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Resumen 
El test de respuesta térmica (TRT) es ampliamente utilizado como método estándar 

para caracterizar las propiedades térmicas del terreno adyacente a un intercambiador de 
calor enterrado (BHE). Los métodos tradicionales para interpretar los resultados aplican 
soluciones analíticas o numéricas asumiendo que el terreno es infinito, homogéneo e 
isotrópico. 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 intención de resolver las 
limitaciones del TRT estándar, la presente tesis doctoral se centra en el desarrollo de 
métodos e instrumentos para cuantificar las propiedades de transferencia de calor de las 
capas geológicas alrededor de un BHE. Información que resulta imprescindible para 
alcanzar la máxima eficiencia energética y el dimensionado técnico-económico óptimo 
de un BHE. 

En particular, se propone un nuevo método de TRT, llamado observer pipe TRT  
(OP-TRT), basado en una medición de temperatura adicional a lo largo de una tubería 
auxiliar. En las últimas 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 geológicas con propiedades termo-físicas diferentes, 
requiriéndose así sensores menos precisos para obtener resultados más detallados. En 
base a este logro, se ha desarrollado un modelo numérico de simulación inversa para 
parametrizar la conductividad térmica de las capas geológicas a partir de las mediciones 
a lo largo del tubo observador. Básicamente, el modelo ajusta la conductividad térmica 
de las capas geológicas hasta que los resultados de la simulación coinciden con el perfil 
de temperatura experimental a lo largo del tubo observador. El modelo ha sido 
desarrollado con un algoritmo de estimación de parámetros para un ajuste automático y 
obtención de resultados más 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 inyección de calor). 

Con la intención de continuar investigando el método propuesto a partir de datos de 
mayor calidad, se ha desarrollado un instrumento específico (Geowire) para medir de 
forma automática y con mayor precisión los perfiles de profundidad-temperatura 
requeridos. El diseño del Geowire también ha sido orientado para cubrir otros requisitos, 
como compatibilidad con equipos de TRT y operación intuitiva. Además, se ha 
desarrollado una versión mejorada de una sonda de temperatura (Geoball) que es 
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arrastrada por el fluido que circula en las tuberías a la vez que calcula su posición, con 
la ventaja de que puede ser utilizada en tuberías con disposición vertical y horizontal. 
Después de las pruebas de validación en el laboratorio, las características fundamentales 
de ambos instrumentos han sido evaluadas en comparación con otros instrumentos 
novedosos y estándar para mediciones de temperatura distribuidas durante un 
experimento en un BHE de pruebas. La ventaja principal de los instrumentos propuestos 
sobre la popular fibra óptica es que miden la temperatura instantáneamente (para 
intervalos temporales precisos). Asimismo, no necesitan de una calibración dinámica 
para obtener resultados precisos mientras que proporcionan una mayor resolución 
espacial y de temperatura: Geowire (0.5 mm, 0.06 K) y Geoball (10 mm, 0.05 K). 
Además, son más fáciles de integrar en pozos existentes y son una solución 
potencialmente más rentable para medir la temperatura distribuida. 

Finalmente, se demuestran los beneficios del método e instrumentos propuestos 
durante un DTRT en comparación con la fibra óptica y con un programa basado en el 
modelo de línea 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 óptica. 

Palabras clave: Bomba de calor geotérmica; Intercambiador de calor enterrado; TRT 
tubo observador; Subsuelo multicapa; Conductividad térmica; Simulación numérica; 
Eficiencia energética; Optimización técnico-económica. 

1. Contexto de investigación y motivación 

Los sistemas de bombas de calor geotérmica (GSHP) se expanden gradualmente 
como una alternativa prometedora para ahorrar energía 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 climatización (calefacción o refrigeración) en 
aplicaciones domésticas, urbanas o agrícolas. Estos sistemas han demostrado lograr una 
mayor eficiencia energética que los sistemas de aire acondicionado. Sin embargo, el 
capital de inversión inicial es normalmente mayor y depende principalmente de la 
longitud, el tamaño y el número de intercambiadores de calor enterrados (BHE) 
necesarios. 

El test de respuesta térmica (TRT) es el método estándar para caracterizar las 
propiedades térmicas del subsuelo y los BHE, información esencial para el 
dimensionado técnico-económico óptimo 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 perforación 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 calorífica inyectada, el caudal del fluido, las 
temperaturas de entrada y salida al BHE y la temperatura exterior. A partir de estos 
parámetros, varias soluciones analíticas y semi-numéricas han sido propuestas durante 
las últimas 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, isotrópico e infinito y, por lo tanto, solo determinan parámetros 
globales y efectivos, como la conductividad térmica efectiva y la resistencia térmica 
efectiva del intercambiador. 

Sin embargo, en realidad, la composición geológica del subsuelo es típicamente 
heterogénea, normalmente dividida en capas formadas por diferentes materiales como 
tipos de tierra, tipos de roca y/o agua subterránea. Además, 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 geológicas del subsuelo situado 
alrededor de un pozo. Es por ello por lo que conocer la tasa de transferencia de calor de 
estas capas podría ayudar a evitar el sobredimensionamiento de instalaciones, así como 
a reducir la inversión de capital innecesariamente mayor que esta práctica conlleva: 
costes adicionales derivados de una mayor demanda de presión, una mayor demanda de 
bombeo, caídas de presión adicionales y todo el material adicional necesario para 
construir un BHE más profundo (mano de obra, perforación, tuberías, material de 
relleno, etc.). Por ejemplo, en caso de alcanzar una zona con propiedades de 
transferencia de calor poco favorables, se podría limitar la longitud de la perforación y 
construir un mayor número de pozos menos profundos en vez de menos pozos más 
largos. Es decir, se trata de información de gran interés que no es posible obtener a partir 
de un TRT convencional, la cual permitiría detectar las capas más favorables para 
intercambiar calor y así poder establecer la longitud óptima de un BHE para lograr el 
máximo rendimiento de transferencia de calor al mínimo coste. 

A partir de esta problemática sin resolver surgió la hipótesis que lanzó el enfoque de 
esta tesis. ¿Es posible desarrollar métodos e instrumentos específicos que permitan 
parametrizar de forma detallada la tasa de transferencia de calor de las capas geológicas 
que cruzan un BHE? 

2. Objetivos 

El objetivo general de la presente tesis doctoral consiste en la exploración de 
métodos e instrumentos para evaluar la respuesta térmica de las diferentes capas 
geológicas que rodean a un intercambiador de calor enterrado. Así, con el propósito de 
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alcanzar este objetivo general, se proponen e investigan los siguientes objetivos 
específicos: 

I. Desarrollo de un método de simulación inversa para calcular la conductividad 
térmica del subsuelo que rodea a un BHE en función de la profundidad a partir 
de mediciones de temperatura adicionales, en un tubo auxiliar a lo largo de 
toda la perforación, durante un TRT. Elaboración de un experimento para 
evaluar el método en un BHE experimental. 

II. Desarrollo de un instrumento específico para medir los perfiles de temperatura 
requeridos para aplicar el método. Deben investigarse las características 
apropiadas del instrumento, tales como: compatibilidad con equipos de TRT 
estándar; alta resolución espacial, temporal y de temperatura; perturbación 
térmica mínima en el BHE; respuesta térmica de la sonda lo suficientemente 
rápida para su modo de funcionamiento; un sistema embebido que incorpore 
el conjunto apropiado de tecnologías de la información y la comunicación; 
registro automático de datos para intervalos de tiempo y profundidad 
predefinidos; una operación fácil y conveniente; interfaz gráfica amigable e 
intuitiva; capacidades para almacenar datos; posibilidades de control remoto 
(interfaz gráfica y descarga de datos); visualización de datos en tiempo real; 
recursos suficientes para integrar un método que permita estimar las 
propiedades térmicas en función de la profundidad. Elaboración de pruebas 
para validar las características del instrumento, primero en el laboratorio y 
luego en un BHE experimental. 

III. Desarrollo de una versión mejorada de la sonda de temperatura-posición 
propuesta en Martos et al. (2011). Deben investigarse las características 
apropiadas del instrumento, tales como: compatibilidad con equipos de TRT 
estándar; menor tamaño; respuesta térmica más rápida; menor peso; tiempos 
de operación más largos; registro automático de datos para intervalos 
temporales y espaciales predefinidos; comunicaciones y carga de la batería 
inalámbricas; mediciones de temperatura a lo largo de toda la red de tuberías 
(flujo descendente y ascendente); capacidades para circular en tuberías con 
disposición vertical y horizontal. Elaboración de pruebas para evaluar el 
instrumento en el laboratorio. 

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

V. Desarrollo de una metodología experimental para analizar y comparar el 
método e instrumentos propuestos con otros métodos e instrumentos durante 
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un TRT en un BHE experimental. 

3. Metodología 

La presente tesis doctoral se basa en un compendio de publicaciones científicas las 
cuales han superado una revisión por pares. El cuerpo de la tesis incluye un total de cinco 
artículos cada uno de ellos describiendo la investigación llevada a cabo para alcanzar 
cada uno de los objetivos específicos planteados en la sección anterior. En base a este 
formato de tesis la metodología se divide en cinco apartados. 

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

En este primer artículo se propone un nuevo método para calcular la conductividad 
térmica de las capas geológicas que atraviesan un BHE. El método sugerido, 
denominado observer pipe TRT (OP-TRT), complementa al TRT estándar 
proporcionando mediciones de temperatura adicionales a lo largo de una tubería auxiliar 
introducida en paralelo y equidistante a las tuberías del TRT. Asimismo, se propone un 
procedimiento de simulación inversa para estimar la conductividad en función de la 
profundidad a partir de los datos medidos durante la implementación de un OP-TRT. 

Este estudio cubre el desarrollo e implementación de un experimento donde se 
evalúa 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 está compuesto por seis capas geológicas diferentes incluyendo presencia de agua 
por debajo de los cuatro metros. Después de la perforación e inserción de las tuberías 
geotérmicas, el pozo se rellena con una mezcla de cemento y bentonita. En esta 
instalación, se realiza un TRT en un tubo-U en el cual además de medir los parámetros 
típicos (e.g. caudal, potencia, temperatura de entrada y salida, etc.) también se mide la 
evolución de temperatura en la tubería 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 resolución de 0.06 K y una precisión de ±0.5 K y es 
calibrada en el laboratorio con un termómetro de precisión. 

Después de llevar a cabo el OP-TRT, se desarrolla un modelo 3D de elementos 
finitos (FEM) utilizando COMSOL Multiphysics® con la misma geometría y respuesta 
térmica que el BHE experimental. El modelo se implementa utilizando los módulos de 
transferencia de calor en solidos (HT) y flujo no isotérmico en tuberías (NIPFL). 
Además, se implementa un plano de simetría definido por los dos extremos del tubo-U 
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reduciendo así el volumen del modelo a la mitad. Asimismo, se ejecuta un estudio para 
determinar el mallado óptimo persiguiendo un compromiso entre tiempo de simulación 
y precisión de los resultados. Antes de comenzar con el algoritmo de simulación inversa 
el modelo se calibra para que la respuesta de temperatura en la entrada y salida de las 
tuberías del TRT coincida con los resultados experimentales. Para ello, el modelo se 
configura con los parámetros medidos durante el TRT, como la potencia dinámica, el 
caudal dinámico, la temperatura ambiente dinámica 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, 
tuberías, fluido, etc. Y al dominio del subsuelo la densidad y capacidad térmica de los 
tipos de tierra detectados durante la perforación. Después de la calibración 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 simulación, (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 simulación coinciden con los resultados experimentales 
teniendo en cuenta un margen de error establecido. 

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

Este segundo artículo cubre el diseño, construcción y verificación de un instrumento 
específico, llamado Geowire, para medir de forma automática y con mayor precisión los 
perfiles de profundidad-temperatura requeridos para implementar el método propuesto. 
Asimismo, el instrumento cumple con las especificaciones de diseño presentadas en el 
segundo punto de los objetivos. El Geowire consiste en un enrollador de cable 
automático que desplaza un sensor de temperatura a distancias previamente establecidas. 
Básicamente, 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 posición del sensor en 
las tuberías. 

En el artículo se presentan los aspectos de diseño que van desde la mecánica, 
hardware, software, hasta el sistema operativo y la interfaz gráfica de usuario. 
Posteriormente, se proponen una serie de experimentos de laboratorio para evaluar el 
funcionamiento y características del instrumento: 

x Repetitividad y fiabilidad de las medidas usando como referencia un termómetro 
de alta recisión (precisión ±0.03 K; resolución ±0.01). 
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x Mediciones para determinar el tiempo de respuesta del sensor utilizando un 
termómetro de alta precisión (precisión ±0.03 K; resolución ±0.01) y un baño 
térmico (precisión ±0.01 °C, estabilidad ±0.01 °C). 

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

x Calculo del tiempo mínimo de reposo para lograr un equilibrio térmico después 
de desplazar la sonda a una nueva posición. 

x Pruebas para validar la solidez y fluidez de la aplicación del usuario (alarmas, 
gráficas en tiempo real, control remoto, seguridad y acceso simultaneo de 
múltiples 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 diámetro de 450 mm. 
Al introducir el tubo-U dentro del pozo se colocan sensores comerciales de tipo pt100 a 
lo largo de la tubería para usarlos como referencia en la validación 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. 

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

Este artículo presenta el diseño, construcción y verificación de una sonda de 
temperatura, llamada Geoball, la cual es arrastrada por el fluido que circula en las 
tuberías a la vez que calcula su posición. Se trata de una versión mejorada de la versión 
propuesta en Martos et al. (2011) cuyo diseño cumple con las características presentadas 
en el tercer punto de los objetivos. 

En el artículo se presentan los aspectos de diseño relacionados con la parte mecánica, 
hardware, firmware e interfaz gráfica de usuario. Asimismo, se preparan las pruebas de 
laboratorio para validar el funcionamiento y características principales de la sonda: 

x Mediciones para determinar el rango, precisión, tiempo de muestreo y 
resolución de temperatura. 

x Fiabilidad de las comunicaciones inalámbricas. 

x Capacidad para recolectar energía de manera inalámbrica. 

x Duración de la batería. 
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x Capacidad para almacenar y representar de datos. 

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

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

En primer lugar, se realizan experimentos de laboratorio para comparar las 
características principales de cada equipo (rango de temperatura, resolución de 
temperatura, tiempo de muestreo, respuesta térmica, resolución espacial, etc.). En 
segundo lugar, se implementa un experimento de campo en un BHE de pruebas con una 
profundidad de 30 m y un diámetro de 450 mm situado en la universidad de Karlsruhe, 
Alemania. En el pozo se introduce una carcasa cilíndrica 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 GEOsniff®, ya que 
se precisa de un circuito cerrado para su operación. Durante la inserción del tubo-U se 
adhieren cables de fibra óptica y una cadena de sensor Pt100 a lo largo de la superficie 
exterior del tubo. Además, se instala un cable calefactable a lo largo de la mitad superior 
del pozo con la finalidad de crear una situación térmica diferente a la de reposo. 
Posteriormente, se evalúan las características de los instrumentos ante dos situaciones 
térmicas diferentes. Por último, se desarrolla un modelo de elementos finitos 3D con la 
misma geometría y comportamiento térmico del BHE para evaluar la fiabilidad de los 
datos obtenidos con cada instrumento. 

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

Este quinto artículo describe un experimento en el cual se evalúan el método e 
instrumentos propuestos durante un TRT distribuido (DTRT) en comparación con 
termómetros de fibra óptica y un programa basado en el modelo de línea 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 Capítulo 2 la conductividad térmica a lo largo 
de las capas geológicas se ajusta manualmente tras lanzar una simulación y este proceso 
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se repite hasta que los resultados del modelo coinciden con los resultados 
experimentales. No obstante, la ejecución de una sola simulación puede tardar del orden 
de días, por lo que el ajuste final puede resultar en una tarea excesivamente larga. Por 
esta razón, se añade un método de optimización por mínimos cuadrados (Nelder-Mead) 
para calcular de manera automática la conductividad lanzando una sola simulación. De 
esta manera se pretende reducir el tiempo de simulación y aumentar la precisión de los 
resultados. 

En este caso se utiliza un BHE de 50 m de profundidad localizado en Vallentuna, 
Suecia. La estratificación del subsuelo adyacente al intercambiador enterrado está 
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 
subterránea. En el pozo se inserta un único tubo-U y una tubería auxiliar hasta una 
profundidad de 48.5 m. El tubo se conecta a un equipo de TRT mientras que en la tubería 
auxiliar (tubo observador) se obtienen los perfiles de temperatura requeridos para 
implementar el método de análisis propuesto en esta tesis. Asimismo, se introducen 
cables de fibra óptica 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 óptica en el 
tubo observador se utilizan para evaluar el método propuesto en comparación con el 
programa ILS para calcular la conductividad distribuida. También se calcula 
analíticamente la conductividad global del subsuelo a partir del método de análisis típico 
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 último, se 
evalúan los resultados obtenidos al utilizar el método propuesto en combinación con el 
instrumento diseñado específicamente (Geowire) y se estos se comparan con los 
resultados obtenidos al aplicar el método a partir de los datos de fibra óptica.  

4. Conclusión 

El método e instrumentos propuestos en este trabajo de doctorado han demostrado 
su utilidad para mejorar la optimización de los sistemas de bomba de calor geotérmica 
en términos de eficiencia energética, así como para reducir la inversión de capital. 
Además, esta tesis doctoral ofrece una visión general en cuanto a la estimación 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 geológicas a lo largo de la profundidad de 
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un pozo. Este método se basa en una medición adicional que se puede implementar en 
combinación con el TRT estándar para mejorar sus resultados: Un perfil de temperatura 
a lo largo de una tubería auxiliar, denominada tubo observador, llena de agua e instalada 
en paralelo a los extremos del tubo-U utilizado para inyectar calor. Además, se ha 
desarrollado un procedimiento de simulación inversa para estimar la conductividad 
térmica en función de la profundidad a partir de los datos recopilados durante un  
OP-TRT. Con la intención 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 Capítulo 3, del cual 
se pueden extraen las siguientes conclusiones: 

x 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 más detallados. 

x El OP-TRT y el procedimiento de simulación inversa han sido evaluados como 
método potencialmente viable para medir las propiedades térmicas en función 
de la profundidad del subsuelo que rodea un BHE. 

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

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

x Mediciones entre el Geowire y los sensores Pt100 comparables (error cuadrático 
medio de 0.042), validándose así su aplicabilidad. 

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

x Otras características que han sido validadas positivamente: registro automático 
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 gráfica y descarga 
de datos); alarmas para detectar anomalías durante su funcionamiento; y gran 



 xiii 

capacidad para almacenar datos. 

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

x Mejoras adicionales con respecto a la primera versión, como menor tamaño, 
menor peso y mayor tiempo de operación. 

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

x Adecuado para distribuciones de tuberías verticales y horizontales. 

Posteriormente, los dos instrumentos desarrollados en esta tesis doctoral (Geowire y 
Geoball) han sido comparados con instrumentos comerciales novedosos y estándar para 
la medición de temperatura en un BHE, como el GEOsniff®, termómetros de fibra óptica 
y cadenas de sensores Pt100. Las características principales de estos instrumentos han 
sido evaluadas primero en el laboratorio, y luego en BHE de pruebas aislado de 
condiciones externas (Capítulo 6). En este estudio se ha demostrado la importancia de 
analizar las diferencias cuantitativas y cualitativas de cada instrumento, procedimiento 
de calibración y método de análisis antes de implementar un TRT distribuido. A partir 
del cual además se pueden extraen las siguientes conclusiones con relación a los 
instrumentos desarrollados: 

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

x 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). 

x El Geowire y el Geoball miden la temperatura instantáneamente, sin que la 
precisión dependa de la resolución espacial, temporal y del tiempo de muestreo. 
Por ello, en comparación con la fibra óptica, estos instrumentos proporcionan 
resoluciones espaciales y precisiones más altas en entornos con respuestas 
térmicas transitorias, p. ej. durante un TRT distribuido (DTRT). 

x No requieren de una calibración dinámica para obtener resultados precisos, son 
más fáciles de integrar en los BHE existentes y también son una solución más 
rentable. 

x Se pueden evitar errores en la calibración de múltiples sensores, como puede ser 
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el caso al utilizar una cadena de sensores. 

Finalmente, se ha preparado un experimento (Capítulo 7) con la intención de evaluar 
el método y los instrumentos en un BHE durante un OP-TRT. En dicho experimento, se 
han introducido termómetros de fibra óptica dentro del tramo con flujo descendente del 
tubo-U y dentro del tubo observador para evaluación del Geowire y Geoball. Además, 
el modelo de simulación inversa ha sido evaluado en comparación con un programa 
basado en el modelo de línea infinita de Kelvin (ILS) para estimar la conductividad 
térmica distribuida a partir de los datos recolectados en el tubo observador: 

x Las mediciones de temperatura a lo largo del tubo observador han mostrado 
diferencias de temperatura amplificadas para capas geológicas con propiedades 
térmicas diferentes en comparación con las medidas tomadas en el tubo con flujo 
descendente del TRT. 

x El Geoball y el Geowire han demostrado una vez más medir la temperatura con 
una resolución espacial, temporal y de temperatura mayor que el equipo de fibra 
óptica utilizado. 

x El modelo de simulación inversa ha sido mejorado efectivamente al incluir un 
modulo de estimación de parámetros. Tanto la precisión de los resultados como 
el tiempo de simulación han sido mejorados significativamente mediante un 
proceso automático para ajustar el perfil de temperatura objetivo (tubo 
observador) lanzando una única simulación. 

x 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 analíticamente a partir de las ecuaciones 
de línea infinita típicas de un TRT estándar: 1.27% por debajo para el programa 
basado en ILS y 0.28% por debajo para el modelo de simulación inversa. 

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

x Una de las ventajas del modelo de simulación inversa radica en que solo requiere 
dos perfiles de temperatura como entrada: (1) subsuelo en reposo y (2) al final 
del TRT. 
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Resum 
El test de resposta tèrmica (TRT) és àmpliament utilitzat com a mètode estàndard 

per la caracterització de les propietats tèrmiques del terreny adjacent a un intercanviador 
de calor soterrat (BHE). Els mètodes tradicionals per interpretar els resultats fan ús de 
solucions analítiques o numèriques assumint que el terreny és infinit, homogeni i 
isotròpic. No obstant això, en realitat el subsol presenta generalment una estructura 
estratificada i heterogènia, i per tant les propietats tèrmiques poden variar 
substancialment amb la profunditat. En aquest sentit i amb l’objectiu de resoldre les 
limitacions del TRT estàndard, la present tesi doctoral se centra en el desenvolupament 
de mètodes i instruments per a quantificar les propietats de transferència de calor de les 
capes geològiques al voltant d'un BHE. Informació que resulta imprescindible per assolir 
la màxima eficiència energètica i el dimensionat tècnic-econòmic òptim d’un BHE. 

En particular, es proposa un nou mètode de TRT, anomenat observer pipe TRT (OP-
TRT), basat en un amidament de temperatura addicional al llarg d’un tub auxiliar. En 
les últimes dècades, diversos investigadors han desenvolupat TRT distribuïts (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 tèrmics produïts per culpa de capes 
geològiques amb propietats termo-físiques diferents, requerint-se així sensors menys 
precisos per tal d’obtindre resultats més detallats. Basant-se en aquest resultat, s’ha 
desenvolupat un model numèric de simulació inversa per parametritzar la conductivitat 
tèrmica de les capes geològiques a partir dels amidaments al llarg del tub observador. 
Bàsicament, el model ajusta la conductivitat tèrmica de les capes geològiques fins que 
els resultats de la simulació coincideixen amb el perfil de temperatura experimental al 
llarg del tub observador. El model ha sigut desenvolupat amb un algoritme d’estimació 
de paràmetres per a un ajust automàtic i obtenció de resultats més precisos. Un altre 
avantatge és que aquest mètode només requereix dos perfils de temperatura: (1) subsol 
en repòs (abans del TRT) i (2) al finalitzar el TRT (abans d’aturar la injecció de calor). 

Amb l’objectiu de continuar investigant el mètode proposat a partir de dades de 
major qualitat, s’ha desenvolupat un instrument específic (Geowire) per tal de mesurar 
de forma automàtica i amb major precisió 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 operació intuïtiva. A més, s’ha desenvolupat una 
versió 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 posició amb l’avantatge de què 
pot ser utilitzada en tubs amb disposició vertical i horitzontal. Després de les proves de 
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validació al laboratori, les característiques fonamentals d'ambdós instruments han sigut 
avaluades en comparació amb altres instruments recents i estàndard per tal de mesurar 
temperatures distribuïdes durant un experiment en un BHE de proves. L’avantatge 
principal dels instruments proposat sobre la popular fibra òptica és que mesuren la 
temperatura instantàniament (a intervals temporals precisos). Així mateix, no necessiten 
un calibratge dinàmic per a donar resultats precisos proporcionant una major resolució 
espacial i de temperatura: Geowire (0.5 mm, 0.06 K) i Geoball (10 mm, 0.05 K). A més, 
són més fàcils d’integrar en pous existents i són una solució potencialment més rendible 
per mesurar la temperatura distribuïda. 

Finalment, es demostren els beneficis del mètode i instruments proposats durant un 
DTRT en comparació amb la fibra òptica i amb un programari basat en el model de línia 
infinita per estimar la conductivitat tèrmica distribuïda. Els resultats del model proposat 
revelaren una zona altament conductiva a l'emprar les dades de Geowire, mentre que 
aquesta zona no va ser detectada al processar les dades de la fibra òptica. 

Paraules clau: Bomba de calor geotèrmica; Intercanviador de calor soterrat; TRT tub 
observador; Subsol multicapa; Conductivitat tèrmica; Simulació numèrica; Eficiència 
energètica; Optimització tècnic-econòmica. 

1. Context d’investigació i motivació 

Els sistemes de bombes de calor geotèrmica (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 
l’objectiu d'obtindre aigua calenta o climatització (calefacció o refrigeració) en 
aplicacions domèstiques, urbanes o agrícoles. Aquests sistemes han demostrat assolir 
una major eficiència energètica que els sistemes d’aire condicionat. No obstant això, el 
capital d’inversió inicial és normalment major i depén principalment de la longitud, el 
grandària i el nombre d'intercanviadors de calor soterrats (BHE) necessaris. 

El test de resposta tèrmica (TRT) és el mètode estàndard per a caracteritzar les 
propietats tèrmiques del subsol i els BHE, informació que és essencial per al dimensionat 
tècnic-econòmic òptim dels sistemes GSHP. Generalment, el TRT es realitza mitjançant 
un circuit tancat (tub en U) on el fluid portador de calor circula en sentit descendent i 
ascendent al llarg de tota la perforació del BHE. Durant el test, el fluid es bombeja a una 
velocitat relativament estable mentre que s'injecta calor a una potència constant 
mitjançant un element elèctric. Així mateix, es monitoritza i registra de manera contínua 
la potència calorífica injectada, el cabal del fluid, les temperatures d'entrada i sortida al 
BHE i la temperatura exterior. A partir d’aquests paràmetres, diferents solucions 
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analítiques i semi-numèriques han sigut proposades durant les últimes dècades per a 
estimar les propietats de transferència de calor al llarg de l'intercanviador i el terreny 
adjacent. Aquestes solucions consideren el subsol com un medi homogeni, isotròpic 
infinit i, per tant, únicament determinen paràmetres globals i efectius, com ara la 
conductivitat tèrmica efectiva i la resistència tèrmica efectiva de l'intercanviador. 

No obstant, en realitat, la composició geològica del subsol és típicament heterogènia, 
normalment dividida en capes formades per diferents materials com a tipus de terra, 
tipus de roca i/o aigua subterrània. A més, el subsol també pot estar dominat per fractures 
o cavitats. Això significa que és improbable que la calor es puga transferir de manera 
uniforme a través de les capes geològiques del subsol situat al voltant d'un pou. És per 
això que el fer de conéixer la capacitat de transferència de calor d’aquestes capes podria 
ajudar a evitar el sobredimensionament d’instal·lacions, així com a reduir la inversió de 
capital innecessàriament major que aquesta pràctica comporta: costos addicionals 
derivats d’una major demanda de pressió, una major demanda de bombeig, caigudes de 
pressió addicionals i tot el material addicional necessari per a construir un BHE més 
profund (mà d’obra, perforació, canonades, material de farcit, etc.). Per exemple, en cas 
d’arribar a una zona amb propietats de transferència de calor poc favorables, es podria 
limitar la longitud de la perforació i construir un major nombre de pous menys profunds 
en lloc de menys pous més llargs. És a dir, es tracta d’informació 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 així poder establir la longitud òptima d'un BHE 
amb l’objectiu d’aconseguir el màxim rendiment de transferència de calor al mínim cost. 

A partir d’aquesta problemàtica sense resoldre va sorgir la hipòtesi que motivà 
l’enfocament d’aquesta tesi. És possible desenvolupar mètodes i instruments específics 
que permetran parametritzar de forma detallada la capacitat de transferència de calor de 
les capes geològiques que creuen un BHE? 

2. Objectius 

L’objectiu general de la present tesi doctoral és l’exploració de mètodes i 
instruments per a avaluar la resposta tèrmica de les diferents capes geològiques que 
envolten a un intercanviador de calor soterrat. Així, amb el propòsit d’assolir aquest 
objectiu general, es proposen i investiguen els següents objectius específics: 

I. Desenvolupament d’un mètode de simulació inversa per a calcular la 
conductivitat tèrmica del subsol que rodeja a un BHE en funció de la 
profunditat a partir d’amidaments de temperatura addicionals, en un tub 
auxiliar al llarg de tota la perforació, durant un TRT. Elaboració d’un 
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experiment per tal d’avaluar el mètode en un BHE experimental. 

II. Desenvolupament d’un instrument específic per a mesurar els perfils de 
temperatura requerits per tal d’aplicar el mètode. Es deu investigar les 
característiques apropiades de l'instrument, com ara: compatibilitat amb 
equips de TRT estàndard; alta resolució espacial, temporal i de temperatura; 
pertorbació tèrmica mínima en el BHE; resposta tèrmica de la sonda prou 
ràpida per la seua manera de funcionament; un sistema embegut que incorpore 
el conjunt apropiat de tecnologies de la informació i la comunicació; registre 
automàtic de dades per a períodes de temps i profunditat predefinits; una 
operativa fàcil i convenient; interfície gràfica amigable i intuïtiva; capacitats 
per a emmagatzemar dades; possibilitat de control remot (interfície gràfica i 
descàrrega de dades); visualització de dades en temps real; recursos suficients 
per a integrar un mètode que permeta estimar les propietats tèrmiques en 
funció de la profunditat. Elaboració de proves per a validar les característiques 
de l'instrument, primer al laboratori i posteriorment en un BHE experimental. 

III. Desenvolupament d’una versió millorada de la sonda de temperatura-posició 
proposta en Martos et al. (2011). S'investigaran les característiques apropiades 
de l'instrument, com ara: compatibilitat amb equips de TRT estàndard; menor 
grandària; resposta tèrmica més ràpida; menor pes; temps d’operació més 
llargs; enregistrament automàtic de dades per a intervals temporals i espacials 
predefinits; comunicacions i càrrega 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 disposició vertical i 
horitzontal. Elaboració de proves per a avaluar l’instrument en el laboratori. 

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

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

3. Metodologia 

La present tesi doctoral es basa en un compendi de publicacions científiques les quals 
han superat una revisió per parells. El cos de la tesi inclou un total de cinc articles cada 
u d’ells descrivint la investigació duta a terme per a assolir cada u dels objectius 
específics plantejat en la secció anterior. Basant-se en aquest format de la informació 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 mètode per al càlcul de la conductivitat 
tèrmica de les capes geològiques que travessa un BHE. El mètode suggerit, denominat 
observer pipe TRT (OP-TRT), complementa al TRT estàndard proporcionant dades de 
temperatura addicionals al llarg d’un tub auxiliar introduït en paral·lel i equidistant als 
tubs del TRT. Així mateix, es proposa un procediment de simulació inversa per a estimar 
la conductivitat en funció de la profunditat a partir de les dades mesurades durant la 
implementació d'un OP-TRT. 

Aquest estudi cobreix el desenvolupament i implementació d’un experiment on 
s'avalua el mètode proposat en un BHE ubicat al campus de la Universitat Politècnica 
de València. El BHE té una profunditat de 40 m i el subsol que ho envolta està format 
per sis capes geològiques diferents incloent presència d’aigua per davall dels quatre 
metres. Després de la perforació i inserció dels tubs geotèrmics, el pou es va farcir amb 
una barreja de ciment i bentonita. En aquesta instal·lació, es realitza un TRT en un  
tub-U en el qual a més de registrar els paràmetres típics (. cabal, potencia, temperatura 
d’entrada i eixida, etc.) també es mesura l’evolució de la temperatura en el tub auxiliar, 
denominat tub observador. En aquest cas, la temperatura distribuïda al llarg de l'interior 
del tub observador s’obté desplaçant una sonda cablejada manualment a intervals de 
distància coneguts. La sonda mesura la temperatura amb una resolució de 0.06 K i una 
precisió de ±0.5 K, i és calibrada al laboratori amb un termòmetre de precisió. 

Després de la perforació i inserció dels tubs geotèrmics, el pou es va farcir amb una 
barreja de ciment i bentonita. En aquesta instal·lació, es realitza un TRT en un tub-U en 
el qual a més de registrar els paràmetres típics (p. ex. cabal, potència, temperatura 
d’entrada i eixida, etc.) també es mesura l’evolució de la temperatura en el tub auxiliar, 
denominat tub observador. En aquest cas, la temperatura distribuïda al llarg de l'interior 
del tub observador s’obté desplaçant una sonda cablejada manualment a intervals de 
distància coneguts. La sonda mesura la temperatura amb una resolució de 0.06 K i una 
precisió de ±0.5 K, i és calibrada al laboratori amb un termòmetre de precisió. 

Després de dur a terme l'OP-TRT, es desenvolupa un model 3D d’elements finits 
(FEM) utilitzant COMSOL Multiphysics® amb la mateixa geometria i resposta tèrmica 
que el BHE experimental. El model s’implementa, utilitzant els mòduls de transferència 
de calor en sòlids (HT) i fluix no isotèrmic en tubs (NIPFL). A més, s’implementa un 
pla de simetria definit pels dos extrems del tub-U reduint així el volum del model a la 



 xx 

mitat. Així mateix, s’executa un estudi per a determinar el mallat òptim, buscant un 
compromís entre temps de simulació i precisió dels resultats. Abans d’iniciar amb 
l’algoritme de simulació inversa, el model es calibra per a què la resposta de temperatura 
en l'entrada i eixida dels tubs del TRT coincideix amb els resultats experimentals. Per 
això, el model es configura amb els paràmetres mesurats durant el TRT, com ara la 
potència dinàmica, el cabal dinàmic, la temperatura ambient dinàmica de l'aire i la 
temperatura inicial del subsol. Als dominis del subsol i el pou s’assignen els valors 
efectius de conductivitat i resistència tèrmica calculats a partir del TRT estàndard. Al 
domini del pou s’assignen les propietats tèrmiques dels materials utilitzats: farcit, tubs, 
fluid, etc. I al domini del subsol, la densitat i capacitat tèrmica dels tipus de terra detectats 
durant la perforació. Després del calibratge del model, el subsol es divideix en capes al 
llarg de l’eix vertical, separades a partir de les mostres de temperatura espacials 
mesurades en el tub observador. Posteriorment s’implementa l’algoritme iteratiu, (1) es 
llança una simulació, (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 tèrmica de 
cada una de les capes. Aquest procés es repeteix fins que els resultats de simulació 
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, construcció i verificació d’un instrument 
específic, anomenat Geowire, per a mesurar de forma automàtica i con major precisió 
els perfils de profunditat-temperatura requerits per a implementar el mètode proposat. 
Així mateix, l'instrument compleix amb les especificacions de disseny presentades en el 
segon punt dels objectius. Geowire consisteix en un enrotllador de cable automàtic que 
desplaça un sensor de temperatura a distàncies prèviament establides. Bàsicament, 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 posició del sensor en el tub. 

En l’article es presenten els aspectes de disseny que van des de la mecànica, 
hardware, software, fins al sistema operatiu i la interfície gràfica d’usuari. 
Posteriorment, es proposen una sèrie d'experiments de laboratori per tal d’avaluar el 
funcionament i característiques de l'instrument: 

x Repetitivitat i fiabilitat de les dades prenent com a referència un termòmetre 
d'alta recessió (precisió ±0.03 K; resolució ±0.01). 

x Mesuraments per a determinar el temps de resposta del sensor utilitzant un 
termòmetre d’alta precisió (precisió ±0.03 K; resolució ±0.01) i un bany tèrmic 
(precisió ±0.01 °C, estabilitat ±0.01 °C). 
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x Proves per a determinar la repetitivitat i fiabilitat dels desplaçaments espacials. 

x Càlcul de la temperatura mínima de repòs per a assolir un equilibri tèrmic 
després de desplaçar la sonda a una nova posició. 

x Proves per a validar la solidesa i fluïdesa de l'aplicació d'usuari (alarmes, 
gràfiques en tempo real, control remot, seguretat i accés simultani de múltiples 
usuaris). 

 Una vegada validat l’instrument en laboratori, es prepara un experiment en un BHE 
de proves (aïllat de condicions externes) situat en la Universitat de Karlsruhe, Alemanya. 
El pou té una profunditat de 30 m i un diàmetre 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 referència en la validació de Geowire. Així 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 repòs 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, construcció i verificació d’una sonda de 
temperatura, anomenada Geoball, la qual es arrossegada pel fluid que circula en els tubs, 
calculant simultàniament la seua posició. Es tracta d’una versió millorada de la versió 
proposada en Martos et al. (2011), complint el disseny amb les característiques 
presentades en el tercer punt dels objectius. 

En l’article es presenten els aspectes de disseny relacionats amb la part mecànica, 
hardware, firmware i interfície gràfica d’usuari. Així mateix, es preparen les proves de 
laboratori per a validar el funcionament i característiques principals de la sonda: 

x Mediciones para determinar el rango, precisión, tiempo de muestreo y 
resolución de temperatura. 

x Mesuraments per a determinar el rang, precisió, temps de mostreig i resolució 
de temperatura. 

x Fiabilitat de les comunicacions sense fils. 

x Capacitat per captar energia sense fils. 

x Duració de la bateria. 

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

En primer terme, es realitzen experiments de laboratori per a comparar les 
característiques principals de cada equip (rang de temperatura, resolució de temperatura, 
temps de mostreig, resposta tèrmica, resolució espacial, etc.). En segon lloc, 
s’implementa un experiment de camp en un BHE de proves d’una profunditat de 30 m i 
un diàmetre de 450 mm, situat en la Universitat de Karlsruhe, Alemanya. En el pou 
s’introdueix una carcassa cilíndrica de 450 x 19.5 mm i altra de 180x10.7 mm, les quals 
s’omplin amb aigua per tal de crear una barrera aïllant entre el pou i els possibles efectes 
tèrmics del subsol que l’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 operació. Durant la inserció del tub-U s'adhereixen cables de fibra 
òptica i un enfilall de sensors Pt100 al llarg de la superfície 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 situació tèrmica diferent de la de repòs. Posteriorment, s'avaluen les 
característiques dels instruments enfront de dues situacions tèrmiques diferents. Per 
últim, es desenvolupa un model d’elements finits 3D amb la mateixa geometria i 
comportament tèrmic 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 mètode i 
instruments proposats durant un TRT distribuït (DTRT) en comparació amb 
termòmetres de fibra òptica i un programa basat en el model de línia infinita de Kelvin 
(ILS) per a estimar la conductivitat distribuïda. L’estudi es du a terme per a assolir el 
cinqué objectiu. 

En l’experiment presentat en el Capítol 2 la conductivitat tèrmica al llarg de les capes 
geològiques s’ajusta manualment després de llançar una simulació i aquest procés es 
repeteix fins que els resultats del model coincideixen amb els resultats experimentals. 
No obstant, l’execució d’una sola simulació pot tardar de l'orde de dies, pel que l’ajust 
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final pot resultar en una tasca excessivament llarga. Per aquesta raó, s’afegeix un mètode 
d’optimització per mínims quadrats (Nelder-Mead) per a calcular de manera automàtica 
la conductivitat llançant una única simulació. D'aquesta manera es pretén reduir el temps 
de simulació i augmentar la precisió dels resultats. 

En aquest cas s'utilitza un BHE de 50 m de profunditat localitzat en Vallentuna, 
Suècia. L'estratificació del subsol que envolta a l'intercanviador soterrat està composta 
per una capa d'argila fins a una profunditat de 6 m. A continuació, segueix una zona de 
roca de granit i pegmatita fins al final del pou, que s’ompli naturalment amb aigua 
subterrània. En el pou se inserta un únic 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 
mètode d’anàlisis proposat en aquesta tesi. Així mateix, s'introdueixen cables de fibra 
òptica 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 òptica en el 
tub observador s'utilitzen per a avaluar el mètode proposat en comparació amb el 
programa ILS per a calcular la conductivitat distribuïda. També es calcula analíticament 
la conductivitat global del subsol a partir del mètode d’anàlisis típic en un TRT (ILS) 
per contrastar aquest valor amb el valor mitjà de les dades de conductivitat locals 
estimats a partir dels mètodes anteriors. Per últim, s’avaluen els resultats obtinguts a 
l'utilitzar el mètode proposat en combinació amb l’instrument dissenyat específicament 
(Geowire) i aquests es comparen amb els resultats obtinguts a l'aplicar el mètode a partir 
de les dades de fibra òptica.  

4. Conclusió 

El mètode i instruments proposats en aquest treball de doctorat han demostrat la seua 
utilitat per a millorar l’optimització dels sistemes de bomba de calor geotèrmica en 
termes d’eficiència energètica, així com per a reduir la inversió de capital. A més, 
aquesta tesi doctoral ofereix una visió general quant a l’estimació de les propietats 
tèrmiques distribuïdes del terreny adjacent a un pou o un intercanviador de calor soterrat 
(BHE). 

S’ha proposat un nuo mètode, denominat observer pipe TRT (OP-TRT), per a 
calcular la conductivitat tèrmica de les capes geològiques al llarg de la profunditat d’un 
pou. Aquest mètode es basa en una mesura addicional que es pot implementar en 
combinació amb el TRT estàndard 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 simulació inversa per a estimar la conductivitat tèrmica en funció de 
la profunditat a partir de les dades obtingudes durant un OP-TRT. Amb la intenció de 
valorar el mètode 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 Capítol 3, del qual es poden extraure les següents 
conclusions: 

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

x El OP-TRT i el procediment de simulació inversa han sigut avaluats com un 
mètode potencialment viable per a mesurar les propietats tèrmiques en funció 
de la profunditat del subsol que envolta un BHE. 

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

Després dels bons resultats obtinguts a partir del OP-TRT i el mètode de simulació 
inversa, els esforços d’investigació associats a aquesta tesi, s’han orientat cap al 
desenvolupament d’un instrument específic, anomenat Geowire, amb la intenció de 
mesurar de manera fiable els perfiles de temperatura al llarg del tub observador. Com 
s'indica en el Capítol 4, el funcionament del Geowire ha sigut analitzat primer en 
laboratori, i posteriorment en BHE de proves utilitzant sensors Pt100 com a referència. 

x Mesures entre el Geowire i els sensors Pt100 comparables (error quadràtic medi 
de 0.042), validant-se així la seua aplicabilitat. 

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

x Altres característiques que han sigut validades positivament: registre automàtic 
de dades a intervals de tempos redefinits; incertesa en les mesures molt poc 
significatiu (±5 mm en 10 m, ± 0.06 K); resposta tèrmica de la sonda acceptable, 
interfície intuïtiva; control remot (interfície gràfica i descàrrega de dades); 
alarmes per a detectar anomalies durant el seu funcionament; i gran capacitat 
per a emmagatzemar dades. 

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

x Millores addicionals respecte de la primera versió, com ara menor grandària, 
menor pes i major temps d’operació. 

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

x 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 introducció com 
estàndard per a l'adquisició de temperatura en un BHE, com GEOsniff®, termòmetres de 
fibra òptica i enfilalls de sensors Pt100. Les característiques principals d’aquests 
instruments han sigut avaluades primer en laboratori, i posteriorment en un BHE de 
proves aïllat de condiciones externes (Capítol 6). En aquest estudi s’ha demostrat la 
importància d’analitzar les diferències quantitatives i qualitatives de cada instrument, 
procediment de calibrat i mètode d’anàlisis abans d'implementar un TRT distribuït. A 
partir del qual, a més, es poden extreure les següents conclusions amb relació als 
instruments desenvolupats: 

x En laboratori, els nous instruments han mesurat la temperatura amb una resposta 
tèrmica ràpida i d’alta precisió: Geowire (<2.0 s, ± 0.06 K) i Geoball (<0.5 s,  
± 0.04 K). 

x Els nous 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). 

x Geowire i Geoball amiden la temperatura instantàniament, sense que la precisió 
presente dependència de la resolució espacial, temporal ni del temps de 
mostreig. Per tot això, en comparació amb la fibra òptica, aquests instruments 
proporcionen resolucions espacials i precisions més altes en entorns amb 
respostes tèrmiques transitòries, p. ex. durant un TRT distribuït (DTRT). 

x No requereixen un calibrat dinàmic per a assolir resultats precisos, són més 
fàcils d'integrar en els BHE existents i també són una solució més rendible. 

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

Finalment, s’ha preparat un experiment (Capítol 7) amb l’objectiu d’avaluar el 
mètode i els instruments en un BHE durant un OP-TRT. En aquest experiment, s’han 
introduït termòmetres de fibra òptica dins del tram amb flux descendent del tub-U i dins 
del tub observador per a avaluació de Geowire  Geoball. A més, el model de simulació 
inversa ha sigut avaluat en comparació amb un programa basat en el model de línia 
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infinita de Kelvin (ILS) per tal d’estimar la conductivitat tèrmica distribuïda a partir de 
les dades obtingudes al tub observador: 

x Els amidaments de temperatura al llarg del tub observador han mostrat 
diferències de temperatura amplificades per a capes geològiques amb propietats 
tèrmiques diferents en comparació als amidaments fets al tub amb flux 
descendent del TRT. 

x Geoball i Geowire han demostrat, de nou, mesurar la temperatura amb una 
resolució espacial, temporal de temperatura major que l’equip de fibra òptica 
utilitzat. 

x El model de simulació inversa ha sigut millorat significativament a l'incloure un 
mòdul d'estimació de paràmetres. Tant la precisió dels resultats com el temps de 
simulació han presentat millores significatives a l'utilitzar un procés automàtic 
per a ajustar el perfil de temperatura objectiu (tub observador) realitzant-lo tot 
en una única simulació. 

x S’han obtingut resultats comparables entre el valor mitjà de les estimacions 
locals efectives calculades per ambdós mètodes i la conductivitat efectiva para 
tot el subsol calculada analíticament a partir de les equacions de línia infinita 
típiques d’un TRT estàndard: 1.27% per davall per al programa basat en ILS i 
0.28% per davall per al model de simulació inversa. 

x Les estimacions locals de conductivitat efectiva calculades amb el model de 
simulació inversa, a partir de les dades de Geowire, han mostrat la major 
dispersió respecte a la conductivitat efectiva global d'un TRT estàndard. 
Aconseguint així detectar una zona de 5 m de llarg amb elevada conductivitat a 
l'utilitzar l’instrument i mètode proposats. 

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

III. Development of an enhanced version of the flowing probe proposed in Martos 
et al. (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 I) 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 IV) 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: 

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

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

x 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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Chapter 2 
Theoretical fundamentals 

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

2.1.  Importance of renewable energies 

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 CO2 (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 CO2 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 ºC 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 CO2 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 CO2 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 ºC 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 19th century due 
to the fast development of thermodynamics. At present, geothermal energy is classified 
in two main categories in terms of the application: 

x Shallow or low-enthalpy geothermal energy: depth <400 m and 
temperatures between 20 and 70 ºC. 

x Deep or high-enthalpy geothermal energy: depth >400 m and temperatures 
between 70 and 400 ºC. 

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 
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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 
(MWt) 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.  
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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). 

 
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).  

ܱܲܥ =
(ݐ݄ܽ݁ ݈ݑ݂݁ݏݑ) ݕ݃ݎ݁݊݁ ݐ݈݁ݐݑ
 (ݎ݁ݓ ݈ܽ݊ݎ݁ݐݔ݁) ݕ݃ݎ݁݊݁ ݐ݈݁݊݅

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 
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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 ºC 
until 30 ºC), 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). 

௫ߟ = 1 െ ்
்ಹ

                            (1) 

Where ܶ  is the absolute temperature of the cold reservoir, ுܶ is the absolute 
temperature of the hot reservoir, and the energy efficiency, ߟ, 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). 

ܱܥ ோܲ = |ொ|
|ொಹ|ି|ொ|  ܱܥ ܲ௫ = ்

்ಹି்
                            (2) 

If the same concept is applied to a heat pump in a heating mode, the maximum 
energy efficiency is given by the expression (3). 

ܱܥ ோܲ = |ொ|
|ொಹ|ି|ொ|  ܱܥ ܲ௫ = ்

்ಹି்
                            (3) 

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. 

 
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. 

 
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. 

c) Pond loop: If 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. 

 
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-Treviño et al., 2013; Erol 
& François, 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 ߣ (W/m-K) and thermal resistance ܴ (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 (்ܴ) along the horizontal axis of a BHE is typically 
defined as the addition of both fluid to borehole-wall thermal resistance ( ܴ) and 
borehole-wall to ground thermal resistance (ܴ). 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. 

்ܴ = ܴ + ܴ                            (4) 

The fluid to borehole-wall thermal resistance ( ܴ) is composed by the thermal 
resistance of the material filling the borehole ( ܴ), the thermal resistance of the  
pipe-wall (ܴ௪) and the thermal resistance of the heat carrier fluid inside the pipe (ܴ). 
The fluid to borehole-wall thermal resistance is defined as the addition of these three 
resistances: 

ܴ = ܴ +  ܴ௪ + ܴ                            (5) 

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

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

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

ݍ = ்ି்್
ோ್

                            (6) 
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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 ( ܴ) 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 ( ܴ) 
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 ( ܴ*) 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 ן (m2/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 (ߣ) divided by the density ߩ (kg/m3) and the 
specific heat capacity ܥ (J/(kg*K)) at constant pressure. 

= ן ఒ
ܥ. ߩ

                              (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, ܥ. ߩ is considered as the volumetric heat capacity in the 
system of units (SI) derived units of J/(m³·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: 

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

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

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

x 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. 
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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 (Xamán 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 (Rb). 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:  

ݍ = ሶ݉ )ܥ ܶ௨௧ െ ܶ)                          (8) 

where ሶ݉  is the mass flow rate (kg/s), ܥ is the specific heat capacity of water at 20 ºC 
(4.192 kJ/kg K) and ܶ௨௧ - ܶ 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 (ɉ) and borehole thermal resistance (Rb). 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 



Chapter 2________________________________________________________________ 

 32 

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  
±2 x 10-3 °C, 5 x 10-5 °C, 2.5 x 10-1 °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 10-1 m 
and 5 x 10-3 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). 

 
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. 

 
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). 

 
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. (Acuña, 2010; Acuña, 2013; Acuña & 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; Monzó, 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 
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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, Álvaro Montero, Llucia Monreal, Jesús 
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. 

https://doi.org/10.1016/j.applthermaleng.2015.12.109
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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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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 Jesús Soret. 
Published in: IEEE Transactions on Instrumentation and Measurement, vol. 68 (4),  
1062–1070 (2018). 
DOI:  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 

https://doi.org/10.1109/TIM.2018.2860818
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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: 

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

x 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. 

x 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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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.  

Index Terms—Borehole heat exchanger (BHE), embedded 
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 Acuña 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 et 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  

 
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 (τ) of the sensor in still water is 
typically below 2 s. Hence, the time elapsed (t1), 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, t1 is derived from the 
following equations:  

                            (1) 
                            (2) 

                                             (3) 
                              (4) 

where Ti is the initial temperature; Tf 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 t1 plus 1 s. 

By substituting (1)–(3) into (4), t1 is determined as follows: 
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TABLE I 
 THERMAL RESPONSE TIME IN STILL WATER 

t1(s) Tf (ºC) = 0.2 Tf (ºC) = 0.3 Tf (ºC) = 0.5 

t (s) = 2 3.27 4.09 5.11 

 
Fig. 3. Linear adjustment between the Geowire and a high-accuracy 
thermometer. 

From (5), by assuming t = 2, the calculated t1 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 R2 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 

Zynq-7000 all programmable system on a chip (AP SoC)  
 

 
Fig. 4. Implemented architecture in Zynq-7000 AP SoC chip. 

architecture that integrates an ARM 9 dual-core CPU and 

Xilinx 7 series field-programmable gate array (FPGA) on one 

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].  

 
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.  

 
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 ´ 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 (t1) 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  

 
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 Pt100-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. 

 
Fig. 8. Linear adjustment between the pt100-sensors and the Geowire. 

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 et 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 ºC lower than those obtained by 
the Geowire, except for the sensor at 11.5 m, where 
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measurements are 0.37 ºC 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 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 
ºC 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, Jesús 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: 

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

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

x 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 logging and representation. 
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Abstract 

The BHE length for a given output power depends on the thermal properties of the geological layers, 

such as moisture, heat transfer coefficients, etc. Measuring the temperature fluctuations inside the 

pipes of a heat exchanger is key for an accurate sizing of its length in turn reducing drilling costs 

and the payback of the installation. 

A miniaturized autonomous wireless sensor, called Geoball, is designed to measure the temperature 

while it is carried by the fluid inside the pipes of a geothermal heat exchanger, with the intention of 

determining the heat transfer capacity of the geological layers surrounding the pipe collector. The 

developed probe is encapsulated in a sphere with a diameter of 20 mm which has the same density 

as the fluid, and thereby is carried at fluid speed. Its main features are: 

• Temperature range: -10 a 50 ºC 

• Temperature accuracy: ± 0.05 ºC 

• Sampling period: 0.1 – 25 s  

• Temperature resolution: <0.05 ºC 

• Number of samples: up to 1000 

• Wireless energy harvesting 

The probe contains an ultra-low power microcontroller, a temperature element Pt1000 with a 

response time of 80 ms, a conditioning circuitry, a non-volatile memory and a radio-frequency 

identification (RFID) device for configuration, data download and energy harvesting, all carefully 

designed in a print circuit board (PCB) with a diameter of 16 mm. An ultracapacitor is charged by 

RFID to power a miniaturized data logger, which can acquire up to 1000 samples. 

The objective of the Geoball is to complement the data collected during a conventional thermal 

response test (TRT) and for applying numerical analysis to determine the thermal characteristics of 

a layered subsurface and its influence in the borehole thermal behavior. 

Keywords: Geothermal energy; Ground source heat pump (GSHP) systems; Numerical simulation; Thermal 
response test (TRT); Wireless sensors. 

1. Introduction 

To achieve the objectives of sustainability, environmental impact reduction and 
mitigation of climate change, the introduction of cleaner and more efficient energy 
technologies is essential. For instance, the use of ground source heat pumps (GSHP) or 
geothermal heat pumps (GHP) for a heating ventilation and cooling system (HVAC)  to heat 
or cool buildings and to provide hot water, have a great potential to reduce greenhouse gas 
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(GHG) emissions, energy savings and energy efficiency improvements [1]. A GSHP system 
can reduce GHG emissions by 66% or more than conventional systems that use fossil fuels 
by saving up to 75% of electricity [2].  

A great effort has been made to spread the GSHP technology around the world by 
publishing compilations and reviews which present the different models and constructive 
alternatives with their related advantages in energy saving and efficiency [2, 3, 4]. Some 
experimental facilities have been built with the aim of verifying the energy savings that can 
be obtained under conditions of normal use [5]. Thus, it has been shown that in temperate 
climates such as the Mediterranean coast, about 43% could be saved on heating and 35% on 
cooling. Moreover, studies of district heating and cooling systems, demonstrate estimable 
savings in energy consumption in front of individual systems [6]. 

A key factor in order to increase the dissemination of GHP systems, is to reduce the 
economic cost of a borehole heat exchanger (BHE) with accurate design and sizing of the 
pipe collectors. The thermal response test (TRT) was developed in Sweden and the USA in 
1995 [7, 8] and is currently used as a standard method for sizing BHE [9]. These TRT, are 
based on the infinite line source (ILS) model of Kelvin. It measures the temperature 
evolution at the inlet and outlet points of the installation while a constant heating power is 
injected into or extracted out of the BHE. Some limitations of these methods are the 
sensitivity to small variations of injected or extracted heat and the assumption that the 
subsurface structure is homogeneous. Some studies suggest that in some cases, a significant 
uncertainty related to the analysis of thermal conductivity for a typical TRT is related with 
the uncertainty of the heat injection rate [10]. Moreover, the TRT is affected by other factors 
such as subsurface disturbance due to drilling and the ambient temperature. Therefore, 
different methods have been proposed to filter these effects [11]. To improve the calculus 
of thermal parameters obtained from the TRT, as subsurface thermal conductivity and 
borehole thermal resistance, several investigations have been carried out using both, 
analytical or numerical models [12, 13, 14, 15, 16, 17] and laboratory experiments. 

The ILS model assumes that the subsurface structure is homogeneous but that is the 
exception and not the rule in real GHP installations. To determine the subsurface geological 
structure, moisture content and groundwater flow are key factors to optimize the energy 
transfer or drilling depth relationship. An improved methodology has been proposed 
involving a multi-level power injection, focused in revealing the effects of groundwater flow 
and other possible heat transport processes [18]. Moreover, several studies have explored 
alternative methods to the TRT, introducing new temperature measurement systems along 
the U-pipe using optical fiber temperature sensors or electronic autonomous sensor probes 
[18, 19, 20, 21, 22, 23, 24]. 

Furthermore, given the increased power of numerical computer-aided calculations and 
the introduction of very accurate and reliable simulation programs, numerous works have 
performed the modeling and simulation of heat transfer by applying finite element methods 
in 2D and 3D models in static or dynamic regimes [25, 26, 27, 28, 29]. Since the reduction 
of computational time is a factor of great interest, to calculate the thermal parameters of a 
layered subsurface some researchers proposed to model the BHE by a network of thermal 
resistance and capacities [30, 31, 32, 33]. This approach shows an excellent agreement 
between finite element models and capacity-resistance models, with a significant reduction 
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in computing time, while allowing both dynamic and static analysis. A proper use of these 
capacity-resistance models to represent real facilities, requires the measurement of the fluid 
temperature evolution along the pipes during a TRT. However, so far, only measuring 
methods using fiber optical thermometers or temperature sensors flowing into pipes [34] 
can obtain the required input data for using this capacity-resistance model. The main 
characteristics of the probe described in [34] are: 

• Weight: 8 g 
• Diameter: 25 mm 
• Temperature range: 0–40 °C 
• Temperature resolution: <0.05 °C  
• Temperature accuracy: ±0.05 °C  
• Sampling interval: 0.1–25 s 
• Sampling capacity: 1000 samples 
• Powered by a wireless rechargeable battery 
• Configuration and data download by RF (ISM 868 MHz) 

Therefore, it can only be used in pipes with a diameter larger than 25 mm and cannot be 
employed when the temperature is below 0 ºC. In addition, the useful life is limited by the 
battery capacity. 

Another configuration of a heat exchanger used in GSHP, which is of great interest due 
to the reduction of costs involved, are those based on pipes embedded in diaphragm wall or 
energy piles [35]. For these installations, the conventional TRT offers no guarantee of 
applicability as its geometry is not compatible with the ILS model. Measuring the 
temperatures inside the pipes as inputs for 3D finite element models or capacity-resistance 
models, may allow to obtain the heat pump system design parameters more accurately. To 
achieve this goal, autonomous miniaturized sensors may be the most appropriate method to 
measure the evolution of the temperature inside the pipes while a TRT is completed.  

In this paper, a new version of this wireless temperature probe that flows inside the pipes 
[34] for measuring the thermal fluid during a TRT is presented. It consists of a small sphere 
(20 mm of diameter), which contains a programmable temperature acquisition system with 
wireless radio-frequency identification (RFID) for communication and energy harvesting. 
It can be introduced inside the BHE pipes and flows with the thermal fluid along the whole 
pipe length while acquiring the fluid temperature. At the output, the sensor downloads all 
the measured temperature data by a wireless RFID connection to a laptop or tablet. 

2. System description 

The objective of the sensor is to capture the temperature evolution inside the pipes along 
a BHE. To do so, a miniature spherical probe configured to measure the temperature at 
specified time intervals is introduced by a special valve inside the BHE pipe collector. The 
system complements standard TRT equipment to obtain additional internal temperature data 
which allows the detection of the heat transfer effects produced by different geological 
layers, moisture and groundwater. 
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Fig. 1. Diagram of the wireless probe operation in a BHE. 

Fig. 1 shows a diagram of the auxiliary elements for the system (insertion and extraction 
valves) and its operation process. The hydraulic and thermal power generation systems may 
be those of a TRT equipment. The Geoball, which has a 20 mm diameter and weighs 4 g, is 
carried by the flow at the same speed due to the fact that it has the same density as the fluid. 
Laboratory tests were performed to calculate the positioning error inside the pipe while the 
flow carried the probe, obtaining a value smaller than 2% [34]. 

The operation of the Geoball is carried out as follows: first, the laptop charges the power 
of the probe subsystem by radio frequency (RF) induction until the capacitor is full. Second, 
the sampling parameters, such as number of samples and period, are transferred to the 
Geoball by RFID and then it is inserted into the BHE fluid flow through the insertion valve. 
The probe starts the process of acquiring and storing fluid temperature automatically at 
programmed fixed intervals. Once a loop along the whole BHE pipe circuit is completed, 
the probe is extracted by an extraction valve. The temperature data is downloaded to the 
control system and the probe operation changes to a low-power mode. 

Due to the small size of the Geoball, it is compatible with standard pipe collectors for 
BHE, which usually have a diameter of around 32 mm. This is an electronic device that 
measures (along the pipe loop) the thermal evolution of an elementary volume of fluid and 
how the probe exchanges heat with its surroundings. Fig. 2 presents an image of the Geoball, 
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both embedded in a sphere of 20 mm of diameter and the non-encapsulated circuit, 
compared with a one cent euro coin. 

 
Fig. 2. Electronic circuit of the Geoball and an encapsulated probe. 

The electronic circuits are mounted on a circular (16 mm diameter) double sided, printed 
circuit board (PCB) and  includes: a 16-bit microcontroller with a 16-bit analog-to-digital 
converter (ADC) connected to a conditioning circuit to read a Pt1000 temperature sensor; a 
non-volatile RFID memory for wireless communications and energy harvesting; and an 
ultracapacitor to store the power needed for the operation of the probe (data acquisition and 
data logger). 

The temperature sensor is a planar element Pt1000 class A according to DIN EN 60751, 
mounted on a ceramic substrate of 1.6 × 1.2 × 0.4 mm, with a response time of 80 ms on 
water. This type of sensor has some interesting characteristics, for example, it is 
inexpensive, it has an ultra-low power consumption during the measuring phase, and the 
measurements does not show a spatial, temporal and temperature dependency as it is the 
case for fiber optical thermometers. A Wheatstone bridge polarized in voltage is used to 
energize the Pt1000 temperature sensor to obtain a differential signal, which is amplified 
and digitized by the analogue circuitry of the ultra-low power microcontroller. 

The characteristics of the autonomous sensor are:  
• Temperature range: -10 – 50 °C 
• Temperature resolution: <0.05 °C  
• Temperature accuracy: ±0.05 °C  
• Sampling interval: 0.1–25 s  
• Sampling capacity: 1,000 samples 
• Wireless energy harvesting 
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This new version presents improved characteristics regarding the weight, size, thermal 
response time, temperature range, power supply system, communication synchronization, 
and useful life, enabling a better usability and applicability in a wide type of buried heat 
exchangers. 

A computer program has been developed using Labview® to configure, download, 
logging of data and graphical plotting. The graphical user interface (GUI) is illustrated in 
Fig. 3. The first step consists on setting the parameters for the acquisition process: flow, 
borehole depth, pipe diameter and spatial resolution. From this data, the period and number 
of samples to be acquired and transmitted to the probe by RF are calculated. This is done by 
issuing the start acquisition command, so the Geoball is ready to be inserted in the U-pipe 
by a special valve. Afterwards, the probe changes to “in acquisition” state, remaining in 
sleep mode until the preloaded waiting time is reached, then it changes to “acquisition” 
mode. Once the temperature acquisition is over, the Geoball saves the data in an internal 
memory, and the microcontroller switches to sleep mode again. 

When all planed measurements are completed, the probe changes to “inactive” state, and 
the recorded data is marked as “completed”. The PC can read the data by RF, write it into a 

file and plot it in a graphical interface. 

 
Fig. 3. Graphical user interface to configure the data acquisition, as well as for the data downloading, 

logging and visualization. 

3. Laboratory test 

A set of laboratory tests have been completed to verify the correct probe operation. First, 
a study was conducted concerning the voltage level and stability. In less than ten minutes in 
a RFID field, the ultracapacitor reached a voltage of 3.0 volts. In low power mode, the 
probes have maintained sufficient power during several hours, due to the extremely small 
current drained by the circuitry. 

The tasks of the Geoball are coordinated using a clock signal, which wakes up the 
microcontroller when it is time to sample a new temperature value. The acquisition of a new 
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temperature measurement only requires 2 ms and drains a maximum of 2.04 mA of current. 
Throughout a laboratory test consisting of an acquisition of 600 temperature samples at a 
rate of one per second, the ultracapacitor only reduced its voltage in 300 mV, from 3 V to 
2.7 V. 

For correct and reliable use, each probe was individually calibrated by means of a 
thermal bath FRIGITERM 600038 from PSELECTA® and a high precision thermometer 
P755 from DOSTMANN electronic, to obtain the coefficients of the linear adjustment. The 
user interface stores each of the probe coefficients and processes the data to obtain values 
with the established resolution and accuracy. Fig. 4 presents one of the recorded temperature 
profiles for the room ambient temperature using the graphical user interface. 

 
Fig. 4. Graphical representation of a temperature profile recorded by the Geoball. 

4. Conclusions 

The development of simpler and more economic methods in both, time and cost, 
regarding the sizing of a borehole heat exchanger (BHE) is key for the expansion of more 
efficient ground source heat pumps (GSHP) systems. Specially in the case of large BHE 
systems, new tools and methods are needed for calculating subsurface thermal properties to 
exploit the site conditions, such as moisture and groundwater flows. The probe and software 
presented in this work, due to its easy operation and simple integration with standard thermal 
response test (TRT) equipment, provides access to new data; offering the possibility of 
understanding the thermal properties of a heat exchanger surroundings, from inside the U-
pipes, while performing the TRT. 

Furthermore, the performance of the probe was validated, such as configurability, data 
logging and the circuitry for wireless energy harvesting and communication. The collected 
data from The Geoball allows to quantify thermal effects of the subsurface, such as 
groundwater flows, moisture, etc., usually not accessible in a conventional TRT. 
Additionally, this sensor technology uses a rechargeable battery, so its life is virtually 
infinite. 

Finally, this measurement system opens the door for detailed quantitative assessment, 
not only for vertical BHE configuration, but it can also be extremely useful for the 
characterization of other configurations such as diaphragm walls or thermal piles, nowadays 
in expansion due to the reduction of the involved costs. 
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Chapter 6 
Comparison of the developed 
instruments (Geowire and Geoball) with 
new and standard in-borehole 
temperature measurement instruments 

This chapter 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 of the instruments is analyzed in a BHE test site isolated from 
external conditions. Moreover, a numerical model is developed to reproduce the 
thermal behavior of the borehole, with the intention of investigating the reliability 
of the measurements recorded by each instrument. 

6.1. Paper III: Temperature measurements along a vertical borehole heat 
exchanger: A method comparison 

Authors: Nordin Aranzabal, Julio Martos, Hagen Steger, Philipp Blum and Jesús Soret. 
Published in: Renewable Energy, 143, 1247–1258 (2019). 
DOI: https://doi.org/10.1016/j.renene.2019.05.092 
Impact factor: 6.274 
Quartile (category: “Green & Sustainable Science & Technology”): Q1 (2019) 

Summary: 

This third paper compares the instruments developed in this Ph.D. work, Geowire 
(Chapter 4) and Geoball (Chapter 5), with new and standard commercial in-borehole 
temperature measurement instruments, such as the GEOsniff®, fiber optical thermometers 
and Pt100-sensors chain. It aims to offer an understanding of the most suitable 
temperature measuring method for each specific application by demonstrating the key 
advantages and disadvantages of each instrument. This study is intended as a guide for 
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choosing the most adequate in-borehole instrument while leading to a more reliable 
implementation of DTRT.  

Firstly, it covers the description of the general characteristics and working principle 
of each instrument. Secondly, laboratory experiments are carried out to compare the key 
characteristics of each equipment (temperature range, temperature resolution, sampling 
time, thermal response time, spatial resolution, etc.). Thirdly, a field experiment is 
implemented in a test borehole with a depth of 30 m, which is isolated from external 
conditions. All instruments are located strategically along the geothermal pipes inserted 
in the borehole while the thermal response is evaluated under two thermal set-ups. 
Additionally, the development of a 3D FEM is presented with the same geometry as the 
experimental borehole. The model is configured to reproduce the thermal behavior of 
the borehole with the intention to evaluate the reliability of the datasets collected from 
each instrument. 

The experimental results suggest that the new instruments have various advantages 
over the conventional instruments. For example, the new instruments are less expensive, 
more convenient and easier to operate. 
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Abstract 

The standard thermal response tests (TRT) provide integral and effective thermal parameters of the 
ground in the vicinity of borehole heat exchangers (BHE). However, typical ground properties are 
heterogeneously distributed. As a result, advanced TRT such as distributed and enhanced TRT are 
growing in popularity as they provide more spatial information of the thermal properties. Thus, the 
objective of this study is to compare various instruments to measure the depth-dependent 
temperatures using standard Pt100-sensors, fiber optical thermometers and novel instruments such 
as Geowire, Geoball and GEOsniff®. The investigations are carried out in a 30 m length test 
borehole. The results showed an excellent agreement between both the Geowire and GEOsniff® in 
comparison with Pt100-sensors with a root mean squared error of 0.10 and 0.09 K, respectively. The 
results also suggest that the novel instruments have various advantages over the standard sensors 
and fiber optics. For example, with the novel instruments comparable, accurate, inexpensive, 
instantaneous and higher spatial resolution temperature measurements are obtained. Finally, the 
outcome of this study provides a guide for choosing the adequate temperature measurement along a 
BHE thus generally improving the evaluation of advanced TRT, while potentially increasing 
efficiency and economic viability of ground-source heat pump systems.  

Keywords: Geothermal energy; Ground source heat pump (GSHP) systems; Borehole heat 
exchanger (BHE); Thermal response test (TRT); Temperature profile. 

1. Introduction 

In the past few decades, economical strategies to accomplish a reduction in primary 
energy consumption and mitigate greenhouse gases are increasing worldwide due to the 
imminent impact of climate change and global warming. Studies have shown that buildings 
depict the most important and cost-effective potential for saving energy and are accountable 
for about 80% of the energy demand for heating, while the energy demand for cooling is 
rising gradually every year [1]. Among renewable energy technologies, ground source heat 
pump (GSHP) systems are growing in popularity as they are proving to be energy-efficient 
in a range of applications, such as temperature conditioning in commercial and residential 

buildings and hot water production [2–4]. 

Low-enthalpy geothermal systems utilize GSHP systems to transfer the thermal energy 
stored in shallow ground to buildings for heating and from buildings to the ground for 
cooling [5]. The ground subsurface high thermal inertia makes it possible for the top layers 

texto
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of the Earth to maintain a relatively constant temperature regardless of seasonal weather 
conditions. Thus, ground temperature is more favorable than the variable environmental air 
temperature for exchanging heat and GSHP systems are proven to achieve a higher energy 
efficiency than traditional air-conditioning systems [6]. In comparison to traditional  
air-conditioning systems, ground coupled heat pumps considerably reduce the use of 
electricity and therefore save associated carbon dioxide (CO2) emissions in comparison with 
other conventional heating systems [7,8]. 

The general structure of a GSHP system that assists with the temperature conditioning 
of buildings is typically divided into two main elements: a borehole heat exchanger (BHE) 
installation and a heat pump system. A volume of fluid is circulated throughout a  
closed-loop distribution of pipes which are buried in vertical or horizontal ditches to 
exchange heat with the ground [9,10]. In both research and engineering, vertical BHE 
installations have attracted greater interest than horizontal BHE mainly due to the smaller 
land requirement [11]. 

In the design of BHE installations precise information of ground thermal parameters is 
necessary to calculate the most cost-effective size and distribution of BHE [12]. The in-situ 
thermal response test (TRT), initially proposed by Choudhary [13] and Mogensen [14] and 
fully developed with mobile equipment within the next decade [15,16], is a standard method 
for the evaluation of the subsurface thermal properties. In a TRT, a fluid is pumped 
throughout a closed-loop BHE while a nearly constant heat source is injected using an 
electrical element. The test starts from a subsoil temperature in equilibrium. For a minimum 
duration of 48 hours the introduced thermal perturbation is monitored at the inlet and outlet 
of the installation. From TRT results two parameters are usually determined: (1) effective 
thermal conductivity and (2) borehole thermal resistance. These are commonly estimated 
by analytical or numerical approaches [17–21] under the assumption of a homogeneous, 
isotropic and infinite medium. However, the typical ground stratigraphy is heterogeneous 
and these parameters are integral and average values. Furthermore, aquifers are abundant 
and previous models often neglect advective flow from groundwater resulting in erroneous 
estimations of effective thermal conductivity for long-term operations [22–25].  

In order to overcome conventional TRT constraints, some researchers began to develop 
the so-called distributed TRT (DTRT) for an evaluation of depth-specific thermal properties 
[30–39]. This extra information is crucial to detect more favorable zones for heat exchange 
and therefore improves the efficiency while reducing piping, drilling and pumping costs. 
For instance, this knowledge of in-situ effective thermal conductivity determines the length 
of required BHEs. Some studies proved that the length of boreholes can be shortened when 
considering axial heat conduction effects and therefore increase efficiency and economic 
viability of BHE, particularly for high demand applications [26,27]. For this reason and with 
the intention to enhance TRT results, novel instruments and methodologies were developed 
and assessed over the past years. Fujii et al. [28,29] and Acuña [30,31] for example, 
conducted experiments by measuring temperature profiles along pipes with fiber optic 
thermometers to obtain an approximation of depth-specific effective thermal conductivities. 
In a similar manner, other researchers integrated fiber optics in BHE and proposed other 
methods for the evaluation of TRT [30–39]. 

© ELSEVIER. Reprinted, with permission, from N. Aranzabal et al., Temperature measurements along a vertical BHE: A method comparison, December 2019.
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Rohner et al. [41] developed a small probe with a data logger (time, temperature and 
pressure) which sinks to the bottom of geothermal U-tubes and proposed a method to 
estimate depth-specific thermal conductivity profiles. Pressure measurements are converted 
to depth and stored in the data logger together with the temperature and time. The probe 
stops when the bottom is reached and is flushed back to the surface with a pump for data 
reading. In order to calculate thermal conductivities from the data that is measured with the 
sensor, the method needs one temperature profile of the ground temperature in equilibrium 
and information of terrestrial heat flow near the test field. 

Bayer et al. [42] conducted an experiment involving a commercial version of the latter 
sensor called NIMO-T (Non-wired Immersible Measuring Object for Temperature) and 
presented an analytical model to discriminate between the effects of global warming and 
urban heating. The model relies on information of past climatic and land use changes, as 
well as temperature logs obtained from the vertical pipes of BHE. Likewise, Raymond et al. 
[43] proposed an inverse numerical model to expand TRT results to adjacent boreholes 
using an analogous device with a data logger (temperature and pressure) called RBRduet3 
(RBR Ltd.). In this study, the probe is lowered by hand using a wireline and after retrieving 
the data it is downloaded to a computer. The numerical model requires input of the results 
of a TRT in a near borehole, data of paleoclimatic variations of land proximities and a 
subsurface steady temperature profile of the borehole in order to estimate depth-specific 
thermal conductivity. Martos et al. [44] designed a small-spherical probe with a data logger 
that is transported by the thermal fluid in geothermal pipes and conducted a field experiment 
to measure the thermal evolution of the fluid along a U-shaped pipe throughout a TRT. This 
wireless device measures the thermal transition of a specific volume of fluid with high 
temperature, depth and time resolution. Moreover, Raymond et al. [45,46] provided a new 
method to discretize thermal conductivity along the depth of BHEs involving reduced 
energy consumption in comparison with a typical TRT. With this method a cable-assembly 
combining heating and non-heating sections is introduced in the borehole. After heating the 
cable, the recovery phase of each section is measured using temperature probes with a data 
logger midway along the height of each section. The recorded measurements are then 
evaluated with an analytical solution of a finite length linear heat-source to infer the thermal 
conductivity at the depth of each probe. Aranzabal et al. [47] elaborated an analysis 
procedure based on an inverse numerical model to estimate thermal conductivity along the 
depth of the borehole. For the input of the model, a series of depth-dependent temperature 
profiles throughout the course of a TRT are required. Following this, model results are fitted 
to experimental data by adjusting the thermal conductivity of defined depth-dependent 
layers along subsurface domain, in this case a new layer was defined every 2 m.  
Furthermore, to fulfill the requirements of the proposed method, Aranzabal et al. [48] 
introduced a novel data logger instrument for automatic measurements of depth-dependent 
temperature profiles along the borehole. Until now, these various types of temperature 
measurements have not been compared.  

The objective of the present study is to carry out a quantitative and qualitative evaluation 
of standard and novel equipment for temperature measurements. The latter is crucial for the 
optimum design of vertical BHE for GSHP systems. Hence, it is intended to also reduce the 
capital costs of new installations and broaden the use of such systems. Nevertheless, some 
of the studied instruments are only reported in context with DTRT and the accuracy of the 
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obtained measurements has not been evaluated in a borehole under controlled conditions 
and using calibrated sensors as a reference. 

This paper is structured as follows. Firstly, we used fiber optical thermometers, the wired 
equipment for automatic measurements of depth-dependent temperature profiles recently 
proposed by Aranzabal et al. [48] called “Geowire” and a commercial probe with a data 
logger (temperature and pressure) called “GEOsniff®”. All three devices are compared with 
standard temperature sensors (Pt100). Secondly, an enhanced version of the probe initially 
introduced by Martos et al. [44] called “Geoball” is developed (smaller size, less weigth and 
extra features) and its thermal response is evaluated. Likewise, the uncertainty and thermal 
response time of the Geowire, Geoball and GEOsniff® is measured in the laboratory. Also, 
the reliability of the thermal response of the test borehole is also verified by a near-field 
numerical heat transport model. 

2. Materials and methods 

2.1. Novel instruments 

In the present study three novel instruments are considered which are illustrated in 
Fig. 1.  

One of the novel instruments used in this study is the Geowire [48]. An  
electro-mechanical device that automatically displaces a temperature sensor down and up 
along the depth of geothermal pipes at previously configured sequences. The sensor is 
connected to a wire the length of the borehole, which is rolled up on a reel (Fig. 1a). A 
servomotor rotates the reel and an encoder measures the length of the released wire. In this 
manner, the system adjusts the exact location of the small sensor (negligible perturbation) 
before measuring the temperature and storing its value. The displacement speed of the 
sensor in a U40 geothermal pipe can be adjusted between 0.5 and 5 m/min. The device 
provides two temperature sensors (DS18B20 of Maxim Integrated), one to measure the 
temperature inside the pipes and the other to measure the ambient air temperature. Digital 
transmissions are implemented using a one-wire communication protocol which operates 
reliably with wire distances of up to 500 m apart. Since instantaneous measurements of the 
temperature are digitalized in the sensor chip and transmitted to the processing system, a 
long deployment of wire does not compromise accuracy of measurements. On the other 
hand, non-specialized personnel can configure the acquisition process, visualize results or 
download data through a user-friendly graphical user interface (GUI) with remote access 
functionalities. The Geowire can be configured to measure automated profiles over the 
entire duration of a TRT. The instrument is compatible with standard TRT equipment 
without the need for additional modifications and is designed based upon a method of 
calculating the thermal properties of the subsurface with a high spatial resolution [47]. The 
main advantage of this method is that it only requires two temperature profiles to estimate 
a deph-dependent thermal conductivity profile. Despite that this version of the Geowire is 
designed to introduce the sensor in pipes without water flow, the previous version was 
designed to measure temperature inside heated pipes during a TRT, where the fluid could 
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cross through the enclosure of the device. Thus, the presented version of the Geowire could 
be modified accordingly. 

Another instrument involved in this study is the Geoball, an electronic device that flows 
along pipes to measure the thermal evolution of a specific volume of fluid (Fig. 1b). The 
device used in this experiment is an improved version of the probe reported by Martos et al. 
[44]. The principle of its operation is the same, however it is smaller in size, weighs less and 
has longer operation times (Table 1). The electronic circuit is embedded in a 
polyoxymethylene (POM) sphere, while the sensing element is coupled to the surface of the 
sphere and stays in direct contact with the fluid. Thus, the measurement stabilizes fast over 
thermal gradients in the fluid to acquire instantaneous and accurate readings with a thermal 
response time less than 0.5 s. The temperature sensing element is a planar Pt1000 from 
Heraeus, A-class according to IEC 60751 and mounted on a ceramic substrate (size of 2.1 
× 2.3 × 0.9 mm). The spherical probe has the same density as the fluid and is therefore 
carried by a constant flow while its position is determined. The temperature samples are 
stored in its internal memory together with its corresponding locations along the pipe. The 
small probe can be circulated in installations with vertical or horizontal pipe distribution, 
measuring the thermal evolution of fluid along the entire pipe network (down- and up-flow). 
In closed circuit applications, the ball can be stored in a bypass valve after each loop, where 
the data can be wirelessly transmitted and the battery simultaneously charged. It is also 
possible to use a manual bypass or an automated bypass without interrupting the heated fluid 
of a TRT. Thus, the insertion of the ball can be controlled to obtain continuous temperature 
datasets at pre-established time intervals. With an automated bypass system, the instrument 
can implement remote management and visualization functionalities. The instrument is 
compatible with standard TRT equipment and apart from the bypass valve, no additional 
modifications are required. 

 
Fig. 1. (a) Representative images of the Geowire; (b) the Geoball; (c) the GEOsniff®. 
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Finally, the GEOsniff®, another depth-temperature sensor and data logger, also with the 
shape of a ball, developed by the German company enOware, is also included in the 
experiment (Fig. 1c). The design is similar to the Geoball, however this device calculates 
its position inside geothermal pipes by using a pressure sensor. The ball has a density higher 
than the water and sinks in vertical pipes, measuring the temperature until it reaches the 
bottom. Afterwards, a pump is turned on to circulate the water inside the pipes and expel 
the ball to a tank, where it is recovered. The temperature samples are stored in the device 
memory together with the pressure measurements and the user must convert the pressure 
data to depth equivalents. In this case the device required the installation of an additional 
closed-loop U-pipe (without a heat injection) inside the borehole in order to circulate the 
probe. Hence, the following materials are required in addition to standard TRT equipment: 
a tank filled with water, a bypass-valve, a pump and a U-pipe for monitoring purposes. An 
auto bypass-valve for online monitoring of the borehole whilst it is in operation can be also 
purchased. The latter is compatible with conventional TRT equipment and no additional 
materials are required which allows GEOsniff® to also circulate within the heated pipes of a 
TRT. Finally, the key characteristics of the three discussed novel instruments are 
summarized in Table 1. 

Table 1. Key characteristics of the three studied instruments. 

Instrument Geowire Geoball GEOsniff® 

Temperature range -10 – 85 °C -10 – 50 °C -25 – 70 °C 
Maximum temperature resolution  0.06 K  0.05 K 0.01 K 
Sampling time 1 s 0.1 – 25 s 0.03 – 60 s 
Diameter 5 mm 20 mm 20 mm 
Density 3500 kg/m3 1000 kg/m3 1700 kg/m3 
Maximum spatial resolution 0.5 mm 10 mm 50 mm 

Pressure resistance tested until 
40 bar 

tested until 
40 bar 45 bar 

Energy supply and data 
transmission wired and digital wireless wireless 

Sampling capacity no limitation  
(SD card)  1,000 3,200 

Charging time  no required (wired 
power supply) 2 – 7 min 7 – 20 min 

Pipe orientation vertical vertical and horizontal vertical 

Lowering speed (water, U40) configurable 
(0.5 – 5 m/min)  same as the flow 15 m/min 

2.2. Experimental test site and equipment 

A test installation to reproduce a borehole heat exchanger was built for evaluating the 
different temperature measurement devices in a test site in Karlsruhe, Germany (Fig. 2, 
Table 3). The test borehole has a length of 30 m and a diameter of 450 mm, where two cases 
are introduced. The external case is 450 ´ 19.5 mm and covers the borehole. It is filled with 
water to isolate the thermal effects of surrounding subsurface. The internal case, which is 
also filled with water, is 180 ´ 10.7 mm where a single U-pipe of 25 ´ 3.5 mm is lowered 
to a depth of 21.5 m. The U-pipe is chosen because the ball-shaped instruments, GEOsniff® 
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and Geoball, need to be circulated inside a closed pipe loop. During the installation of the 
U-pipe, fiber optics and Pt100-sensor wirelines are taped to the outside surface of the  
U-pipe legs. Along the upper half of the borehole, a heating cable is installed to create a 
different thermal situation apart from the borehole in thermal equilibrium, i.e. undisturbed 
and heated borehole. Although, the ideal evaluation of the instruments appears to be in a 
real BHE or during a TRT, a test borehole isolated from external conditions is chosen as it 
provides a more reliable and controlled environment for the validation of the instruments. 
Moreover, a closed loop heat injection or extraction process is disregarded due to the 
dynamic thermal evolution in the borehole and the impossibility to measure with all 
instruments simultaneously inside the same pipe. Instead, the heated cable approach allowed 
to heat the borehole at a slow rate for measuring with all instruments in 20 min intervals. 

Fiber optic thermometers obtain continuous, high-resolution temperature profiles along 
the length of the pipes using a Raman spectra distributed temperature sensing (DTS) 
technique and complex calibration algorithms [49,50]. In this case, the fiber optic cable 
model Helukabel (A-DSQ(ZN)B2Y 1x4 G50/125 + Cu), which has four fiber optic cables 
inside, is connected to the DTS equipment AP Sensing N4386A of four channels. In channel 
one, fiber optics are connected in a single-ended configuration and in channel two, a  
double-ended configuration. A single-ended configuration involves a DTS which measures  
temperatures along a single cable with only one connection to the instrument. A  
double-ended configuration of the fibers to the instrument makes observations from both 
directions on a looped cable, which has both ends connected to the DTS. Step losses can be 
corrected in a single-ended disposal by calibrating the cable sections on either side of the 
loss (e.g. Hausner & Kobs [51]). Double-ended deployments offer the potential to correct 
for non-uniform attenuation throughout the cable and are therefore preferred. 

Pt100-sensors, Geowire, Geoball and GEOsniff® are calibrated linearly using five 
measurement points (0, 5, 10, 15, 20, and 25 °C) versus a thermometer of ± 0.01 K accuracy 
in a thermal bath stable to within ±0.01 °C. The calibration resulted in coefficient of 
determinations (R2) ranging between 1 and 0.999. 

A linear calibration of the Pt100-sensors, Geowire, Geoball and GEOsniff® is carried out 
by measuring at five points (0, 5, 10, 15, 20, and 25 °C) versus a thermometer of ± 0.01 °C 
accuracy in a thermal bath stable to within ±0.01 °C. 

Table 2. Measured thermal time constant (τ) and uncertainty of the new instruments in the laboratory. 

Instrument Geowire Geoball GEOsniff® 

Thermal time constant (τ) < 2.0 s < 0.5 s < 5.8 s 

Uncertainty (1000 samples) ± 0.062 K ± 0.042 K ± 0.044 K 

The thermal time constant (IEC 60539-1) of the Geowire, Geoball and GEOsniff® is 
measured in the laboratory using a thermal bath of ±0.01 K stability. The instruments are 
programmed with a sampling time of 0.1 s to determine the time required for the probes to 
reach the 63.2% of a 20 K temperature step. The thermal step is created by transporting the 
probes from a thermally isolated box to the thermal bath. Also, the repeatability and stability 
of the temperature measurements in an environment with a stable temperature are studied. 
For this test, the different probes are programmed to measure the temperature every 0.5 s 
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and are inserted in a thermally isolated box while the stability of the temperature inside the 

box is monitored with a high-accuracy thermometer of ± 0.02 K accuracy and ± 0.01 K 

resolution. After 1000 measurements the three probes appealed to be significantly stable. 

The measured uncertainty and thermal time constant are presented in Table 2. 

 
Fig. 2. Layout of the instruments and pipes in the test borehole. Reference and description of the enumerated 

components are presented in Table 3.  

The acquisition and data logger equipment (Hewlett Packard 34970A) is configured to 

read and store the measurements from AA-class Pt100-sensors according to IEC 60751, in 

a four-wire mode. Furthermore, the heating cable is connected to a power supply of 40 V 

and 125 A for injecting 35 W/m throughout the upper half of the borehole. This cable is 
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chosen as it is suitable submerged conditions and it is appropriate to attain the same heat 
transfer as with a TRT. The obtained working conditions in the test installation are similar 
to the ones found in a real BHE in heat extraction mode with zones of different conduction 
capacities; the upper zone with high conductivity and the lower zone with less conductivity. 

A pump by Zehnder (E-ZW 65A 850W, 9.5 m3/h) is used for pumping the flowing sensor 
(Geoball) and pumping out the sinking sensor (GEOsniff®). In addition, the fluid flow rate 
is monitored using a flow meter (WG AG 131692/96, Wasser-Geräte GmbH). 

The data logger equipment from the Pt100-sensors is configured to simultaneously 
measure the temperature of each sensor every minute. The Geowire is initially lowered to 
the bottom and then uplifted to the surface with a spatial resolution of 0.5 m and a lowering 
speed of 1.4 m/min. In a previous study with a pipe of the same diameter [48], the minimum 
waiting time to achieve a thermal equilibrium, as well as avoid possible perturbations 
produced by turbulences when moving the sensor to the next position, is calculated to be 
5 s. Here, the sensor remains static for 5 s every 0.5 m. Afterwards, five samples of 
temperature are recorded with a sampling time of 1 s and the average value is stored in the 
database. By averaging as described in [48], the quality of the digital measurements is 
improved 1 bit to achieve a resolution of 0.03 K and an uncertainty bounded between 
±0.04 K. Thus, the Geowire was able to record a complete temperature profile along the 
length of the pipe in 15 min. The GEOsniff® is configured to record the temperature with a 
sampling time of 0.5 s and a depth resolution of 0.05 m. The device took about 4 min to 
reach the bottom of the BHE. Lastly, the fiber optics equipment is adjusted to integrate the 
temperature along cable lengths of 0.5 m every 15 min. For the second set-up, based on the 
constant water flow, (measured at 0.67 l/s) the Geoball is programmed to obtain a 
temperature sample every 0.38 s storing a sample every 0.5 m. The Pt100-sensors and the 
fiber optics took measurements on the outside of the pipe wall, while the Geowire, Geoball 
and GEOsniff® measured inside the pipe (Fig. 2). 

Table 3. Reference and description of the components involved in the experiment.  

Layout components  Description, reference Num. 
(Fig. 2) 

Test borehole 30 m and a diameter of 450 mm 1 
Outer case 450 ´ 19.5 mm. Filled with water 2 
Inner case 180 ´ 10.7 mm. Filled with water 3 
U-pipe 25 ´ 3.5 mm 4 

Pt100-sensors wireline taped to pipes, AA-class 
acquisition and data logger equipment (Hewlett Packard 34970A) 5 

Fiber optics 
taped to pipes, 

cable model Helukabel A-DSQ(ZN)B2Y 1x4 G50/125 + Cu, 
DTS equipment AP Sensing N4386A 

6 

Heating cable 35 W/m 7 
Geowire wired probe 8 
Geoball flowing probe 9 
GEOsniff® sinking probe 10 
Pump Zehnder (E-ZW 65A 850W, 9.5 m3/h) 11 
Flow meter Wasser-Geräte GmbH (WG AG 131692/96) 12 
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2.3. Test method 

The instruments are evaluated under two thermal set-ups in the experimental borehole: 
with undisturbed temperatures and then after heating the upper half part of the borehole 
(Fig. 2). At the same time, the test is divided into two measuring stages (Fig. 3) dependent 
on whether the instruments measured the temperature of a static fluid (Pt100-sensors, fiber 
optics, Geowire and GEOsniff®) or a specific volume of circulating fluid (Geoball). In the 
first measuring stage, Pt100-sensors, fiber optics, Geowire and GEOsniff® measured the 
temperature along one of the U-pipes, while the water inside the pipe remained still; in the 
second stage, the Geoball is circulated along the entire U-pipe loop by circulating water. 

For the undisturbed borehole, the measurements from the Pt100-sensors, fiber optics, 
Geowire and GEOsniff® are simultaneously considered as the borehole is in thermal 
equilibrium. For the heated borehole, the upper half of the borehole is heated until the  
Pt100-sensors show the temperature increases at a slow rate (0.01 K/h). Each of the 
instruments then measure one temperature profile along the borehole in a total time of  
20 min: from the start of test, the fiber optics and Geowire measured one profile in 15 min, 
Pt100-sensors at 8 min and GEOsniff® at 16 min. Temperature differences smaller than 0.01 
K among the instruments were expected. 

 
Fig. 3. Test procedure diagram. 

With the intention to assess whether the observed differences among the sensors located 
at dissimilar positions are physically reasonable, as well as to evaluate the proper calibration 
of each of the Pt100-sensors and the thermal response of the BHE, an inverse numerical 
heat transfer model is developed (Fig. 4). COMSOL Multiphysics® is used to build a 3D 
finite element model with the same geometry and thermal behavior as the experimental 
BHE. From the available physics-based modules the following are added to the model 
component: laminar single-phase flow (SPF), heat transfer in fluids (HT), non-isothermal 
pipe flow (NIPFL) and non-isothermal flow (NITF). Water, copper and polyethylene (PE) 
materials from the COMSOL library are incorporated to the model component to assign 
thermo-physical parameters of the different domains. The domain representing the volume 
of water inside the outer case is assigned to water, the walls of the inner case are assigned 
to PE, and the inside domain is assigned to water. The U-pipe and heating cable inside the 
inner case are respectively assigned to PE and copper (Fig. 4). 
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Fig. 4. 3D model representation of the experimental borehole heat exchanger. 

The two domains of water are assigned to SPF, HT and NITF physical modules in order 
to reproduce convective and heat transfer effects in the fluid. From the HT module, a line 
heat source with a radius of 0.006 m and a heat source of 35 W/m is added and simulates 
the behavior of the heating cable. A heat transfer in a solid node is added inside the HT 
module and the inner case domain is assigned to this node. Likewise, the U-pipe is assigned 
to the NIPFL module and all the external boundary surfaces of the geometry are defined as 
thermal insulation. 

The Geowire recorded more data points along the experimental BHE than the Pt100-
sensors. Thus, the recorded undisturbed temperature profile from the Geowire is used to 
initialize the different domains. 

The model meshing configuration is crucial to carry out reliable and time-effective 
simulations. When the number of tetrahedral elements is increased, convective and heat 
transfer effects are more pronounced and simulation results adjust more accurately with 
experimental results, however, the computational cost increases. In this case, three 
simulations are run to find the optimal meshing configuration. First, a user-defined mesh of 
1,004,889 elements is used resulting a root mean squared error (RMSE) of 0.31 K in 
comparison with the measured temperature profile. Secondly, a simulation with 1,262,133 
elements is carried out and an RMSE deviation of 0.25 K is calculated. Thirdly, the model 

© ELSEVIER. Reprinted, with permission, from N. Aranzabal et al., Temperature measurements along a vertical BHE: A method comparison, December 2019.



Chapter 6________________________________________________________________ 
 

 90 

 

ELSEVIER - RENEWABLE ENERGY                                                                                                          12 
 

mesh with 1,422,533 elements is run and a similar RMSE of 0.25 K is calculated. Hence, 
the model mesh with 1,262,133 elements is considered to be optimal. Since the first 
simulation iterations of the temperature in the borehole remained constant below 12 m, the 
length of the model is shortened to reduce computational time. The geometrical model input 
parameters are summarized in Table 4. With this, a time dependent simulation is launched 
for a total of 7200 s with a maximum step of 10 s and to save computed data every 100 s. 
The time-stepping algorithm is configured with a relative tolerance of 0.01 and an absolute 
tolerance of 1"!".  

Table 4. Geometrical input parameters for the numerical model. 

Parameter Value (m) 
Borehole depth 13.5  
Borehole radius 0.225  
PE-tube depth 12.5  
PE-tube inner radius 0.0793  
PE-tube outer radius 0.09  
U-pipe length  12  
U-pipe inner radius 0.0125 
U-pipe outer radius 0.016 
Heating cable length 10.75  
Heating cable radius 0.006  

3. Results and discussion 

3.1. Experimental results 

For the borehole in equilibrium, the Pt100-sensors, fiber optics, Geowire and GEOsniff® 
generally obtained constant values below a depth of 6 m (Fig. 5, left). Whereas with the 
heated borehole, temperature measurements were relatively stable below a depth of 
approximately 11 m and increased progressively above 11 m until the surface (Fig. 5, right). 
The Pt100-sensors were used as a reference and considered the most accurate measurement. 
To visualize and assess the reliability of recorded temperatures, Fig. 6 shows the 
measurements of each instrument at the depths of the Pt100-sensors versus the 
measurements from the Pt100-sensors from both the undisturbed and heated borehole.  

The depth-temperature profiles obtained with fiber optics compared with the Pt100-
sensors, show an RMSE difference of 0.378 K for the single-ended configuration and an 
RMSE of 0.397 K for the double-ended configuration (Fig. 6). When the Pt100-sensors 
measured stable values (Fig. 5, below 6 m for the borehole in equilibrium and below 11 m 
for the heated borehole), the temperature measurements for the double-ended configuration 
are about 1 K higher and for the single-ended configuration 2 K higher than those from the 
Pt100-sensors. The observed relatively constant temperature difference between the fiber 
optics measurements and Pt100-sensors along 6-22 m suggests that a dynamic field 
calibration of the DTS equipment is required. Since all component parts of the DTS 
equipment are temperature sensitive (e.g. amplifiers, detector, laser, power supplies), the 
changing ambient temperature is likely to have introduced the observed offset error [49]. 
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Furthermore, the datasets from the fiber optics show some oscillations that may be related 
to the averaging of temperatures every 15 min and for cable sections of 0.5 m. In this case, 
slightly higher oscillations are detected for the double-ended configuration than for the 
single-ended. Additionally, the temperatures near the outer part of the borehole (above 5 m), 
are lower in comparison with the other devices. This is most likely due to the effect of the 
external conditions. 

 
Fig. 5. Measured temperature profiles with the Pt100-sensors, Geowire and fiber optics (single-ended and 

double-ended) for the two thermal set-ups in the borehole (undisturbed and heated). 

Temperature profiles from the Geowire and Pt100-sensors are comparable with a low 
RMSE difference of 0.094 K (Fig. 6) and negligible maximum deviations of 0.31 K at the 
same depths. Similarly, an excellent agreement is found between the GEOsniff® and  
Pt100-sensors with a very low RMSE difference of only 0.075 K (Fig. 6) and a maximum 
deviation of 0.39 K. 

The Geoball is part of the second thermal set-up. Thus, it is not compared with the other 
instruments as it measures the temperature evolution of a fundamental volume of fluid in 
movement, in contrast to the other instruments which measure the temperature of a static 
fluid inside a pipe. Fig. 7 illustrates how the vertical thermal gradient is higher when the 
ball moves down versus when it moves up. This may occur due to the pump being stopped 
for a few minutes after a loop and before the probe is introduced into the pipe and pumped 
again. During this time, the water in the tank, as well as the section of the pipe at the surface, 
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may have heated with the higher outside temperature. Another observation is the decrement 
in the temperature of the entire profile every time the ball completes a loop along the  
U-pipe. Here, the fluid circulating in the closed-circuit exchanges heat with the borehole. 
The Geoball measured the thermal evolution along the whole length of the U-pipe in the 
BHE showing a fast response time over temperature. However, further research is required 
to compare the results.  

 
Fig. 6. Linear adjustment of the Pt100-sensors between the fiber optics (single-ended and double-ended), 
Geowire and GEOsniff®. Each plot includes the linear equation (y), the sum of squares due to error (SSE), 

the coefficient of determination (R2) and the root mean squared error (RMSE). 
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Fig. 7. Obtained depth-temperature profiles with the Geoball for the two thermal set-ups in the borehole 

(undisturbed and heated). 

3.2. Numerical simulations 

Due to the uncertainty resulting from the edge effects outside the borehole (top 
boundary), the first 1.25 m are ignored. After the model simulation, numerical and 
experimental depth-dependent temperature profiles inside the pipe are comparable with an 
RMSE deviation of 0.13 K (Fig. 8). According to the simulation results, there should be 
hardly any significant temperature difference between the outer and inner parts of the pipe. 

Below 6 m in the undisturbed borehole (Fig. 5), the temperature is constant. However, 
the Pt100-sensor at 11.5 m shows a temperature decrement of 0.2 K in comparison with the 
other five Pt100-sensors below 6 m. Hence, the temperature difference found with the 
Pt100-sensor at 11.5 m might be caused by a calibration error. The measurements from the 
Geowire and GEOsniff® also support this assumption as they had the same readings as all 
other five Pt100-sensors. A higher temperature difference was only recorded for the  
Pt100-sensor at 11.5 m. 
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Fig. 8. Measured temperature profiles by the Pt100-sensors and Geowire in comparison with numerical 
modelling results (temperature in measured locations by the Geowire and temperature at Pt100-sensors 

locations). 

3.3. Method comparison 

According to IEC 60751, AA-class Pt100-sensors are very accurate (± [0.1 + 0.0017 
|Temp.|]). However, long boreholes typically require a higher number of sensors. The latter 
directly affects the cost and complexity of the data logger installation (e.g. high cable 
density), which limits its current applications. In addition, the sensors are hard to recover 
after the measurement campaign. 

In contrast, fiber optic thermometers are currently a very popular solution to measure 
the distributed temperature along the pipes of a BHE. Unfortunately, equipment to acquire 
consistent results is expensive, typically ranging between 20,000 and 50,000 € and limited 
with respect to the temperature resolution, spatial resolution, range and measurement speed. 
For example, longer integration times or spatial resolution increase measurement resolution. 
However, this also means loss of information in environments with fast thermal evolution. 
Moreover, the algorithms to calibrate and calculate measurements are complex [49,50]. 
When the fiber optics equipment is kept in an environment with a changing temperature, a 
single calibration is insufficient and a field dynamic calibration is urgently required. A 
possible solution might be to keep an isolated box with ice in the field to calibrate every 
measurement iteration of the fiber optics equipment. Installing fiber optic cables inside the 
down-flow of a U-pipe is relatively easy, whereas measuring the overall length of a U-pipe 
is more complex [29,34]. Another option is to install the fiber optic cables on the outer 

14 16 18 20 22 24
Temperature (ºC)

0

2

4

6

8

10

12

14

16

18

20

22

De
pt

h 
(m

) Geowire measured
Pt100 measured
Geowire numerical
Pt100 numerical

© ELSEVIER. Reprinted, with permission, from N. Aranzabal et al., Temperature measurements along a vertical BHE: A method comparison, December 2019.



________________________________________________________________Chapter 6 

 95 
 

17                                                                                                           ELSEVIER - RENEWABLE ENERGY 
 

 
 

surface of the pipes, as is done in this study. It is important to note that special attention 
should be taken to avoid cable displacements along the pipe diameter [52]. 

The three studied instruments (Geowire, Geoball and GEOsniff®) are an affordable 
alternative in evaluating subsurface temperatures in the near-field or inside a BHE. These 
novel instruments measure instantaneous samples of temperature, where the accuracy of the 
measurements is independent among spatial resolution, temporal resolution and sampling 
time. Thus, after applying a method to estimate the depth-specific thermal conductivity to 
the obtained results, these novel instruments are able to detect small, highly-conductive 
zones that might remain unnoticed with standard DTS equipment or a chain of Pt100-
sensors. 

 Table 5 compares the studied instruments and indicates the difficulties of integrating 
them in a BHE or during a TRT. Apart from understanding the quantitative differences 
between the devices, it is also important to recognize the qualitative differences of each 
instrument in order to assess their applicability to specific tests and studies. 

Table 5. Comparison of the studied instruments. 

Instruments Pt100-sensor-
chain Fiber optics Geowire Geoball GEOsniff® 

Integration in 
existing BHE 
installations 

No Yes, inside pipes but 
complex 

Yes  Yes Yes 

Complex calibration No Yes No No No 
Trade-off between 
integration time, 
spatial and 
temperature 
resolution 

No Yes No No No 

Cost Low High Moderate Moderate Moderate 
Vertical borehole 
heat exchanger  

Yes Yes Yes Yes Yes 

Horizontal borehole 
heat exchanger Yes Yes No Yes No 

Spatial and 
temperature 
resolution 

Low spatial 
resolution 

because wiring 
complexity,  

0.05 K 

For an advance 
equipment, 0.1 K 

integrating every 15 
min along 2 m 

Up to 0.5 mm, 
0.06 K 

Up to 10 mm, 
0.05 K 

Up to 50 mm, 
0.01 K 

4. Conclusion 

To obtain vertically distributed effective thermal parameters of the ground in the vicinity 
of borehole heat exchangers (BHE), distributed temperature data monitoring the thermal 
evolution in a friendly, cost-effective and easily integrable way are required. Hence, in the 
current study the response and characteristics of novel and standard temperature 
measurements were assessed in the laboratory and in the field. From the laboratory tests, a 
fast thermal response time and a negligible uncertainty was measured for the tested devices:  
Geowire (< 2.0 s, ± 0.06 K), Geoball (< 0.5 s, ± 0.04 K) and GEOsniff® (< 5.8 s, ± 0.04 K). 
From the field using two thermal set-ups and conducting various temperature measurements 
with dissimilar devices, the following conclusions can be drawn: 
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• One out of seven Pt100-sensors showed a calibration error of 0.2 K. 

• An excellent agreement was observed between both the Geowire and GEOsniff® in 
comparison with Pt100-sensors with an RMSE deviation of 0.10 K and 0.09 K, 
respectively. 

• The fiber optics (for both single-ended and double-ended) showed a high linearity 
using the Pt100-sensors as a reference. However, a maximum offset of 2 K suggested 
that a single calibration of the fiber optics is insufficient in an environment with 
changing temperatures. 

• Novel instruments such as Geowire, Geoball and GEOsniff® measured the 
temperature instantaneously, while the accuracy of the measurement is independent 
among spatial and temporal resolution and sampling time. In comparison to fiber 
optics, these instruments provide higher spatial resolutions and higher accuracies in 
environments with transient thermal responses like distributed thermal response tests 
(DTRT). 

• The new instruments are easier to integrate in existing boreholes or borehole heat 
exchangers and are also inexpensive. Possible errors during the calibration of 
multiple sensors can also be avoided. 

The quantitative and qualitative differences of the various temperature devices indicate 
that a careful assessment should be carried out, when choosing the instrument, calibration 
procedure and data analysis method prior to the implementation of a TRT or a temperature 
measurement in a borehole. Understanding the most suitable instrument for the specific need 
is crucial for accurate temperature measurements and a successful evaluation of a DTRT or 
other intended analysis. Hence, to avoid oversized ground source heat pump (GSHP) 
systems and unnecessary increased capital costs, novel temperature devices with higher 
accuracy and resolution are required for the determination of spatially distributed thermal 
properties. 
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A Amp 

BHE Borehole heat exchanger 

Cu Copper 

CO2 Carbon dioxide 

DTS Distributed temperature sensing 
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DTRT Distributed thermal response test 

GSHP Ground source heat pump 

GUI Graphical user interface 

h Hour 

HT Heat transfer in fluids 

K Kelvin degree 

kg Kilogram 

l Litter 

IEC International electrotechnical commission 

m Meter 

mm Millimeter 

min Minute 

NITF Non-isothermal flow 

NIPFL Non-isothermal pipe flow 

PE Polyethylene 

POM Polyoxymethylene 

Pt100, Pt1000 Platinum resistance thermometer 

RMSE Root mean square error 

s Second 

SD Secure digital 

SSE Sum of squares due to error 

SPF Laminar single-phase flow 

R2 Coefficient of determination 

TRT Thermal response test 

U40 Geothermal U-pipe with 40 mm of external diameter 

V Volt 

W Watt 

y Linear equation 

 τ Thermal time constant 

ºC Celsius degree 

€ Euro 
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Chapter 7 
Evaluation of the developed instruments 
and method in a real installation during 
a thermal response test  

The general purpose of this chapter is to validate an enhanced version of the 
proposed inverse simulation approach. Using as input, the data 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 DTRT tests. Likewise, the inverse 
simulation method is evaluated with another method to estimate the depth-
dependent thermal conductivity.  

7.1.  Paper IV: Novel instruments and methods to estimate depth-specific 
thermal properties in borehole heat exchangers 

Authors: Nordin Aranzabal, Julio Martos, Milan Stokuca, Willem Mazzoti Pallard, José 
Acuña, Jesús Soret and Philipp Blum. 
Published in: Geothermics, vol. 86, 101813 (2020). 
DOI: https://doi.org/10.1016/j.geothermics.2020.101813 
Impact factor: 3.682 
Quartile (category: “Geosciences, Multidisciplinary”): Q1 (2019) 

Summary: 

This fourth paper introduces improvements to the proposed inverse simulation 
method in Chapter 2. Also, the method is evaluated using the data from the specifically 
designed instrument (Geowire) as input to measure the required temperature profiles. 
The proposed approach in Chapter 2 is based on an iterative simulation process, where 
thermal conductivity of the defined geological layers needs to be adjusted manually until 
it fits with experimental measurements. One single simulation of the model may take on 
the order of days, which may result in a significantly time-consuming task, whereas it 
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might not provide a fully accurate adjustment. For this reason, the inverse simulation 
method is improved by adding an optimization module with a parameter estimation 
solver, to carry out an automatic adjustment of the thermal conductivity along the depth 
of the borehole. In this manner, the improved version of the numerical approach runs 
automatically by reducing the simulation time considerably as well as improving the 
accuracy of the results. 

Additionally, two instruments developed throughout this Ph.D. work (Geoball and 
Geowire) are evaluated during the course of a TRT with the widespread fiber optical 
thermometers. A BHE of 50 m deep is used in a test site in Vallentuna, Sweden. The 
borehole subsurface stratification is characterized by clay until a depth of 6 m. A granite 
and pegmatite bedrock then follow until the end of borehole, which is naturally filled 
with groundwater. In the borehole a single U-pipe and an auxiliary pipe are inserted. The 
U-pipe is connected to a TRT equipment while the auxiliary pipe (observed pipe) is used 
to record the temperature profiles required for the inverse simulation procedure. Fiber 
optical cables are introduced inside the down-flow leg of the U-pipe and inside the 
observed pipe for the evaluation of the Geowire and Geoball. From the experiment 
results, the proposed instruments showed several advantages over the fiber optics. For 
example, they are more convenient to integrate in a TRT, easier to use and are potentially 
a more cost-effective solution. Another positive aspect is that they also measure the 
temperature instantaneously and with higher accuracy. 

On the other hand, the inverse numerical simulation method is evaluated with a 
computer program using fiber optics data as input. The computer program is based on 
the ILS model to calculate the depth-dependent thermal conductivity. The average value 
of the local effective conductivity estimates calculated with both methods is significantly 
close to the global effective thermal conductivity from standard TRT: 1.27% below for 
the computer program and 0.28% below for the numerical procedure. Furthermore, the 
inverse numerical method is implemented using the data from the Geowire as input. In 
this case, the local effective conductivity estimates showed the highest dispersion with 
respect to the global effective conductivity of a standard TRT. A highly conductive zone 
of 5 m long is therefore detected using the novel method and instrument. The proposed 
method also demonstrated the advantage of estimating the conductivity with less input 
data than the computer program based on the ILS approach. 
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Abstract 

Standard thermal response tests (TRT) are typically carried out to evaluate subsurface thermal 
parameters for the design and performance evaluation of borehole heat exchangers (BHE). Typical 
interpretation methods apply analytical or numerical solutions, which assume that the ground is 
homogeneous, isotropic and infinite. However in reality, the underground is commonly stratified 
and heterogeneous, and therefore thermal properties might significantly vary with depth. Thus, novel 
instruments and methods are necessary to characterize thermo-physical properties along the BHE. 
In this study, two novel in-borehole temperature measurement instruments, Geoball and Geowire, 
are assessed during the performance of a distributed TRT (DTRT). The latter is evaluated in 
comparison to the widely used fiber optical thermometers. Our results suggest that both novel 
instruments have several advantages. For instance, both devices are able to instantaneously measure 
temperature with a higher spatial resolution. In addition, our study evaluates two methods to estimate 
depth-specific thermal conductivities: (1) a computer program based on infinite line source (ILS) 
approach and (2) a recently suggested inverse numerical procedure. For the latter less data is 
required, while demonstrating an accurate resolution to even detect thin conductive geological 
layers. Moreover, the average value of the depth-specific local effective estimates for both methods 
is significantly close to the effective subsurface conductivity of 3.20 W/m-K calculated based on 
standard TRT: 1.27% below for the computer program and 0.28% below for the numerical 
procedure. 

Keywords: Ground source heat pump (GSHP); Borehole heat exchanger (BHE); Distributed 
thermal response test (DTRT); Layered subsurface; Thermal conductivity; Energy efficiency. 

1. Introduction 

Detailed information of subsurface thermo-physical properties is crucial to determine 
the right trade-off between cost-effectiveness and energy performance of borehole heat 
exchangers (BHE) [1,2]. Determining geological, hydrogeological and thermal conditions, 
such as thermal conductivity, groundwater effects and initial temperature, are fundamental 
for an optimal design (size, cost and energy efficiency) of ground source heat pump (GSHP) 
systems. Thermal conductivity is a key parameter of heat transfer rate of the BHE with the 
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subsurface (e.g. heat diffusion) [3,4], where heat transfer occurs at a lower rate for lower 
values of thermal conductivity. Nonetheless, this is only true if groundwater is not present, 
as axial advection-influenced conditions significantly increase heat transfer performance of 
the subsurface [5].  

For instance, field samples can be analyzed in the laboratory to measure soil thermal 
conductivity [6]. However, laboratory tests of field samples only provide local information, 
i.e. only for particular zones without contemplating heterogeneities at a larger scale, and do 
not provide any information on local groundwater effects. In addition, laboratory 
experiments can be time consuming and expensive [7], and disruptions during sampling 
processes or transportation might negatively affect the results. 

Nowadays, the standard method to calculate thermal properties of the subsurface is the 
thermal response test (TRT), originally suggested by Choudhary (1976) [8] and Mogensen 
(1983) [9]. The method was further refined with portable equipment in the next decade 
[10,11]. Since then, the in-situ TRT has been extensively used worldwide both in academic 
and commercial applications to calculate the optimal (cost and energy performance 
oriented) length and distribution of BHE [12]. The test is implemented in a pilot closed loop 
BHE and begins under the assumption of ground temperature in equilibrium. A fluid is 
circulated and heated at a constant rate for measuring the transient thermal progression at 
the inlet and outlet of the ground loop. Based on field measurements, two important 
parameters are calculated: effective ground thermal conductivity (λ) and effective borehole 
thermal resistance (Rb). These parameters are often inferred using analytical approaches 
such as the Kelvin line source [13,14], the cylindrical source [15] or the moving infinite line 
source [16]. Previous models assume a constant heat injection rate in a homogeneous, 
isotropic and infinite medium, where heat is merely transmitted by conduction [17]. 
Numerical models with parameter estimation-based solvers (e.g. inverse-modeling or 
history-matching problems) have also been developed addressing geometrical and temporal 
aspects generally ignored by analytical models [18–21]. Due to these assumptions and the 
conventional TRT constraints, the derived parameters represent an effective and integral 
value for the ground surrounding the BHE. However, the typical subsurface geological 
formation is heterogeneous in such that heat transfer occurs at different rates along the BHE 
[22,23]. Moreover, convective effects are neglected in TRT calculations and in this case can 
lead to erroneous approximations for long-term setups [16,20,24]. 

The conventional TRT is widely popular, however it does not always provide enough or 
accurate information to estimate the optimum size for the best trade-off between energy 
performance and cost of GSHP systems. Some studies reported the importance of 
considering depth-specific thermal properties of the subsurface, and demonstrated how the 
size and number of boreholes can be reduced for the same energy demand applications 
[25,26]. For example, the length of the BHE can be limited, when a poorly conductive layer 
is reached, reducing drilling/pipping cost without compromising the efficiency of GSHP 
system. A correct estimation of the depth-specific heat transfer rate between the BHE and 
the subsurface can avoid oversizing, and consequently results in more techno-economic and 
energy-efficient installations. 

In the last decade, several tools and analysis methods have been developed to evaluate 
the depth-specific heat transfer ratio of BHE. These advances are triggered by the rapid 

© ELSEVIER. Reprinted, with permission, from N. Aranzabal et al., Novel instruments and methods to estimate depth-specific thermal properties in BHEs, 2020.



________________________________________________________________Chapter 7 

 107 
 

3                                                                                                                         ELSEVIER - GEOTHERMICS 
growth of GSHP applications, and the necessity in boosting their commercial attractiveness. 
A significant development is the distributed thermal response test (DTRT) to complement 
standard TRT field measurements with temperature profiles along the BHE. Rohner et al. 
[27] designed both a device for measuring the temperature along pipes, and a method to 
estimate the depth-dependent effective thermal conductivities. The device utilizes a small 
wireless probe with a weighted temperature and pressure data-logger that sinks in vertical 
pipes. The probe is flushed back to the surface by turning on a pump. However, this method 
requires precise heat flow maps of the ground in equilibrium, which are hard to find in many 
regions, as for instance, in some areas of Canada and the USA. Martos et al. [48] developed 
a wireless-probe with a spherical shape and data logger (temperature and position). The 
probe has same density as the fluid, thus, being carried at the flow rate inside the pipe loop 
(vertical or horizontal). The exact location along the pipes is then calculated with 
information of pipe geometry and the flow rate. In this study, the device is tested in a BHE 
installation during a TRT by measuring profiles that agreed with the geological conditions 
of the site. Later, the company enOware developed a commercial version of a similar data 
logger probe (temperature and pressure), called GEOsniff®. The probe also has the shape of 
a ball, but with higher density than the fluid allowing it to sink in the vertical pipes. Once 
the probe reaches the bottom, a pump is turned on to circulate the fluid and to expel the ball 
to a tank. Additionally, Raymond et al. [29] conducted a study using a commercial wired-
probe with temperature and pressure sensors called RBRduet, and developed an inverse 
numerical model to extend the effective depth-dependent thermal properties of a TRT to a 
nearby borehole. An advantage of this method is that it can use regional heat flow maps 
(when are available) or a depth-specific temperature profile of an adjacent borehole. 

Fujii et al. [30,31] carried out a pioneer field experiment integrating fiber optic 
thermometers along the depth of the down-flow U-pipe in a vertical BHE. The recorded 
datasets are used as input to a computer program that implements the cylindrical source 
function [32] to determine the effective depth-specific thermal conductivity. This method 
reflected zones likely affected by hydrological conditions (faster temperature variations) 
during the recovery of the temperature. Acuña & Palm [33–35] improved DTRT 
measurement procedure by installing fiber optics along the entire U-pipe. Fiber optical 
cables are inserted inside different borehole heat exchangers for measuring fluid thermal 
progression along the entire pipe circuit. In this study, effective depth-specific thermal 
conductivity and thermal resistance are determined by evaluating the temperature increment 
between the undisturbed ground and the heated/cooled fluid as a function of time. A 
numerical algorithm is processed based on the line source equation [32] and an optimization 
solver (least-squares parameter estimation) calculates depth-specific effective values of λ 
and Rb. Fiber optics have become a valuable tool for obtaining the distributed temperature 
along the length of BHE with more research activities reported in the recent years [36–40]. 
Raymond et al. [41,42] elaborated an approach to implement a distributed TRT by reducing 
the electrical energy consumption needed to heat the BHE in comparison with the standard 
TRT. A cable-assembly divided in heating and non-heating sections is installed in the 
borehole, with temperature sensors embedded at the middle length of each section. 
Temperature datasets are recorded throughout the heat recovery period. The heat injection 
rate, effective subsurface thermal conductivity and effective heat capacity are evaluated 
using a parameter sensitive analysis [43]. A possible set back in this experiment is that the 
thermal conductivity is discretized every 10 m and therefore limit the ability to locate small 
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highly conductive geological layers. Furthermore, the effective (local) borehole resistance 
is not evaluated, even though it is an important design parameter. Wilke et al. [44] provide 
a comprehensive review on the historical and technical developments and the current status 
of distributed (DTRT) and enhanced (ETRT) thermal response tests (TRT).  

Aranzabal et al. [45] introduced a novel DTRT method called observer pipe TRT (OP-
TRT) and an analysis procedure to determine depth-specific thermal properties of the 
subsurface. A U-pipe and an auxiliary pipe filled with water are introduced in a borehole 
while a TRT is conducted in the U-pipe. In this method, the depth-dependent temperature is 
measured in the auxiliary pipe, known as the observer pipe. The undisturbed temperature, 
and the temperature profile at 72 h are used as the input to an inverse numerical model with 
a least-squares parameter estimation solver to determine the effective thermal conductivity 
of geological layers. The resolution of the calculated depth-specific effective λ is correlated 
with the spatial resolution of the measured temperature along the observer pipe. To further 
enhance the accuracy of the latter method, Aranzabal et al. [46] designed and demonstrated 
the applicability of a novel data logger instrument, called “Geowire”, for automatic depth-
dependent temperature measurements along vertical BHEs. Furthermore, Aranzabal et al. 
[47] carried out a comparison study using standard Pt100-sensors, fiber optical 
thermometers, Geowire, Geoball (an enhanced version of the probe designed by Martos et 
al. [48]) and GEOsniff®. In this study, qualitative and quantitative differences of the various 
instruments are evaluated in a 30 m length test borehole. The new instruments (Geowire, 
Geoball and GEOsniff®) showed several advantages over the standard instruments, such as 
easier integration in existing BHE and inexpensive, as well as higher spatial and temperature 
resolution, among others.  

The DTRT has proven to be a useful technique to improve the efficiency and cost of 
GSHP installations. However, more investigations need to be carried out until a method is 
generalized for its practical use during the design phase. Likewise, more research and 
developments are necessary until a design software including heterogeneities and a more 
affordable equipment reaches the market. In this study, the Geoball [48] and the Geowire 
[46], are tested together with the widespread fiber optical thermometer in a BHE. The new 
instruments are a potential cost-effective alternative to fiber optics and might also provide 
some additional advantages. To asses these expected advantages, fiber optical cables are 
inserted in the same pipes as the novel instruments for results evaluation during the course 
of an OP-TRT. Fiber optics and the Geoball are installed in the down-flow pipe and fiber 
optics and the Geoball in the observer pipe, to also compare temperature differences 
between these two pipes. From the collected data, two TRT interpretation methods are 
evaluated:  the analysis method of Acuña et al. [34] and the numerical procedure introduced 
by Aranzabal et al. [45]. Both methods are compared using the obtained fiber optics data in 
the observer pipe however, the method proposed by Aranzabal et al. [45] is evaluated using 
the collected data from the Geowire with a spatial resolution of 0.5 m. Hence, a method and 
a device to determine effective thermal conductivity of depth-dependent layers with a spatial 
resolution of 0.5 m is studied. 
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2. Methodology 

2.1. OP-TRT (Observer pipe thermal response test) 

A borehole is used for the implementation of the OP-TRT at a test site in Vallentuna, 
Sweden. The site geology formation is based on the Bergslagen lithotectonic unit within the 
Svecofennian orogeny, characterized by clay until a depth of approximately 6 m. A granite 
and pegmatite bedrock then follow until the end of the borehole, which is naturally filled 
with groundwater until a depth of 4.3 m. The layout of the borehole for the experiment is 
presented in Fig. 1. The borehole has a diameter of 115 mm and a length of 50 m, where a 
single U-pipe collector and an auxiliary pipe (observer pipe) of 40 mm ́  2.4 mm are lowered 
until a depth of 48.5 m. The U-pipe is connected to portable TRT equipment and the 
auxiliary pipe is used to observe the thermal evolution near the border of the borehole. The 
test is carried out with an approximate duration of 72 h, with a constant heating power of 
1.5 kW and at a constant water mass flow rate of 0.54 l/s. Throughout the test, the heating 
power, flow rate, pressure, inlet temperature, outlet temperature, and environmental 
temperature are recorded every minute by a data logger. The distributed temperature along 
the length of the borehole is measured by fiber optical thermometers and two new 
instruments: the Geowire and the Geoball.  

 
Fig. 1. Bedrock and layout of the borehole in the experiment. The dimensions of the borehole and pipes 

in the horizontal cross section (right) are in a proportional scale with the experimental set-up.  
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Fiber optical thermometers are installed inside the down-flow U-pipe until 41 m and 
inside the observer pipe (filled with water) until 43 m. The working principle of fiber optics 
to integrate the temperature over time and length sections of fiber, is based on the Raman 
optical domain reflectometry [34]. There is a trade-off between temperature resolution, 
spatial resolution, range and speed of measurement (e.g. better temperature resolution is 
achieved with higher integration times or longer length sections). In this case, the fiber optic 
equipment Halo-DTS of Sensornet is adjusted to integrate the temperature every 10 min and 
for fiber sections of 2 m. Fiber optics are connected to the equipment in a single-ended 
configuration. This means that the temperature is measured through the fiber with a single 
connection to the instrument.  

The Geoball, an improved version (smaller size, less weight and longer autonomy) of the 
developed device by Martos et al. [48], is circulated through the heated U-pipe at different 
instances during the test. It is an autonomous probe that flows inside geothermal pipes to 
store samples of temperature with the corresponding position for each sample. The 
electronic circuit is embedded in a spherical enclosure of 20 mm diameter, while the 
temperature sensor remains in direct contact with the fluid to obtain instantaneous samples 
of temperature. The temperature sensing element is a planar Pt1000 from Heraeus, A-class 
according to IEC 60751, mounted on a ceramic subtract of size of 2.1 × 2.3 × 0.9 mm. The 
temperature resolution provided is smaller than 0.05 K. The working principle is based on 
the probe having the same density as the fluid thereby allowing transport at the same flow 
rate. The device is able to calculate its exact location along the pipes with the information 
of the pipe geometry and the flow rate. Moreover, the electronic circuit inside the device 
can detect the initial and end point of the pipe loop for initiating and stopping the acquisition 
process. In this experiment, the probe is introduced at the inlet of the U-pipe and extracted 
at the outlet of the U-pipe by a bypass circuit without interrupting the flow of the TRT. 
When the probe is recovered after a measurement process, the data is downloaded 
wirelessly, while the battery is simultaneously charged. The response time of the probe is 
measured to be faster than 0.5 s. Laboratory tests demonstrated the probe enclosure to hold 
a pressure of at least 40 bar (e.g. a depth of 400 m) without leaking, although it is expected 
to be higher. In this study, the Geoball is adjusted to measure the temperature every 0.5 m 
(every 1.5 s), which is 3 times the response time of the probe. 

On the other hand, the Geowire [46] is an electro-mechanical device with a data logger 
designed to automatically displace a wired temperature sensor down and up along vertical 
geothermal pipes at pre-configured sequences. In this case, the sensor of the Geowire is 
introduced in the observer pipe to measure the distributed temperature at different instances 
during the test. The cable of the sensor is rolled up on a reel, a motor rotates the reel and an 
encoder measures the released cable length to determine the location of the sensor along the 
pipes. The instrument is able to measure instantaneous samples of temperature with a 
maximum resolution of 0.06 K, a spatial minimum resolution of 0.5 mm, an acquisition time 
of less than 1 s and the thermal response time of the probe is reported to be smaller than 2 
s. The user program allows the customization of the acquisition process by configuring 
parameters such as the time between profiles, spatial resolution of different length intervals 
and the displacing speed of the sensor. In this experiment, the Geowire is established to 
displace the sensor with a spatial resolution of 0.5 m and a displacement speed of 
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1.28 m/min. Thus, the time to measure a temperature profile from 4.5 to 48.5 m is of 49 min. 
However, this time does not suppose a drawback when applying its particular analysis 
method (inverse numerical procedure) to measured data. This method only requires two 
temperature profiles as input, (1) subsurface in equilibrium and (2) at the end of the TRT, 
where the thermal evolution in 49 min is negligible. In a previous report [46] the minimum 
time required to achieve a thermal equilibrium after moving the sensor to a new position, 
and to avoid possible perturbations due to turbulences produced by the displacement of the 
small sensor, is calculated to be 5 s. Hence, in this case, the sensor remains still for 5 s in 
each position. After that time, the temperature is measured five times with a sampling 
interval of 1 s and the average value is stored in the database together with its location. 

The Geowire, the Geoball, and the inlet and outlet RTD-sensors of TRT equipment are 
calibrated in the laboratory with a thermal bath and a thermometer of ±0.01 K accuracy and 
±0.005 K resolution. Moreover, the two independent channels of the equipment to read the 
fiber optical cables are calibrated dynamically in the field using an ice bath and a 
thermometer of ±0.025 K accuracy and ±0.001 K resolution. 

 
Fig. 2. Field test installation before the beginning of the test. (a) Geowire; (b) Geoball and its data logger 
reader; (c) Control processing system (d); Geoball insertion and extraction valves; (e) Borehole inlet and 

outlet pipes. 

Fig. 2 shows the field test installation after mounting the instruments and before the 
beginning of the TRT. From the standard TRT measurements (heating power, fluid flow, 
inlet, outlet and ambient temperature) based on the infinite line source (ILS) model of Kelvin 
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[49,50], an effective thermal conductivity of 3.20 W/m-K and an effective borehole 
resistance of 0.10 m-K/W are calculated analytically for the entire subsurface surrounding 
the borehole. 

2.2. Methods to estimate depth-specific thermal properties 

Two methods are carried out to determine the depth-specific effective thermal 
conductivity from OP-TRT results, namely: an analytical solution and an inverse numerical 
procedure. Both these methods are evaluated using the recorded temperature profiles from 
the fiber optical cable installed in the observer pipe. Additionally, the inverse numerical 
procedure is implemented using the obtained temperature measurements with the Geowire. 

The analytical solution is based on the time-superposed ILS approach for parameter 
estimation in TRT presented by Acuña et al. [34].  A computer program calculates the 
transitory response of the temperature difference between the undisturbed ground and the 
borehole wall based on the ILS model [32]. The program superposes the temperature 
responses for different time intervals of transitory heat power steps. The process is carried 
out at each borehole section. The heating power for each segment is defined by the measured 
temperatures at the edges of the section. Further, the sum of squared error (SSE) between 
the experimental and the calculated data is minimized by adjusting thermal conductivity 
(and borehole resistance if calculated during heating) of every section. 

The second method is implemented based on the inverse numerical procedure suggested 
by Aranzabal et al. [45] while incorporating some improvements. The distributed 
temperature in the observer pipe is measured more accurately with specific instrumentation 
(fiber optics and the Geowire). Moreover, a parameter optimization solver is added to the 
model instead of applying an iterative algorithm manually to fit experimental results. This 
allows for an automatic more accurate determination of the depth-specific effective thermal 
conductivity in one simulation iteration. The method is simplified and divided into two main 
steps (Fig. 3): 

Step (a): model calibration (to follow inlet and outlet thermal evolution of the TRT). 
1. Development of a 3D finite element model with the experimental BHE geometry. 
2. Configure the model with measured parameters during the TRT such as dynamic 

heating rate, dynamic flow rate, dynamic ambient air temperature and initial 
subsurface temperature. 

3. Borehole domain: assign thermal properties of the materials in the borehole (e.g. 
grouting material, groundwater, pipes, fluid in the pipes…). 

4. Global subsurface domain: 
- Assign analytically calculated effective thermal conductivity (λ) based on the 

Kelvin infinite line source approach [49]. 
- Assign density and heat capacity of geological materials found during the 

perforation. 
Step (b): parameter estimation (depth-specific thermal conductivity). To carry out this 

step, it is required to measure the distributed temperature in an observer pipe. 
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1. Divide the subsurface in layers along the vertical axis. The number of layers is 

determined by the number of spatial samples measured in the observer pipe. Each 
layer is bounded between two consecutive samples and shifted up half of the spatial 
resolution. 

2. Assign each measured sample of temperature along the observer pipe at 72 h as the 
objective function of each individual layer. Thermal conductivity of each layer is 
assigned as a control variable. 

3. Run simulation. Control variables (thermal conductivity of each layer) are fine-tuned 
by the optimization solver to fit the least-squares multiple objectives function, 
# = ∑ ('!"#,% − '&'(,%))%

'*+ , where ) is the layer number and '% the reference 
temperature for each layer. 

As result, numerical and experimental profiles in the observer pipe fit and the model 
output is the depth-specific effective thermal conductivity profile. 

 
Fig. 3. Layout of the inverse numerical procedure for the OP-TRT. 

2.3. Numerical model 

To carry out the reported procedure by Aranzabal et al. [45] a 3D finite element model 
is developed using COMSOL Multiphysics®. From the physics-based modules, the 
available heat transfer in fluids (HT) and the non-isothermal pipe flow (NIPF) are included 
to replicate the TRT thermal behavior and the BHE geometry (Table 1). Heat is transferred 
merely by conduction and the convective effects are neglected. Nevertheless, if convective 
effects or other effects that may increase/decrease the heat transfer rate of the subsurface are 
present, the model will take them into account as an increment/decrement of the thermal 
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conductivity. Additionally, an optimization module is integrated to implement the inverse 
parameter estimation method. On the other hand, the thermal parameters of groundwater 
inside the borehole are considered constant. 

To simplify computer operations and reduce simulation time, the 3D geometry of the 
model is divided by a 2D symmetry plane onto the XZ axes and the middle of the U-pipe.  

Fig. 4 illustrates the model after applying the symmetry, where the total volume is 
reduced by half and the two domains are represented as two concentric semi-cylinders. The 
bigger half-cylinder depicts the subsurface, while the smaller half-cylinder represents the 
perforation filled with groundwater. The subsurface domain radius and the model meshing 
configuration are based on an earlier report conducted by Aranzabal et al. [45], in which 
optimal COMSOL performance is studied for a vertical BHE. The model mesh, formed by 
generating tetrahedral elements refined for the borehole and the pipes, contained 
676,995 elements. 

A thermal conductivity of 2.9 W/m-K is assigned to the borehole domain. This values is 
estimated based on the Nusselt number for natural convection in groundwater-filled 
boreholes [51] by calculating the modified Rayleigh number from [52]. 

Due to the applied symmetry, the injected heat power and fluid flow are divided by two 
with respect to the experimental values. The injected heat source is set with a constant power 
of 0.75 kW and the water pump with the measured dynamic flow rate (average value of 

 
Fig. 4. 3D model of the experimental BHE. 

Table 1 
Simulation parameters. 

Parameter Value 

Borehole depth (m)  50 m 
Borehole radius 57.5 mm 
Observer pipe depth 48.5 m 
Pipes inner radius 17.6 mm 
Pipes outer radius 20 mm 
U-pipe length 48.5 m 
Subsurface radius 0.75 m 
Subsurface depth 50 m 
Subsurface effective 
thermal conductivity 3.2 W/m-K 

Groundwater 
effective thermal 
conductivity 

2.9 W/m-K 

Groundwater heat 
capacity 850 J/kg-K 

Groundwater density 2600 kg/m3 
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0.27 l/s). With the NIPF module the pipes are represented as a line; then by setting the pipe 
properties (shape, dimensions and flow resistance), pump configuration (location, fluid flow 
and direction), fluid properties, pressure, heat source and initial temperatures, COMSOL 
implements the required calculations to simulate the heat transfer in the pipe surroundings. 

The model time dependent solver is configured to simulate a TRT for three days and to 
record data every 20 min. The initial temperature of the subsurface domain is established as 
the measured distributed temperature profile before the pre-circulation (undisturbed) and 
the initial temperature of the borehole domain as the measured distributed temperature 
profile after the pre-circulation. In addition, the measured transitory outdoors temperature 
during the experimental TRT is assigned to the top boundary domain of the semi-cylinder. 

The model calibration step is conducted by assigning the analytically calculated effective 
thermal conductivity of 3.2 W/m-K and the volumetric heat capacity of granite-pegmatite 
to the subsurface. Fig. 5 illustrates the superposition of the obtained numerical (after the 
calibration) and experimental results at the inlet and the outlet of the TRT. 

 
Fig. 5. Superposition of inlet and outlet temperature evolution for the experimental TRT, and numerical 

model results after the calibration. 

To implement the proposed OP-TRT, it is recommended to keep a uniform distance 
between the geothermal pipes with separators of polyethylene distributed along the depth. 
Unfortunately, in this experiment it was not possible, hence the uncertainty is reduced by 
optimizing the position of the observer pipe using a Nelder-Mead derivative-free (gradient-
free) method. The distance between the observer pipe and the center of the U-pipe legs is 
the control variable, and the average value of the measured in-situ distributed temperature 
profile at 72 h is the objective function. Only a minute difference of 0.0008 K is calculated 
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between the average value of the experimental measurements and the average value of the 
numerical results. 

The model is calibrated for estimating the depth-specific thermal conductivity by fitting 
inlet and outlet thermal evolution during the entire TRT, as well as the average value of the 
distributed temperature profile in the observer pipe between the model and experimental 
data at 72 h. The domain of the subsurface is divided into as many layers along the depth 
(Z axis) as the number of the temperature samples acquired throughout the observer pipe. 

 
Fig. 6. (1) Yellow curve: represents the results from the model after the optimization of the observer pipe 
position to fit the average value of the experimental data. (2) Red curve: represents the results from the 
model after the optimization of !(z) to fit experimental data. (3) Blue points: represent the recorder 
experimental data by the Geowire in the observer pipe at 72 h. 

After the model calibration in order to calculate the depth-specific conductivity, two 
models are developed using the Levenberg-Marquardt optimization method (minimization 
type, sum of objectives, optimality tolerance of 0.001 W/m-K and maximum number of 
objective evaluations of 1000): (1) using the collected data from the fiber optics and (2) 
using the data from the Geowire. The fiber optics integrates the temperature every 2 m, 
therefore the subsurface is divided into 20 layers. A line along the center of the observed 
pipe is added to simulate the fiber optical cable and the average temperature of each 2 m is 
used as target for the fitting. Then, the thermal conductivity of each layer is assigned as the 
control variables to fit each layer target temperature with the experimental data. Similarly, 
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the model using Geowire data as input is divided into 90 layers with 90 points added inside 
the center of the observer pipe. The temperature in each point is used for the model as the 
reference to fit the thermal conductivity of each layer with the experimental data. 
Subsequently, an estimation of the depth-specific effective thermal conductivity for each 
measured layer is obtained from the results of the model. 

As an example, Fig. 6 presents: (1) the superposition of the model results after the 
optimization to adjust the observer pipe position to fit the average value of the experimental 
data in the observer pipe by the Geowire, (2) the results of the model optimization to adjust 
the depth specific thermal conductivity to fit experimental data and, (3) the experimental 
measurements in the observer pipe by the Geowire at 72 h. Experimental temperature data 
obtained with the Geowire compared with the temperature profile calculated by the 
numerical model after optimization of *(+) presented a root mean squared error (RMSE) 
deviation of only 0.0001 K. 

3. Results and discussion 

3.1. Experimental results 

Fig. 8 shows the temperature depth-profiles using fiber optics throughout the DTRT 
every 10 min. As expected, the temperature increases faster in the down-flow section of the 
heated U-pipe than in the observer pipe (around 2 K higher). In the observer pipe, more 
pronounced temperature fluctuations were measured compared to those in the down-flow 
pipe, due to the different thermal properties of the geological layers (see also Fig. 9 and  
Fig. 10). This effect can be explained and calculated by building an equivalent model of the 
borehole based on a network of thermal resistances and capacitances across the horizontal 
section [45]. As a simple example, from the simplified thermal resistance circuit in Fig. 7, 
where Tdf is the temperature in the TRT down-flow pipe, Tobs is the temperature in the 
observer pipe, Tfg is the far ground temperature, Rb is the borehole thermal resistance and 
Rg is the ground thermal resistance, the heat flow (Q) from the observer pipe until the far 
ground can be calculated with the following equation: 

(1)                                         , = ,!"-,#$%
."

→ '/0& = '12 − (,. /2) 

By clearing Tobs it is possible to observe the impact of Rg in Tobs, which significantly 
varies for layers with differing thermal resistance. On the other hand, the temperature inside 
the down-flow pipe corresponds to the temperature of a specific volume of fluid in 
movement, where the heat flow is highly influenced by the fluid flow rate. In this experiment 
the heated volume of fluid lost less than 1 K every time it completed a loop in the closed 
circuit. This means that for intervals of 5 m the temperature changed less than 0.05 K 
explaining the almost straight line which was observed for the temperature distribution 
along the down-flow graph presented in Fig. 8. On the contrary, the fluid inside the observer 
pipe remains static, monitoring progressively how the injected heat along the down-flow 
pipe is transferred at different rates due to alterations in thermal properties of the ground. 
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Fig. 7. Simplified thermal resistance circuit across the horizontal section of the borehole. 

 
Fig. 8. Obtained distributed temperatures by the fiber optics in the down-flow pipe (top) and observer pipe 

(bottom) during the DTRT every 10 min. 

The measurements at the first 9 m of the fiber optics are removed from the study due to 
the high influence of outside variable temperature in this layer. 

Fig. 9 illustrates the recorded temperature datasets along the heated U-pipe of the TRT 
by the fiber optics (down-flow) and the Geoball (down-flow and up-flow), as well as the 
RTD-sensors at the inlet and the outlet of the TRT equipment. The data is presented after 
24 h of non-heated fluid circulation (pre-circulation), as well as 3 h, 24 h, 48 h and 72 h 
from the beginning of the TRT. A strong agreement is found between the first and the last 
measurements of the Geoball and the RTD-sensors at the inlet-outlet of the installation with 
an RMSE deviation of 0.0348 K, a SSE of 0.0007 and a coefficient of determination (R2) of 
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0.9992. Likewise, there is a strong agreement between the fiber optics and Geoball 
temperature-depth measurements, with an RMSE difference of 0.0488 K, an SSE of 0.1978 
and an R2 of 0.9997.  

 
Fig. 9. DTRT thermal evolution for the fiber optics (down-flow) and the Geoball (down-flow and up-flow) 

inside the heated U-pipe, as well as the inlet and outlet temperature measured by the RTD-sensors in the 

TRT equipment. 

In Fig. 10 the temperature profiles inside the observer pipe obtained using the fiber optics 
and the Geowire throughout the TRT are presented. The data is depicted for the subsurface 
in thermal equilibrium (undisturbed); after 24 h of non-heated fluid circulation (pre-
circulation); 3, 24, 48 and 72 h from the beginning of the TRT; as well as 2 h after stopping 
the heat injection (recovery). The temperature variations for the recovery profile correspond 
with the obtained profiles during the heat injection. Thus, the observed temperature 
variations must be due to geological layers with different thermal parameters and not caused 
by displacements of either the observer pipe or the U-pipe inside the BHE. Additionally, the 
recovery profile also shows a layer between 28 and 33 m with a faster heat transfer rate 
which might indicate the presence of groundwater flows. 

When measuring the nearly stable temperature of the borehole in the observer pipe after 
the pre-circulation (Fig. 10), the average temperatures obtained using the fiber optics every 
2 m are in good agreement with the Geowire measurements at the same depths, having an 
RMSE deviation of 0.0803 K. However, this deviation increases when a thermal evolution 
is present in the borehole due to the heat injection of the TRT. At 3 h, 24 h, 48 h and 72 h 
after the beginning of the TRT, RMSE deviations of 0.2704 K (3 h), 0.2725 K (24 h), 
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0.2098 K (48 h) and 0.1977 K (72 h) are found respectively. A maximum absolute difference 
of 0.74 K is observed between the average temperature measurements from the fiber optics 
and the instantaneous measurements of the Geowire. Similarly, this effect can be better 
identified in Fig. 11. This figure represents the measured temperature samples by the fiber 
optics against the Geowire (for the depth locations of the fiber optics) at pre-circulation, 3 
h, 24 h, 48 h and 72 h. Plot (a) presents the linear adjustment between the obtained data 
from both instruments and plot (b) the residual values after removing the temperature offset. 
With the fiber optics, the equipment that reads the temperature integrated the measured 
values over cable lengths of 2 m and for time intervals of 10 min, therefore yielding average 
values. On the other hand, although the Geowire measured each profile in 49 min, it 
measured the temperature instantaneously (for precise time instants) in each depth-specific 
position instead. The time interval between displacements of the probe (0.5 m) and a new 
measurement is of 40 s. This may explain why it can be inferred that the Geowire more 
accurately detects the temperature fluctuations attributed to the geological layers with 
different thermal properties. With this, it can be reasoned that the Geowire could have the 
advantage of detecting thin highly or poorly conductive layers that may be concealed by the 
implemented distributed temperature sensing (DTS) technic of the fiber optics equipment. 
It should be noted that a highly conductive layer might be an indication of groundwater 
flow, which could have a significant impact in the long-term operation of the BHE. 

 
Fig. 10. DTRT thermal evolution for the fiber optics and the Geowire along the observer pipe. 
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Fig. 11. Fiber optics measurements against the Geowire (same depth resolution as the fiber optics) at pre- 

circulation, 3 h, 24 h, 48 h and 72 h. (a) linear adjustment between both instruments, (b) residuals after 
removing the thermal offset. 

3.2. Estimated depth-specific thermal conductivity 

Fig. 12 shows the calculated depth-specific thermal conductivity profiles (effective 
values) by the inverse simulation method firstly using the data from the Geowire as input, 
and secondly using the data from the fiber optics. With the computer program based on ILS 
model as the basis for calculation, the figure also illustrates the depth-specific effective 
conductivity using the fiber optics data as input. In addition, the analytically calculated 
effective thermal conductivity for the global subsurface surrounding the borehole using inlet 
and outlet temperatures from the TRT is also presented. 

Table 2 presents the thermal conductivity estimates for the different methods and its 
deviation over standard TRT. Global 0!11 is calculated by averaging the depth-specific local 
estimates for the different methods. In addition, the deviation of the global and local 
estimates is calculated by using the global effective thermal conductivity value from the 
standard TRT (analytical approach based on ILS). Global thermal conductivity from the 
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latter models and data inputs are significantly close to that of the standard TRT based on the 
ILS model. 

 
Fig. 12. Estimated depth-specific effective thermal conductivity along the borehole by the inverse numerical 
simulation (Geowire and fiber optics), by the computer program based on ILS approach (using fiber optics 
data) and effective thermal conductivity of the global subsurface based on ILS approach (using inlet and 

outlet temperatures from the TRT). 

Local effective thermal conductivity determined with the inverse numerical model at 
each measured depth with the Geowire are within -44% to +56% of the effective global 
subsurface conductivity calculated analytically by the ILS approach (standard TRT). The 
global conductivity by averaging the 90 local estimates is 1.31% above the entire subsurface 
effective estimate. The local effective conductivity estimated with the inverse numerical 
model at each measured depth through fiber optics are within -16% to +19% of the effective 
subsurface conductivity. The global value determined by averaging the 17 local estimates is 
0.28% below the effective subsurface conductivity. On the other hand, the local effective 
conductivity estimated with the computer program based on ILS approach at each measured 
depth with fiber optics are within -9% to +17% of the effective subsurface conductivity. The 
global value determined by averaging the 16 local estimates is 1.27% below the effective 
subsurface conductivity. 
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Table 2 
Thermal conductivity estimates for the different methods and deviation over standard TRT. 

Method Data input 
Global !&'' 

W/m-K 
Global estimate Local estimates 

Analytical 
approach 
based on ILS 

Tin/Tout 
from TRT 

3.20  
Standard TRT 

(reference) 
Standard TRT 

(reference) 

Inv. num. 
model 

Geowire  
(90 layers) 

3.25 1.31% above -44% to +56% 

Inv. num. 
model 

Fiber optics 
(17 layers) 

3.19 0.28% below -16% to +19% 

Computer 
program based 
on ILS 

Fiber optics 
(17 layers) 

3.16 1.27% below -9% to +17% 

 

 
The local effective conductivity estimates for the inverse numerical method and the 

Geowire between 4.5 to 8.5 m are within 1.7 and 2.8 W/m-K. These values do not seem 
realistic and probably are related to the effect of the outside ambient air temperature. At this 
depth the subsurface temperature is higher, and the model adjusted to the reference 
temperature by lowering the conductivity. Likewise, the high conductivity values estimated 
between 45.5 to 48.5 m might be due to a border effect between the end point of the heat 
injection and the non-heated ground. 

Additionally, the inverse numerical model when using Geowire data as input also shows 
a highly conductive zone between 28 and 33 m with an average value of 4.33 W/m-K. The 
conductivity of this layer is 35% above the global subsurface conductivity. The numerical 
procedure assigns all the heat transfer related processes over thermal conductivity, hence 
this highly conductive zone could be interpreted as a zone influenced by groundwater flow. 
However, this highly conductive zone is attenuated when using fiber optics data as input. 
This is expected since the measured temperature-depth profiles from fiber optics, especially 
at 72 h, show less temperature fluctuations for subsurface layers with different thermal 
properties (Fig. 10). In this case, an average value of 3.37 W/m-K is calculated, which is 
just 5% higher than the global subsurface conductivity. On the other hand, this conductive 
zone is not detected by the computer program based on ILS model using the fiber optics 
measurements as input. With the latter method, an average conductivity of 3.02 W/m-K is 
estimated for this zone which is even 6% lower than the global subsurface conductivity. The 
yielded lower conductivities for the time-superposed ILS method might be due to the 
performed calculations over the duration of the TRT, while the inverse numerical model is 
only optimized for the temperature profile at 72 h. This is especially true if the zone has 
some groundwater flow, which is indicated towards the end of TRT. 

After the optimization of the observer pipe position for the inverse numerical procedure, 
the observer pipe is positioned in the middle between the two U-pipe legs (inlet, outlet). As 
the position of the pipes in the experimental borehole might have changed along the depth, 
two additional simulations were conducted by shifting the observer pipe to the top-left and 
top-right sides of the borehole. The conductivity profile for these three cases showed the 
same shape, but with an offset of -0.25 W/m-K for the left and right shifted cases over the 
observed pipe position after the optimization (middle). Results are presented in Table 3, 
where after optimizing the observer pipe position, the global estimate, shows the closest 
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agreement with the global estimate of the analytical ILS method. 

Table 3 
Results of the change in observer pipe position for the inverse numerical simulation method. 

Method Data input 
Obs. pipe 

position 

Global !&'' 

W/m-K 

Global 

estimate 

Local 

estimates 

Local 

estimates 

W/m-K 

Analytical 

approach 

based on 

ILS 

Tin/Tout 

from TRT 
- 3.20  

Standard 

TRT 

(reference) 

Standard 

TRT 

(reference) 

- 

Inv. num. 

model 

Geowire  

(90 layers) 

Optimized 

(middle) 
3.25  

1.31% 

above  

-44% to 

+56% 
reference 

Inv. num. 

model 

Geowire  

(90 layers) 

Left 

shifted 
2.99  

6.46% 

below 

-36% to 

+44% 

-0,66 to 

+0,02 

Inv. num. 

model 

Geowire  

(90 layers) 

Right 

shifted 
2.99  

6.37% 

below 

-36% to 

+43% 

-0,67 to 

+0,01 
 

 
The main advantage of the approach based on the inverse numerical model is that the 

depth-specific conductivity is estimated using only two temperature profiles as input: (1) 
the subsurface in thermal equilibrium and, (2) at the end of the TRT. However, it is 
important to measure the objective profile (at the end of the TRT) with high accuracy as 
errors in the measurement might have a considerable impact on the estimation of thermal 
parameters. For this reason, it is recommended that a few profiles are measured 
consecutively to verify repeatability, as the temperature at the end of the TRT (72 h) 
increases at a relatively slow rate. Likewise, an application of an adequate instrument with 
rigorous repeatability (e.g. Geowire) can avoid uncertainties in the objective profile. The 
computer program based on the ILS model, requires continuous temperature measurements 
during the course of a TRT instead. It should be noted however, that the computer program 
estimates one local conductivity value less than the inverse numerical model for the same 
amount of input data, plus, axial effects are neglected. The drawback of the inverse 
numerical approach is that the 3D numerical simulations are cumbersome and time 
consuming. Nevertheless the model can be simplified by a Borehole-to-Ground (B2G) 
approach [53–55]. This solution substantially reduces the computational cost and simulation 
time by an equivalent model based on thermal networks and a vertical discretization of the 
borehole. 

In this test, the combination of the inverse numerical procedure and the use of the 
Geowire estimated the effective conductivity of the depth-specific layers with a spatial 
resolution of 0.5 m, which has not yet been achieved with other methods. 

4. Conclusion 

In this study, thermal properties of a heterogeneous subsurface were investigated in the 
field using an observer pipe thermal response test (OP-TRT) using fiber optical 
thermometers and two novel in-borehole temperature instruments: Geoball and Geowire. 
The obtained data were evaluated by two different procedures to estimate depth-specific 
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thermal conductivities of the subsurface: (1) an inverse numerical model and (2) a time-
superposed computer program based on the infinite line approach (ILS) approach. 

Temperature measurements along the observed pipe of the OP-TRT showed amplified 
temperature differences produced by depth-specific geological layers with different thermal 
properties in comparison with the heated down-flow pipe of the TRT. 

Positive results were obtained highlighting the effective performance of the novel 
instruments, where the following agreements were observed between: 

• The Geowire and the fiber optics when measuring the stable subsurface 
temperature before the TRT. 

• The instantaneous measurements collected with the Geoball and the average 
temperature measurements of the fiber optics. 

• The RTD-sensors of the TRT equipment and the first/last samples of the Geoball. 

The investigation also demonstrated that the fiber optics loses information when 
integrating the temperature over cable lengths and time steps. This is caused by the different 
rates of thermal evolution along the static fluid in the observer pipe due to heterogeneities 
in the subsurface. This is not the case for the Geowire, since it measures instantaneous values 
of temperature in each depth-specific location, providing a more accurate temperature 
profile of the subsurface. Even though a temperature profile measured by the Geowire is not 
synchronized in time as it is for the fiber optics, the time difference between a displacement 
of the probe and a new measurement is small (40 seconds for the Geowire configuration in 
this study). For the Geoball, the time between consecutive spatial measurements is even 
smaller with only 1.5 seconds. Likewise, both Geoball and Geowire have proven to measure 
the temperature with a higher spatial resolution than the widely used distributed temperature 
sensing (DTS) equipment used in this study. 

Meanwhile, the average conductivity of the depth-dependent local effective estimates 
for both the inverse numerical model and the computer program based on the ILS approach 
are significantly close to the global subsurface effective conductivity of 3.20 W/m-K based 
on standard TRT, 0.28% and 1.27% below respectively. Another achievement of this work 
was the successful improvement of the inverse numerical procedure by incorporating a 
parameter optimization solver to reach a more accurate solution in one simulation iteration. 
By adding the optimization solver both the model validation and result estimation processes 
have become automatic. An advantage of the inverse numerical model is that it only requires 
two temperature profiles as input, while the method based on ILS approach requires a 
continous temperature monitoring of the subsurface instead. On the other hand, the local 
effective conductivity estimates from the inverse numerical procedure using the Geowire 
data as input showed the highest dispersion with respect to the global effective conductivity 
of a standard TRT. A highly conductive layer of 5 m long is therefore detected using the 
novel instrument. This layer might be caused by the presence of groundwater flow, which 
would essentially improve the heat transfer efficiency of the borehole heat exchanger 
(BHE). Whereas using the same method with the fiber optics data made this layer less 
perceivable, indicating another advantage of the Geowire. 

The cost of a commercial version of either the Geoball or the Geowire is potentially 
more affordable than fiber optics equipment. However, these novel instruments are still in 
a pre-prototype stage and lack to embed a method for calculating the depth-specific 
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conductivity through some last fully automated validation tests to reach a commercialization 
stage. Likewise, further development may lead to more advanced computational algorithms 
for estimating energy savings depending on ground thermal properties, size and power 
requirements of the installation. 
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OP-TRT Observer pipe thermal response test 
Pt1000 Platinum resistance thermometer 
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Q Heat flow 

RMSE Root mean square error 

s Second 

SSE Sum of squared errors 

/) Coefficient of determination 

/0 Borehole thermal resistance 

/2 Ground thermal resistance 

RTD Resistance temperature detector 

'31 Temperature in the TRT down-flow pipe 

'!"# Experimental temperature 

'12 Far ground temperature 

''% Inlet temperature of TRT  

'&'( Temperature from simulation 

'/0& Temperature in the observer pipe 

'/45 Outlet temperature of TRT  

TRT Thermal response test 

W Watt 

y Linear equation 

2D Two dimensional 

3D Three dimensional 

0 Thermal conductivity 

0!11 Effective thermal conductivity 

) Subsurface depth-specific layer number 

ºC Celsius degree 
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Chapter 8 
Conclusion and future work  

This final chapter presents the general and specific conclusions drawn from this 
doctoral thesis. In addition, this chapter identifies possible lines of future work that 
could be derived from this Ph.D. study. At the end, the scientific publications and 
contributions related to this Ph.D. work are also listed. 

8.1.  Conclusion 

The TRT method and instruments proposed in this Ph.D. thesis proved to be a useful 
insight for improving the optimization of ground source heat pump systems in terms of 
energy efficiency as well as reducing the capital investment. Additionally, this Ph.D. 
study gives an overview in estimating the depth-specific thermal properties of the ground 
surrounding a borehole or borehole heat exchanger (BHE). 

A new method, called observer pipe TRT (OP-TRT), was proposed to calculate the 
depth-specific thermal conductivity of the geological layers crossed by the perforation 
of a borehole. This method is based on an additional measurement that can be 
implemented in combination with the standard TRT by enhancing its results: A 
temperature profile along the length of an auxiliary pipe, called observed pipe, filled 
with water and inserted in parallel to the heated U-pipe legs. Moreover, an inverse 
simulation procedure was developed to estimate the depth-specific thermal conductivity 
from the data collected during an OP-TRT. With the intention of evaluating the proposed 
method, a first experiment was carried out by lowering a wired temperature probe 
manually into the observer pipe during a TRT. This experiment is presented in  
Chapter 3, where the following conclusions can be drawn: 

x The OP-TRT proved to reflect on a larger temperature scale the thermal 
fluctuations produced by layers with different thermal properties and, therefore, 
requiring less accurate sensors for more detailed results. 

x The OP-TRT and the inverse numerical procedure were evaluated as a 
potentially viable method to measure the depth-specific thermal properties of 
the subsurface surrounding a BHE. 

x From the obtained results and by implementing the inverse numerical approach, 
a highly conductive zone between 24 and 26 m was detected, likely dominated 
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by groundwater flows. 

After the positive results of the OP-TRT and the inverse numerical method, the 
research efforts associated with this Ph.D. work were oriented towards the development 
of a specific instrument, called Geowire, to reliably measure temperature profiles along 
the observer pipe. As described in Chapter 4, the operation of the Geowire was first 
analyzed in the laboratory, and second in a test BHE using standard Pt100-sensors as 
reference. 

x Measurements between the Geowire and Pt100-sensors were comparable 
demonstrating its applicability (mean square error of 0.042). 

x The Geowire proved to be a valuable device to measure high spatial, temporal 
and temperature resolution profiles (0.5 mm, 750 ms, 0.06 K). 

x Further features of the Geowire were positively validated such as: automatic 
data recording at pre-defined time intervals; small uncertainty in the 
measurements (±5 mm in 10 m, ± 0.06 K); acceptable probe thermal response 
time, user-friendly interface; remote monitoring and control; alarms for 
detecting anomalies during its operation; and its extensive capacity to store data. 

Also, an enhanced version of the flowing probe (Martos et al., 2011), called Geoball, 
was developed and analyzed in the laboratory (Chapter 5). From this study the following 
conclusions can be drawn: 

x Further improvements over the first version, such as smaller size, less weight 
and longer operation time. 

x Suitable to obtain spatial and temperature measurements inside geothermal 
pipes along the entire pipe loop (down- and up-flow). 

x  Suitable for both vertical and horizontal pipe arrangements. 

Afterwards, the two instruments developed in this Ph.D. work (Geowire and 
Geoball) were evaluated with new and standard commercial in-borehole temperature 
measurement instruments, such as the GEOsniff®, fiber optical thermometers and  
Pt100-sensors chain. The key features of these instruments were assessed first in the 
laboratory, and second in a test BHE isolated from external conditions (Chapter 6). This 
method comparison study suggested that practitioners should carefully evaluate 
quantitative and qualitative differences of each instrument, calibration procedure and 
data analysis method prior to the implementation of a distributed thermal response test 
(DTRT. 
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x From the laboratory tests, a fast thermal response and a negligible uncertainty 
was measured with the Geowire (<2.0 s, ± 0.06 K) and Geoball (<0.5 s,  
± 0.04 K). 

x The new instruments demonstrated to measure the temperature with high spatial 
and temperature resolutions: Geowire (0.5 mm, 0.06 K) and Geoball (10 mm, 
0.05 K). 

x The Geowire and Geoball measured the temperature instantaneously, while the 
accuracy of the measurement is independent among spatial and temporal 
resolution and sampling time. In comparison to fiber optics, these instruments 
provide higher spatial resolutions and higher accuracies in environments with 
transient thermal responses, e.g. during a DTRT. 

x They do not require a dynamic calibration for accurate results, are easier to 
integrate in existing boreholes, and are also a more cost-effective solution. 

x Errors in the calibration of multiple sensors can be avoided, as it may be the case 
with a chain of sensors. 

In the last experiment (Chapter 7), an OP-TRT was carried out in a BHE facility. 
Fiber optical thermometers were introduced inside the down-flow leg of the U-pipe and 
inside the observed pipe for the evaluation of the Geowire and Geoball. Also, the  
depth-specific conductivity was assessed using the recorded data along the observed 
pipe by the suggested inverse simulation method and a computer program based on the 
infinite line source: 

x Temperature measurements along the observed pipe of the OP-TRT showed 
amplified temperature differences produced by depth-specific geological layers 
with different thermal properties in comparison with the heated down-flow pipe 
of the TRT. 

x The Geoball and the Geowire once more proved to obtain higher spatial and 
temperature resolution measurements than the widely used fiber optics. 

x The inverse numerical model was effectively improved by incorporating a 
parameter estimation solver. Both the accuracy of the results and simulation 
time were significantly enhanced by an automatic process to fit the objective 
temperature profile (observer pipe) in a single simulation iteration. 

x Comparable results were found between the average of the local effective 
estimates from both data analysis methods and the global subsurface effective 
conductivity calculated based on standard TRT: 1.27% below for the computer 
program and 0.28% below for the inverse numerical model. 
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x The local effective conductivity estimates from the inverse numerical method 
using the Geowire data as input showed the highest dispersion with respect to 
the global effective conductivity of a standard TRT. Thus, a highly conductive 
zone of 5 m long was detected using the proposed instrument and method. 

x The inverse numerical method proved the advantage of only requiring two 
temperature profiles as input: (1) undisturbed ground and (2) at the end of the 
TRT. 

8.2.  Future work 

This doctoral thesis has presented advances in the extent of estimating the heat 
transfer efficiency of the geological layer crossed by the perforation of a borehole. 
However, the method to calculate the thermal properties in the ground still has margin 
for improvements and the instruments still are in a pre-prototype stage. In this sense, the 
logical line for continuation of this research work is enumerated as follows: 

x Improvements on the inverse numerical model. In the proposed model, 
convective effects are neglected and only conduction is considered as heat 
transfer mechanism. The development of an enhanced model including 
conductive-advective effects is likely to expand the results. In that case, a more 
detailed information of the axial effects can be inferred, as for instance, an 
assessment of the location and velocity of groundwater movements. 

x Automatic measurements with the Geoball. In this study, the probe was inserted 
at the inlet of the U-pipe and extracted at the outlet of the U-pipe by a manual 
bypass circuit without interrupting the flow of the TRT. However, the manual 
valves can be replaced by electro-valves and the measuring process can become 
fully automatic. After each measurement along the pipe loop the probe can be 
stored in the bypass valve, while the data can be wirelessly transmitted, and the 
battery simultaneously charged. In this manner, the insertion of the ball can be 
controlled to obtain continuous temperature datasets at pre-defined time 
intervals. With an automated bypass system, the instrument can implement 
remote management and visualization functionalities. 

x Embed a method to estimate the depth-specific thermal properties. The 
processing system developed to control the Geowire has enough resources to 
embed a DTRT analysis method. The simulation of the proposed numerical 
model is cumbersome and time-consuming. However, the model could be 
simplified, for example, by a Borehole-to-Ground (B2G) approach (Ruiz-Calvo, 
2015; Ruiz-Calvo et al., 2015). In this manner, the instrument can embed a 
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method to directly plot a depth-specific thermal conductivity after recording the 
data during an OP-TRT. Similarly, this insight is feasible for the Geoball. The 
processing system is optimal to control and read the dynamic measurements 
inside the pipe loop during a DTRT. Another option may be to embed a 
simplified method to estimate the conductivity after a DTRT. For example, the 
processing system may have enough resources to integrate a method based on 
the ILS approach, as the computer program used in the experiment described in 
Chapter 6. 
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