowire, per a mesurar de forma automatica i con major precisio
els perfils de profunditat-temperatura requerits per a implementar el métode proposat.
Aixi mateix, l'instrument compleix amb les especificacions de disseny presentades en el
segon punt dels objectius. Geowire consisteix en un enrotllador de cable automatic que
desplaga un sensor de temperatura a distancies préviament establides. Basicament, el
cable del sensor s’enrotlla en un rodet, un servomotor gira el rodet i un encoder mesura
la longitud del cable alliberat per tal calcular la posicio del sensor en el tub.

En T’article es presenten els aspectes de disseny que van des de la mecanica,
hardware, software, fins al sistema operatiu i la interficie grafica d’usuari.
Posteriorment, es proposen una série d'experiments de laboratori per tal d’avaluar el
funcionament i caracteristiques de l'instrument:

e Repetitivitat i fiabilitat de les dades prenent com a referéncia un termometre
d'alta recessio (precisio £0.03 K; resolucié +0.01).

e Mesuraments per a determinar el temps de resposta del sensor utilitzant un
termometre d’alta precisio (precisio £0.03 K; resolucio £0.01) i un bany térmic
(precisio £0.01 °C, estabilitat £0.01 °C).
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e Proves per a determinar la repetitivitat i fiabilitat dels desplacaments espacials.

e Calcul de la temperatura minima de repos per a assolir un equilibri térmic
després de desplagar la sonda a una nova posicio.

e Proves per a validar la solidesa i fluidesa de I'aplicacidé d'usuari (alarmes,
grafiques en tempo real, control remot, seguretat i accés simultani de multiples
usuaris).

Una vegada validat I’instrument en laboratori, es prepara un experiment en un BHE
de proves (aillat de condicions externes) situat en la Universitat de Karlsruhe, Alemanya.
El pou té una profunditat de 30 m i un diametre de 450 mm. A l'introduir el tub-U dins
del pou es col-loquen sensors comercials de tipus pt100 al llarg del tub per a emprar-los
com a referéncia en la validacié de Geowire. Aixi mateix, el pou s’ompli amb aigua i
s'instal-la un cable calefactor en la meitat superior. Finalment, es completen dues proves,
una mesurant la temperatura en repos i altra després d'escalfar el pou.

Article 3: Design and test of an autonomous wireless probe to measure temperature
inside pipes

Aquest article presenta el disseny, construccidé i verificacio d’una sonda de
temperatura, anomenada Geoball, la qual es arrossegada pel fluid que circula en els tubs,
calculant simultaniament la seua posicio. Es tracta d’una versié millorada de la versio
proposada en Martos et al. (2011), complint el disseny amb les caracteristiques
presentades en el tercer punt dels objectius.

En D’article es presenten els aspectes de disseny relacionats amb la part mecanica,
hardware, firmware i interficie grafica d’usuari. Aixi mateix, es preparen les proves de
laboratori per a validar el funcionament i caracteristiques principals de la sonda:

e Mediciones para determinar el rango, precision, tiempo de muestreo y
resolucion de temperatura.

e Mesuraments per a determinar el rang, precisid, temps de mostreig i resolucid
de temperatura.

e Fiabilitat de les comunicacions sense fils.
e Capacitat per captar energia sense fils.
e Duracio de la bateria.

e Capacitat per a emmagatzemar i representar dades.
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Article 4: Comparison of the developed instruments (Geowire and Geoball) with
new and standard in-borehole temperature measurement instruments

Aquesta quarta publicacié d’acord al quart objectiu descriu un experiment amb la
intenci6 de comparar les qualitats quantitatives i qualitatives dels instruments
desenvolupats en la present tesi doctoral amb els instruments comercials (més recents i
estandard) per a mesurament de temperatura en intercanviadors soterrats, com ara el
GEOsniff®, equips de fibra optica i enfilalls de sensors Pt100.

En primer terme, es realitzen experiments de laboratori per a comparar les
caracteristiques principals de cada equip (rang de temperatura, resolucié de temperatura,
temps de mostreig, resposta térmica, resolucid espacial, etc.). En segon lloc,
s’implementa un experiment de camp en un BHE de proves d’una profunditat de 30 m i
un diametre de 450 mm, situat en la Universitat de Karlsruhe, Alemanya. En el pou
s’introdueix una carcassa cilindrica de 450 x 19.5 mm i altra de 180x10.7 mm, les quals
s’omplin amb aigua per tal de crear una barrera aillant entre el pou i els possibles efectes
térmics del subsol que 1’envolta. Posteriorment, s'introdueix un tub-U fins a 21.5 m de
profunditat per a poder circular el Geoball i GEOsniff®, ja que es requereix un circuit
tancat per a la seua operacio. Durant la inserci6 del tub-U s'adhereixen cables de fibra
optica i un enfilall de sensors Pt100 al llarg de la superficie exterior del tub. A més,
s'instal-la un cable calefactor al llarg de la meitat superior del pou amb la finalitat de
crear una situacid térmica diferent de la de repos. Posteriorment, s'avaluen les
caracteristiques dels instruments enfront de dues situacions termiques diferents. Per
ultim, es desenvolupa un model d’elements finits 3D amb la mateixa geometria i
comportament térmic del BHE per a avaluar la fiabilitat de les dades obtinguts per cada
instrument.

Article 5. Novel instruments and methods to estimate depth-specific thermal
properties in borehole heat exchangers

Aquest cinqué article descriu un experiment en el qual s’avaluen el métode i
instruments proposats durant un TRT distribuit (DTRT) en comparaci6 amb
termometres de fibra optica i un programa basat en el model de linia infinita de Kelvin
(ILS) per a estimar la conductivitat distribuida. L’estudi es du a terme per a assolir el
cinqué objectiu.

En I’experiment presentat en el Capitol 2 la conductivitat térmica al llarg de les capes
geologiques s’ajusta manualment després de llangar una simulacid i aquest procés es
repeteix fins que els resultats del model coincideixen amb els resultats experimentals.
No obstant, I’execucié d’una sola simulacié pot tardar de 1'orde de dies, pel que ’ajust
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final pot resultar en una tasca excessivament llarga. Per aquesta rao, s’afegeix un metode
d’optimitzacié per minims quadrats (Nelder-Mead) per a calcular de manera automatica
la conductivitat llangant una tinica simulacid. D'aquesta manera es pretén reduir el temps
de simulacio6 i augmentar la precisio dels resultats.

En aquest cas s'utilitza un BHE de 50 m de profunditat localitzat en Vallentuna,
Suécia. L'estratificacio del subsol que envolta a l'intercanviador soterrat esta composta
per una capa d'argila fins a una profunditat de 6 m. A continuacio, segueix una zona de
roca de granit i pegmatita fins al final del pou, que s’ompli naturalment amb aigua
subterrania. En el pou se inserta un tnic tub-U i altre tub auxiliar fins a una profunditat
de 48.5 m. El tub es connecta a un equipo de TRT mentre que en el tub auxiliar (tub
observador) s’obtenen els perfiles de temperatura requerides per a implementar el
metode d’analisis proposat en aquesta tesi. Aixi mateix, s'introdueixen cables de fibra
optica en l'interior del tub-U (tram amb fluix descendent) i dins del tub observador per
a contrastar els resultats enfront de Geowire i Geoball.

Per altra banda, els perfils de temperatura obtinguts a partir de la fibra optica en el
tub observador s'utilitzen per a avaluar el métode proposat en comparacio amb el
programa ILS per a calcular la conductivitat distribuida. També¢ es calcula analiticament
la conductivitat global del subsol a partir del métode d’analisis tipic en un TRT (ILS)
per contrastar aquest valor amb el valor mitja de les dades de conductivitat locals
estimats a partir dels métodes anteriors. Per ultim, s’avaluen els resultats obtinguts a
l'utilitzar el métode proposat en combinacié amb I’instrument dissenyat especificament
(Geowire) i aquests es comparen amb els resultats obtinguts a l'aplicar el métode a partir
de les dades de fibra optica.

4. Conclusio

El métode i instruments proposats en aquest treball de doctorat han demostrat la seua
utilitat per a millorar I’optimitzacié dels sistemes de bomba de calor geotérmica en
termes d’eficiencia energética, aixi com per a reduir la inversio de capital. A més,
aquesta tesi doctoral ofereix una visid general quant a I’estimacid de les propietats
téermiques distribuides del terreny adjacent a un pou o un intercanviador de calor soterrat
(BHE).

S’ha proposat un nuo métode, denominat observer pipe TRT (OP-TRT), per a
calcular la conductivitat térmica de les capes geologiques al llarg de la profunditat d’un
pou. Aquest métode es basa en una mesura addicional que es pot implementar en
combinacié amb el TRT estandard per a millorar els seus resultats: Un perfil de
temperatura al llarg d’un tub auxiliar, denominat tub observador, ple d’aigua i instal-lat
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en paral-lel als extrems del tub-U utilitzat per a injectar calor. A més, s’ha desenvolupat
un procediment de simulacié inversa per a estimar la conductivitat térmica en funcio de
la profunditat a partir de les dades obtingudes durant un OP-TRT. Amb la intencio de
valorar el métode proposat, s’ha dut a terme un primer experiment baixant una sonda de
temperatura cablejada manualment dins del tub observador durant un TRT. Aquest
experiment es presenta en el Capitol 3, del qual es poden extraure les segiients
conclusions:

e El OP-TRT ha demostrat reflectir en una escala de temperatura major les
fluctuacions térmiques produides a causa de la preséncia de capes amb diferents
propietats térmiques i, per tant, requerint sensors menys precisos per a obtenir
resultats més detallats.

e El OP-TRT i el procediment de simulaci6 inversa han sigut avaluats com un
meétode potencialment viable per a mesurar les propietats térmiques en funciod
de la profunditat del subsol que envolta un BHE.

e Després d’aplicar el procediment de simulacio inversa a les dades mesurades,
s’ha detectat una zona altament conductiva entre 24 i 26 m, probablement
dominada per fluxos d'aigua subterranies.

Després dels bons resultats obtinguts a partir del OP-TRT i el métode de simulacio
inversa, els esforgos d’investigacid associats a aquesta tesi, s’han orientat cap al
desenvolupament d’un instrument especific, anomenat Geowire, amb la intencié de
mesurar de manera fiable els perfiles de temperatura al llarg del tub observador. Com
s'indica en el Capitol 4, el funcionament del Geowire ha sigut analitzat primer en
laboratori, i posteriorment en BHE de proves utilitzant sensors Pt100 com a referéncia.

e Mesures entre el Geowire i els sensors Pt100 comparables (error quadratic medi
de 0.042), validant-se aixi la seua aplicabilitat.

e Geowire ha demostrat ser un dispositiu apropiat per a mesurar els perfils de
temperatura distribuida amb alta resolucié espacial, temporal i de temperatura
(0.5 mm, 750 ms, 0.06 K).

e Altres caracteristiques que han sigut validades positivament: registre automatic
de dades a intervals de tempos redefinits; incertesa en les mesures molt poc
significatiu (=5 mm en 10 m, + 0.06 K); resposta térmica de la sonda acceptable,
interficie intuitiva; control remot (interficie grafica i descarrega de dades);
alarmes per a detectar anomalies durant el seu funcionament; i gran capacitat
per a emmagatzemar dades.

A més, s’ha desenvolupat una versié millorada de la sonda autonoma (Martos et al.,
2011), anomenada Geoball, la qual ha sigut avaluada en laboratori (Capitol 5). D’aquest
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estudi es poden extraure les segilients conclusions:

e Millores addicionals respecte de la primera versid, com ara menor grandaria,
menor pes 1 major temps d’operacio.

e Adient per a obtenir dades espacials i de temperatura dins de tubs geotérmics al
llarg de tot el circuit tancat (flux ascendent i descendent).

e Adequat per a distribucions de tubs verticals i horitzontals.

Posteriorment, els dos instruments desenvolupats en aquesta tesi doctoral (Geowire
i Geoball) han sigut comparats amb instruments comercials tant de nova introduccié com
estandard per a I'adquisici6 de temperatura en un BHE, com GEOsnift®, termometres de
fibra optica i enfilalls de sensors Pt100. Les caracteristiques principals d’aquests
instruments han sigut avaluades primer en laboratori, i posteriorment en un BHE de
proves aillat de condiciones externes (Capitol 6). En aquest estudi s’ha demostrat la
importancia d’analitzar les diferéncies quantitatives i qualitatives de cada instrument,
procediment de calibrat i métode d’analisis abans d'implementar un TRT distribuit. A
partir del qual, a més, es poden extreure les segiients conclusions amb relacio als
instruments desenvolupats:

e Enlaboratori, els nous instruments han mesurat la temperatura amb una resposta
térmica rapida i d’alta precisio: Geowire (<2.0 s, + 0.06 K) i Geoball (<0.5 s,
+0.04 K).

¢ Elsnous instruments han mesurat la temperatura amb altes resolucions espacials
i de temperatura: Geowire (0.5 mm, 0.06 K) i Geoball (10 mm, 0.05 K).

e Geowire i Geoball amiden la temperatura instantaniament, sense que la precisio
presente dependeéncia de la resolucidé espacial, temporal ni del temps de
mostreig. Per tot aixd, en comparacié amb la fibra Optica, aquests instruments
proporcionen resolucions espacials i precisions més altes en entorns amb
respostes térmiques transitories, p. ex. durant un TRT distribuit (DTRT).

e No requereixen un calibrat dinamic per a assolir resultats precisos, son més
facils d'integrar en els BHE existents i també son una solucié més rendible.

e Es poden evitar errors en el calibrat de multiples sensors, com pot ser el cas a
l'utilitzar enfilalls de sensors.

Finalment, s’ha preparat un experiment (Capitol 7) amb I’objectiu d’avaluar el
metode i els instruments en un BHE durant un OP-TRT. En aquest experiment, s’han
introduit termometres de fibra optica dins del tram amb flux descendent del tub-U i dins
del tub observador per a avaluacié de Geowire Geoball. A més, el model de simulacio
inversa ha sigut avaluat en comparacid6 amb un programa basat en el model de linia
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infinita de Kelvin (ILS) per tal d’estimar la conductivitat térmica distribuida a partir de
les dades obtingudes al tub observador:

XXVi

Els amidaments de temperatura al llarg del tub observador han mostrat
diferéncies de temperatura amplificades per a capes geologiques amb propietats
termiques diferents en comparacio als amidaments fets al tub amb flux
descendent del TRT.

Geoball i Geowire han demostrat, de nou, mesurar la temperatura amb una
resolucié espacial, temporal de temperatura major que 1’equip de fibra optica
utilitzat.

El model de simulacié inversa ha sigut millorat significativament a l'incloure un
modul d'estimacié de parametres. Tant la precisié dels resultats com el temps de
simulacié han presentat millores significatives a l'utilitzar un procés automatic
per a ajustar el perfil de temperatura objectiu (tub observador) realitzant-lo tot
en una Unica simulacid.

S’han obtingut resultats comparables entre el valor mitja de les estimacions
locals efectives calculades per ambdos métodes i la conductivitat efectiva para
tot el subsol calculada analiticament a partir de les equacions de linia infinita
tipiques d’un TRT estandard: 1.27% per davall per al programa basat en ILS i
0.28% per davall per al model de simulaci6 inversa.

Les estimacions locals de conductivitat efectiva calculades amb el model de
simulaci6 inversa, a partir de les dades de Geowire, han mostrat la major
dispersié respecte a la conductivitat efectiva global d'un TRT estandard.
Aconseguint aixi detectar una zona de 5 m de llarg amb elevada conductivitat a
l'utilitzar I’instrument i métode proposats.

Un dels avantatges del model de simulacié inversa radica en qué només
requereix dos perfils de temperatura com entrada de dades: (1) subsol en repds
i(2) al final del TRT.



Title

Novel method and instruments for the optimal techno-economic sizing of borehole
heat exchangers.

Abstract

The thermal response test (TRT) is widely used as a standard test to characterize the
thermal properties of the ground near a borehole heat exchanger (BHE). Typical
methods to interpret the results apply analytical or numerical solutions which assume
that the ground is infinite, homogeneous and isotropic. However, in reality the
underground is commonly stratified and heterogeneous, and therefore thermal properties
may significantly vary with depth. In this sense and with the intention to overcome
standard TRT limitations, this Ph.D. study is focused on developing methods and
instruments for the evaluation of the heat transfer behavior of the geological layers
surrounding a BHE. This information is key for the optimal energy efficiency and
techno-economic sizing of BHE.

In particular, a novel TRT method, called observer pipe TRT (OP-TRT), is proposed
based on an additional temperature measurement along an auxiliary pipe. In the last
decades, some researchers developed the so-called distributed TRT (DTRT) by
measuring the temperature along the length of the heated U-pipe. However, from the
studies carried out in this Ph.D. work, the observer pipe demonstrated to amplify the
thermal effects produced due to geological layers with different thermo-physical
properties, hence requiring less accurate sensors for obtaining more detailed results.
Based on this achievement, an inverse numerical solution was developed to parametrize
thermal conductivity of geological layers from the measurements along the observer
pipe. Basically, the model adjusts thermal conductivity of the geological layers until
simulation results fit experimental temperature profile along the observer pipe. The
model was developed with a parameter estimation solver for an automatic fitting and
more accurate results. Another advantage is that this method only requires two
temperature profiles: (1) undisturbed ground (before the TRT) and (2) at the end of the
TRT (before stopping the heat injection).

In order to further investigate the proposed method by using higher quality data, a
specific instrument (Geowire) was developed to automatically measure the required
depth-temperature profiles with high accuracy. The design of the Geowire also covered
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other features, such as compatibility with TRT equipment and intuitive operation. In
addition, an enhanced version of a flowing probe (Geoball) was developed, suitable for
both vertical and horizontal pipe arrangements. After laboratory validation tests, the key
features of both instruments were evaluated in comparison with new and standard
in-borehole instruments for temperature measurements in a test BHE. The main
advantage of the proposed instruments over the widespread fiber optics is that they
measure the temperature instantaneously (for precise time instants). Moreover, they do
not require a dynamic calibration for accurate results while providing higher spatial and
temperature resolutions: Geowire (0.5 mm, 0.06 K) and Geoball (10 mm, 0.05 K). Also,
they are easier to integrate in existing boreholes and are a potentially more cost-effective
solution to measure the distribute temperature.

Finally, the benefits of the proposed method and instruments are demonstrated
throughout a DTRT in comparison with fiber optics and with a computer program based
on the infinite line source model to estimate the distributed thermal conductivity. The
results from the proposed model revealed a highly conductive zone when using data
from the Geowire, whereas this was not the case when data from fiber optics were
processed.

Keywords: Ground source heat pump (GSHP); Borehole heat exchanger (BHE);
Observer pipe thermal response test (OP-TRT); Layered subsurface; Thermal
conductivity; Numerical simulation; Energy efficiency; Techno-economic optimization.
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Chapter 1

Introduction

This introductory chapter sets out the context and unresolved challenges of the
research topic covered in this doctoral thesis. In addition, the initial objectives and the
structure of this thesis are presented.

1.1. Research context and motivation

Ground Source Heat Pump (GSHP) systems are incrementally expanding as a
promising alternative for saving energy and reducing greenhouse gas emissions. GSHP
systems exchange heat with the subsurface for providing hot water or temperature
conditioning (heating or cooling) in domestic, urban or agricultural applications. These
systems have proven to achieve a higher energy efficiency than air conditioning systems.
However, the initial capital investment is normally higher and depends mainly on the
length, size and required number of borehole heat exchangers (BHE). For this reason,
an accurate evaluation of thermo-physical properties of geological layers surrounding
the BHE is essential for determining the most cost-effective size and improving
economic viability of installations.

The thermal response test (TRT) is the standard method for characterizing thermal
properties of the ground and BHE critical in the tecno-economic design of GSHP
systems. The TRT is typically carried out in a closed-loop (U-pipe) where the heat
carrier fluid circulates downwards and upwards in the BHE. During the test, the fluid is
pumped at a relatively stable rate while a constant heat power is injected using an electric
element. The TRT monitors and registers the transitory fluid flow rate, injected heat
power, inlet-outlet temperatures of the BHE and ambient air temperature. From these
parameters, a number of analytical and semi-numerical solutions have been proposed
during the last decades to estimate the heat transfer rate in the borehole and near ground.
These solutions consider the ground as a homogeneous, isotropic and infinite media, and
therefore only determine bulk and effective parameters such as the effective thermal
conductivity and borehole thermal resistance.

However in reality, subsurface geological composition is typically heterogeneous,
normally divided in layers formed by different materials such as types of soil, types of
rock and/or groundwater. The underground may also be dominated by fractures or
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cavities. This means that heat is not likely to be transferred at the same rate throughout
the different layers crossed by the perforation of a borehole. Understanding the thermal
behavior of these layers may help to avoid over-sized BHE with an unnecessary higher
capital investment including the extra cost derived from higher pressure demand, higher
pumping demand, additional pressure drops and all the additional material needed to
build a longer BHE (e.g. manpower, drilling, piping, grouting, etc.). For instance, in the
event of reaching an area with unfavorable heat transfer properties, the length of the
borehole could be limited and hence, build more shallow boreholes instead of fewer
longer boreholes. In other words, this information of great interest that is currently
missing in conventional TRT would allow the detection of the most favorable layers to
exchange heat and thus establish the optimal length of a BHE to achieve the maximum
energy performance at minimum cost.

From this unresolved problematic emerged the hypothesis that triggered the focus of
this Ph.D. work. Could methods and specific instruments be developed for a detailed
heat transfer rate parametrization of the different geological layers crossed by a BHE?

1.2. Research objective

The overall aim of the present doctoral thesis is the exploration of methods and
instruments for evaluating the thermal response of the different geological layers
surrounding a borehole heat exchanger. To achieve this general objective the following
specific objectives are proposed and investigated throughout this Ph.D. study:

I. Development of an inverse simulation method to calculate the
depth-specific thermal conductivity of the ground surrounding a BHE from
additional depth-specific temperature measurements, in an auxiliary pipe
along the entire borehole, during a TRT. Elaboration of an experiment to
evaluate the method in a BHE test facility.

II. Development of a specific instrument for measuring the temperature profiles
required to apply the method. The appropriate features of the instrument
should be investigated, such as: compatibility with standard TRT equipment;
high spatial, temporal, and temperature resolution; minimal thermal
disturbance in the BHE; thermal response time of the probe fast enough for its
application; an embedded system that incorporates the adequate set of
information and communication technologies; automatic data recording at
pre-defined time intervals; easy and convenient to operate; user-friendly and
intuitive graphical interface; data storing capabilities; remote control
possibilities (graphical interface and data download); real-time data
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visualization; capabilities to embed a method to estimate the depth-specific
thermal properties. Elaboration of tests to validate the instrument, first in the
laboratory and later in an experimental BHE.

II. Development of an enhanced version of the flowing probe proposed in Martos
etal. (2011). The appropriate features of the instrument should be investigated,
such as: compatibility with standard TRT equipment; smaller size; faster
thermal response time; less weight; longer operation time; automatic data
recording at pre-defined time intervals; wireless data transmissions, and
simultaneous charge of the battery; measurements of temperature along the
entire pipe network (down- and up-flow); suitable for vertical and horizontal
pipe distribution. Evaluation of the instrument in the laboratory.

IV. Development of an experimental methodology to analyze and compare the
proposed instruments with new and standard in-borehole instruments in a test
BHE isolated from external conditions.

V. Development of an experimental methodology to analyze and compare the
proposed method and instruments with other method and instruments during
a TRT in a real BHE facility.

1.3. Thesis structure

This doctoral thesis is organized in seven chapters covering the evolution of the
implemented research work. The main body is composed as a collection of five
peer-reviewed papers that address the research objectives listed in Section 1.2.

Chapter 1 introduces the overall context, motivation and objectives of this research
topic together with a description of its structure.

Chapter 2 provides a summary and discussion of earlier work (literature review) on
the principal subjects of study, e.g. GSHP systems, heat transfer in the borehole and
ground, heat transfer modelling, in-situ methods to estimate thermal properties in BHE,
etc. This introductory part basically sets out the context of this research topic and
provides the background necessary to understand the remainder of this thesis.

Chapter 3 (paper 1) introduces an inverse simulation method to calculate the
depth-specific thermal conductivity. The method results are evaluated in an
experimental BHE after the implementation of a TRT.

Chapter 4 (paper II) covers the development of an instrument called Geowire, to
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automatically measure the temperature profiles required for the inverse simulation
method suggested in the previous chapter. The precision and uncertainty of the spatial
and temperature measurements are assessed in the laboratory. Also, the instrument is
assessed in a test BHE and results are compared with the well-known Pt100-sensors.

Chapter 5 (conference paper) introduces a new design of the flowing probe reported
in Martos et al. (2011). The probe, called Geoball, measures the temperature and its
position along pipes while it is carried by the fluid. The correct operation of the probe is
verified in the laboratory.

Chapter 6 (paper III) describes an experiment for comparing the quantitative and
qualitative attributes of the two instruments developed during this Ph.D. work with new
and standard in-borehole temperature measurement instruments. The performance of
each instrument is analyzed in a BHE test site isolated from external conditions.
Moreover, a numerical model is developed to reproduce the thermal behavior in the
borehole with the intention of investigating the reliability of the measurements recorded
by each instrument.

Chapter 7 (paper 1V) introduces an experiment to validate an enhanced version of
the proposed inverse simulation method. The input data used is from the specifically
designed instrument (Geowire) in a BHE installation during a TRT. In addition, the two
instruments developed in this Ph.D. work, Geowire and Geoball, are evaluated with the
fiber optical thermometer used typically in distributed TRT. Likewise, the inverse
simulation method is evaluated with another method to estimate the depth-dependent
thermal conductivity.

Chapter 8 presents the overall and specific conclusions drawn from this doctoral
thesis. In addition, this part identifies possible lines for future research in order to
continue the research work presented in this thesis. Finally, the scientific publications
related to the Ph.D. study are also listed.

Each of the chapters based on a research paper can stand alone as an individual piece
of research work, and thus can be read independently in whatever order. However, it is
recommended to read them in the suggested chronological order of submission or
publication in the corresponding journals as this is the most logical order for acquiring
a better understanding of the connection among the different research papers.
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1.4. Thesis framework

The present doctoral thesis summarizes the research efforts of its author, during the
period 2013-2020, as a member of the Digital Systems Design Group (DSDC) in the
Electronic Engineering Department at Universidad de Valencia.

In particular, this doctoral study has been carried out within the framework of the
European Institute of Innovation and Technology Climate-Knowledge and Innovation
Community, a body of the European Union inside the Ph.D. Program of Transforming
the Built Environment Platform.

The author has carried out a relevant amount state-of-the-art developments
including: electronic schematics and layouts, low-power oriented electronics, firmware
for field-programmable gate array (FPGA) and microcontrollers, wireless
communications, embedded operating systems, graphical user interface and database
applications, instrumentation and calibration, mechanical designs, laboratory and field
experiments as well as multi-physics based numerical simulations.

Moreover, during this time the author has performed more than seven months of
research mobilities in three relevant universities around Europe:

e University of Liege, Applied Sciences faculty, ArGEnCo department, Liege,
Belgium.

e Karlsruhe Institute of Technology (KIT), Institute of Applied Geosciences
(AGW), Karlsruhe, Germany.

e Royal |Institute of Technology (KTH), Division of Applied
Thermodynamics and Refrigeration (ETT), Stockholm, Sweden.

Throughout these research experiences the author has presented and discussed the
status of the research work, as well as prepared working plans to carry out some of the
experiments that have derived in the publications appended to this thesis.
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Theoretical fundamentals

2.1. Importance of renewable energies

This chapter introduces the theoretical background and literature review
for providing the basis on which this Ph.D. study has been developed.

The expected long-term exhaustion of fossil fuel reservoirs, together with successive
crisis and raising of prices, have triggered and accelerated the search for alternative
sources of energy. In addition to this concern, the uninterrupted and incrementing
process of burning fossil fuels leads to serious repercussions for environment, as air
pollution and global warming due to CO (greenhouse gas) emissions into the
atmosphere (Colmenar-Santos et al., 2016; Sarbu & Sebarchievici, 2014). To deal with
these issues, in 1997 the Kyoto protocol to the United Nations framework convention
on climate change (UNFCCC) was proposed and signed by 192 parties, accepting that
global warming is real and derived from human produced CO; emissions. The objective
to fight climate change was strongly influenced by the Kyoto protocol — reducing
greenhouse gas concentration in the atmosphere to levels which do not influence the
Earth’s natural climate evolution. Scenarios studied by Gupta et al. (2007) suggest that
Annex I Parties would need to be 25% to 40% below 1990 levels by 2020, and 80% to
95% below 1990 levels by 2050. In the United Nations climate change conference
(COP21) held in Paris, France, from 30 November to 12 December 2015 the Paris
Agreement was negotiated: a global agreement on mitigating climate change setting the
goal of limiting the global warming to 1.5 °C in comparison with the levels before the
industrial revolution. In the final draft of the climate deal accepted in Paris, according to
some scientists (Sutter et al., 2015), the goal will require the transition from fossil fuels
to renewable energies (zero emissions) sometime between 2030 and 2050. The most
recent update was the COP25 help in Madrid, Spain, from the 2 to 13 December 2019.
The results of this conference were disappointing at a time when climate and concrete
measures are considered urgent (Dennis & Harlan, 2019). Carbon emissions set a new
record in 2019 and once more scientists warned that the time is running out to address
the true scale of the crisis.
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2.2. Geothermal energy

The potential of geothermal energy as environmentally friendly, cost-effective and
a reliable source of energy is huge and can significantly contribute to stop the
dependence on fossil fuels as well as to reduce CO; emissions. For this reason, it is one
of the renewable sources of energy that has been developed extensively during the last
years (Shortall et al., 2015). Studies carried out in 2015 pointed out energy savings
quantified in 52.8 million tons of equivalent oil annually, which prevented 149.1 million
tons of CO» from being released to the atmosphere (Lund & Boyd, 2016).

Geothermal energy is heat energy generated and stored in the Earth’s crust from the
original formation of the planet and from the decay of radioactive elements (Turcotte &
Schubert, 2002). It is classified as renewable source of energy due to the fact that heat
in geothermal reservoirs is replenished naturally from earth processes.

Generally, in areas without specific geothermal anomalies, temperatures along the
vertical axis of the Earth’s subsurface are distributed as follows. From surface until a
depth of 10 m, underground temperatures are drastically affected by outdoor seasonal
conditions. Below 10 m and until 100 m, underground temperature is affected by heat
transferred from Earth’s core and environmental temperature. However, temperatures
within such a depth remain relatively constant and usually equal to the annual average
outdoor temperature. For a depth below 100 m, underground thermal gradient presents
a linear relation for which the temperature increases 2.5-3 °C per each section of 100 m
depth (Fridleifsson et al., 2008).

Humanity has harnessed the thermal energy accumulated in the subsoil since ancient
times (Stober & Bucher, 2013) for instance in the Paleolithic era it was used for bathing
and in Roman era as space heating. However, the utilization of thermal resources as
source of energy did not progress significantly until the middle of the 19" century due
to the fast development of thermodynamics. At present, geothermal energy is classified
in two main categories in terms of the application:

e Shallow or low-enthalpy geothermal energy: depth <400 m and
temperatures between 20 and 70 °C.

e Deep or high-enthalpy geothermal energy: depth >400 m and temperatures
between 70 and 400 °C.

Deep geothermal energy is mainly used for generating electricity in power plants by
the steam coming from underground aquifers. Unfortunately, the locations that allow
exploitation of high-enthalpy geothermal energy are limited due to its requirement to

8
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fulfill specific conditions, such as geological formation and the presence of magmatic
heat source. An effective utilization of this energy is bounded to regions near the tectonic
fault lines within the Earth’s surface or highly volcanic areas, as Philippines, Indonesia,
EEUU, Mexico or Italy.

On the other hand, low-enthalpy geothermal energy is utilizable at practically any
part on the Earth’s surface. Moreover, the development of new technologies has made it
suitable for many applications in agricultural, domestic and urban sectors. Shallow
geothermal energy is classified mainly in two categories (Sanner, 2001): underground
thermal energy storage (UTES) systems and ground source heat pump (GSHP) systems.

In a UTES system, heat, cold or a combination of both are stored underground. Heat
from solar radiation, geothermal energy or waste heat are kept in reservoirs underground
for a later use. Cold air can be used to cool down the underground during winter and
then used again in summer, or solar heat can be accumulated during summer for de-icing
of road surfaces in winter.

Additionally, a GSHP system is a technology used for exchanging heat with the
underground for heating or cooling buildings (residential or larger infrastructures) or hot
water production. Outdoor air temperature oscillates depending on the changing
seasonal weather, but shallow ground remains at a near constant temperature due to the
Earth’s high thermal inertia and insulation properties. Underground temperature is more
favorable for exchanging heat in comparison to outside air temperature regardless
whether it is winter or summer (Fig. 1). Therefore, GSHP systems have proven to
achieve higher energy efficiency than conventional air source heat pump (ASHP) systems
(Florides & Kalogirou, 2007). The concept of energy efficiency in a heat pump system is
described in more detail in the next section.

Fig. 1. GSHP system for heating in winter and for cooling in summer.
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Currently, geothermal heat pumps are the most extensively-developed technology
for extracting thermal energy, covering worldwide 70.9% of the installed capacity
(MW?1) and 55.2% of the annual energy use (TJ/year) (Lund & Boyd, 2016). Despite the
increment in the number of applications involving GSHP systems in the last years, it is
still a relatively new technology, and the margin for energy performance optimization
and improving economic viability of installations is wide. Since this technology is the
focus of this Ph.D. study, it is covered in more detail in the following section.

2.3. GSHP systems

Generally, a GSHP system is composed by the concatenation of three main elements:
a ground heat exchanger (GHE), a compression heat pump and a heat distribution
system. Fig. 2 illustrates the basic configuration of these main components and its
principle of operation.

The GHE consists of a network of pipes buried in the ground along which a heat
carrier fluid is pumped to exchange thermal energy with the ground. The underground
acts as heat source for heating (in winter) and as a heat sink for cooling (in summer).
The heat pump is a device that transfers heat energy from a lower-grade temperature to
a higher-grade temperature by using a small amount of external energy (e.g. run a
compressor). It is divided in three main parts: the evaporator, the compressor and the
condenser. The thermodynamic principle of a heat pump consists of the fact that a gas
increases its temperature and boiling point when compressed to a smaller volume. A
heat pump can be reversible by a 3-way valve and operate in either direction to provide
heating or cooling to buildings or other applications.

In heating mode, a liquified refrigerant solution enters the evaporator through an
expansion valve where its volume is increased by lowering its temperature. In the
evaporator, the refrigerant absorbs heat from the ground until it begins to boil and turns
into gas. This gas is then fed into the compressor to increase its pressure making the gas
temperature rise. The hot refrigerant gas then flows into the condenser where the heat is
transferred to the heat distribution system. After the heat is transferred to the heat
distribution system, the refrigerant gas reverts into liquid. Then, this liquid returns back
to the evaporator through an expansion valve, reducing its pressure and temperature,
ready to start the cycle all over again. In cooling mode, the cycle is similar but the
outdoor coil is the condenser while the indoor coil is the evaporator. Heat from the
building is injected to the ground and the building is effectively cooled by the expansion
of the refrigerant.

10
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Regarding the heat distribution system heating, ventilation and air conditioning
(HVAC) is the most common technology to provide a comfortable temperature for
buildings. Alternately, thermal energy from the ground can be transferred to water,
which can be used to heat buildings via radiators or underfloor heating. The heated water
can also be utilized directly for domestic hot water consumption.

Although, some elements of a GSHP system use external energy (electric power) to
operate, such as the compressor, circulating fluid pumps and other auxiliary elements,
the thermal energy generated by a GSHP system is typically 2-5 times higher than the
consumed electric energy, therefore making them considerably energy efficient (Atam
& Helsen, 2016; Bayer et al., 2014).

Heat Pump

7
Compressor

Heat Distribution
System

Ground Heat
Exchanger

Fig. 2. Diagram showing the principle of operation of a ground-source heat pump system.

The energy efficiency units of a GSHP is represented by the coefficient of
performance (COP) which is the ratio between the outlet energy (useful heat) divided by
the inlet energy (external power).

_outlet energy (useful heat)
" inlet energy (external power)

cop

Higher COP values represent a lower amount of external inlet energy in comparison
to the useful generated heat. COP depends on the energy efficiency of the heat pump
itself (external electricity demand, refrigerant properties, compressor losses, etc.), the

11
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GHE capacity to exchange heat and the temperature difference between the ground and
the desired outlet temperature (e.g. building comfort temperature). The COP values can
describe the system performance for pre-defined range of temperature (e.g. from -5 °C
until 30 °C), or given the average annual COP of an installation, also known as seasonal
performance factor (SPF).

Carnot’s theorem states that "the efficiency of all reversible engines operating
between the same two heat reservoirs is the same, and no irreversible engine operating
between these reservoirs can have a greater efficiency than this", proving that the
maximum energy efficiency of a reversible engine is given by the equation (1).

T
Nmax = -£ (D

Th
Where T is the absolute temperature of the cold reservoir, Ty is the absolute
temperature of the hot reservoir, and the energy efficiency, 7, is the ratio of the work
done by the engine to the heat drawn out of the hot reservoir. Clearly, the energy
efficiency is limited by the temperature difference of the reservoirs between which heat
is exchanged.

For a heat pump in a cooling mode Carnot's theorem states that the maximum COP
is given by a cooling system that operates accordingly to a reversible cycle, such as that
of Carnot. This maximum value is given by the expression (2).

Tc

COPy = L < COP, gy = —<—
H—IC
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If the same concept is applied to a heat pump in a heating mode, the maximum
energy efficiency is given by the expression (3).

Tc

COPg = L < COP, gy = —<—
H—IC

= < 3
leul-lecl )

In both cases, the energy efficiency increases when the temperature difference
between the cold and hot reservoirs becomes lower. Therefore, it will be possible to
reduce the energy consumption if the heating engine is able to operate between
reservoirs with stable and low temperature differences between each other.

Nonetheless, apart from the heat pump energy efficiency, the overall performance
of a GSHP also depends on various other factors such as the heat distribution system
efficiency, length of GHE, ground conditions and installation quality (Lund et al., 2004).
For instance, thermal properties of subsurface play an important role in GHE
performance, and previous evaluation is necessary to reach the maximum energy
efficiency at minimum cost. The underground is commonly composed by layers with
different thermal properties (e.g. soil, rock, groundwater or a mixture) and some layers
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are more favorable to exchange heat, which can considerably affect GHE energy
efficiency. The heat extraction and injection should be seasonally balanced to avoid local
heating of the ground in long-term applications. Moreover, the borehole is normally
filled with a grouting material or groundwater, which has a direct impact on the thermal
resistance of a GHE. Hence, all aforementioned factors together with the required energy
demand of the target application need to be considered for the techno-economic and
energy-efficient design of a GSHP system.

2.3.1. GHE classification

GSHP systems are generally classified into two main groups (Fig. 3.) depending on
the ground-source heat exchanger configuration: open-loop systems or closed-loop
systems.

Open-loop systems

2 wells water body
Closed-loop systems

vertical loop horizontal loop geothermal piles

Fig. 3. Open-loop and closed-loop pipe systems classification.

Open-loop systems: Groundwater (underground aquifers or superficial
groundwater) is used as heat carried medium, which is directly transported to the heat
pump evaporator. The pipe loop system remains open and there is no barrier between
the heat pump and groundwater.

Closed-loop systems: A fluid is pumped through a closed-loop pipe circuit coupled
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with the ground for exchanging heat with the heat pump. The GHE and the heat pump
are independent, closed circuits. Heat is exchanged by conduction in the link between
the ground loop and the heat pump evaporator. Closed-loop heat exchanger collectors
are distributed typically along the underground following a vertical loop, a horizontal
loop or in geothermal piles.

GHE systems cannot always be categorized in one of the mentioned groups outlined
above. If there is no real barrier but a certain differentiation between the heat carried
fluid and groundwater, they are attributed to a third category. Examples of this exception
are water tunnels, water mines or standing column wells. Originally, in the 1940’s, GHE
pipes made of iron or cooper were a feasible solution to build installations at a moderate
cost. However, with the industrial revolution, iron pipes were replaced by plastic.
Nowadays, geothermal pipes are generally made of high-density polyethylene (HDPE).

To choose the more suitable system for a particular application, several issues need
to be considered: available land area on the surface (horizontal systems require larger
extension of land than vertical systems), subsurface geological and hydrogeological
composition (open-loop systems demand a minimum level of permeability), heating and
cooling energy demand of the application, expected long-term ground thermal evolution
due to injected/extracted heat, the presence of potential energy sources as mines and
capital costs related to the system management as well as construction works and
maintenance.

Open-loop systems

In an open-loop system, groundwater or surface water is directly transported to the
heat pump to exchange heat. In most cases, the heat pump is connected with extraction
wells, extraction and injection wells or surface water systems (e.g. lakes). Wells
represent the main technical part of applications, where typically two wells are used, one
to extract water and the other to pump water back to the aquifer where it originated.
Groundwater circulates freely through solid ground, acting as both a medium to
exchange heat and as a heat source/sink. Subsurface geology with a high permeability is
a must, to enable regeneration of groundwater with a negligible decline. As an
alternative to wells, aquifer layers are often used as direct heat source/sink.

Open systems offer the possibility to exploit a powerful heat source at relatively low
cost (lower drilling requirements than closed systems). As the heat carried medium is
directly in contact with the ground, under ideal conditions open-loop systems achieve a
superior thermodynamic performance as opposed to closed-loop applications. However,
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they are limited to regions with appropriate aquifers and geological compositions with
elevated permeability. Subsurface chemistry needs to be investigated (e.g. low iron
content is favorable) to avoid problems with scaling, corrosion and clogging. Clean
water and surface water legislation needs to be considered before building an installation
and pipe materials need to be strictly selected to avoid contamination of the environment.
Normally, energy consumption of pumping is high and when oversizing or not
implementing an optimal operation control electricity costs may be excessive.

Closed-loop systems

In a closed-loop system, a network of pipes is coupled with the subsurface where a
fluid is circulated to exchange heat (no direct contact between circulating fluid and
groundwater). Depending on the pipe loop distribution and coupling media, the
closed-loop collectors are classified in four main groups (Fig. 4): (a) horizontal loop, (b)
slinky loop, (c) pond loop and (d) vertical loop.

— "' Il

e HESC A o S o

slinky loop vertical loop pond loop
Fig. 4. Closed-loop pipe system classification.

a) Horizontal loop: Among the closed-loop arrangements the horizontal loop is the

easiest to install. It is typically installed in ditches with a depth up to 10 m, hence thermal

recharge is provided mainly by the solar radiation to the Earth’s crust. It is crucial not to
cover the ground surface above the piping loop to avoid reducing the amount of heat
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received from the sun. Pipe loop connections can be arranged in series or parallel, in a
single pipe trench or in multiple layer trench. The density of the pipe distribution pattern
and the diameter of the pipes may vary depending on the available land area and heat
transfer requirements. Horizontal loop systems can be buried beneath the landscaping,
lawns or parking lots.

Trenching costs are typically lower than borehole drilling costs, however with latest
technological developments this difference is becoming less significant. The main
drawback of this system is the requirement of a large land area; thermal fluctuations of
the ground depending on seasonal weather; rainfall and burial depth; foreseen soil
dryness needs to be properly considered when designing the length of pipe collectors;
pipe loops may be damaged during backfilling process; longer pipe length requirements
compared to vertical exchangers; antifreeze fluid viscosity increases pumping energy
consumption reducing overall system energy efficiency.

b) Slinky loop: An alternative to the horizontal loop mentioned above that requires
less land area for same energy demand applications. It consists of a pipe assembly with
spiral shape that is installed in horizontal or vertical trenches. In a horizontal slinky
configuration, trenches of 1 to 2 m wide are commonly aligned with a gap of 3 to 4 m.
For a vertical slinky loop, the pipe assembly is installed along the vertical axis of a trench
with around 16 cm of diameter. In situations where the cost of trenching outstands over
other components of the installation, implementing a slinky loop may result in a more
cost-effective solution. It presents the following drawbacks: longer pipe assembly
requirements than other ground couple systems; large land area requirement than vertical
systems; energy consumption of pumping is higher; trench backfilling process is
delicate, implying the risk to damage the pipe loop.

¢) Pond loop: 1f a lake or a pond with a sufficient size is available, vertical collectors
with a spiral shape can be installed under the water. The submerged piping arrangement
is generally attached to anchors made of concrete. These anchors hold the collectors still
above 25 to 50 cm of the pond floor, allowing them to take advantage of the more
favorable convective water flow around the heat transfer surface. In addition, to preserve
a suitable thermal mass during extended drought or in conditions with a low-level of
water, it is recommended to place the heat transfer collectors at least 2 to 3 m below the
top surface or deeper if possible. The use of rivers is typically discouraged as they are
likely subjected to drought or flooding that can damage the installation.

The adequate size of collectors needs to be evaluated depending on heating or
cooling requirements as the surface area, depth or weather conditions play an essential
role. Some companies have favored the use of pond loops with the added value of
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improving the esthetics of their facilities. The main advantage of a pond loop is a shorter
pipe length requirement compared with the other closed-loop systems. If a pond or lake
is available this generally presents as a more cost-effective solution. However, one
disadvantage of this system is that a pond loop demands a large volume of water which
may limit the use of the pond or lake for another activity.

d) Vertical loop: Also called a downhole heat exchanger (DHE) or a borehole heat
exchanger (BHE). The closed-loop pipe circuits are installed in vertical or tilted
boreholes. Borehole depth ranges typically between 30 to 160 m and a diameter between
0.06 to 0.21 m for most of the systems in Europe. However, deeper boreholes have been
drilled recently with lengths ranging between 180 to 400 m. Borehole fields can harbor
one borehole or multiple boreholes in systematic or arbitrary patterns. Vertical BHE are
generally connected in parallel, but connections in series or with different inlet
conditions are also an alternative.

Single U-pipe Double U-pipe Triple U-pipe

I o L
— — L

25-50 mm 25-50 mm 25-50 mm

Simple coaxial Complex coaxial

—
-
=

40-60 m
|
|

Fig. 5. Different borehole heat exchanger pipes configurations.

A BHE is classified mainly in two groups depending on the pipe geometry (Fig. 5):
U-pipe or coaxial pipe. Single, double or triple U-pipe exchangers with diameters
ranging from 25 to 50 mm and a wall thickness between 2.0 to 3.7 mm are the most
extended solutions. Several studies demonstrated that double or triple U-pipe BHE
produce better thermal efficiency than single U-pipe boreholes (Aydin & Sisman, 2015;
Fang et al., 2017). Nevertheless, for some applications, depending on the capital cost
and energy demand it may be a better alternative to build an exchanger based on a single
U-pipe layout (Shu et al., 2006). On the other hand, typically coaxial pipe exchangers
are also classified into two categories: simple and complex. For boreholes with
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diameters ranging between 40 to 60 mm usually a simple coaxial layout is the most
common practice, whether a complex coaxial layout is mostly preferred for boreholes
with a diameter above 60 mm.

In a standard BHE, the gap remaining between the pipes and the borehole wall is
usually filled with a grouting material consisting of a combination of singular materials
such as bentonite, graphite, coarse sand or quartz. Particular mixtures, such as so-called
thermally enhanced grouts have been developed to improve the heat thermal conduction
of pure materials between the pipes and near ground (Borinaga-Trevifio et al., 2013; Erol
& Francois, 2014). The grouting material provides a heat transfer medium between the
borehole wall and the pipes as well as acting as safeguard against underground water
flows and contaminants. However, exceptions occur for example in Northern Europe,
where it is common to let the borehole naturally fill with groundwater.

A BHE requires less land surface area (smaller impact on the landscape), shorter
pipe collectors and less pumping energy than most of the closed-loop systems. Also, the
efficiency to exchange energy is higher than other closed-loop systems as the ground in
contact with the pipe loop is normally not subject to seasonal weather. On the other hand,
it presents a few drawbacks in comparison with other closed-loop systems. For instance,
an inadequate estimation of the spacing between boreholes may gradually heat the
subsurface in long-term applications, producing a negative impact in the performance of
the exchanger. It also requires specific drilling equipment which increases the cost
compared to those for horizontal pipe collectors. Despite this, the advantages for vertical
pipe arrangements outweigh the disadvantages and in recent years they have become a
more popular solution than horizontal pipe arrangements. Moreover, the technological
progress in plastic industry and drilling machinery have successfully increased the
economic attractiveness of vertical exchangers.

As the vertical GHE configuration is the most commonly used solution, the
experiments and developments of this Ph.D. work are mainly focused on it. In the
following sections vertical GHE is addressed as BHE.

2.3.2. Optimal size of the GHE

Thermal response of the borehole field plays a critical role in the energy
performance, capital cost and reliability of a GSHP system. During the design phase of
the GHE, an under-sized borehole field may compromise the energy performance
leading to an insufficient capacity to exchange heat. In such event, the entering fluid
temperature to the heap pump will be less favorable, colder in heating mode and/or
warmer in cooling mode, resulting in lower COP values and additional power
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consumption. On the contrary, an over-sized GHE may result in unnecessary higher
capital cost, such as those originating from higher pumping energy, higher pressure
requirements, thicker geothermal pipes, added pressure losses, further resources for
drilling (e.g. energy, time) as well as additional materials employed in a larger GHE.

From a practical life-cycle environmental perspective, an inadequately sized
borehole field may result in an inefficient GSHP system with a higher capital investment.
Therefore, throughout the design phase an in-situ evaluation of subsurface thermo-
physical properties for the selected GHE configuration is necessary to determine the size
of the borehole field that can achieve the maximum energy performance for the
minimum capital cost. A precise estimation on the thermal behavior of the exchanger
for the overall life of the GSHP system (>50 years) will allow designers to build all-out
performance installations at an affordable capital cost. This life span is estimated for PE
ground loops and by taking into account maintenance operations in the heat pump as the
working life of its inside components is of around 20 to 25 years.

2.4. Heat transfer in the borehole

Throughout the operation of a GSHP system, inside the borehole domain, heat is
transferred by both convective and diffusive mechanisms. Convective effects are
identified along the fluid enclosed in the pipe-walls, while heat is transferred by
conduction through the pipe-wall and borehole filling material. Convection also occurs
between the outside part of the pipe-wall and the borehole-wall when the borehole is
filled with groundwater. During the past decades, several investigations concerning the
heat transfer phenomena along the length of the borehole were reported (Ghoreishi-
Madiseh et al., 2019; Lamarche et al., 2010; Zeng et al., 2003a; Zhao et al., 2016).

Thermal conductivity A (W/m-K) and thermal resistance R (m-K/W) are key
parameters in the heat transfer performance of a BHE. Practitioners have dedicated a
significant effort to estimate these parameters from in-situ tests to models that could
predict the heat transfer rates along the borehole and the subsurface near the borehole.
Thermal conductivity, which is primarily evaluated in terms of Fourier’s law for heat
conduction, determines the property of a material to transfer heat, whereas the thermal
resistance reciprocal to thermal conductivity, describes the property of a material to
resist a heat flow.

The total thermal resistance (R7) along the horizontal axis of a BHE is typically
defined as the addition of both fluid to borehole-wall thermal resistance (Rfp) and

borehole-wall to ground thermal resistance (Rpg). The fluid to borehole-wall thermal
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resistance represents the thermal resistance between the borehole-wall and the center of
the pipe circulating the fluid, while the borehole-wall to ground thermal resistance
parametrizes the resistance of the geological stratigraphy surrounding the borehole-wall.

RT = be + Rbg (4)

The fluid to borehole-wall thermal resistance (Ryp) is composed by the thermal
resistance of the material filling the borehole (Rf), the thermal resistance of the
pipe-wall (R,,,) and the thermal resistance of the heat carrier fluid inside the pipe (R ).
The fluid to borehole-wall thermal resistance is defined as the addition of these three
resistances:

be = Rf + RpW + Rpf (5)

Fig. 6 depicts the concept of thermal resistance in the borehole and near ground.

borehole wall ——
grouting material ——~
pipe wall ——

fluid ——

Fig. 6. Concept of thermal resistance in a borehole heat exchanger.

The temperature difference between the fluid in the pipe circuit (Tf) and the
borehole-wall (T}) is associated with the fluid to borehole-wall thermal resistance (Rgp)
as well as the specific heat transfer rate g (W/m). Thus, assuming a steady state, the heat
transfer rate along the horizontal section of the borehole is estimated by the following
equation:

_TrTo
= (©)
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From (6), the heat transfer rate is assumed to be proportional to the temperature
difference between the heat carried fluid in the collector and the borehole-wall. The
thermal resistance of the fluid to borehole-wall (Rfp) will vary depending on the size
and disposition of the pipes inside of the borehole diameter as well as the thermal
properties of the fluid, pipe and filling material. A small fluid to borehole-wall (be)
thermal resistance is preferred to improve heat transfer rate in the domain of the
borehole.

In order to calculate the effective fluid to borehole-wall thermal resistance (Rgp*) it
is necessary to account for the heat transfer processes between the neighboring U-pipe
legs (Javed & Spitler, 2017). The heat flow between the transverse section of the
down-flow and up-flow pipes is called thermal shunt effect (TSE). For high flow rates
or short boreholes, the TSE is typically neglected as long as the effective temperature
along the borehole length does not differ excessively over the simple mean temperature.
The effect is aggravated for higher flow rates, longer borehole lengths, larger pipe
diameters or pipe-to-pipe spacing, becoming relevant when the effective fluid to
borehole-wall thermal resistance is higher than the fluid to borehole-wall thermal
resistance (Sandler, et al., 2017).

2.5. Heat transfer in the ground

Thermal conductivity, thermal diffusivity and subsurface initial temperature are key
parameters to estimate the heat transfer rate from the borehole-wall to the ground.
Thermal diffusivity o (m’/s) defines how fast or easily heat can penetrate through a
material from the hot side to the cold side. It measures the ability of a material to conduct
thermal energy relative to its ability to store thermal energy. Thermal diffusivity is
evaluated as the thermal conductivity (1) divided by the density p (kg/m’) and the
specific heat capacity C,, (J/(kg*K)) at constant pressure.

A
p.Cy

XX =

(7

The thermal conductivity of the ground defines the capacity of the geological
material to transfer heat from the borehole-walls to the surroundings or the other way
around. The specific heat capacity (per unit mass) describes the ability of a material to
retain internal heat energy while undergoing a given temperature transition. For a higher
thermal conductivity of a material, greater the thermal diffusivity will be and lower the
thermal capacity. Together, p . C,, is considered as the volumetric heat capacity in the
system of units (SI) derived units of J/(m>*K).
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Heat transfer in the ground is typically dominated by both conductive and convective
effects. Subsurface geological stratigraphy is typically heterogeneous and underground
aquifers are common. While thermal conductivity of groundwater is low, the heat
transfer rate between the borehole-wall and the surrounding ground is enhanced by
natural convective effects. Depending on the geological materials such as sand, gravel
or fractures in bedrocks, groundwater movements can have a relevant influence in the
thermal behavior and of the exchanger and overall energy performance of the borehole
field.

The parameters considered to evaluate ground thermal properties are not always the
same. For instance, ground thermal conductivity and thermal resistance between the heat
carrier fluid and the borehole-wall are usually evaluated in Europe, whereas ground and
grouting material thermal conductivity are more commonly assessed in America.

2.6. Modelling heat transfer in the ground

Predicting the heat transfer process of the subsurface surrounding the borehole by
evaluating all the feasible thermo-physical singularities increases the complexity of the
model. Additionally, many factors such as geological heterogeneities, groundwater flow,
seasonal weather conditions and human induced activities, are in most cases rather
difficult to estimate in advance. Hence, most of the models are elaborated to embrace a
compromise between the exactitude and complexity of the results based on the following
assumptions:

e Convective effects are neglected, and only conduction is considered as heat
transfer mechanism between the borehole-wall and the near ground.

e The subsurface is treated as a homogeneous and isotropic medium.

e The initial subsurface temperature is known and set equal to the undisturbed
subsurface temperature.

e The top surface and far outer boundaries are considered to be equal and in
equilibrium and also set to the undisturbed temperature.

The transitory thermal response, imposed by thermal loads in a BHE, can be
determined by the superposition of heat transfer expressions derived from the heat
conduction equation as from the ground temperature profile in equilibrium. Over many
years, non-dimensional mathematical models assessing the heat transfer of the ground
near the borehole, such as the infinite line source (ILS) (Ingersoll & Plass, 1948) or
infinite cylindrical source (ICS) (Carslaw & Jaeger, 1959) were used in engineering
applications by providing reliable results. These two classical methods provide solutions
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to the transitory thermal response problem in the ground, assuming the heat transfer
outside of the borehole to be a line or cylinder of infinite length. The long-term response
of the ground is determined with significant accuracy. However, given that these
solutions not only ignore the end of the ground domain but also the thermal properties
inside the borehole as well as the geometry of the heat sources, some discrepancies occur
for short-term assessments (Philippe et al., 2009).

Important progress was made by Eskilson (1987) who addressed some of the
previous assumptions. He developed a semi-numerical transient solution accounting for
the finite length of the borehole. In this approach, a numerical method on a radial-axial
coordinate system is used to determine the non-dimensional thermal response factors at
the boundary of the borehole. These factors are commonly known as g-functions. The
g-functions are reported to be acceptable for operation times longer than 200 hours
(Yavuzturk, 1999). Another major achievement was also accomplished by enhancing
the model to predict the thermal response of interacting boreholes (Eskilson & Claesson,
1988). However, the downside of the g-functions is the need for them to be computed
numerically, which is a time-consuming and cumbersome task. For practical
applications, the g-functions are pre-compiled and stored in a massive database for
different BHE geometries and configurations.

Later, several researches have attempted to further develop the finite line source
(FLS) approach based on the g-functions to address the issues related with the lack of
configurability. Zeng et al. (2002) presented an analytical solution of the g-functions
incorporating a constant temperature along the borehole-wall. Lamarche & Beauchamp
(2007) proposed and evaluated another analytical expression to compute the g-functions
using the integral mean temperature alongside the borehole length. The authors
concluded to achieve more accurate results using the integral mean temperature along
the borehole rather than using the temperature along the borehole-wall. A few years
later, the aforementioned analytical expressions were simplified while still obtaining
comparable results in a contribution elaborated by Bandos et al. (2009) . Similarly, other
researchers also developed analytical models with the intention to improve the long-term
thermal response of the GSHP (Teza et al., 2012; Zeng et al., 2003b).

In order to evaluate the accuracy of each model, Philippe et al. (2009) conducted a
comparative study involving the ILS, FLS and ICS models, with the objective of finding
the operation times offering the best results under typical conditions. For small periods
(<34 h), the ICS presented the best adjustment. The ISL showed smaller errors for time
periods between 34 h and 19 months, while the FLS was most adequate for analysis
periods larger than 19 months.

23



Chapter 2

Throughout the last two decades, some other researchers developed analytical and
semi-analytical calculations to evaluate the short-term thermal response of GSHP
systems (Bandyopadhyay et al., 2008; Gehlin, 2002; Gustafsson & Westerlund, 2011;
Jahangir et al., 2018; Yavuzturk & Spitler, 1999; Young, 2004). One of the most relevant
investigations was carried out by Javed (2012), who proposed an analytical solution to
model the radial heat transfer problem. The equations are derived from a thermal
network used to represent Laplace transform equation. Since this approach accounts for
the thermal properties of all borehole elements such as the duration of the test, fluid,
pipe, ground and grouting material, it is valid for short-time scales. The dynamic thermal
response of a BHE was predicted accurately with a more reliable results than earlier
analytical solutions. Afterwards, the FLS solution was included in the model to produce
transient responses in a simple or multiple BHE from minutes to decades (Claesson &
Javed, 2011). Recently, Ghoreishi-Madiseh et al. (2019) proposed a robust analytical
model with a user friendly tool to also predict the dynamic thermal transfer in a single
or multiple BHE both in short and long-term with high accuracy.

Another solution to numerically describe a BHE is the thermal network approach,
where the borehole and the near ground are represented by a series of temperature nodes
connected to thermal resistances and/or capacitances. The fundamentals of this approach
derived from the standard steady-state delta network (Eskilson & Claesson, 1988), in
which one temperature node is located at the center of each of the U-pipe legs and
another in the borehole-wall. Since then, the basic steady-state delta network has been
positively enhanced, typically by expanding the network with more nodes or by adapting
the network to different borehole or pipes geometries (Bauer et al., 2011a; Bauer et al.,
2011b; Lamarche et al., 2010; Pasquier & Marcotte, 2012). It is possible to obtain a
considerable level of accuracy by increasing the thermal network complexity to correctly
describe the interaction between the borehole and the subsurface. However, it implies a
further number of differential equations which can lead to higher simulation times. With
the intention to find a compromise between model complexity and accuracy (Ruiz-
Calvo, 2015; Ruiz-Calvo et al., 2015) introduced the borehole-to-ground (B2G) model,
one of the most relevant contributions to this area. They accomplished to develop a
thermal network model (Fig. 7), with the minimum number of nodes to simulate the
short-term transient thermal behavior with high accuracy. Later, the B2G model was
enhanced based on a decoupling technique, including both the short-term and the
long-term responses together in the same model to achieve faster and more precise
results in both sides (Ruiz-Calvo et al., 2016). They used the g-functions for the
calculation of the long-term response.
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Fig. 7. Thermal network of the borehole-to-ground model: (a) 2D model and (b) 3D model.
(Ruiz-Calvo et al., 2015).

Although groundwater movement has not been studied as much as heat conduction
problems, it is important to be aware that it may have a significant impact on the heat
transfer performance of a BHE. While in most of the approaches convective effects have
been neglected in exchange for a reduction in the complexity, several other studies have
been focused on demonstrating their relevance (Raymond et al., 2011; Wang et al., 2009;
Zhang et al., 2012). From the point of view of particular energy demand application,
accounting for groundwater axial effects may be crucial to reduce the length and number
of boreholes. For example, Marcotte et al., (2010) carried out a design exercise in which
the estimated length of the BHE could be shortened by at least 15% when axial flows
were considered. Likewise, some other investigations have concluded that water
movements improve heat exchange between the aquifer and the borehole (Chiasson &
O’Connell, 2011; Fan et al., 2007; Wang et al., 2009). Hence, shorter or less boreholes
are needed to achieve the same heat transfer performance.

Regarding the aforementioned third and fourth assumptions when modeling heat
transfer of the ground: initial temperature for the subsurface domain and boundaries
equal and also set to the undisturbed temperature. In Eskilson (1987) is reported a
negligible deviation of 0.01 K when calculating the effective temperature from the
average of the annual ambient temperature by assuming that the temperature of the top
boundary decreases according to a prescribed thermal gradient throughout the length of
the borehole. In this case, the thermal gradient of the subsoil was estimated by the
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paleoclimatic variations of the land in the proximities of the borehole over 25 years. In
Rivera et al., (2016) is indicated that considering a constant value for the ambient
temperature may have a significant negative effect in short BHE. It was concluded that
the influence of the transient ambient air temperature is negligible and could be
represented as a constant value for boreholes deeper than 50 m. In such a case,
temperature deviations smaller than 5% are observed for the average borehole-wall
temperature.

Fig. 8. Upper part of a 3D model of a borehole heat exchanger composed by tetrahedral
elements with a symmetry plane onto the XZ plane.

As the computational technology is further developed, more complex models to
simulate the transient heat transport phenomena of BHE with more ambitious precision
expectations have attracted the interest of designers. For instance, several studies have
reported developments of fully discretized finite element models (FEM) with extremely
detailed three-dimensional (3D) geometrical mesh (Lamarche et al., 2010; Naldi &
Zanchini, 2019; Signorelli et al., 2007). To reduce computational cost and simulation
time, some of the models were restricted to describe the heat response in a
two-dimensional (2D) representation (Austin et al., 1999; Yavuzturk et al., 1999).
However, even if 2D models require less computing effort, their geometry is partial and
result precision is limited. Only 3D models can account for the vertical heat transport,
TSE between the down-flow and up-flow pipes, different geological layers, correct
boundary conditions, undisturbed temperature and seasonal weather conditions (Cui et
al., 2018). In some cases, if the pipes configuration is suitable, it is possible to reduce
3D model volume geometry by half using a symmetry plane along the length of the
borehole (Fig. 8). An example of this technique is introduced in Aranzabal et al. (2016)
where model computational load is significantly reduced while still obtaining
comparable results. Florides et al. (2012) designed and validated another alternative to
reduce the complexity of a FEM model by combining a 3D conduction in soil approach
with a one-dimensional (1D) modeling of the heat carrier fluid.
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The number of FEM developments incorporating a computational fluid dynamics
(CFD) module have also increased. One of the most noteworthy advantages of such CFD
simulations is that they are suitable to conduct both parametric or optimization (inverse
model) approaches for improving precision of the results. Lenhard et al. (2012) assessed
the performance of various scenarios and parameters (e.g. heat carrier, power, thermal
conductivity, etc.) through a parametric numerical simulation. Chen et al. (2016)
validated a 3D numerical model with experimental data and carried out a larger analysis
to investigate the factors influencing the BHE thermal response such as operating
conditions, grout and ground materials, inlet temperatures and the influence of
convective effects. Nevertheless, it should be recalled that even in modern computers
with powerful processors and parallel computing capabilities, FEM and/or CFD model
compilations are still time-consuming due to the extreme number of tiny elements and/or
variables.

While models present the ability to forecast heat transfer evolution in the borehole
and near ground, in-situ measurements of thermo-physical particularities are necessary
to validate or guide models through the most realistic approximation. For a specific
engineering application, input parameters such as BHE geometry, inlet and outlet
temperature evolution, injected/extracted heat power, fluid flow, initial temperatures
(borehole, ground) and ambient air temperature will determine the accuracy of the model
results.

2.7. In-situ methods to determine ground thermal properties

Ground thermal properties are critical parameters in the design of BHE, however,
up to now they are still difficult to quantify with enough exactitude and confidence (Luo
et al., 2016; Witte & van Gelder, 2002). A huge effort has been carried out in the past
decades to improve accuracy of the in-situ methods: using values from literature,
elaborating laboratory tests on geological samples and implementing in-situ tests.

Approximations based on literature notes require minimal effort, but the
dissimilarities (range) of the thermal parameters reported in most cases are quite large.
This is due to the fact that local conditions have a huge impact. Also, parameters from
literature are global values for a particular type of geological material which needs to be
adapted to represent the whole subsurface domain (heterogeneities are neglected). Thus,
a cautious practitioner facing a design will select the lower values plus a safety margin
to ensure the proper operation of the system, resulting in a (probably not competitive)
overpriced design.
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An alternative to the use of literature parameters is to collect samples of geological
materials, during the perforation phase of the borehole, to analyze them independently
in the laboratory. It is possible to investigate several factors such as mineral composition,
degree of saturation and porosity on the thermal properties. The disadvantage of this
method relies on the fact that only individual samples are taken which still needs to be
adapted to represent the entire subsurface domain. Only punctual zones are evaluated
and heterogeneities occurring at a larger scale are not considered. Moreover, any
disturbance of the samples during the sampling process, storage or transportation will
affect the accuracy of the results. As a final point, both these methods (literature and
laboratory measurements) do not deliver any information about the local influence of
groundwater effects on the thermal properties of the site.

In-situ tests for estimating thermal properties of the subsurface surrounding a BHE
have been extensively developed during the last decades. The in-situ tests are attractive
as they provide detailed information of the thermal conductivity and heat capacity of a
significant volume of ground. They also take into account the real pipe collector
configuration by providing precise information of the actual borehole. Moreover, new
in-situ methods such as the ones developed in this Ph.D. work can provide accurate
information of the local thermal properties along the pipe loops. An in-situ test estimates
thermal properties of the ground by including site geology, hydrology, pipe loop
configuration and borehole characteristics (size and grouting material), therefore they
make it easier to predict the economic viability of a project for a specific energy demand
application. The drawback of in-situ tests mainly relies on the influence of outside
temperature variations, the length of the testing installation (much longer than the
required for laboratory tests) and the current intrinsic limitations of the analysis methods.
Nowadays, the standard in-situ test is known as the thermal response test (TRT).

2.7.1. Laboratory measurements

Several laboratory procedures to measure the ground thermal properties have been
reported throughout the last decades (Farouki, 1986; Low et al., 2015; Mitchel & Kao,
1978). These methods are divided typically into two main categories: steady-state or
transient.

Steady state laboratory tests consist on applying one directional uniform heat flux to
a specimen in a thermal equilibrium state and by measuring the thermal gradient across
it. The thermal conductivity of the specimen is calculated directly by applying Fourier’s
law to the obtained temperature profile along its cross section. Alrtimi et al. (2014)
developed an improved steady-state apparatus for measuring thermal conductivity of
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soils with a margin of error up to the 5%. On the other hand, transient methods consist
of applying a heat source to the specimen while monitoring the temperature evolution
over time. The obtained transient data during the test is normally used to calculate the
thermal conductivity by applying an analytical solution based on the heat diffusion
equation.

It should be noted that transient state methods are simpler to implement, however,
steady state results are more accurate. The thermal cell (steady state) and needle probe
(transient) instruments are currently industry (standard) recommended methods (ASTM
D5334-08, 2008; Bristow, Kluitenberg, & Horton, 1994; GSHPA, 2012). Commonly
the needle probe has less significant sources of error, but evaluates a smaller ground
sample than the thermal cell (Low et al., 2015). Among various steady state procedures,
the guarded hot plate (GHP) is considered as the most reliable and accurate technique to
estimate thermal conductivity (Xaman et al., 2009).

2.7.2. Thermal Response Test

The in-situ TRT was initially proposed by Choudhary (1976) and Mogensen (1983)
as a method to estimate subsurface thermal properties in BHE systems. A few years later
the method was further improved with a mobile equipment (wheeled cart) where the
chiller was replaced by a heater (Austin, 1998; Gehlin, 1998). Since that time, the
in-situ TRT has been widely used worldwide both in research and commercial
applications as a standard method to determine the ground thermal properties and BHE
thermal performance (Ry). The test consists of pumping a heat carried fluid inside a pilot
closed-loop BHE (U-pipe or coaxial) while being heated at an almost constant rate using
an electric element (Fig. 9). Heat extraction TRT tests have also been reported but are
less common. The TRT begins under the assumption that the subsurface temperature is
in equilibrium. Once the heat injection begins, the temperature evolution at the inlet and
outlet of the BHE is monitored for a minimum duration of 48 h. After the heating period,
the recovery phase is monitored as well for a minimum duration of 24 h. Throughout the
test, a data-logger system is usually used to monitor the inlet/outlet and outside
temperature (temperature probes); inlet/outlet pressure (pressure probes); fluid velocity
(flow meters); and electrical and heat power (power meters). (Spitler & Gehlin, 2015)
elaborated a thorough review regarding the latest TRT equipment developments, test
procedures and analyses methods.
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Fig. 9. Thermal response test set-up.

It should be noted the importance of insulating the parts of the pipes remaining
outside of the borehole as well as the test rig, since the outside variable temperature can
produce instabilities in the heat source. This adverse influence can be mitigated by
improved insulation and by installing additional inlet/outlet temperature probes in the
borehole itself (less influenced by atmospheric conditions). These measurements can
then be used to calculate the instantaneous injected heat (q) in W by the convective heat
transfer equation:

q= mcp (Tout — Tin) 3

where 1 is the mass flow rate (kg/s), C,, is the specific heat capacity of water at 20 °C
(4.192 kJ/kg K) and T,,,; - Tjp, is the temperature difference between the inlet and outlet
heated pipes of the borehole.

Furthermore, changes in viscosity of the heat carrier fluid due to temperature
oscillations may lead to changes in the flow rate over the duration of an experiment.
Hence, a continuous monitoring of the flow rate will lead to a more accurate data
analysis interpretation.

From the obtained measurements, typically two main parameters are calculated:
effective thermal conductivity (Acsf) and borehole thermal resistance (Rp). These
parameters can be inferred either by using analytical or numerical solutions (Section
2.7). The most popular analytical solutions are based on the Kelvin’s ILS theory
(Ingersoll & Plass, 1948), the ICS (Carslaw & Jaeger, 1959; Deerman & Kavanaugh,
1991) or the moving ILS (Stauffer et al., 2013). Moreover, several numerical models of
varying complexities have been developed (BniLam et al. 2018; Ozudogru et al 2014;
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Signorelli et al., 2007). Numerical models consider more complex geometries with more
detailed events of the subsurface, such as groundwater flows, external conditions,
layered subsurface heterogeneities, etc. In addition, they offer a more precise estimation
for long-term applications (Zanchini et al., 2012). However, the validation and design
process of a numerical model may become time consuming where mesh and simulation
time steps need to be selected carefully.

The effective thermal conductivity and effective borehole thermal resistance are key
parameters to determine the energy efficiency of a BHE installation. However, the term
“effective” should be emphasized as the Earth’s geology is typically heterogeneous and
thermal conductivity is likely to vary with depth and in some cases even with direction.
Moreover, heat transfer in the subsurface may not occur merely by conduction as it may
be affected by groundwater flows (underground aquifers) or advection effects (Gehlin
et al., 2003; Gustafsson, 2010). Therefore, the calculated thermal conductivity resulted
from a TRT may inevitably not represent the actual values for the local regions spread
along the length of the borehole. In addition, the borehole thermal resistance obtained
with a TRT is an effective value between the mean fluid temperature and the borehole
wall for the entire borehole length. In such case, to infer more realistic estimates of the
local borehole resistance, analysis such as the 2-dimensional and TSE based approaches
are required.

In order to overcome the limitations of standard TRT (effective values), the so-called
distributed TRT (DTRT) are developed worldwide with different solutions to
characterize the vertical distribution of thermo-physical properties of the ground
surrounding a BHE.

2.7.3. Distributed thermal response test (state-of-the-art)

The DTRT complements standard TRT field measurements with temperature
measurements along the length of the borehole. This additional information is
fundamental to identify the location of the more favorable geological layers to exchange
heat. Likewise, to determine the optimal size of ground collectors, and subsequently to
improve economic viability of BHE installations.

Rohner et al., (2005) developed a small probe (235 mm x 23 mm) that sinks in the
water filled U-pipes of a BHE up to a depth of 300 m (Fig. 10). The wireless probe
integrates a data-logger electronic circuit to record pressure (depth) and temperature at
preconfigured time intervals. The sensors and data-logger are embedded in a closed
metal tube. The probe weighs 99.8 g and has a temperature resolution of +0.003 °C. The
device is inserted in one of the U-pipe legs and sinks to the bottom while recording
pressure and temperature data. Once the probe reaches the bottom, it is flushed back to
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the surface by using a small pump (Fig. 11). The measured data is then retrieved by
connecting the probe to a computer. In this experiment, a data analysis method is
provided based on a single temperature profile of the subsurface in thermal equilibrium
and data of terrestrial heat flow near the test field. A patent for the device and method
was released one year later (European Patent Office 1600749B1, 2006).

Fig. 10. Data-logger submersible probe to measure pressure and temperature (Rohner et al.,

2005).

A few years later, Bayer et al. (2016) conducted an experiment with a commercial
version of the aforementioned probe called NIMO-T (Non-wired Immersible Measuring
Object for Temperature) and presented an analytical procedure to differentiate between
the effects of urban heating and global warming.

Raymond et al. (2016) carried out an experiment using a similar commercial probe
called RBRduet from RBR Ltd. (Fig. 12), and proposed an inverse numerical procedure
(of conductive heat transfer) to extend the depth-specific thermal properties of a TRT to
an adjacent borehole. The probe measures pressure (depth) and temperature, but since it
is not wireless like the previous one, it needs to be hooked to a wire and lowered by hand
inside of a vertical geothermal pipe filled with water. The submersible data-logger has a
fast thermal response where the thermistor accuracy, resolution and time constant are
£2x 107 °C, 5 x 10°°C, 2.5 x 10! °C, respectively. The pressure sensor can go up to a
depth of 500 m and its accuracy and resolution for depth measurements are 2.5 x 10" m
and 5 x 10 m, respectively. The model requires a single profile of the subsurface in
thermal equilibrium of the target borehole. Then, with information of paleo-climatic
changes and topography of the nearby field, as well as the results from a TRT in that
area, the model can infer the depth-specific thermal properties of the target borehole.
This is achieved without any further TRT and by lowering the probe once in the
borehole.
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Fig. 11. Working principle of the NIMO-T probe (Bayer et al., 2016).

 RBRduer |

Fig. 12. RBRduet data-logger probe.

Martos et al. (2011) developed a small spherical probe that is carried by the thermal
fluid inside geothermal pipes while measuring the temperature evolution of a specific
volume of fluid (Fig. 13). The spherical probe has the same density as the fluid and is
therefore transported by a constant flow while its position is calculated. The obtained
temperature and depth samples are stored in a memory inside the probe. Once the probe
is retrieved the data is wirelessly downloaded to a computer. It has a diameter of 25 mm,
a temperature resolution smaller than 0.05 °C and an accuracy of £0.05 °C. In this study,
the probe is tested in real BHE installation during a TRT where the operability and
performance of the sensor is assessed. The spherical-probe is inserted using a valve that
does not stop the circulation of the fluid and it is recovered using a similar valve after
completing a loop inside the U-pipe. The obtained temperature profiles through depth
(downs-flow and up-flow) showed some correlations between the different geological
layers and the local heat transfer rates. One of its advantages is that it can be circulated
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in both vertical and horizontal pipe circuits. The drawback is that it is not suitable to
measure the ground temperature in equilibrium (undisturbed ground) as when the probe
is circulated (by moving the water inside the pipes) the stable temperature in the borehole
is disturbed. However, other methods can be applied to measure the undisturbed ground
profile, such as turning on the pump and using the outlet temperature probe at the
U-pipe from the TRT to calculate this profile by knowing the fluid flow and pipe
diameter.

B
3
2
3
3
)
— -
2
'L

2 1‘ ‘ ‘
Fig. 13. Autonomous sensor inside its ball-shaped enclosure (left) and layout of the electronic
circuit (right) (Martos et al., 2011).

Later, the company enOware developed a commercial version of a similar
data-logger probe (temperature, pressure), called GEOsniff®. The probe also has the
shape of a ball, but it is designed based on the NIMO-T working principle. It has higher
density than the fluid allowing it to sink in the vertical pipes. Once the probe reaches the
bottom, a pump is powered on to circulate the fluid and to expel the ball to a tank.

Yu et al. (2013) conducted a sensitivity analysis (Bland—Altman) of two TRT
analysis methods, the ILS and ICS models, to determine the subsurface thermal
properties. The experiment is implemented by embedding temperature sensors (Pt100
type) vertically in the ground along the BHE. The Bland—Altman analysis showed that
the values of thermal conductivity calculated with the ILS model are slightly lower than
the obtained ones with the ICS model. Moreover, (Raymond & Lamarche, 2014;
Raymond et al., 2015) suggested a novel DTRT method involving reduced power
consumption in comparison with standard TRT. In this case, instead of circulating and
heating a fluid, a cable-assembly combining heating and non-heating sections is
introduced in one of the U-pipe legs (Fig. 14). After ending the cable-based heat
injection, the recovery phase of each section is monitored using temperature probes.
Halfway along the length of each section a data-logger stores the probes measurements.
The recorded data is then evaluated with an analytical approach based on a finite linear
heat-source to discretize the punctual thermal conductivity at the depth of each probe
(every 10 m). After the test is finalized, the cable assembly needs to be extracted to
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retrieve and analyze the collected data. This can produce delays in case of a failure in
one of the data-loggers or in the heating cable, as the recorded data is assessed after
removing the cable assembly. Furthermore, it should be noted that it is easier to
introduce calibration errors when carrying out tests involving multiple sensors. Also,
long boreholes usually require an elevated number of sensors, therefore increasing the
cost and complexity of the data-logger installation (e.g. high cable density).

e s
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Fig. 14. Apparatus to conduct thermal response test with heating cable sections (Raymond &
Lamarche, 2014).

(Fujii et al., 2006; Fujii et al., 2009) carried out a pioneer DTRT by installing fiber
optical thermometers along the U-pipe (down-flow) in a BHE and also developed a
computer program based on the ICS model (Ingersoll & Plass, 1948) to calculate the
depth-specific thermal conductivity. The obtained results showed areas with vast
temperature variations, possibly affected by the influence of hydrological conditions.
Freifeld et al. (2008) deployed an in-situ methodology called distributed thermal
perturbation sensor (DTPS) by installing a heater-resistance parallel to the fiber optics
cable. In this research, an inverse numerical model was developed to estimate the
depth-dependent thermal characteristics of the borehole by fitting measured temperature
profiles with heat flow maps of the region. (Acufia, 2010; Acufia, 2013; Acufia & Palm,
2013; Beier et al., 2012) went one step further and improved DTRT measurements by
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installing fiber optic thermometers inside the entire U-pipe loop (down-flow and
up-flow). This enabled monitoring of the TRT thermal progression along the entire pipe
loop. DTRT with fiber optics inside coaxial geothermal pipes were also carried out. In
these studies, depth-specific thermal properties are inferred by assessing the temperature
difference between the undisturbed subsurface and the fluid as a function of time (heat
injection and recovery phase). A numerical algorithm implements the ILS equation
(Ingersoll & Plass, 1948) and using a least-squares parameter estimation solver, a
computer program calculates the depth-specific thermal conductivity and thermal
resistance. Since the DTRT using fiber optics was first introduced, this technique has
become increasingly more popular and has attracted the interest of many researchers and
practitioners worldwide. As a result, new solutions to improve the obtained data quality
as well as new data analysis methods were reported recently (Hakala et al. 2014; Luo et
al., 2015; McDaniel et al., 2018; Monzo, 2018; Radioti, 2016; Soldo et al. 2016). Fig.
15 illustrates a DTRT (at the top level of the borehole) carried out during this Ph.D. work
where the fiber optics cables (grey and red) are located inside the geothermal pipes using
a valve to tighten the cable over a joint for preventing leakage.

Fig. 15. Fiber optics installed inside geothermal pipes (Vallentuna, Sweden).

Fiber optic thermometers measure continuous, high-resolution temperature profiles
based on Raman-spectra distributed temperature sensing (DTS) technique (Hermans et
al. 2014; Tyler et al., 2010) and complex algorithms (Hausner & Kobs, 2016; Hausner
et al., 2011; van de Giesen et al., 2012). A DTS equipment calculates the temperature
over cable sections and time intervals by injecting laser pulses that interact with
the silica core of the optical fiber. However, despite the fact that accurate DTS
equipment is rather expensive, it is also limited given a tradeoff among temperature

36



Chapter 2

resolution, spatial resolution, range and speed of measurement. For instance, averaging
the temperature for longer time or longer distance intervals improves measurements
resolution. The side effect is that longer integration times may hide the actual heat
transfer progression in environments with a fast-transient response (e.g. during a TRT).
Likewise, a longer spatial resolution may attenuate the temperature differences
occurring between two consecutive measuring points. For example, a temperature
reading with a spatial resolution of 6 m, for a particular position, is calculated by taking
into account the measured points 3 m after and before that position. Meaning that a 4 m
long highly conductive zone might pass unnoticed. Moreover, an exhaustive calibration
is also necessary to assure reliable measurements. If the DTS equipment is placed in an
environment with varying temperatures, a continuous calibration is required as almost
all the component parts of a DTS equipment are temperature sensitive (e.g. power
supply, laser, detector amplifiers, etc.) (Hausner et al., 2011). This is the typical situation
in a field experiment where an invariant temperature spot should be used as reference
for DTS equipment calibration (e.g. isolated box with ice, portable thermal bath, etc.).

A thorough review on the historical and technical developments and the current
status of distributed (DTRT) and enhanced (ETRT) thermal response tests (TRT) is
reported in (Wilke et al. 2020).

The DTRT has demonstrated to be a valuable method to enhance the energy
efficiency and reduce the capital cost of BHE installations. However, more
developments are required until a method to overcome current limitations is developed
and more affordable equipment reaches the market. It is this research gap which inspired
the general objective of this Ph.D. study: advance the science behind DTRT methods.
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Chapter 3

Proposal of an inverse simulation
method to calculate the depth-specific
thermal conductivity

This chapter covers the proposal of a method to estimate the thermal properties
of the geological layers crossed by perforation in a borehole. As a preliminary
assessment, the method is carried out from the experimentally recorded
temperature profiles during a TRT in a real BHE facility. The appended paper includes
a detailed description of the experiment, method and results.

3.1. Paper I: Extraction of thermal characteristics of surrounding
geological layers of a geothermal heat exchanger by 3D numerical
simulations

Authors: Nordin Aranzabal, Julio Martos, Alvaro Montero, Llucia Monreal, Jesus
Soret, José Torres and Raimundo Garcia-Olcina.

Published in: Applied Thermal Engineering, vol. 99, pp. 92-102 (2016).
DOI: 10.1016/j.applthermaleng.2015.12.109

Impact factor: 4.026
Quartile (category: “Engineering, Thermodynamics”): Q1 (2018)

Summary:

This first paper is focused on the proposal of a method to calculate the depth-specific
thermal conductivity of the typically heterogenous subsurface surrounding a BHE. The
suggested method, called observed pipe TRT (OP-TRT), complements the standard TRT
by providing additional information of the ground thermal properties along the length of
an auxiliary pipe. This information is of great interest during the design phase of a
borehole or borehole field. It allows detection of the most favorable layers to exchange
heat, and thus optimal length of the BHE to achieve the maximum heat transfer
performance at the minimum capital cost.
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This study covers the design and implementation of an experiment to assess the
proposed method in an available BHE on the campus at the Universidad Politécnica de
Valencia. The BHE is 40 m deep and the subsurface is known to be composed by six
different layers of geological strata, with water presence below four meters. After the
drilling and insertion of geothermal pipes, the borehole is filled with a mixture of
concrete and bentonite. In this installation, a TRT of three days long is conducted in a
single U-pipe while measuring the transient thermal evolution along the depth of an
auxiliary pipe with a wired probe. The proposed method requires the input of the
recorded temperature profiles throughout the auxiliary pipe, called observed pipe, to
calculate the conductivity values.

The introduced method consists of an inverse simulation procedure to fit
experimental data by adjusting the thermal conductivity of the different geological
layers. For that, a 3D FEM is developed with the same geometry and thermal behavior
of the experimental BHE. The model is initialized with the effective thermal
conductivity and borehole thermal resistance calculated from the conventional TRT.
Afterwards, an algorithm describing the required steps is proposed to estimate the
conductivity. Basically, it consists of an iterative simulation process where the thermal
conductivity of the different geological layers is adjusted until the recorded temperature
profiles along the observed pipe fit with simulation results.

Finally, the calculated effective thermal conductivity from the standard TRT agrees
with simulations results, demonstrating the applicability and reliability of the testing and
data interpretation methods. Moreover, the measured inlet-outlet and observer pipe
temperature profiles during the course of the TRT are significantly close to the obtained
results from simulation. From the obtained results, a small highly conductive zone
located between 24 and 26 meters is detected. This zone is likely to be dominated by
groundwater movements.
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Ground thermal conductivity and borehole thermal resistance are key parameters for the design of closed
Ground-Source Heat Pump (GSHP) systems. The standard method to determine these parameters is the
Thermal Response Test (TRT). This test analyses the ground thermal response to a constant heat power
injection or extraction by measuring inlet and outlet temperatures of the fluid at the top of the bore-
hole heat exchanger. These data are commonly evaluated by models considering the ground being
homogeneous and isotropic. This approach estimates an effective ground thermal conductivity repre-
senting an average of the thermal conductivity of the different layers crossed by perforation. In order to
obtain a thermal conductivity profile of the ground as a function of depth, two additional inputs are needed;
first, a measurement of the borehole temperature profile and, second, an analysis procedure taking into
account ground is not homogeneous. This work presents an analysis procedure, complementing the stan-
dard TRT analysis, estimating the thermal conductivity profile from a temperature profile along the borehole
during the test. The analysis procedure is implemented by a 3D Finite Element Model (FEM) in which
depth depending thermal conductivity of the subsoil is estimated by fitting simulation results with ex-
perimental data. The methodology is evaluated by the recorded temperature profiles throughout a TRT
in a BHE (Borehole Heat Exchanger) monitored facility, which allowed the detection of a highly conduc-
tive layer at 25 meters depth.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

ground as a heat source or sink for exchanging energy by the cir-
culation of a heat carrier fluid in the tubes of BHEs [6,7]. The GSHP

To reduce primary energy consumption and emissions of green
house gases, more and more attentions are paid to GSHP as heating
ventilation and cooling system (HVAC) to conditioning spaces into
buildings and to provide hot water [1-5]. In general, a typical GSHP
system mainly consists of a heat pump, a group of borehole heat
exchangers and indoor units. Commonly, these are coupled with the

* Corresponding author. Tel.: 0034 646420398; fax: 0034 963 544 353.
E-mail address: nordin.aranzabal@uv.es (N. Aranzabal).

http://dx.doi.org/10.1016/j.applthermaleng.2015.12.109
1359-4311/© 2016 Elsevier Ltd. All rights reserved.

system takes advantage of subsoil high thermal inertia that remains
at a constant temperature, that is more favourable than the outside,
so higher energy efficiency can be obtained as compared to tradi-
tional air-conditioning systems [8].

The performance of GSHP systems is determined by ground stra-
tigraphy in which thermal conductivity, ground water flow and initial
temperature play an essential role [9,10]. Detailed and accurate in-
formation of thermal behaviour of subsoil layers crossed by
perforation is a prerequisite for improving the ratio between the
heat transfer optimization and cost of the installations [11], namely,
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for determination of the maximum heat transfer using the minimum
length of the GHE installations.

In order to estimate heat transfer at the vertical BHE, diverse nu-
merical and analytical methods have been proposed from data
obtained in field investigation studies [12,13]. Currently, the more
extended method is the TRT based on Infinite Line Source Model
(ILS) [14], which describes conductive heat transfer in a homoge-
neous medium with a constant temperature at infinite boundaries.
The TRT consists in applying a constant power input to the soil by
a fluid flow inside the pipes and monitoring changes of tempera-
tures at inlet and outlet of the perforation. Mainly two parameters
are obtained: effective thermal conductivity, Aer, and borehole
thermal resistance, R, by following theory proposed by Hellstrom
etal. [15]. However, it is difficult to accomplish the optimum design
of a GHE and some factors as significant temperature variations pro-
duced by weather conditions, pipe insulation, variations in the power
source, heterogeneous distribution of subsurface properties... can
affect the measuring output of TRT. Additionally, standard TRT mea-
suring output can be considerably affected by the advection effect
of groundwater flows and lead to an undesirable deviation of the
Aex [16].

Some other studies [17-19] presented the importance of ground-
water flow on improving the performance of BHE and argued that
those effects should not be neglected. From the point of view of en-
gineering applications, this enhanced effect is favourable for reducing
the possible imbalance between heat injection and extraction from
and to the ground, which is helpful for the long-term operation of
GSHP systems. For a specific energy demand of a GSHP system, ac-
counting for the axial effects can lower the required length and
numbers of boreholes. Marcotte et al. [20] showed, for an example,
a design problem that the calculated borehole length could be 15%
shorter when axial effects are considered, which conclusively means
a more cost-efficient system. Chiasson et al. [21], Wang et al. [22]
and Fan et al. [23] evaluated the effects of groundwater flow on the
heat transfer into the BHE. They concluded that groundwater flow
enhances heat transfer between the BHE and the aquifer. In this case,
shorter or less BHEs are needed for the same technical performance.

In the last decades various investigations have been conducted
to reliably calculate TRTs influenced by groundwater flow. One pos-
sibility to calculate the influence of groundwater flow is a stepwise
TRT evaluation based on the Kelvin line source theory [24]. Witte
et al. [25] illustrated an increasing value with increasing evalua-
tion time step size as an indicator for groundwater flow. Another
possibility is the suggested analytical solution by Molina-Giraldo
et al. [26] based on a Moving Finite Line Source model (MFLS) which
takes into account both aspects: groundwater flow and axial effects
overcoming the limitations of previous analytical models [27,28].
The analytical procedure is verified with a finite element model and
is concluded that the performance of axial effects essentially depends
on the groundwater velocity in the aquifer and the length of the
borehole heat exchanger. Some other studies based on the re-
corded data during the TRT and finite element simulations analysed
the importance of natural subsurface conditions, such as vertical
geothermal gradients and thermal dispersion [29]. And later, a pa-
rameter estimation strategy to calculate information about the actual
Darcy velocity based on MFLS was presented by Wagner et al. [30,31],
which is sensitive to conduction and advection.

However, these concepts provide neither information about the
exact location of the underground water flow nor information about
the depth-depending thermal conductive parameters of heteroge-
neous ground profiles. For overcoming that, novel strategies are
developed based on Distribution Temperature Sensing (DTS) system
[32]. In DTS systems, optical fibre thermometer is placed along the
inlet pipe of the installation, from which the vertical temperature
distribution can be measured. Hence, thermal conductivity of the
ground can be evaluated along depth [33]. Fujii et al. [34] performed
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a comparative study on conventional TRT and the enhanced TRT on
DTS. The obtained effective thermal conductivity for both cases is
very similar and furthermore, the enhanced TRT indicated the pres-
ence of a highly conductive region due to the presence of an aquifer.
Wagner and Rohner et al. [35] showed how specific layers with
groundwater flow (enhanced A values) can be estimated. Never-
theless, the cost of the required equipment for optical fibre
thermometer is high and the process to guarantee the correct place-
ment along the diameter of the pipes can be difficult.

In this research work, an innovative analysis procedure to obtain
a detailed depth-depending thermal conductivity profile along ver-
tical BHE subsoil surrounding is presented. The vertical thermal
conductivity gradient is estimated from an additional tempera-
ture profile along an auxiliary pipe during an experimental TRT and
by fitting a 3D finite element model with test results. Likewise, the
measured additional temperature profile along an auxiliary pipe by
a wired digital temperature probe overcomes the limitations of the
methods discussed above.

This paper is divided as follows. Firstly, a BHE built at Universidad
Politécnica de Valencia campus of 40 meters depth and composed
by six different layers of geological strata is described and the ob-
tained data throughout a TRT of 1 kW are presented. Secondly, the
analysis procedure to estimate the thermal conductivity profile of
the subsoil layers crossed by perforation based on a finite element
model is described. Thirdly, the obtained results after applying the
procedure to the recorded data from the performed 1 kW TRT are
presented, which allow the detection of a highly conductive layer
at 25 meters depth. Finally as conclusions, the obtained results and
the hypothetical causes of the discovered thermal conductivity profile
are discussed.

2. Experimental facility and data

On the Universidad Politécnica de Valencia campus is available
a BHE of 40 m depth, 160 mm drill diameter and two geothermal
independent pipes, ALB GEROtherm PE-100 of 40 mm diameter and
29 and 39 m long, respectively. The pipes are disposed with a turn
of 90° between them, keeping uniform the distance between the
pipes of the geothermal probes with separators of polyethylene
distributed every meter depth. The borehole was drilled by
rotopercussion technique with a metallic cylinder contention, which
was not extracted during refilling phase. Samples of the subsoil stra-
tigraphy were taken during the drilling to determine composition.
In Fig. 1 is depicted the geological profile and a diagram of the pipes
disposal inside drilling and in Fig. 2 is shown an image of the
installation.

The obtained samples were mixed with water during its trans-
portation and thus were not suitable for an accurate analyse of
thermal characteristics of geological layers in laboratory tests. Con-
sequently, only the dry material and a thermal conductivity that
varies between 1.5 W/mK and 2.0 W/mK was analysed and was es-
timated from thermal data tables. Besides, from other geological
studies performed in 2008 throughout a building construction near
the facility, a stratigraphic profile that matched with the samples
taken during the drilling was obtained. Specifically, it was con-
ducted by a rotating drilling technique in which samples were
obtained unchanged. In the analysis of this stratigraphic column,
the presence of a groundwater level about 4 meters depth was de-
tected and from samples and laboratory tests a content of moisture
between 14% and 30% was measured.

The drilling filling is done with CEMEX 32.5 raff concrete and ben-
tonite in a proportion of twelve parts of concrete and one of
bentonite. This filling solution is suitable for typical Valencian soil,
rich in moisture and water flows. The drilling was performed in May
of 2010 and during the next months the temperature inside the pipes
was monitored in order to determine when the soil recovered its
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Fig. 1. Geological profile and distribution of geothermal probes inside the drilling.

temperature before the drilling. In Fig. 3, a graph with the inside
temperature of the 39 m depth pipes is depicted from its insertion
in the exchanger until the stabilization with the surrounding ground,
a process that lasted about 6 months.

An equipment to perform heat injection TRT was provided to the
installation, consisting of an electronic adjustable circulating pump,
a heating resistor of 3 x 1 kW/220V; a flowmeter; a 5 litre expan-
sion tank; temperature probes at input and output of the exchanger,
connected to an acquisition system through a 4 wire 4-20 mA loop
of TC Direct adjusted in a range from 0 °C to 50 °C. The tempera-
ture sensors were calibrated through a thermal bath and an electronic
precision thermometer, performing a two point lineal adjustment
within the dynamic range from 0 °C to 50 °C chosen for the sensors.

Furthermore, an energy meter was employed for monitoring elec-
tric power source of the installation and a meteorological station
for measuring surface environmental temperature and humidity. The
full system was managed from a PC with a touch screen and Inter-
net access that performed acquisition and register of the data during
the TRT, through a program developed in Matlab.

On 9th March 2011 at 11:00 a 1 kW heat injection TRT was
started, using the geothermal pipe of 29 meters length, and leaving
the one of 39 meters filled with water in order to use it as an ob-
server pipe and measure the temperature profiles during the TRT.
A flow of 410 1/h of water without glycol was fixed, and the PC
program was configured to acquire data with a 3 minute period. The
test lasted 3 days, with an environmental average temperature of
10.6 °C, oscillating between the maximum of 18.1 °C and the
minimum of 6.5 °C. Fig. 4 depicts the temporary evolution of en-
vironment temperature and temperature evolution at inlet (Ti,) and
outlet (Tou) of the TRT during 3 days. Temperature profiles at inlet
and outlet show some fluctuations that correspond to the environ-
ment temperature variations during the test realization.

Fig. 2. Photography of the experimental installation at UPV Campus. (@) Tin, Tout tem-
peratures probes; (b) Ground temperature probe; (c) Hydraulic subsystem;
(d) Equipment of control and acquisition.
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Fig. 3. Temperature evolution inside and along the 39 m depth pipe from the insertion date until thermal stabilization.

An approximation of the effective thermal conductivity param-
eter of the ground was calculated applying the ILS model of Kelvin
[36] to the obtained experimental data during the TRT. Fig. 5 shows
two straight sections that give higher conductivity estimation for
the final test hours than for the first test hours, deviating from the
ILS model prediction. The observed behaviour is typical scenario of
areas with presence of moisture or water flows produced by the
greater heat absorption of the layers affected by groundwater flows.
In this case the turning point is placed at 10 hours from the be-
ginning of the TRT and the last stretch based on TRT sizing gave a
borehole resistance of 0.12 K/W and a conductivity of 2.41 W/m K.

Additionally, from the beginning of the TRT the temperature
profile was obtained in one of the 39 meter length pipe, which was
not used in this TRT for heat exchanging and named before as

observer pipe. The measured data are depicted in Fig. 6. Each
coloured marked line corresponds to a temperature profile along
the observer pipe through time from 9th March (start of TRT) until
12th March (end of TRT). Furthermore, the five dashed black lines
show the edges between geological strata determined by the ob-
tained samples during the drilling.

To obtain the temperature data inside the observer pipe, a wa-
terproof sensor was connected to an end of a 50 m length cable.
This wired digital sensor only requires 2 wires for the connection
and it transmits temperature data in digital format, reducing the
errors that could be produced due to the cable length. The accu-
racy of the measurement is 0.5 °C in the range from —-10 °C to 85 °C,
and it has a maximum resolution of 12 bits; thus, a temperature
resolution of 0.0625 °C is achieved.

Temperatures Tin - Tout - Tenv
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Fig. 4. Inlet, outlet and environment temperature evolution during the analysed TRT injection of 1 kW.
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Fig. 5. Semilogarithmic representation of the average fluid temperature Tin ~Tou as a function of the variable x during a TRT injection of 1 kW and the calculated effective

conductivity.

The process of obtaining a temperature profile consists in de-
scending the sensor at prefixed depths of 0.5 meters in the first 4
meters of the drilling, and at 1 meter between the 5 meter and 28
meter depth then again at 0.5 meters between 28.5 and 30.5, ending
the descent with 1 meter gaps. At each measuring point, the sensor
was held in position for 5 seconds for thermal stabilization, before
new temperature data was taken at the next depth. A temperature

profile disturbance was created as the sensor was lowered but it
was not taken into account due to its small size (<5 mm ). This
sensor was also calibrated with the same equipment used with the
temperature sensors disposed along the rest of the installation.
After a careful drilling execution, insertion of geothermal probes
and filling process, a borehole with the same thermal characteris-
tics for the whole volume was built. Therefore, the measured

Injection 1kW: Temperature evolution
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Fig. 6. Temperature profiles along the observer pipe during the analysed TRT injection of 1 kW. Coloured marked lines: five temperature profiles taken from 9% March to
12th March. Dashed lines: edges of geological layers determined during the drilling.
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temperature variations inside the observer pipe will be due to the
conductivity values of geological layers, and heat transfer between
the borehole and the subsoil can be evaluated.

3. Procedure to estimate thermal conductivity

The aim of this research work is to estimate the thermal con-
ductivity profile of the borehole surrounding layers crossed by
perforation, from the registered data throughout the execution of a
TRT. Due to the fact that TRT considers the medium homogenous
and heat transmission in solids as a mechanism of diffusion, an in-
finite set of subsoil conductivity profiles (As(z)) would generate the
same set of data for the recorded Tj, and T, during the execution.
Additional information is necessary in order to restrict the possible
set of thermal conductivity profiles to only one. In this approach,
the data that will impose the last restriction is taken as a series of
vertical temperature profiles inside the filling of the exchanger, mea-
sured in determined time periods (Top(z,t)). In addition, only heat
transmission in solid will be considers as heat transfer mechanism.

If an exchanger is analysed by the model of thermal resis-
tances and capacitances, across section of a BHE can be depicted
by a delta network [37], such as the one in Fig. 7a.

This network can be simplified by an equivalent circuit formed
only for 2 resistances and 2 capacitances, as is shown in Fig. 7b. If
a careful BHE construction is performed, Ry, will be constant in all
the domain of the grouting material and Rog will vary its value ac-
cordingly to the thermal characteristics of the geological layer for
which is surrounded. Thus, the temperature (To,(z)) will change in
function of Ry, resistance that is dependent on the conductivity of
the subsoil.

In this approach, a 3D finite element model simulation is em-
ployed, in order to adjust a series of temperature profiles taken inside

PP, i —-/\
a)
14 Rpo,i+
Rop,i+1

i po,i+1

the borehole (Toy(z,t)). The procedure is initiated by assigning the
effective thermal conductivity obtained from the TRT to both bore-
hole and subsoil, and is performed a simulation of the TRT. Once
the simulation is finished, the obtained temperature profiles are com-
pared with those measured during the experimental TRT, and
thermal conductivity of the subsoil is modified based on the fol-
lowing algorithm:

If max(abs(Top_simu(Z,t) — Top_exp(z.1))) > €
I (Top_simu(Z:t) < Top exp(z,t)) then increase Ay(z)
If (Top_simu(Z,t) > Top_exp(z,t)) then decrease Ay(z)
Start a new simulation

Else Simulations are completed

Namely, it will be conducted as many simulations and adjust-
ments of thermal conductivity profiles A(z) as it will be necessary
for reaching an error smaller than the desired value between the
measured temperature profiles during the TRT and the obtained
during the simulation. The resultant conductivity profile is taken
as the one that represents the subsoil surroundings of the exchanger.

4. Application of the procedure to an experimental TRT

In this paragraph the previously elaborated procedure is applied
to the recorded data from the experimental TRT of 1 kW heat in-
jection described before. A 3D finite element model with the same
geometry of the experimental BHE is developed using COMSOL
Multiphysics ® version 4.4. Then, the model is adjusted to fit with
the measured data in order to estimate the thermal conductivity
profile of the borehole surrounding layers.

From all the modules available, the Heat Transfer in Solid (ht)
and Non-Isothermal Pipe Flow (nipfl) have been used.

Rog.i Tssh,i

R, I+
99T Toghisg

T SS|
b) I/V\/\/I/W\/—,L

Fig. 7. (a) Resistances and capacitances model by delta network across a section of a BHE. (b) Previous model simplification by an equivalent circuit.
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05 Table 1
o | s o P Simulation parameters.
o8 T =
1 8 Parameter Value
- —~.
,_/-’/ Borehole depth 30m
o i Borehole radius 0.08 m
== Outer radius of U-tube pipe 0.02m
Inner radius of U-tube pipe 0.016 m
Centre to centre half distance 0.06 m
Pipe thermal conductivity 0.6 W/mK
Pipe’s length 29m
Ground radius 0.75m
Ground depth 30m

Fig. 8. 3D model of the experimental exchanger implemented in COMSOL
Multiphysics 4.4.

The simulations have been completed under following conditions:

¢ Only heat transmission in solid has been considered into bore-
hole and surroundings (convective effects has been neglected).

e Thermal parameters of borehole grouting materials have been
considered constants, A, = constant, Cp = constant, p = constant.

e Thermal conductivity of surrounding has been defined as depth
dependent, A(z), and has been adjusted in order to fit the tem-
perature profile into observer pipe.

In order to simplify computer operations and to reduce the cal-
culation time, a symmetry plane defined by the pipes that form the
U of the exchanger has been considered, which has reduced the total
volume of the model by half. In Fig. 8 is presented the resultant
model after applying symmetry, in which is possible to appreciate
the two contained domains as two concentric cylinders. The smaller

cylinder of 0.08 m radius represents the perforation filled with the
grouting material in which the U pipes are inserted, and the other
cylinder of 0.75 m, the subsoil volume in which the heat is trans-
ferred. Looking for the optimal volume to simulate the borehole,
two models were built with different subsoil radius, one of 0.75 m
and another of 1 m. The obtained results for both models were very
similar, with a maximum difference of 0.083 °C and a relative error
of 0.03% in both measured points (Ti, and Toy). After, another model
of radius 0.6 m was built and compared with the model of 1 m radius
obtaining an absolute error of 0.235 °C and a relative error of 0.9%.
Thereby, the decision of employing a 0.75 m radius for subsoil volume
was taken due to the model simplicity and behaviour similarities.
Since symmetry onto XZ plane has been used, the final model is
displayed, shaped as a 30 meter length semi-cylinder. In Table 1 the
configuration data of the developed 3D model can be appreciated.

After establishing a finite geometry, both domains were defined
with equal characteristics assigning the effective conductivity of
2.41 W/m K obtained during the last stretch of the realized exper-
imental TRT.

Therefore, for the first simulation both domains were config-
ured with a thermal conductivity of 2.41 W/m K, a density of
1800 kg/m® and a specific heat capacity of 2000 J/kg K. The simu-
lation was set up using an injected power of 950 W and a caudal
of 420 l/hour. The initial temperature value of the topsoil was es-
tablished as the recorded average value of 16 °C throughout the days
of the TRT implementation. Also, the layers of the ground were
initialised with the obtained temperature values along the observ-
er pipe before the beginning of the TRT.

Another important factor that directly affects to the simulation
time and accuracy is the model meshing. Some simulation trials were
run with different user-defined meshing configurations until the most
suitable solution was found in the simplest model as less time was
used in converging to a solution without lose accuracy in the results.
Finally, a model meshing with a maximum size of element of 0.25 m,
aminimum size of 0.03 m, a factor curvature of 0.3, a narrow regions
resolution of 0.85 and a maximum growth of 1.35 elements was se-
lected. With those parameters, 423,256 tetrahedral elements for
model domains were obtained. Another model composed of 684,863
elements was built and simulated in order to check if the accuracy
was improved but, after comparing both results, an absolute error
of 0.005 °C and a relative error of 0.05% were obtained. A third model
with 265,088 elements was built, obtaining an absolute error of
0.013 °C and a relative error of 0.05% compared to the model of
423,256, but with similar simulation time. In consequence the de-
cision of employing a model with 423,256 elements was taken.

Temporal parameters of simulation were established as follow:
total simulation time of 3.1 days, maximum step of 100 seconds and
data registration every 20 minutes.

Then, the calculated effective thermal conductivity from TRT
datasets were adjusted to both domains and the first simulation was
conducted. In Fig. 9 the obtained Tj, and T, temperature profiles
from simulation are presented in superposition with the recorded
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Temperatures Tin - Tout: experimental vs. simulated
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Fig. 9. Superposition of Tin-Tour temperature evolution during a TRT and the obtained ones in the initial simulation. Experimental data (thick lines) and temperature sim-

ulation (thin lines).

data during the experimental TRT. Additionally, in a similar manner,
in Fig. 10 is depicted the superposition of simulated temperature
profiles and the obtained ones along the observer pipe during the
experimental TRT.

The next phase of the simulation was implemented by adjust-
ing the conductivity values of the subsoil. Following the proposed
analysis procedure, the model adjustment was continued with the
iterative set of simulations. In this case, a maximum temperature

value between samples of 0.3 °C was selected because the error in
the sensor measurement range from 20 °C to 25 °C is bounded
between 1.5% and 1.2%, which was considered acceptable in our ap-
proach. After a few iterations, it was possible to get an improvement
in the adjustment between the experimental TRT data and simu-
lation results, maintaining the correspondence both in the evolution
of the temperatures Ti, and T, and in the observer pipe, as is pre-
sented in the graph of Fig. 11.

Inyection 1kW: Observer pipe temperature profile
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Fig. 10. Superposition of experimental data along the observer pipe and the obtained data from the initial simulation. Experimental data (coloured marked lines) and tem-

perature simulation (black lines).
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Inyection 1kW: Observer pipe fitted
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Fig. 11. Superposition of temperatures profiles evolution along the observer pipe during the TRT and the obtained results from final simulation. Experimental data (coloured

marked lines) and temperature simulation (garnet lines).

Besides, in Fig. 12 is shown the resultant adjusted thermal con-
ductivity distribution along the vertical subsoil layers from the last
simulation (using the best achieved settings). It is noteworthy to
observe the high conductivity layers located between the 24 and
26 meter depth.

Moreover, two heat injections, TRT of 2 kW and 3 kW, were con-
ducted over the same installation, on 22nd November 2010 and on
15th December 2010, respectively. In those tests, the observer pipe
temperature profiles were not registered with enough spatial and
temporal resolution, so it was not possible to perform the same pro-
cedure described above for obtaining the subsoil conductivities
profile. Although, aiming to test the developed 3D FEM with more
experimental data and different heat sources, the recorded

Tin—Tou temperature profiles for the TRT of 2 kW and 3 kW were com-
pared with results from simulation. For that, two simulations were
carried on over previously adjusted model, one with a power of 2 kW
and other with a power of 3 kW. The comparison between ob-
tained simulation values and the registered in the TRTs are depicted
in Fig. 13, which presents a quite accurate adjustment.

5. Conclusions

One of the main findings of this research work is the estimated
conductivity profile of geothermal layers crossed by perforation from
the results of a 3D finite element model simulation. The pre-
sented novel temperature profile is an additional measurement that

Thermal conductivity vs. depth
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Fig. 12. Conductivity profile in the geological layers of the subsoil obtained from simulation.
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Average Temp. Tin-Tout for 2kW and 3kW TRT
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Fig. 13. Superposition between the obtained data in experimental TRT for 2 kW and 3 kW between the obtained results from model simulation.

can be implemented in combination with the conventional TRT en-
hancing the obtained results. This methodology does not require
samples of ground stratigraphy and has been possible to obtain a
thermal conductivity profile of the subsoil by the recorded data
during the suggested enhanced TRT. Furthermore, the calculated ef-
fective thermal conductivity of 2.41 W/m K during the experimental
TRT agreed with the obtained value from simulations, demonstrat-
ing the applicability and reliability of the testing and data
interpretation methods. Also, the recorded U pipe inlet and outlet
and observer pipe temperature profiles during the experimental TRT
are very similar to the achieved results from simulation.

The obtained thermal conductivity profile presents an accurate
adjustment of the temperatures along the observer pipe, except for
aregion located between 24 and 26 meters that may be caused by
the groundwater advection effects. The development of a new model
in which conduction and advection are taken into account will likely
improve the obtained results. In such case, more detailed informa-
tion of the axial effects can be interpreted, as for example, an
estimation of the location and the velocity of underground water
flows.

To sum up, the proposed enhanced TRT and the analysis pro-
cedure are validated as a useful method to identify the position of
the groundwater flow in a borehole subsoil surroundings. The lo-
cation of groundwater flow can help to improve heat transfer
efficiency of BHE. Therefore, the obtained data could easily param-
eterize the length of the drilling for implementing a totally optimized
heat exchanger in order to maximize the W/m relation of the thermal
transfer. The findings of this study will provide valuable informa-
tion for thermal conductivity measurements in field and will improve
the performance analysis of BHE in layered subsurface.
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Nomenclature
Tin Water temperature inside inlet pipe
Tout Water temperature inside outlet pipe

50

Tavg Water average temperature between inlet and outlet pipes
Top Temperature inside observer pipe
Top(2) Observer pipe temperature related to depth

Top(zt) Observer pipe temperature related to depth and time

Top_simu(z, t)imulated observer pipe temperature related to depth and
time

Top_exp(z,t)Experimental observer pipe temperature related to depth
and time

Tss Near subsoil temperature

Tsst Far subsoil temperature

Rpp Thermal resistance between pipes

Rpo Thermal resistance between pipes and observer pipe

Rog Thermal resistance between observer pipe and near ground

Rgy Thermal resistance between near ground and far ground

Ryo Thermal resistance between borehole and observer
pipe

Ao Borehole grouting material thermal conductivity

As(2) Borehole surroundings thermal conductivity profile

Aerr Effective thermal conductivity, the mean thermal conduc-
tivity of the surrounding subsurface

Ry Heat transfer between pipes and borehole wall
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Chapter 4

Development of a specific instrument
(Geowire) to measure the temperature
profiles required for the inverse
simulation method

In the previous chapter, the temperature profiles required for the proposed
inverse simulation method were obtained manually by descending a wired probe.
Thus, to improve the reliability and accuracy of the method, this chapter covers the
development and validation of a specific in-borehole instrument. The precision and
uncertainty of the spatial and temperature measurements are assessed in the
laboratory. Also, the instrument is evaluated in a test BHE and results are validated

with the well-known Pt100-sensors.

4.1. Paper II: Novel instrument for temperature measurements in borehole
heat exchangers

Authors: Nordin Aranzabal, Julio Martos, Hagen Steger, Philipp Blum and Jesus Soret.

Published in: IEEE Transactions on Instrumentation and Measurement, vol. 68 (4),
1062-1070 (2018).
DOLI: https://doi.org/10.1109/TIM.2018.2860818

Impact factor: 3.067
Quartile (category: “Instruments & Instrumentation”): Q1 (2018)

Summary:

This second paper introduces an in-borehole instrument called Geowire, to
automatically measure the temperature profiles required for the inverse simulation
method suggested in the previous chapter. The design of the instrument is based on
certain attributes to fulfil the requirements of the method and its applicability in BHE.
The Geowire is developed to be compatible with standard TRT equipment while causing
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minimal thermal disturbance to the borehole. Also, it is designed to provide a high spatial
temporal and temperature resolution with negligible uncertainty in the measurements.
The instrument is implemented to automatically measure a number of temperature
profiles along an auxiliary pipe inserted in a borehole at pre-defined time intervals
during a TRT. The acquisition settings can be controlled through a user-friendly
interface with remote access control, secure access, alarms, database and real-time plots.

This paper covers the following:

e Instrument implementation ranging from the electro-mechanical, hardware and
software developments to the operating system and user interface application.

e Laboratory validation of the instrument features, such as accuracy and
uncertainty of temperature/spatial measurements, thermal response time as well
as minimum waiting time to achieve a thermal equilibrium after moving the
probe to a new position. Also, some tests are conducted to validate the
robustness of the user application.

e Validation of the instrument in an experimental BHE at a test site in Karlsruhe,
Germany. The Geowire is tested under two thermal situations in the borehole
and the accuracy of the measurements is validated with Pt100-sensors.
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Novel Instrument for Temperature Measurements in
Borehole Heat Exchangers

Nordin Aranzabal, Member, IEEE, Julio Martos, Hagen Steger, Philipp Blum, Jesus Soret

Abstract—The thermal response test (TRT) is the standard
method for characterizing the thermal properties of the ground
and those of a borehole heat exchanger (BHE). During the TRT,
the inlet and outlet temperatures of the BHE are monitored.
However, this test typically considers the ground as a
homogeneous, isotropic, and infinite media, and therefore, it only
determines the bulk and effective parameters, such as effective
thermal conductivity and thermal borehole resistance. Hence, the
enhanced TRT protocols are necessary where the depth-
dependent temperatures are measured to estimate depth-specific
thermal properties. Thus, a novel instrument with a data logger
to automatically obtain the temperature measurements along the
BHE is introduced. This device is based on a Zynq-7000 all
programmable system on a chip. It has a dual-core central
processing unit and a field-programmable gate array on one chip,
thus providing a versatile architecture that reduces cost and
improves efficiency in comparison with other systems of similar
characteristics. This paper describes the implemented hardware
and software developments that range from user interface
application to a free-distribution operating system based on an
embedded Linux. The proposed instrument can be easily
incorporated throughout a TRT, and the nonspecialized staff can
remotely manage or visualize the results through a menu-driven
interface. The device is tested in a specific BHE installation and
validated with standard Pt100-temperature-sensors. The results
are comparable and, therefore, demonstrate the applicability of
this novel instrument called Geowire.

hedded

Index Terms—Borehole heat exch (BHE),
operating system, field-programmable gate array (FPGA),
ground source heat pump (GSHP), open source, system on a chip
(SoC), temperature profile, thermal response test (TRT).

I. INTRODUCTION

VER the last decades, the demand for renewable sources

of energy has been increasing worldwide due to the
growing concerns over global warming. Among the
technologies designed to reduce greenhouse emissions, ground
source heat pump (GSHP) systems have become progressively
more attractive due to high-energy efficiency in many
applications, such as heating and cooling residential houses a
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larger infrastructures [1]-[4]. Most of these systems primarily
consist of a closed-circuit installation formed by a shallow
borehole heat exchanger (BHE), heat pump equipment at
ground surface, and indoor units. Shallow or low-enthalpy
geothermal systems can reach a maximum depth of 400 m and
temperatures between 20 °C and 70 °C. The BHE is formed by
a buried network of pipes into which a fluid is pumped so that
the heat is exchanged with the ground [5], [6]. Vertical
borehole configurations are a more widespread solution than
the horizontal collectors because they are less influenced by
the surface atmospheric conditions and require a smaller
geographical area. The subsoil acts as a heat source for heating
or a heat sink for cooling. In this manner, GSHP systems
exchange heat with the earth’s top layers that maintain a near
constant temperature regardless of the outside seasonal
weather conditions and obtain a higher efficiency in
comparison with air source heat pump systems that depend on
ambient air temperature [7]. Below 10 m and up to 100 m, the
subsurface temperatures are influenced by both the external
average temperature and the heat transmitted from the earth’s
core. However, temperatures between such depths remain
practically constant, usually with a temperature comparable to
the average value of the atmospheric temperature throughout
the year. For depths extending below 100 m, the temperature
evolves linearly with the increments of approximately 2.5 °C—
3 °C per interval of 100 m [8].

For an optimal design of BHE, estimation of
thermophysical properties of the subsurface near the
installation is necessary [9]. The theoretical basis of the
thermal response test (TRT) was originally developed by
Choudhary [10] and Mogensen [11]. The TRT has become the
standard method to determine thermal borehole resistance and
effective thermal conductivity. In a standard TRT, a fluid is
pumped through a constant heat source in a closed-loop pipe
(U-shaped or coaxial) to measure the temporal evolution of the
temperature at inlet and outlet of the BHE. Typically, the TRT
is evaluated by applying the Kelvin’s line-source theory [12]—
[15]. The latter assumes an infinite, isotropic, and
homogeneous medium, where heat is transferred merely by
conduction [16]. In addition, other line-source models also
exist, such as the moving infinite line-source model and the
cylindrical source model [17]. Due to the model assumptions,
the derived effective thermal conductivity is an average and
integral value and does not reflect the heterogeneity of the
subsurface. Furthermore, convective effects are not considered
and the presence of natural groundwater flows can lead to
erroneous estimations for long-term operations [18]-[20].
Accounting for axial effects in a specific energy demand,
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GSHP application can reduce the required length and number
of boreholes [21]. Marcotte et al. [22] demonstrated the
importance of axial conduction effect using various designs
and showed that the length of the BHE could be shortened by
up to 15%.

Detailed information of subsurface thermal properties may
produce shorter and more efficient BHE to subsequently
improve economic viability, especially for large-scale
applications [23]. For this reason, enhanced TRT using
different methods has been developed by various researchers,
as the number of GSHP systems increases worldwide. Fujii
[24] and Acufia and Palm [25] integrated the fiber optical
thermometers along the depth of BHE to determine the bulk
thermal conductivity at specific depths. More enhanced TRT
using fiber optics and new data analysis procedures have been
achieved during the last years [17], [26]-[29]. Fiber optic
equipment measures the temperature based on the Raman
spectra-distributed temperature sensing (DTS) technique and
sophisticated calibration algorithms [30], [31]. However, aside
from the fact that optical equipment is expensive, it is also
limited due to the tradeoff among time, distance, and
temperature resolution. For instance, improved resolution of
measurements can be attained if the temperature is averaged
for higher distance intervals or sampling times. The downside
is that this method can lead to a larger loss of information in
dynamic environments. Rohner et al. [32] designed and
patented [33] both a method and a device for measuring the
temperature in U-shaped geothermal pipes. A data logger
probe with temperature and pressure sensors sinks along one
of the U-pipes to measure the depth-dependent temperature
profiles. A single temperature profile is measured, while the
method relies on previous information of terrestrial heat flow
near the test field to estimate a thermal conductivity profile.
Unfortunately, the applicability of the method is limited to
areas with detailed heat flow maps that are not easy to find in
many regions. Bayer et al. [34] used a commercial version of
the previously mentioned sensor, called non-wired immersible
measuring object for temperature, based on the same
theoretical principles to propose an analytical model for
differentiating between the effects of urban heating and global
warming. Moreover, Raymond et al. [35] conducted another
study with a similar data logger sensor (pressure and
temperature) called RBRduet and presented an inverse
numerical model to extend the TRT assessments to a nearby
borehole. This probe is lowered manually using a wire line to
measure the ground temperature in equilibrium. The model
requires information of the paleoclimatic changes of the
nearby land and the results from a TRT in that area to estimate
other nearby boreholes subsurface thermal properties. This is
done without additional TRT and solely by lowering the probe
once. Meanwhile, Martos ez al. [36] developed a temperature
probe and data logger that flows with the thermal fluid along
the U-pipe. A spherical wireless sensor dynamically measures
the thermal evolution of a specific volume of fluid during heat
injection with high temporal, spatial, and temperature
resolution. However, this probe is restricted to applications
with fluid flow and is not valid for measuring undisturbed

ground profiles. The movement of the fluid inside the pipes
disturbs the subsurface temperature in equilibrium and the
temperature of the fluid traveling with the sensor tends to
homogenize with that of the borehole surroundings.
Furthermore, Raymond and Lamarche [37] proposed an
innovative method, combining probes and heating cables, to
estimate the thermal conductivity at specific depths.
Temperatures were then measured during the recovery phase
following the termination of heat injection. The main
advantage of this method is a reduction in the power needed to
perform a TRT. However, it does require interchanging
sections of heating and non-heating cables, where the punctual
thermal conductivity is calculated for each section (e.g., in
[38], the thermal conductivity is discretized every 10 m). This
factor can prove to pose a limitation for the detection of small
conductive zones. In addition, the temperature is measured by
sensors with data loggers at the mid-length of each heating
cable section. After the test, the cable assembly has to be
recovered to analyze the data. This factor can cause delays in
the test in the event of a failure in the data logger or in the
heating cables, as the obtained results are analyzed after
recovering the cable assembly.

Aranzabal et al. [39] proposed a procedure for estimating
the depth-dependent thermal conductivity, which requires
accurate and reliable temperature profiles along an auxiliary
pipe during the implementation of a standard TRT. Those data
sets were used as input to inverse simulation models for
adjusting thermal conductivity of the subsurface surrounding
the BHE. For this method, appropriate equipment needs to
include certain attributes. The appropriate equipment for this
measurement must be viable for integration into the current
TRT and have high spatial, temporal, and temperature
resolution while causing minimal disturbance to heat transfer.
Moreover, it should be easy and convenient to operate and
include the capacity to configure and program acquisition
parameters, store and download data, as well as provide secure
remote access. All these characteristics and functions can be
achieved with an instrument controlled through an embedded
system that incorporates the adequate set of information and
communication technologies.

The objective of this paper is, therefore, to introduce a
novel data logger instrument called Geowire. This device
fulfills the previous requirements and provides valuable
information to determine the depth-specific thermal
conductivity of subsurface stratigraphy. Geowire adjusts the
position of a small sensor, with negligible perturbation, along
geothermal pipes for the automatic acquisition of temperature
profiles at preestablished sequences. The data are not averaged
in space and time, and therefore, the temperature resolution is
not affected as in the case of fiber optical thermometers when
applying the DTS technique. Thus, this innovative device can
obtain instantaneous temperature samples with a depth
resolution of 0.5 mm and is able to detect even small highly
conductive zones that could pass unnoticed with other
methods. It can be easily incorporated and removed from the
BHE installations, and a single calibration would assure
accurate measurements during the useful life of the
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Fig. 1. Key parts of the temperature instrument Geowire (SoC).

instrument. In addition, personnel without any previous
knowledge or experience can remotely configure automatic
acquisition sequences as well as manage or visualize the data
from an intuitive user interface. Hence, the device is presented
as a potentially more cost-effective and easier to operate
alternative to other existing temperature measurement
instruments. Moreover, the Geowire provides information of
great value for TRT with such detailed control over the
sampling time and depth as well as a high-temperature
resolution that has yet to be achieved by other devices yet.
This paper is structured as follows. First, the device is
described covering the system architecture and the software
implementation. Second, the conducted methodology in a
BHE field installation to test the performance of the
instrument is presented. Third, the obtained experimental
results are exposed and discussed. Finally, as a conclusion, the
significance and achievements of this paper are reported.

II. INSTRUMENT IMPLEMENTATION

The aim of the instrument is to determine the spatial and
temporal thermal evolution along the depth of an auxiliary
pipe during the TRT. This pipe, so-called observer pipe,
remains in parallel to the U-pipe inside the BHE in order to
obtain the data required to carry out the method elaborated in
[39]. To do this, the Geowire is designed to automatically
displace a small temperature sensor (negligible perturbation)
down and up along the depth of geothermal pipes at
preestablished acquisition sequences. In a U40 geothermal
pipe, the lowering speed is configurable between 5 and 0.5
m/min. The cable of the sensor is rolled up using a reel, a
servomotor rotates the reel, and an encoder measures the
released cable length to calculate the position of the sensor
inside the pipes. Fig. 1 depicts the different parts that compose
the electromechanical body of the device, which can be easily
adapted in BHE installations.

The device is managed from an embedded system to adjust
the exact location of the sensor before measuring and storing
the instantaneous temperature samples. The embedded system
is the size of a credit card and runs a real-time operating
system with secure remote access, database functionality, and
user interface application, which allows the customization of
the acquisition process (no additional computer is required).
The instrument is implemented with a spatial minimum
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Fig. 2. Uncertainty analysis of the spatial and temperature measurements,
represented in the top and bottom histograms, respectively.

resolution of 0.5 mm, a temperature maximum resolution of
0.06 °C, and an acquisition time of 750 ms.

Laboratory tests involving displacements of the sensor to

measure stability and repeatability of the measurements
demonstrated a maximum deviation of +5 mm in 10 m. The
obtained results when displacing the sensor 10 and 20 m are
illustrated in the two histograms at the top of Fig. 2, from left
to right, respectively. In addition, the stability and
repeatability of the temperature measurements in an
environment with a stable temperature are studied. A series of
measurements are obtained inside a thermally isolated box
with two noncalibrated sensors of the Geowire, the DS18B20
of Maxim Integrated, whereas the stability of the temperature
inside the box is monitored with a high-accuracy thermometer
of £0.03 °C accuracy and £0.01 °C resolution. Measurements
of the sensors appealed to be significantly stable, one
deviation out of 90 measurements for the sensor-1 and two out
of 90 for the sensor-2, with an uncertainty of +0.062 °C, as
shown in the two histograms at the bottom of Fig. 2.
The thermal time constant (t) of the sensor in still water is
typically below 2 s. Hence, the time elapsed (¢1), since the
application of a step impulse, is calculated for the temperature
difference between two consecutives measurements to be
smaller than the temperature resolution of the sensor (0.06
°C). For a sampling time of 1 s, 71 is derived from the
following equations:

T(t)=7,-T,(1—e"") 0))
7(,)=7,-T,(1-¢") ()

t, =t +1 3)
7(t,)-T(,)<0.06°C “

where Ti is the initial temperature; Tr is the final step
temperature; T is the time required for the temperature to reach
the 63.2% of the temperature step; and t2 is ti plus 1 s.

By substituting (1)—(3) into (4), t1 is determined as follows:

t, =—z1n(0.06/ (7, (1+¢"7))) ®)
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Fig. 3. Linear adjustment between the Geowire and a high-accuracy
thermometer.

From (5), by assuming t = 2, the calculated ti for
temperature increments of 0.2 °C, 0.3 °C, and 0.5 °C is
presented in Table I. The maximum temperature difference
between the inlet and outlet of a TRT is typically below 1 °C.
Thus, the thermal steps between consecutive measuring
locations inside the pipe are considered to be significantly
smaller. In addition, depending on the sensor speed settings,
the sensor requires 12-20 s to reach a new location, which is
neglected in (5).

Fig. 3 depicts the representation of the temperature
measurements of the Geowire versus a calibrated thermometer
of £0.01 °C accuracy by measuring at five points (0 °C, 5 °C,
10 °C, 15 °C, 20 °C, and 25 °C) in a thermal bath of £0.01 °C
stability. The latter results demonstrated a strong linearity of
the sensor with an R? of 0.9991. In addition, the Geowire
averages five samples of the temperature improving in 1 bit
the quality of the measurements to achieve a resolution of 0.03
°C [40]. Hence, uncertainty of the temperature measurements
is determined to be bounded between +0.04 °C.

As far as the accuracy concerns, it should be noted that the
absolute error in the measurements is not extremely important
when calculating the thermal conductivity through the inverse
simulation procedure. Since the Geowire only uses one sensor
to measure the temperature inside the observer pipe, what it is
important for the numerical model are the gradients relative to
the spatial distribution as well as the temporal evolution of the
temperature, more than the accuracy in the temperature.

A. System Architecture

The device processing system (PS) is based on the Xilinx
Zyng-7000 all programmable system on a chip (AP SoC)

chip. Zynq has two sections called PS and programmable logic
(PL). The PS is a section for the dual-core CPU, and the PL is
a section for the FPGA, a versatility architecture which
reduces the cost and enhances the efficiency in comparison
with other systems of analogous features [41]-[47].

The operating system is designed to run in the ARM
processors, whereas the processes of the encoder and
servomotor are implemented to run in parallel in the FPGA.
FPGA concurrent processing capability assures reliable
readings from the encoder and an accurate spatial positioning
of the sensor inside the pipes.

In this case, an open-source Linux has been developed to
manage the performance of the secondary elements that
compose the device through a user interface application.
Additional hardware is connected to the system using the
peripheral module connectors to communicate with the
following peripherals: motor driver, encoder, real-time clock,
temperature sensors, temperature sensor driver, sensor limit
switch, and stepper motor driver. Fig. 4 depicts the
implemented architecture in the AP SoC chip and the link with
the peripherals.

Two digital temperature sensors (DS18B20 of Maxim
Integrated) are connected to the system, one to measure the
ambient air temperature outside the borehole and the other the
temperature inside pipes. The long length of the wire, at least
the length of the borehole, needed to communicate with the
sensor inside the pipes does not affect the accuracy of the
measurements since the instantaneous temperature readings
are converted to digital values in the sensor chip and
transmitted to the SoC using one-wire communication
protocol. Moreover, the latter communication protocol can
reliably operate for cable lengths of up to 500 m.

B. Software design

The source code of a free-distribution embedded Linux
operating system is configured and compiled to run over the
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ARM processors. Linux is a robust operating system, which
stands out among other platforms because it is assembled
under the model of free and open-software development and
distribution with a wide range of features [48]-[50].

Geowire

Heating

Ambient air
cable

temperature

1.5m

6.5m

10.5m

115m
125m

16.5m

~0~+mSSQO3Cc0

— 21.5m

pt100-sensors
Fig. 6. Layout of the borehole in the experiment.

Moreover, in this development, the system hardware details
are not hard coded in the kernel and the system is portable to
other platforms.

The state-of-the-art feature of the software design relies on
compiling the latest and most complete versions of Linux,
Apache, MySQL, and PHP (LAMP) software bundle [51],
[52] to run in this specific SoC architecture. The result of
integrating a LAMP stack (see Fig. 5) produces a reliable and
powerful database and webserver application (user interface)
with comparable performance as a personal computer, but it is
a more cost-effective solution (open-source software and more
affordable hardware). Webserver robustness is verified by
concurrent access of 20 users to different sections of the
interface without affecting the system performance. Neither
the speed nor the efficiency is affected in comparison with the
access of a single user.

The menu-driven user interface is accessible locally or
remotely from any device with Internet connection. The
interface asks for the parameters of the acquisition sequence,
such as spatial resolution for the different defined depths
intervals, time interval between consecutive temperature
profiles, and total time of measurement. Settings of
established acquisitions profiles are saved in the memory and
can be reloaded for future analysis. During the acquisition
process, the real-time charts can be visualized, and once the
measurement is completed, the recorded profiles can be loaded
or downloaded.

The system analyzes and registers abnormal situations that
are immediately sent to the administrator. As a security

measure, the user has to log in before accessing the interface.
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Fig. 5. Implemented LAMP stack client-server communication diagram.

III. TEST METHODOLOGY

One borehole is used for the validation of the Geowire at a
test site in Karlsruhe (Germany). The borehole has a diameter
of 450 mm and a length of 30 m, where a single U-pipe of
25 mm x 3.5 mm is lowered until a depth of 21.5 m. During
the insertion of the pipe, a pt100-sensors wireline is taped in
direct contact with the outside surface of the pipes.
Throughout this process, a heating cable is also installed to
heat the upper half part of the borehole and create a gradient in
the temperatures. The layout of the borehole is illustrated in
Fig. 6.

The Pt100-sensors and the Geowire are calibrated in the
laboratory with a thermal bath of +0.01 °C stability and a
calibrated thermometer of +0.01 °C accuracy. After measuring
the temperature at five points (0 °C, 5 °C, 10 °C, 15 °C, 20 °C,
and 25 °C), a linear correction is applied to fit the Pt100-
sensors and the Geowire measurements with the high-accuracy
thermometer. The heating cable is connected to a power
supply of 40 V, 125 A and adjusted to inject 35 W/m along the
upper half of the borehole. The experiment consists of
measuring the temperature with both devices during two
thermal situations in the borehole: undisturbed temperature
and temperature after heating the upper half part of the
borehole for 3 h.

Before beginning with the test, the analytically estimated
time to achieve a thermal equilibrium by the sensor, and to
avoid possible perturbations due to turbulence produced by the
displacement of the sensor, is calculated.

Before beginning the test, the analytically estimated thermal
response time of the sensor (1) in Section II for a thermal step
of 0.5 °C is validated experimentally. Likewise, it is verified
that the possible thermal perturbations due to turbulences
caused by the displacement of the sensor do not affect the
sensor measurements. The instrument is configured to
measure 10 samples of temperature with a sampling time of 1
s, every 0.5 m, and by displacing the sensor down and up
continuously at a velocity of 2 m/min for 2 h. After analyzing
the obtained data, a maximum interval of 5 s is determined as
the time needed by the sensor to achieve a thermal equilibrium
when moving to a new location. Hence, the Geowire is
configured in the test to displace the temperature sensor with a
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depth resolution of 0.5 m, a velocity of 2 m/min, and a waiting
0 :

Undisturbed borehole 1
——Geowire @ pt100

Heated borehole
=—Geowire O pt100 1

12 14 16 18 20 22 24 26 28 30 32
Temperature (°C)
Fig. 7. Measured temperature profiles with both instruments (Geowire, pt100-
sensors) for the two situations in the borehole (undisturbed and heated).

time of 5 s before measuring the temperature. After this time,
five samples of the temperature are recorded with a sampling
interval of 1 s, and the average value is stored in the database.
Thus, the Geowire measures an entire profile along the depth
of the borehole in less than 15 min. In addition, the data logger
equipment of Ptl100-sensors is established to obtain the
temperature of each sensor every minute.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Throughout the eight automatic data collection sessions
carried out in the test installation, the operating system and the
remote-control system run smoothly and faultfree, detecting
no data corruption in the database.

Fig. 7 illustrates the temperatures obtained from both
instruments for the two thermal conditions in the borehole
(undisturbed and heated). Inside the borehole, temperatures
from Pt100-sensors are 0.2 °C lower than those obtained by
the Geowire, except for the sensor at 11.5 m, where the
measurements are 0.37 °C lower. The Pt100-sensor at 11.5 m
should agree with the other Pt100-sensors measuring the
stable temperature of the undisturbed borehole. This small
deviation may be attributed to an error in calibration. Apart
from that outlier, the results from both instruments are
comparable with a mean square error of 0.042 (see Fig. 8).
Small differences might also occur due to the fact that the
Geowire measures inside the pipe, while the Pt100-sensors
take measurements from the outer part of the pipe wall.
Meanwhile, regarding the ambient air temperature, the
obtained values from the second sensor of the Geowire are
approximately 0.1 °C higher than those from the Pt100-
Sensors.

The Geowire uses only one temperature sensor, thereby
excluding the uncertainty produced by the calibration of
multiple sensors along the borehole, as in the case of the
Pt100-sensors. The data sets from the Geowire are obtained

with a notably higher spatial and temperature resolution, as
well as a level of control over the measuring points, not
achieved by any other technique.
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Fig. 8. Linear adjustment between the pt100-sensors and the Geowire.

1

The quality of the obtained temperature profiles provides
the basis to determine depth-specific thermal conductivities on
the TRT analysis proposed by Aranzabal et al. [39].
Implementations require both the underground temperature
profile in equilibrium and a series of temperature profiles
during the TRT. A 3-D numerical model is built to reproduce
the geometry and thermal behavior of the TRT. Then, an
inverse numerical algorithm estimates the depth-specific
thermal conductivities by fitting the numerical results with the
experimental measurements. Hence, the temperature
measurements have to be abundant and accurate to reduce the
errors in the computational simulations. Furthermore, the
followings are required: 1) an instrument for temperature
measurements integrated in a standard TRT; 2) a user-friendly
and intuitive graphical interface; 3) the data storing
capabilities; and 4) the possibility to remotely configure all the
system features.

One key characteristic of the Geowire is that in the AP SoC,
hardware resources for high-speed processing are still
available. These can be used in the analysis of the data and in
obtaining the real-time thermal properties of the subsoil. This
is particularly the case if the procedure of Aranzabal ez al. [39]
is implemented over a model with smaller computational cost,
such as the Borehole-to-Ground-based on thermal network
approach and vertical discretization of the borehole [53]-[55].

Throughout the eight automatic data collection sessions
carried out in the test installation, the operating system and the
remote-control system run smoothly and fault free detecting
no data corruption in the database.

Fig. 7 illustrates the temperatures obtained from both
instruments for the two thermal conditions in the borehole
(undisturbed and heated). Inside the borehole, temperatures
from pt100-sensors are 0.2 °C lower than those obtained by
the Geowire, except for the sensor at 11.5 m, where
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measurements are 0.37 °C lower. The pt100-sensor at 11.5 m
should agree with the other pt100-sensors measuring the stable
temperature of the undisturbed borehole. This small deviation
may be attributed to an error in calibration. Apart from that
outlier, the results from both instruments are comparable with
a mean square error (MSE) of 0.042 (Fig. 8). Small
differences might also occur due to the fact that the Geowire
measures inside the pipe, while the ptl100-sensors take
measurements from the outer part of the pipe wall. Meanwhile
regarding the ambient air temperature, the obtained values
from the second sensor of the Geowire are approximately 0.1
°C higher than from the pt100-sensors.

The Geowire uses only one temperature sensor thereby
excluding the uncertainty produced by the calibration of
multiple sensors along the borehole, as in the case of the
pt100-sensors. The datasets from the Geowire are obtained
with a notably higher spatial and temperature resolution, as
well as a level of control over the measuring points, not
achieved by any other technique.

The quality of the obtained temperature profiles provide the

basis to determine depth-specific thermal conductivities on the
TRT analysis proposed by Aranzabal et al. [39].
Implementations requires both the underground temperature
profile in equilibrium and a series of temperature profiles
during the TRT. A 3D numerical model is built to reproduce
the geometry and thermal behavior of the TRT. Then, an
inverse numerical algorithm estimates the depth-specific
thermal conductivities by fitting the numerical results with the
experimental measurements. Hence, temperature
measurements have to be abundant and accurate to reduce
errors in the computational simulations. Furthermore, the
following is required: (1) an instrument for temperature
measurements integrated in a standard TRT; (2) a user-
friendly and intuitive graphical interface; (3) data storing
capabilities; and (4) the possibility to remotely configure all
the system features.
One key characteristic of the Geowire is that in the AP SoC,
hardware resources for high-speed processing are still
available. These can be used in the analysis of the data, and in
obtaining the real-time thermal properties of the subsoil. This
is particularly the case if the procedure of Aranzabal et al. [39]
is implemented over a model with smaller computational cost
such as the Borehole-to-Ground (B2G) based on thermal
network approach, and vertical discretization of the borehole
[53]-[55].

V. CONCLUSION

New tools and methods for evaluating the subsurface
thermal properties are necessary to improve the energy
efficiency and economic viability of GSHP systems,
particularly for large BHE installations [23]. Developing more
affordable, accurate, and simpler methods in the sizing of
BHE is the key for an efficient use of GSHP systems. The data
logger instrument developed in this paper displaces a
temperature sensor down and up along the depth of an
auxiliary pipe during a TRT while storing the temperature

together with its temporal and spatial locations.

The Geowire fulfills its design purpose, and the obtained
profiles are suitable to implement the TRT analysis method
based on the observer pipe for determining depth-specific
thermal conductivities [39]. This method contributes the
detection of more favorable geological layers for a heat
exchange and, thus, aids in determining of the optimal size of
the ground heat exchanger collector in order to maximize the
W/m relation of the thermal transfer. The length of the
perforation could be delimited when a weakly conductive
layer is reached. With this knowledge, the amount of resources
required to build a GSHP system can be reduced, such as
those accounting to piping and drilling, rather than building a
less efficient and deeper BHE.

The accuracy of the measurements obtained from the
Geowire is demonstrated by the performed field test. Going
beyond its basic functionality of obtaining temperature and
depth with significant resolution, the Geowire exemplifies the
further advantages, such as its compact size, user-friendly
interface, remote access to full monitoring and control
settings, alarming function for detecting anomalies during its
operation, and extensive capacity to store data. In addition, the
operating system and the database are developed based on the
free distribution software to increase the diffusion and use of
the instrument. Hence, license limitations are avoided, and the
cost of a commercial version is also reduced.

Finally, this version of the Geowire is designed to introduce
the sensor into an auxiliary pipe without fluid flow; however,
it can be easily modified to displace the sensor in closed
circuits with fluid flow. This facet enables the system to be
enhanced to suit a wider range of applications.
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Chapter 5

Development of a wireless flowing probe
for temperature measurements inside
geothermal pipes

This chapter covers the development and laboratory evaluation of an
autonomous probe for temperature measurements inside geothermal pipes.

5.1. Conference paper: Design and test of an autonomous wireless probe to
measure temperature inside pipes

Authors: Nordin Aranzabal, Julio Martos, Alvaro Montero, Jesus Soret, Raimundo
Garcia-Olcina and José Torres.

Published in: ECOS2015, 28th International Conference on Efficiency, Cost,
Optimization, Simulation and Environmental Impact of Energy Systems. Pau, France.
ISBN 978-2-9555539-0-9

Summary:

This peer reviewed conference paper introduces a miniaturized autonomous probe,
called Geoball, for measuring the temperature inside the pipes. The probe is embedded
in a sphere of 20 mm that has the same density as the fluid, and hence it is carried at
fluid speed. The Geoball can be easily integrated in a TRT to complement its
measurements, and it can be circulated in vertical and horizontal pipe collectors.

This paper covers the following:

e Instrument implementation ranging from the mechanical, hardware, firmware
and user graphical interface application.

e Measurements to determine the range, precision, sampling time and temperature
resolution.

e Laboratory validation of the probe operation and features, such as power
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consumption and stability, reliability of wireless energy harvesting and
communication, and data loggin