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ABSTRACT 

High Temperature Aquifer Thermal Energy Storage (HT-ATES) involves the 

injection and extraction of non-isothermal fluids into aquifers and triggers thermo-

hydro-mechanical-chemical processes. These processes must be analysed and 

understood for obtaining safe and efficient HT-ATES systems. This thesis aims to i) 

deepen the understanding of these processes; ii) provide methods and solutions that 

can be easily and straghtforwardly implemented, for assessing the impact and 

feasibility of these systems; and iii) forecast the system's long-term performance. 

First, the coupled thermo-hydro-mechanical finite element code CODE_BRIGHT has 

been verified against several tests of a benchmark for thermo-hydraulic processes in 

geothermal situations. This code has been used in the development of other methods 

of the thesis. It has been showed that CODE_BRIGHT is competent in performing all 

these tests.  

Second, a method that can be used to develop analytical and semi-analytical 

solutions for calculating reaction rates for non-isothermal cases has been developed. 

The method assumes that aqueous and mineral reactions are in equilibrium. The 

chemistry has been decoupled from the thermo-hydraulic processes. In the chemical 

part of the method, batch calculations are performed to obtain dissolution or 

precipitation of minerals and water chemistry changes due to temperature variations. 

The thermo-hydraulic part consists of calculating temperature and spatial and temporal 

derivatives of temperature. From this, one can easily calculate both the chemical 

composition of groundwater and the rates of mineral precipitation or dissolution. The 

method facilitates comprehension of the dominant reactive transport processes, 

mineral reaction rates and porosity changes. The application of this method for 

simulating a HT-ATES system resulted in a reduction of computational costs by a factor 

of seven compared to a conventional coupled thermo-hydro-chemical numerical code. 

Third, a dimensional and numerical analysis of the thermo-hydro-mechanical 

behaviour of a pilot HT-ATES system has been proposed. Three dimensionless 

numbers that could be easily implemented have been obtained: Peclet number and two 

numbers for the hydraulic and thermal strains. The Peclet number, which has been 
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decomposed in conductive and dispersive terms, is useful to identify the dominant 

thermo-hydraulic flux (advection, dispersion or conduction). Hydraulic and thermal 

strains numbers relate the strain generated by changes of hydraulic head and 

temperature, respectively, with respect the initial total strain of the system. This study's 

findings have revealed information about the main thermo-hydraulic fluxes and their 

domain areas, evolution of the energy efficiency of the system over time and the role of 

the hydraulic and thermal loads generated by the injection and extraction of hot water 

in the vertical displacement of the terrain. The study has provided information about the 

behaviour and efficiency of the system to long term operation. 

Finally, an analytical solution for calculating ground surface uplift due to point non-

isothermal injections which takes into account thermal and hydraulic head changes has 

been presented. Cases of point injection include the leakage of the wells of an HT-

ATES system or other geothermal applications. The main advantage of this solution is 

its easy implementation in a superfast way, in terms of computational cost, in 

comparison to a standard thermo-hydro-mechanical code. This solution has been 

verified satisfactorily against results from a coupled thermo-hydro-mechanical 

numerical model and field data (levelling and PS-INSAR) in a leakage case in the 

geothermal power plant of Landau, Germany. The results have demonstrated the 

contribution of hydraulic head and temperature to ground surface displacements and 

have facilitated an understanding of the effect of the natural geothermal gradient. The 

solution is useful for forecasting ground displacement resulting from point injections 

and extractions under various conditions and time scales. 
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RESUMEN 

El almacenamiento de energía térmica de alta temperatura en acuíferos (HT-ATES) 

implica la inyección y extracción de fluidos no isotérmicos en acuíferos, provocando 

procesos termo-hidro-mecánico-químicos. Estos procesos deben ser analizados y 

comprendidos para obtener sistemas HT-ATES seguros y eficientes. Esta tesis tiene 

como objetivos i) profundizar en la comprensión de estos procesos; ii) proporcionar 

métodos y soluciones de implementación fácil y directa para evaluar el impacto y la 

viabilidad de los sistemas HT-ATES; y iii) predecir el rendimiento a largo plazo de 

estos sistemas. 

En primer lugar, se ha verificado el código de elementos finitos acoplado termo-

hidro-mecánico CODE_BRIGHT frente a procesos termo-hidráulicos en situaciones 

geotérmicas mediante varios tests de un benchmark. Este código se ha utilizado en el 

desarrollo de otros métodos de la tesis. Se ha demostrado que CODE_BRIGHT es 

competente para realizar todas estas pruebas. 

En segundo lugar, se ha desarrollado un método que puede ser utilizado para 

desarrollar soluciones analíticas y semi-analíticas para calcular las velocidades de 

reacción en casos no isotérmicos. El método asume que las reacciones acuosas y de 

minerales están en equilibrio. Se ha desacoplado la química de los procesos termo-

hidráulicos. En la parte química del método, se realizan cálculos por lotes en los que 

los minerales se disuelven o precipitan, y la química del agua cambia debido a las 

variaciones de temperatura. La parte termo-hidráulica consiste en calcular la 

temperatura y las derivadas espaciales y temporales de la temperatura. A partir de 

esto, se puede calcular fácilmente tanto la composición química del agua subterránea 

como las velocidades de precipitación o disolución de los minerales. El método facilita 

la comprensión de los procesos dominantes de transporte reactivo, las tasas de 

reacción de minerales y los cambios en la porosidad. La aplicación de este método 

para simular un sistema HT-ATES redujo los costos computacionales en un factor de 

siete en comparación con un código numérico convencional acoplado termo-hidro-

químico. 

En tercer lugar, se ha propuesto un análisis adimensional y numérico del 

comportamiento termo-hidro-mecánico de un sistema piloto HT-ATES. Se han 
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obtenido números adimensionales de fácil implementación: el número de Peclet y dos 

números para las deformaciones hidráulica y térmica. El número de Peclet, que se ha 

descompuesto en los términos conductivo y dispersivo, es útil para identificar cuál de 

los flujos termo-hidráulicos es el dominante (advección, dispersión o conducción). Los 

números de deformación hidráulica y térmica relacionan la deformación generada por 

los cambios en la carga hidráulica y la temperatura, respectivamente, con respecto a la 

deformación total inicial del sistema. Los hallazgos de este estudio han revelado 

información sobre los principales flujos termo-hidráulicos y sus áreas de dominio, la 

evolución temporal de la eficiencia energética del sistema y el papel de las cargas 

hidráulicas y térmicas generadas por la inyección y extracción de agua caliente en el 

desplazamiento vertical del terreno. El estudio ha proporcionado información sobre el 

comportamiento y la eficiencia del sistema para su operación a largo plazo. 

Finalmente, se ha presentado una solución analítica para calcular el levantamiento 

de la superficie terrestre debido a inyecciones puntuales no isotérmicas, teniendo en 

cuenta los cambios de temperatura y de carga hidráulica. Los casos de inyección 

puntual incluyen la fuga de los pozos de un sistema HT-ATES o de otras aplicaciones 

geotérmicas. La principal ventaja de esta solución es su fácil implementación de 

manera súper rápida, en términos de costo computacional, en comparación con un 

código estándar termo-hidro-mecánico. Esta solución ha sido verificada 

satisfactoriamente con los resultados de un modelo numérico termo-hidro-mecánico 

acoplado y datos de campo (nivelación y PS-INSAR) en un caso de fuga en la planta 

geotérmica de Landau, Alemania. Los resultados han demostrado la contribución de la 

carga hidráulica y la temperatura en los desplazamientos de la superficie terrestre y 

han facilitado la comprensión del efecto del gradiente geotérmico natural. La solución 

es útil para prever el desplazamiento del terreno resultante de inyecciones y 

extracciones puntuales bajo diversas condiciones o a lo largo del tiempo. 
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RESUM 

L'emmagatzematge d'energia tèrmica d’alta temperatura en aqüífers (HT-ATES) 

implica la injecció i extracció de fluids no isotèrmics en aqüífers, provocant processos 

termo-hidro-mecànic-químics. Aquests processos han de ser analitzats i compresos 

per aconseguir sistemes HT-ATES segurs i eficients. Aquesta tesi té com a objectius i) 

aprofundir en la comprensió d'aquests processos; ii) proporcionar mètodes i solucions 

d'implementació fàcil i directa per avaluar l'impacte i la viabilitat dels sistemes HT-

ATES; i iii) preveure el rendiment a llarg termini d’aquests sistemes. 

En primer lloc, s’ha verificat el codi d'elements finits acoblat termo-hidro-mecànic 

CODE_BRIGHT davant dels processos termo-hidràulics en situacions geotèrmiques 

mitjançant diverses proves d'un benchmark. Aquest codi s'ha utilitzat en el 

desenvolupament d'altres mètodes de la tesi. S’ha demostrat que CODE_BRIGHT és 

competent per realitzar totes aquestes proves. 

En segon lloc, s’ha desenvolupat un mètode que pot ser utilitzat per desenvolupar 

solucions analítiques i semi-analítiques per calcular les velocitats de reacció en casos 

no isotèrmics. El mètode assumeix que les reaccions aquoses i de minerals estan en 

equilibri. S’ha desacoblat la química dels processos termo-hidràulics. En la part 

química del mètode, es realitzen càlculs per lots en què els minerals es dissolen o 

precipiten, i la química de l'aigua canvia a causa de les variacions de temperatura. La 

part termo-hidràulica consisteix a calcular la temperatura i les derivades espacials i 

temporals de la temperatura. A partir d'això, es pot calcular fàcilment tant la 

composició química de l'aigua subterrània com les velocitats de precipitació o 

dissolució dels minerals. El mètode facilita la comprensió dels processos dominants de 

transport reactiu, les taxes de reacció de minerals i els canvis en la porositat. 

L'aplicació d'aquest mètode per simular un sistema HT-ATES va reduir els costos 

computacionals en un factor de set en comparació amb un codi numèric convencional 

acoblat termo-hidro-químic. 

En tercer lloc, s’ha proposat una anàlisi adimensional i numèrica del comportament 

termo-hidro-mecànic d'un sistema pilot HT-ATES. S’han obtingut tres números 

adimensionals de fàcil implementació: el número de Peclet i dos números per a les 

deformacions hidràulica i tèrmica. El número de Peclet, que s’ha descompost en els 
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termes conductiu i dispersiu, és útil per identificar quin dels fluxos termo-hidràulics és 

el dominant (advecció, dispersió o conducció). Els números de deformació hidràulica i 

tèrmica relacionen la deformació generada pels canvis en la càrrega hidràulica i la 

temperatura, respectivament, amb la deformació total inicial del sistema. Els resultats 

d'aquest estudi han revelat informació sobre els principals fluxos termo-hidràulics i les 

seves àrees de domini, l'evolució temporal de l'eficiència energètica del sistema i el 

paper de les càrregues hidràuliques i tèrmiques generades per la injecció i extracció 

d'aigua calenta en el desplaçament vertical del terreny. L'estudi ha proporcionat 

informació sobre el comportament i l'eficiència del sistema per a la seva operació a 

llarg termini. 

Finalment, s’ha presentat una solució analítica per calcular el aixecament de la 

superfície terrestre degut a injeccions puntuals no isotèrmics, tenint en compte els 

canvis de temperatura i de càrrega hidràulica. Els casos d'injecció puntual inclouen la 

fuga dels pous d'un sistema HT-ATES o d'altres aplicacions geotèrmiques. El principal 

avantatge d'aquesta solució és la seva fàcil implementació de manera súper ràpida, en 

termes de cost computacional, en comparació amb un codi estàndard termo-hidro-

mecànic. Aquesta solució ha estat verificada satisfactòriament amb els resultats d'un 

model numèric termo-hidro-mecànic acoblat i dades de camp (nivellació i PS-INSAR) 

en un cas de fuga a la planta geotèrmica de Landau, Alemanya. Els resultats han 

demostrat la contribució de la càrrega hidràulica i la temperatura als desplaçaments de 

la superfície terrestre i han facilitat la comprensió de l'efecte del gradient geotèrmic 

natural. La solució és útil per preveure el desplaçament del terreny resultant 

d'injeccions i extraccions puntuals sota diverses condicions o al llarg del temps. 
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1. INTRODUCTION 

1.1. BACKGROUND 

Heating and cooling accounts for half of the global final energy consumption and 

over 40% of CO2 emissions, primarily fueled by fossil energy sources. Heating 

accounts for most of this consumption, although the share of cooling is increasing. 

(REN21, 2019). In order to fulfil the goal of net zero CO2 emissions by 2050, mitigation 

strategies for climate change must be re-evaluated to incorporate renewable heating 

and cooling technologies according to the Paris Agreement of 2015 (United Nations, 

2015). This international treaty on climate change was adopted by 196 Parties at the 

United Nations Climate Change Conference. 

Thermal energy storage (TES) can boost the use of low carbon heat sources (e.g. 

solar, biomass, geothermal and waste-heat) for heating and cooling. TES systems 

store heat or cold in a storage medium to be used when there is a need for thermal 

energy (Cabeza, 2015). Storage permits to control not only the variations in supply and 

demand of heat, but also the seasonal peaks and troughs in heat demand (Cremer, 

2021). TES systems can be divided into those using sensible, latent and thermo-

chemical heat (Sadeghi, 2022). In the first type, thermal energy is stored by heating or 

cooling a solid or liquid storage medium such as rocks, sand, molten salts and liquids 

(Alva et., al 2018). The second type uses a phase change of some material, commonly 

a solid-liquid phase change (e.g. water turning into ice) (Khademi et al., 2002). 

Thermo-chemical storage refers to the process of using chemical reactions to capture 

and release thermal energy (e.g. the reversible reaction of magnesium hydroxide 

(Mg(OH)Ϝ) decomposing into magnesium oxide (MgO) and water (HϜO) when heated) 

(Zhang et al., 2016). Each sort of TES has its own advantages and disadvantages 

(Cabeza, 2015), but in cases of long-term storage, the sensible TES system is the 

option that is most used (Fleuchaus et al., 2018). 

One of the most common sensible TES systems is Underground Thermal Energy 

Storage (UTES), in which thermal energy, either heat or cold, is stored by injecting 

thermal energy into the underground during a period of energy supply. This energy is 

extracted when there is energy demand. Aquifer thermal energy storage (ATES) is one 
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of the most frequent UTES systems. ATES systems consist of one or more wells that 

inject or extract thermal energy into aquifers bidirectionally (Schüppler et al., 2019). 

ATES stands out for its high storage capacity and for being useful in both small and 

large facilities (Pellegrini et al., 2019; Fleuchaus et al., 2018). According to the 

temperature of the injected water, ATES systems can be classified as Low-

Temperature ATES (LT-ATES) (<30°C), Medium-Temperature ATES (MT-ATES) (30 - 

60°C) and High-Temperature ATES (HT-ATES) (>60°C) (Drijver et al., 2012). While 

LT-ATES systems must be upgraded by means of heat pumps to use heat, HT-ATES 

systems can use heat directly. MT-ATES systems can either use heat directly or 

increase it with heat pumps. HT-ATES systems permit to store large quantities of heat 

from waste residual heat (power plants or industrial processes) or sustainable heat 

sources (e.g. solar energy or classic geothermal energy) (Figure 1.1). 

 

Figure 1.1. Scheme of a HT-ATES system. In this example, the stored thermal energy 

is generated by a power plant. Hot water is injected and cold water is pumped during a 

low demand period (A). The opposite, production of hot water and injection of cold 

water, is done during a period of high demand for thermal energy. 

The development of High-Temperature Aquifer Thermal Energy Storage (HT-ATES) 

has spanned over five decades. As a response to rising fuel prices after the oil crises in 

North America and Europe, the International Energy Agency's (IEA) supported the first 

research with its Storage program in the 1970s (Fleuchaus et al., 2020). However, with 

the subsequent drop in oil and gas prices, HT-ATES became less economically viable, 

and research in geothermal energy shifted toward power generation (Fleuchaus et al., 

2018). Despite some promising demonstration projects, HT-ATES has not captured 
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significant market share yet, largely due to the reduced economic incentives during the 

price decline. There are more than 2800 ATES systems in operation worldwide, the 

majority of which are LT-ATES due to the lower technical complexity compared to the 

other ATES systems (Snijders, 2000) , with most located in the Netherlands followed in 

smaller numbers by Sweden, Belgium and Denmark (Fleuchaus et al., 2018). The 

number of operational HT-ATES systems at present is limited to just two: the Reichstag 

project (German Parliament), in Berlin, and a project in Neubrandenburg, both in 

Germany (Holstenkamp et al., 2017). Nowadays, the increasing emphasis on 

decarbonizing the thermal energy sector has renewed the interest in HT-ATES and 

several new demonstration projects have been launched recently in Netherlands 

(Duiven), France (Geostocal), Germany (BMW in Dingolfing; test-site Wittstock; 

Lüneburg; Hamburg; and DeepStor in Karlsruhe), and US (Beyond batteries lab) 

(Fleuchaus et al., 2018; Cremer, 2021). 

An important project for HT-ATES systems is HEATSTORE, a GEOTHERMICA 

ERA-NET European project that aims to reduce costs, to increase safety and 

performance of High Temperature Underground Thermal Energy Storage (HT-UTES) 

technologies and to improve the supply-demand management in heat networks 

(Cremer, 2021). There are several pilot projects of HEATSTORE HT-UTES in Europe, 

of which four are HT-ATES. These HT-ATES pilot projects are located in Switzerland 

(Geneva and Bern), Netherlands (Middenmeer) and Iceland (Reykir). GEOTHERMICA 

aims at accelerating the use of geothermal energy in three key areas: integrating 

underground thermal energy storage (UTES) into the energy system; maximizing 

geothermal heat production and commercialization; and addressing the technical, 

economic, environmental, regulatory, and policy challenges for the efficient deployment 

of UTES technologies in Europe. The project involves 18 participants from 14 

European countries and is managed by the Icelandic National Energy Authority 

(Orkustofnun). 

Injecting non-isothermal fluids into aquifers can trigger thermal, hydraulic, 

mechanical and chemical processes. Numerical and analytical models can help in 

understanding the behaviour and interaction of these processes and in studying risks, 

environmental impacts, optimization, viability and cost effectiveness of HT-ATES 

systems. Although these processes are all coupled and non-linear, in many cases, it is 

possible to focus on the coupling of just two of them, typically coupled thermal-

hydraulic (TH) or hydraulic-mechanical (HM) processes. Nevertheless, for more 

advanced studies, modelling the coupled thermal-hydraulic-chemical (THC) and 
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thermal-hydraulic-mechanical (THM) processes becomes necessary, despite their 

higher computational cost. 

Chemical reactions are temperature dependent and, thus, are altered when 

temperature is significantly changed in HT-ATES system. Solubility of minerals, 

reaction kinetics, oxidation of organic matter, redox processes and sorption-desorption 

of anions and cations are affected by temperature (Possemiers et al., 2014). The basic 

reason of these effects is the temperature dependency of thermodynamic functions, 

such as equilibrium constants, and of kinetic rate laws. Chemical reactions play a 

crucial role in ATES systems, as they can lead to undesirable outcomes during system 

operation, including deterioration of groundwater quality, clogging of minerals and 

corrosion in pipes, and clogging in the aquifer (Holmslykke and Kjøller, 2023; 

Fleuchaus et al., 2018; Gjengedal et al., 2020). 

The injection of hot water into an aquifer can cause a local increase in pressure, 

which coupled to increased temperature, can induce the expansion of the porous 

medium (Rutqvist et al., 2005). This may generate ground surface uplift, which can 

impact buildings and infrastructure. Uplift can also be generated by leakage from 

underground structures that involve the injection of fluids. For example, a maximum 

uplift of 5 cm was registered in the vicinities of the German power plant of Landau 

(Hemlich et al., 2015; Vidal et al., 2018) due to a leakage in the casing of the 

reinjection well (Ministry of the Environment Agriculture Food Viticulture and Forestry of 

Germany, 2014). 

Although events related to induced seismicity have not been observed in HT-ATES 

system, risks of such events cannot be ruled out. The mechanism for this is the 

increase of liquid pressure in the rock that can destabilize pre-existing faults and 

fractures (Ellsworth, 2013). Induced seismicity has been observed in enhanced 

geothermal systems (Charléty et al., 2007; Zhou et al., 2024), geological carbon 

storage (Vilarrasa et al., 2019), tight and shale gas hydraulic fracturing, and 

wastewater disposal facilities (Kivi et al., 2023). 

One parameter to evaluate the viability of an HT-ATES system in terms of recovery 

efficiency is the thermal energy recovery factor. This factor can be defined as the ratio 

between extracted and injected thermal energy (Doughty et al., 1982). This factor is 

strongly related to the thermal and hydraulic processes that take place in the aquifer. 

Heat transport processes such as advection, convection, dispersion and buoyancy play 

a significant role in these systems (Vidal et al., 2022). Thermal energy losses that 

reduce the efficiency of ATES systems take place at the boundaries of the stored 
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volume mainly by heat conduction and groundwater flow (Bloemendal and Hartog, 

2018).  

1.2. OBJECTIVES AND THESIS OUTLINE 

This thesis aims to enhance the understanding of the thermal, hydraulic, 

mechanical, and chemical (THMC) processes involved in the injection and extraction of 

thermal energy in HT-ATES systems. The focus of this study is primarily on the 

coupled THC and THM processes. An analytical solution is derived from the governing 

equations of the THC processes, providing a comprehensive understanding of these 

processes. A dimensional analysis of the equations governing the THM processes is 

conducted, offering a straightforward approach for planning scale experiments and 

predicting potential behaviours in the study area. Additionally, an analytical solution for 

ground surface uplift, considering the effects of hydraulic and thermal variations, has 

been developed. Numerical simulations have been employed to complement and, 

when possible, verify the different approaches proposed in this thesis. 

The Thesis is organized in five chapters. Each chapter includes a section with its 

own conclusions and a list of symbols. A common reference list with the cited 

references and appendices are included at the end of the document. The main 

contents of each chapter are presented below: 

Chapter 2 presents the verification of the software CODE_BRIGHT against TH 

processes in heat storage systems and geothermal energy problems. The simulated 

cases are part of a benchmark from the HEATSTORE PROJECT, in which my thesis 

supervisors and me have been involved. The results of CODE_BRIGHT have been 

compared with analytical solutions, empirical results and the results from other 

software. The content of this chapter is part of a research article (Mindel et al., 2021) 

and the scientific report (Alt-Epping et al., 2020). 

Chapter 3 proposes a novel method for decoupling thermo-hydraulic processes from 

chemical reactions. This method can be applied to derive analytical and semi-analytical 

solutions for calculating reaction rates in non-isothermal conditions, to validate 

numerical models and enhance the understanding of thermo-hydro-chemical (THC) 

processes. The method has been applied to a simple 1D steady state case, for which 

an analytical solution could be obtained, and to a 2D HT-ATES system of the 

Forsthaus pilot project near Bern (Switzerland), for which a semi-analytical solution has 
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been developed. The contents of this chapter have already been published in an 

international scientific paper (Vidal and Saaltink, 2025). 

Chapter 4 deals with the thermo-hydro-mechanical (THM) behaviour of a pilot HT-

ATES. A dimensional and numerical analysis of the thermo-hydro-mechanical 

behaviour of the HT-ATES system of the Forsthaus pilot project is proposed and 

complemented with numerical modelling. The contents of this chapter have already 

been published in an international research article (Vidal et al., 2022). 

Chapter 5 proposes a novel analytical solution for calculating ground surface uplift 

due to point non-isothermal injections. A leakage case in the geothermal power plant of 

Landau, Germany, is studied by using the novel analytical solution in combination with 

a coupled thermo-hydro-mechanical numerical model and measured data (levelling and 

PS-INSAR). This chapter resulted in an article by Vidal et al. (2025), which is currently 

under review in an international scientific journal. 

Finally, general conclusions and future works drawn from the previous chapters are 

provided in Chapter 6. 
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2. VERIFICATION OF THE 

PROGRAM CODE_BRIGHT 

2.1. INTRODUCTION 

Verification is an important part in the development of computer programs for 

numerical simulation. It checks the performance of a numerical solution and correct 

implementation into a computer program. It should not be confused with validation, 

which concerns the capacity of the numerical model to reproduce the future behaviour 

of the system with enough precision. Verification of complex numerical software can be 

done in an adequate way by increasing gradually the complexity of the model (Olivella, 

1995). In general, verification is done by comparing numerical models to analytical 

solutions or by using benchmarking, which are intercomparison exercises between 

different computer programs. 

In this chapter, we present 4 tests that verify the finite element code 

CODE_BRIGHT (Olivella et al., 1996) against TH processes in heat storage systems 

and geothermal energy problems with analytical solutions, experimental results and the 

results from other software. The simulated cases are part of a benchmark from the 

HEATSTORE PROJECT (Alt-Epping et al., 2020; Mindel et al., 2021), which compared 

the results of CODE_BRIGHT and other simulators (COMSOL, ComPASS, Eclipse 

100, MARTHE, MOOSE, Nexus-CSMP++, PFLOTRAN, SEAWATv4 and Tough3) with 

each other and with analytical solutions. These simulators make use of different 

numerical methods such as finite differences, finite elements, finite volumes, and mixed 

versions of these. 

CODE_BRIGHT is a Finite Element Method program which works in combination 

with the pre- and post- processor GiD (CIMNE, 2020). The program solves the mass 

balance equations for liquid, for solid and internal energy. It uses several constitutive 

equations, such as, the generalized Darcy’s law (with variable density and viscosity) 

and Fourier’s law (considering dispersion). The equations are discretised by means of 

finite elements in space and finite differences in time. The resulting equations are 

solved monolithically (that is, in a coupled way) and by applying the method of Newton-
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Raphson for their nonlinearity. CODE_BRIGHT has been verified and validated for 

different problems (Rutqvist et al., 2005; Olivella and Gens, 2005; Tamayo et al., 

2021). 

2.2. TEST 1: ANALYTICAL TRANSIENT PRESSURE 

VERIFICATION TEST 

The analytical transient pressure verification test, commonly known as pumping test, 

simulates the characteristic pressure response of a reservoir due to a constant 

volumetric flow rate injection with a well during a period of time. It is widely used in 

hydrogeology and in geothermal and petroleum engineering. A reservoir with 

homogeneous properties in a cylindrical domain is assumed (Figure 2.1). Changes of 

water level of the reservoir are measured in the pumping well and/or observation wells 

during and after the pumping. The duration of this test can last from hours to weeks. 

 

Figure 2.1. Schematization of the reservoir by a homogenous cylindrical domain. The 

injection takes place in the centre of the domain at a cylindrical well. 

Chen (2007) developed an analytical solution for the transient pressure verification 

test in cylindrical coordinates. The injection well is located at the centre of a cylindrical 

domain with infinite radius that represents the reservoir. It assumes symmetry in the 

vertical axis. The boundary conditions are: no flow at the top and bottom and constant 

injection flow rate at the outer part of the well. The analytical solution for this problem 

is: 

ὴὶȟὸ ὴ
ὗ‘ 

τ“ὬὯ
ὉὭ

ὶ

τὸ‖
 (2.1) 

where ὴ and ὴ  are the liquid pressures with and without pumping, respectively, ὗ is 

the injected flow rate,  ‘ is the dynamic viscosity of liquid, Ὤ is the height of the well 

and the reservoir, Ὧ is the intrinsic permeability, ὶ is the radial distance, ὸ is time, ‖

ὯȾ‘‍‰  is the pressure diffusivity, ‰ is porosity, ‘ is the dynamic viscosity of liquid 
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and ‍ is the compressibility of liquid. ὉὭ is the exponential integral function that is 

defined as: 

ὉὭ‒
Ὡ

‒
Ὠ‒

Ὡ

‒
Ὠ‒ᴂ (2.2) 

where ‒  is the Boltzmann variable. More details of this solution can be found in 

Mindel et al. (2021) and Chen (2007). 

The numerical model uses a 3D geometry. The radius of the well and the reservoir 

are 0.1 m and 2400 m, respectively, and the height of both is 200 m. The injection flow 

rate is 10-3 m3 s-1 and the initial liquid pressure and outer boundary pressure are 

prescribed and equal to 1 MPa. The simulation time is 108 s. Two cases with radially 

structured meshes, but different number of elements have been used: coarse grid 

(1568 elements) and refined grid (12992 elements). In both meshes, the elements 

concentrate towards the injection well, being 0.05 m and 0.5 m the minimum radial 

length of the elements in the coarse and refined grids, respectively. In the numerical 

model, liquid density is a function of liquid pressure: 

”  ” ÅØÐ ‍ ὴ ὴ  (2.3) 

where ”  is the reference liquid density and ὴ  is the reference liquid pressure. Table 

2.1 shows the properties of the reservoir, which are constant. 

Table 2.1. Properties of the reservoir in the test 1. 

Properties Value 

Porosity ‰ (m3 m-3) 0.2 

Intrinsic permeability Ὧ (m2) 10-15 

Reference liquid density ”  (kg m-3) 1001.4 

Reference liquid pressure ὴ  (MPa) 0.1 

Dynamic viscosity of liquid ‘ (MPa s) 7.4·10-10 

Compressibility of liquid ‍ (MPa-1) 4.45·10-4 

Solid density ” (kg m-3) 2680 

Figure 2.2 shows the results of liquid pressure of the analytical solution, equation 

(2.1), and the numerical modelling. During the initial phase of injection, the liquid 

pressure increases rapidly at all the observation points, after which it exhibits a linear 

increase with time, without reaching a steady-state condition. Although liquid pressure 



Chapter 2   

10 

in the coarse mesh differs from the analytical solution near the well, there is a good 

agreement when radial distance is above 1 m (Figure 2.2A). The fine mesh provides 

better results for a radial distance of 0.1 m (Figure 2.2B). 

 

Figure 2.2. Liquid pressure of test 1 by the analytical and numerical solutions at 

different radial distances from the outer part of the injection well (r). Left (A) and right 

(B) graphs show the results of the numerical solution for a coarse and refined mesh, 

respectively. 

2.3. TEST 2: INJECTION-FALLOFF-DRAWDOWN-BUILD-UP 

WELL TEST 

This test aims to simulate a well test with different operation stages which may 

increase the knowledge of a reservoir. Non-isothermal water is injected at an injection 

well. We consider transient state for heat and flow. Heat transport is governed by 

advection and conduction. Although there is no analytical solution for this case, the 

results of our simulator have been compared with the other simulators of 

HEATSTORE. 

The four simulated stages of the test are:  

1. Injection (0 – 120 days): Injection of water at a rate, Q, of 0.001 m3 s-1 and 

temperature, Tinj, of 120 ºC. 

2. Falloff (120 – 180 days): There is no injection and extraction of water at the 

well. 

3. Drawdown (180 – 300 days): Extraction of water at Q = - 0.001 m3 s-1. 

4. Build-up (300 – 365.25 days): There is no injection and extraction of water at 

the well. 
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The test has been simulated with three variants. In all the variants, the reservoir has 

the same geometry and properties as test 1. The first variant corresponds to a 

homogenous reservoir, as described in test 1. The second one presents a cylindrical 

reef structure of radius rreef = 10 m, which is characterised by a higher permeability and 

thermal conductivity with respect to that of the reservoir, around the well (Figure 2.3A). 

In the third variant, there is a vertical fracture with an aperture of 1 mm at a distance 

xfrac = 10 m from the well (Figure 2.3B). The same fine mesh of test 1 is used for 

variants 1 and 2. For variant 3, a 2D mesh with 28594 triangle elements, more 

concentrated towards the injection well, and 186 linear elements (for the fracture) have 

been used. In the three variants, liquid pressure at the outer boundary of the domain is 

prescribed at 1 MPa and top and bottom boundaries are adiabatic. The initial liquid 

pressure and temperature are 10 MPa and 34 °C, respectively. 

 

Figure 2.3. Schematization of a cylindrical reservoir with a reef structure (A) and a 

fracture (B). The injection takes place in the centre of the domain at a cylindrical well. 

Table 2.2 shows the properties of the materials of the numerical models of the three 

variants. Except for liquid density, which is a function of liquid pressure and 

temperature, and dynamic viscosity of liquid, which depends on temperature, the other 

properties are assumed to be constant. 
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The intrinsic permeability of the fracture of variant 3 was calculated with 

(Zimmerman and Bodvarsson, 1996): 

Ὧ   (2.4) 

being ὥ the aperture of the fracture. 

Liquid density is defined as: 

”  ” ÅØÐ ‍ ὴ ὴ ‌ Ὕ  (2.5) 

where Ὕ is temperature and ‌  is the volumetric thermal expansion coefficient of the 

liquid. 

Dynamic viscosity of liquid is expressed as (Poirier and Geiger, 2016): 

‘  ὃ ÅØÐ 
ὄ

ςχσȢρυὝ
 (2.6) 

where ὃ is a pre-exponential parameter and ὄ is an exponential parameter. 

Figure 2.4 shows the results of liquid pressure of the 3 variants of test 2. In all 

variants, liquid pressure increases with respect to the initial pressure during the 

injection stage, tends to return to the initial pressure during the fall off and build up 

stages, and decreases below the initial pressure during the drawdown stage. The 

lowest variation of liquid pressure with respect the initial pressure is reached in the 

fracture variant. Steady state flow is reached in this variant at 1 m from the well. Liquid 

pressure variation is lower further away from the injection well (e.g. at 50 m in the 

injection well for Figure 2.4). 

The temperature evolution over time is very similar for the three variants (Figure 

2.5). Temperature reaches the maxima at the end of the injection stage at 1 m from the 

injection well. From this moment on, no more heat is injected in the aquifer. Hence, 

temperature in the system decreases with time. At 50 m from the injection well, no 

temperature variation is observed in any of the variants.  

The presented results of the evolution of liquid pressure and temperature with time 

are in agreement with the results from other simulators of the benchmark (Mindel et al., 

2021 and Alt-Epping; Mindel, 2020). 
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Figure 2.4. Liquid pressure evolution over time for the three variants of test 2 

(homogenous, reef and fracture) at radial distances of 1 m and 50 m from the injection 

well. 

 

 

Figure 2.5. Temperature evolution over time for the three variants of test 2 

(homogenous, reef and fracture) at radial distances of 1 m and 50 m from the injection 

well. 
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Table 2.2. Properties of the variants of the test 2. 

Properties Value 

Reference liquid density ”  (kg m-3) 1002.6 

Reference liquid pressure ὴ  (MPa) 0.1 

Pre-exponential ὃ (MPa) 2.05·10-12 

Exponential parameter ὄ (K) 1808.5 

Compressibility of liquid ‍ (MPa-1) 4.45·10-4 

Volumetric thermal expansion coefficient of liquid ‌  [C-1] -3.4·10-4 

Liquid thermal conductivity ‗ (W m-1 K-1) 0.6 

Specific heat of liquid ὧ (J kg-1 K-1) 4180 

Intrinsic permeability of reservoir Ὧ  (m2) 10-15 

Reservoir porosity ‰  (m3 m-3) 0.2 

Reservoir density ”  (kg m-3) 2680 

Thermal conductivity of reservoir ‗  (W m-1 K-1) 2.8 

Specific heat of reservoir ὧ  (J kg-1 K-1) 833 

Intrinsic permeability of reef Ὧ  (m2) 10-12 

Reef porosity ‰  (m3 m-3) 0.45 

Reef rock density ”  (kg m-3) 2500 

Thermal conductivity of reef ‗  (W m-1 K-1) 2.3 

Specific heat of reef ὧ  (J kg-1 K-1) 900 

Intrinsic permeability of fracture Ὧ (m2) 8.3·10-8 

Fracture porosity ‰  (-) 0.5 

2.4. TEST 3: EXPERIMENTAL HEAT TRANSPORT VALIDATION 

TEST 

This test consists of reproducing the experiments of Sing et al. (2006) that studies 

transient transport of heat and flow in porous media. The test consists of a cylindrical 

pipe filled with spheres through which water flows in one direction (Figure 2.6). Heat 

transport is governed by advection and conduction. The initial temperature, Ὕ, of the 

pipe is constant in the whole domain. The water at the inlet has a higher temperature, 

Ὕ . The main aim of the test is to analyse the advance of the thermal front in the pipe. 
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There are several sensors along the central line of the pipe that register temperature 

changes with time. We made a 2D TH modelling of this test and compare their results 

with the experimental measurements. 

 

Figure 2.6. Schematization of the cylindrical pipe packed with spheres through which 

water flows in one direction. Different sensors are localized in the central line of the 

cylinder. 

The experimental measurements of the tests shown in Singh et al. (2006) are 

presented in a dimensionless form for time ὸ and temperature Ὕ: 

ὸ ὸ
 
 ; Ὕ  (2.7) 

where Ὑ  is the radius of the pipe and ‌ is the fluid thermal diffusivity.  

Two variants of the test are simulated. While in the first variant the spheres are 

made of glass, the material of the spheres is steel in the second variant. The radius of 

the pipe is 0.029 m in both cases, but the length of the pipes are 0.725 m and 0.465 m 

for glass and steel variants, respectively. We used a structured mesh with quadrilateral 

elements. Mesh spacing in the axial direction is 0.01 times the length of the pipe 

(0.00725 m for the glass spheres test and 0.00465 m for the steel spheres test). 

Injected flow rate ή is prescribed at the inlet of the pipe and liquid pressure at 

atmospheric conditions is fixed at the outlet (Figure 2.6). ή is 8.17·10-3 m s-1 for the 

pipe made of glass and 1.107·10-2 m s-1 for the pipe made of steel. Initial temperature, 

Ὕ, is 26.85 °C and the temperature of the inflowing water, Ὕ , is 41.85 °C. Table 2.3 

shows the properties of the material of the two variants of the test. Liquid density (a 

function of temperature and liquid pressure) and dynamic viscosity (a function of liquid 

pressure) of liquid are defines as in equations 2.5 and 2.6, respectively. The rest of the 

properties are constant. 

Figure 2.7 shows the evolution of temperature with time at the different sensors of 

the pipes. We have transformed the dimensionless temperature and time of the 

experiments of Singh et al. (2006) into the dimensional form by isolating their 
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dimensional form from equation 2.3. Thermal front advances faster in the steel than in 

the glass because steel presents higher intrinsic permeability and thermal conductivity. 

The agreement between modelling and experimental measurements is better the 

closer to the inlet. 

Table 2.3. Properties of the two variants of test 3. 

Properties Glass Steel 

Porosity ‰ (m3 m-3) 0.37 0.4 

Intrinsic permeability Ὧ (m2) 3.59ẗ10−9 2.24ẗ10−8 

Reference liquid density ”  (kg m-3) 1002.6 1002.6 

Reference liquid pressure ὴ  (MPa) 0.1 0.1 

Pre-exponential ὃ (MPa) 2.05·10-12 2.05·10-12 

Exponential parameter ὄ (K) 1808.5 1808.5 

Compressibility of liquid ‍ (MPa-1) 4.45·10-4 4.45·10-4 

Liquid thermal conductivity ‗ (W m-1 K-1) 0.61 0.61 

Specific heat of liquid ὧ (J kg-1 K-1) 4180 4180 

Solid density ” (kg m-3) 2225 7900 

Solid thermal conductivity ‗ (W m-1 K-1) 1.09 14.9 

Specific heat of solid ὧ (J kg-1 K-1) 840 477 

 

 

Figure 2.7. Evolution of temperature in the pipe for the experiments of Singh et al. 2006 

and numerical modelling of the test 3. Two variants of the test: spheres of glass (A) and 

steel (B). d represents the distance of the sensor in the pipe. 
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2.5. TEST 4: HORTON-ROGERS-LAPWOOD PROBLEM TEST 

This test aims to model natural convection in a confined porous medium by 

reproducing the Horton-Rogers-Lapwood problem (Horton and Rogers, 1945; 

Lapwood, 1948). The Horton-Rogers-Lapwood problem generates the Rayleigh-

Benard (RB) convection flow in a system which is fully saturated and closed (it allows 

exchange of heat, but not of mass). Rayleigh-Benard (RB) convection is a non-linear 

phenomenon which takes place under specific conditions in the case of a free fluid, 

where a regular pattern of convection cells or Benard’s cells are generated. 

Convection can be evaluated by means of the Rayleigh number, which is defined as 

the ratio between the characteristic time for conductive transport ὸ  and that for 

buoyant thermal transport ὸ : 

Ὑ
ὸ

ὸ
 
ὦ Ⱦ

‗
Ὑὧ”‰

ὦ Ⱦ
Ў”ὯὫ
‘

ὦ Ὑὧ”‰Ў”ὯὫ

‘‗
 (2.8) 

where ὦ  is the thickness of the aquifer, ‗ ρ ‰‗ ‰‗ is the bulk thermal 

conductivity, which is calculated as a weighted average between the values of the solid 

‗ and liquid part ‗ with the porosity ‰ acting as the weight, Ὑ ”‰ὧ ρ ‰ὧ” Ⱦ

”‰ὧ is the thermal retardation coefficient, ὧ is the specific heat of liquid, ὧ is the 

specific heat of solid, Ὧ is the intrinsic permeability, Ў” is the fluid density variation and 

Ὣ is gravity. 

There is a critical Rayleigh number Ὑ  equal to 4“2 for convective flow in a 

hexahedral domain of porous material saturated with fluid (Lapwood, 1948; Beck, 

1972). For Ὑ  larger than Ὑ  heat convection is the dominant process, else heat 

conduction is the dominant one. 

We simulate a hexahedral domain with the dimensions of Figure 2.8. The geometry 

of the domain resembles that of an ATES system. We create a static geothermal 

gradient by fixing temperature at the top of the domain at Ὕ ςπЈὅ and at the 

bottom at Ὕ ψπЈὅ. Gravitational effects are taken into account. All the sides of the 

domain are adiabatic. Hydrostatic pressure gradient is only assumed as initial 

condition, being 10 MPa the liquid pressure on the top boundary. The simulation lasts 

1000 years. The mesh consists of 3200 cubic elements, each with a side length of 5 m. 
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Figure 2.8. Geometry and boundary conditions of test 4. All the sides are adiabatic. 

Temperatures on the top and of the bottom are prescribed. 

Because Ὑ  is a function of intrinsic permeability, three cases with different intrinsic 

permeabilites have been simulated (Ὧ , Ὧ  and Ὧ ). In all these cases, their 

corresponding Rayleigh numbers (250, 125 and 50) are higher than the critical one. 

Therefore, heat convection is the dominant process in all the studied cases. 

Table 2.4 presents the properties of the material and flow of the three subtests. 

Liquid density (which depends on temperature and liquid pressure) and dynamic 

viscosity (which depends on liquid pressure) are defined in equations 2.5 and 2.6, 

respectively. The rest of the properties are assumed to be constant. 

Figures 2.9 - 2.11 show the results of the Horton-Rogers-Lapwood problem test. 

The higher is the intrinsic permeability, the higher are the Rayleigh number and the 

number of convection cells: 2 cells for Ὧ  case (Figure 2.9), 3 cells for Ὧ  case 

(Figure 2.10), 4 cells for Ὧ  case (Figure 2.11). The number of developed Benard’s 

cells using CODE_BRIGHT are in agreement with the average number of cells of the 

software of the Benchmark (3 cells for Ὧ  case, 4 cells for Ὧ  case, 4 cells for Ὧ  

case). 
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Table 2.4. Properties of the three variants of the test 4. 

Properties Value 

Porosity ‰ (m3 m-3) 0.1 

Intrinsic permeability (Ὧ , Ὧ  and Ὧ ) (m2) 2ẗ10−12/ 5ẗ10−12/ 1ẗ10−11 

Reference liquid density ”  (kg m-3) 1002.6 

Reference liquid pressure ὴ  (MPa) 0.1 

Pre-exponential ὃ (MPa) 2.05·10-12 

Exponential parameter ὄ (K) 1808.5 

Compressibility of liquid ‍ (MPa-1) 4.45·10-4 

Liquid thermal conductivity ‗ (W m-1 K-1) 0.65 

Specific heat of liquid ὧ (J kg-1 K-1) 4180 

Solid density ” (kg m-3) 2400 

Solid thermal conductivity ‗ (W m-1 K-1) 2.28 

Specific heat of solid ὧ (J kg-1 K-1) 860.2 

 

 

Figure 2.9. Temperature contours (A) and streamline vectors (B) for the low 

permeability case. 
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Figure 2.10. Temperature contours (A) and streamline vectors (B) for the medium 

permeability case. 

 

Figure 2.11. Temperature contours (A) and streamline vectors (B) for the high 

permeability case. 
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2.6. CONCLUSIONS 

This chapter presents the verification of CODE_BRIGHT against four tests about TH 

processes in heat storage systems and geothermal energy problems. The main 

outcome of this chapter is that CODE_BRIGHT was capable of performing all these 

tests. In some of the tests without experimental measurements and analytical results, 

the comparison of the results of the software with the results of other simulators was 

crucial. Adequate intercomparison exercises with different simulators can help select 

the most suitable software for a specific problem. 

2.7. LIST OF SYMBOLS 

Generalized units are given for each symbol, with L being unit of length, M unit of 

mass, T unit of time and θ unit of temperature. 

ὃ Pre-exponential parameter [ML-1T-2] 

ὥ Aperture of the fracture [L] 

ὄ Exponential parameter [θ] 

ὦ  Thickness of the aquifer [L] 

ὧ Specific heat of liquid [L2T-2θ-1] 

ὧ  Specific heat of reef [L2T-2θ-1] 

ὧ  Specific heat of reservoir [L2T-2θ-1] 

ὧ Specific heat of solid [L2T-2θ-1] 

ὉὭ Exponential integral function [-] 

Ὣ Gravitational acceleration [LT-2] 

Ὤ Height of the well and the reservoir [L] 

Ὧ Intrinsic permeability [L2] 

Ὧ Intrinsic permeability of fracture [L2] 

Ὧ  Intrinsic permeability of reef [L2] 

Ὧ  Intrinsic permeability of reservoir [L2] 

ὴ Liquid pressure with pumping [ML-1T-2] 
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ὴ  Liquid pressure without pumping [ML-1T-2] 

ὗ Injected flow rate [L3T-1] 

Ὑ Thermal retardation coefficient [-] 

Ὑ  Rayleigh number [-] 

Ὑ  Radius of the pipe [L] 

ὶ Radial distance [L] 

Ὕ Temperature [θ] 

Ὕ Dimensionless temperature [-] 

Ὕ  Step signal to a higher temperature [θ] 

Ὕ Initial temperature [θ] 

ὸ Time [T] 

ὸ Dimensionless form for time [-] 

ὸ  Characteristic time for conductive transport [T] 

ὸ  Characteristic time for buoyant thermal transport [T] 

‌  Volumetric thermal expansion coefficient of liquid [θ-1] 

‍ Compressibility of liquid [LT2M-1] 

‒ Boltzmann variable [L2MT-2θ-1] 

‖ Pressure diffusivity [L2T] 

‗ Bulk thermal conductivity [LMT-3θ-1] 

‗ Thermal conductivity of liquid [LMT-3θ-1] 

‗  Thermal conductivity of reef [LMT-3θ-1] 

‗  Thermal conductivity of reservoir [LMT-3θ-1] 

‗ Thermal conductivity of solid [LMT-3θ-1] 

‘ Dynamic viscosity of liquid [ML-1T-1] 

” Liquid density [ML-3] 
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”  Reef rock density [ML-3] 

”  Reservoir density [ML-3] 

” Solid density [ML-3] 

Ў” Fluid density variation [ML-3] 

‰ Porosity [L3L-3] 

‰  Fracture porosity [L3L-3] 

‰  Reef porosity [L3L-3] 

‰  Reservoir porosity [L3L-3] 
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3. A NOVEL METHOD FOR 

DECOUPLING THERMO-

HYDRAULIC PROCESSES FROM 

CHEMICAL REACTIONS TO 

UNDERSTAND THE EFFECT OF 

HEAT ON CHEMICAL REACTION 

3.1. INTRODUCTION 

Temperature has an effect on many properties and chemical processes that take 

place in the subsurface. Solubility of minerals, reaction kinetics, oxidation of organic 

matter, redox processes and sorption-desorption of anions and cations are temperature 

dependent (Possemiers et al., 2014). In principle, chemical reactions are affected by 

changes in thermodynamic functions, such as equilibrium constants, that depend on 

temperature through, e.g., the van 't Hoff equation (Van’t Hoff, 1884; Moran et al., 

2014). For kinetically controlled reactions the well-known Arrhenius equation 

(Arrhenius, 1889) may have to be applied. Kaolinite dissolution rate is an example of a 

rate affected directly by temperature, which can be measured in laboratory experiments 

(Cama et al., 2002). However, one should be careful when applying these laboratory 

experiments to the field scale, because at that scale transport and mixing processes 

may become more important (Li et al., 2008). Temperature may vary in space and time 

for various reasons, either natural (Stober and Bucher, 2021) or artificial (Schout et al. 

2013, Vidal et al., 2022). In this chapter, we focus on Underground Thermal Energy 

Storage (UTES) systems. UTES systems store thermal energy by pumping hot water 

into the subsurface. One of the most common UTES is Aquifer Thermal Energy 

Storage (ATES), where heat is injected in and extracted from an aquifer through wells. 

ATES systems contribute to the reduction of greenhouse emissions, decrease energy 
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consumption, supply large-scale space for heating and cooling (Bloemendal et al., 

2018) and make the management of supply and demand of heat less rigid (Cremer, 

2021). Chemical reactions are very relevant for ATES systems as they can induce 

undesirable consequences during operation of the system such as clogging of minerals 

and corrosion in pipes, and clogging in the aquifer (Holmslykke and Kjøller, 2023; 

Fleuchaus et al., 2018; Gjengedal et al., 2020). 

Numerical models can guide the planning stage, detect lack of knowledge and find 

ways to acquire it and assist the monitoring stage during operation (Alt-Epping and 

Mindel, 2020). Thermo-Hydro-Chemical (THC) numerical models, capable of simulating 

chemical reactions in ATES systems, must consider three types of processes: 1) Heat 

transport. While heat conduction through bedrock is generally the main process in a 

conventional geothermal system (Toth and Bobok, 2017), advection, convection and 

dispersion also play an important role in heat transport in ATES (Vidal et al., 2022). 2) 

Groundwater flow, primarily induced by the injection and extraction of hot and cold 

water. It may sometimes be affected by heat convection due to density differences of 

the groundwater as a result of temperature differences. 3) Reactive transport, that is, 

advection and mixing (such as diffusion and mechanical dispersion) of solutes 

undergoing chemical reactions (such as adsorption and precipitation or dissolution). 

Chemical reactions can be expressed by reaction rates, that is, the amount of reactants 

transforming to products in mol per volume of aquifer and per unit of time. Rates of 

kinetic reactions are expressed by kinetic rate laws. Rates of equilibrium reactions 

depend on changes of thermodynamic equilibrium, which in turn is affected by mixing 

of end-members (Carrera et al., 2022) and also by changes of temperature. Numerous 

examples exist of THC numerical models of natural systems, such as a one-

dimensional THC model along a flow path of a thermal spa (Alt-Epping et al., 2013), a 

2D model of a fault-controlled stratabound hydrothermal dolomitization (Corbella et al., 

2014), a THC model including two-phase (vapor and liquid) flow (Yapparova et al., 

2019), and a 2D THC model of a geyser reservoir (Kiryukhin et al., 2023). Also, 

systems with artificial injection of hot water have been modeled (e.g., Cerclet et al., 

2023). A review of reactive transport codes by Steefel et al. (2015) reveals a long list of 

numerical codes capable of considering the effect of temperature on chemical 

reactions. 

Besides numerical models, analytical models can be used. They rely on simplified 

assumptions and approximations, but are typically easier to apply and computationally 

less expensive than numerical models. Moreover, analytical models can give a better 

understanding of the modeled phenomena. Standard analytical models for solute 
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transport with uniform flow, which can also be applied to heat transport, are given by 

van Genuchten and Alves (1982) and Wexler (1992). Analytical solutions also exist for 

radial flow, which are more relevant for ATES (Chen et al., 2012, Aichi and Akitaya, 

2018). Recently Birdsell et al. (2024) have developed analytical solutions for calculating 

pressure and heat loss in 2D systems. In the field of reactive transport, De Simoni et al. 

(2005) have developed a procedure to deduce analytical and semi-analytical solutions 

that allow assessing solute concentrations and reactions rates by decoupling the solute 

transport from chemical speciation. They only consider equilibrium aqueous reactions 

and precipitation-dissolution of minerals, although for particular cases the procedure 

can be extended to include kinetic reactions (Sanchez-Vila et al., 2010; Saaltink and 

Rodríguez-Escales, 2022) and to incorporate chemical reactions into models for CO2 

storage (Saaltink et al., 2013). Such analytical and semi-analytical solutions have been 

applied, among other things, to calcite dissolution in coastal aquifers (Romanov and 

Dreybrodt, 2006; De Simoni et al., 2007; Guadagnini et al., 2009) and to reactive 

transport in multicontinuum media (Donado et al., 2009; Willmann et al., 2010). A 

noteworthy conclusion from these models is that reaction rates are driven by mixing 

such as dispersion and diffusion. 

No analytical or semi-analytical solutions exist for THC models that consider 

equilibrium aqueous reactions and precipitation-dissolution affected by temperature. 

Therefore, the aim of this chapter is to present such analytical solutions for calculating 

equilibrium reaction rates. We do this by extending the procedure of De Simoni et al. 

(2005) to include variable temperature. We apply our to method two different cases to 

calculate reaction rates. On one hand, we study a simple 1D steady state case with 

diffusion and binary precipitation-dissolution by using only analytical solutions. On the 

other hand, we applied the method to an ATES pilot project located in Bern, 

Switzerland, using results from geochemical calculations by PHREEQC (Parkhurst and 

Appelo, 2013) and from 2D Thermo-Hydraulic (TH) finite elements models. We use the 

ATES system case to verify our method with the THC code RETRASO (Saaltink et al. 

2004). 

3.2. METHODOLOGY 

3.2.1. Formulation 

3.2.1.1. Basic concepts 

The formulation is an extension of the procedure of De Simoni et al. (2005 and 

2007) to include temperature dependencies. This procedure assumes only aqueous 



Chapter 3   

27 

and mineral reactions in equilibrium. Adsorption and kinetic reactions cannot be 

considered. It consists of four steps: i) Evaluation of the mixing ratios of end-members 

and temperatures; ii) Evaluation of conservative components; iii) Speciation 

calculations; and iv) Calculation of reaction rates. 

In step i, mixing ratios of end-members are evaluated. This has been discussed by 

De Simoni et al. (2007). The evaluation of temperatures has to be added. Each end-

member corresponds to water from a given source with a specific chemical 

composition. It must be noted that, as equilibrium constants (and maybe other 

thermodynamic properties such as parameters for activity coefficients) change with 

temperature (Moran et al., 2014), the chemical composition of an end-member 

changes with temperature as well. Thus, the chemical composition of water is 

determined by its mixing ratio and temperature. Mixing ratios and temperatures can be 

obtained from balance equations for mass and heat, respectively. 

Step ii consists of evaluating conservative components. The definition of 

conservative components can be obtained from the stoichiometry of the chemical 

reactions as explained by De Simoni et al. (2007). Concentrations of these components 

can be calculated from the mixing ratios. Mass balance equations of reactive 

components, that include precipitation or dissolution, can be defined by the advection-

dispersion equation with a source sink term for precipitation or dissolution: 

”‰
‬Ἣ

‬ὸ
”ἹϽɳἫ ” Ͻɳ‰Ἆɳ Ἣ ἣἸ (3.1) 

where ” is liquid density, ‰ is porosity, Ἣ is a vector of aqueous concentrations of 

reactive components, ὸ is time, Ἱ is the liquid advective flux, Ἆ is a tensor for dispersion 

and diffusion coefficients (Ἆ Ἆ Ὀ ἓ), Ἰ is a vector of precipitation or dissolution 

rates (positive means dissolution, negative means precipitation) and ἣ is a matrix that 

considers the stoichiometry of the precipitation or dissolution for each component. We 

can define conservative components by multiplying equation (3.1) by an elimination 

matrix Ἇ such that Ἇἣ  (Saaltink et al., 1998): 

”‰
‬Ἵ

‬ὸ
”ἹϽɳἽ ” Ͻɳ‰Ἆɳ Ἵ  (3.2) 

where Ἵ ἏἫ is a vector of concentrations of conservative components. If there is just 

one end-member Ἵ is constant. If there are two end-members, Ἵ can be calculated 

from a mixing ratio, ‌: Ἵ ‌Ἵ ρ ‌Ἵ, where subscripts 1 and 2 refer to end-

members. If there are more than two end-members, more mixing ratios are required: 
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Ἵ В‌Ἵ with В‌ ρ (De Simoni et al., 2007). The elimination matrix Ἇ eliminates 

the precipitation or dissolution term ἣἸ of equation (3.1) and, therefore, equation (3.2) 

behaves conservatively, that is, Ἵ is not affected by chemical reactions. In this way, we 

can use methods that do not take into account reactive transport. The elimination 

matrix can be calculated by means of Gauss-Jordan elimination (Saaltink et al., 1998) 

or singular value decomposition (Meyer, 2000). 

In step iii or speciation calculations, the chemical composition is calculated from the 

conservative component concentrations and temperature. For chemically simple 

systems, analytical solutions may exist for this. More complex and realistic systems 

require numerical solutions, used by software for speciation such as PHREEQC. 

Finally, in step iv, reaction rates (ὴ) are calculated. They can be formulated from 

mass balances of reactive components that also include terms for these rates 

(equation (3.1)). Examples are given in section 3.2.2 and 3.2.3. The theory is given in 

the next section. 

3.2.1.2. Precipitation or dissolution rates 

As the chemical composition of the groundwater depends on mixing ratios and 

temperature, the precipitation or dissolution rates are a function of mixing ratios and 

temperature, which can be derived by substituting equations for mixing ratio and heat 

transport into mass balance equations for reactive components. For Cartesian 

coordinates, the rate (ὴ) becomes (see Appendix I for details): 

ὴ ”
‬ὧ

‬‌
‌ɳ ‰Ἆɳ ‌ ”

‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ

”
‬ὧ

‬Ὕ‬‌

‬ὧ

‬‌‬Ὕ
‌ɳ ‰Ἆɳ Ὕ

”
‬ὧ

‬Ὕ
ρ Ὑ‰

‬Ὕ

‬ὸ
Ͻɳ‰Ὀ ὅ ‗ Ὕɳ  

(3.3) 

where ‌ is mixing ratio, Ὕ is temperature, ὸ is time, ὧ is concentration of a reactive 

component which is a function of ‌ and Ὕ, ‗ is thermal conductivity and ὅ is volumetric 

heat capacity for liquid.  Ὑ is a retardation coefficient for heat. Note that if we neglect 

temperature dependencies, equation (3.3) reduces to that of De Simoni et al. (2007) 

(equation I.4 of Appendix I). 

If we assume a closed system, which allows exchange of heat, but not of mass, 

there is only one end-member (‬ὧ‬‌ϳ π) and the chemistry is only affected by 

temperature. Equation (3.3) is reduced to: 
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ὴ ”
‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ ”

‬ὧ

‬Ὕ
ρ Ὑ‰

‬Ὕ

‬ὸ
Ͻɳ‰Ὀ ὅ ‗ Ὕɳ  (3.4) 

The rate of the chemical reaction (3.4) can be decomposed in three terms: 

dispersion or mixing (ὴ ), heat retardation (ὴ ) and heat conduction (ὴ ) 

(ὴ ὴ ὴ ὴ ). The three terms are defined as: 

1) Mixing: 

ὴ ”
‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ (3.5) 

This is the rate as a result of mixing of waters of different temperature. Note that it is 

similar to the rate for mixing due to different end-members (equation I.4). Only 

temperatures are used rather than mixing ratios. 

2) Heat Retardation: 

ὴ ”
‬ὧ

‬Ὕ
ρ Ὑ‰

‬Ὕ

‬ὸ
 (3.6) 

The fact that heat fronts move slower than fronts of conservative solutes, causes a 

propensity for disequilibrium between temperature and minerals, which must be 

counteracted by precipitation or dissolution of minerals. This type of dissolution or 

precipitation only exists when heat transport is transient (‬Ὕ‬ὸϳ π). 

3) Heat conduction: 

ὴ ”
‬ὧ

‬Ὕ
Ͻɳ‰Ὀ ὅ ‗ Ὕɳ (3.7) 

As heat conduction is different (and in general larger) than solute diffusion, minerals 

precipitate or dissolve as a result. Dispersion coefficients are assumed to be the same 

for solute and heat transport (Ἆ  in equations I.3 and I.5). Therefore, they cancel each 

other out and do not show up in equation (3.7). 

For ATES systems, which use wells for injecting and extracting of hot and cold 

water, one can often assume a two-dimensional domain with radial groundwater flow. 

For such domains and neglecting solute diffusion, equation (3.4) can be rewritten as: 
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ὴ ”
‬ὧ

‬Ὕ
‌ȿήȿ

‬Ὕ
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”
‬ὧ

‬Ὕ
‰ρ Ὑ

‬Ὕ

‬ὸ

‗

ὅ

‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

‬Ὕ

‬ᾀ
 

(3.8) 

where ὶ is radial distance, ᾀ is altitude, ‌ is longitudinal and ‌  transversal 

dispersivity. Appendix II gives the derivation of equation (3.8). Equation (3.8) has terms 

for mixing and heat retardation similar to equation (3.4). On the other hand, the term for 

heat conduction contains an extra term with a radial temperature gradient (‬Ὕ‬ὶϳ ). 

The precipitation or dissolution rates (ὴ) of equations (3.4) or (3.8) are expressed in 

mol per unit of volume of medium per unit of time. By multiplying them by molar volume 

of the mineral, they can be converted to rates expressed in unit volume of mineral per 

unit of volume of medium per unit of time. Moreover, by summing for all minerals and 

integrating over time one can calculate porosity changes: 

‰ ‰ ὴ ȟὠȟ Ὠὸ (3.9) 

where ‰  is the initial porosity and ὠȟ  is the molar volume of the mineral. 

3.2.2. Application to a 1D simple case 

To illustrate the developed method and to ease comprehension, we applied the 

method to a simple 1D case with diffusion. Numerical methods have not been used. 

The only reaction is the precipitation or dissolution of anhydrite (ὅὥὛὕ): 

ὅὥὛὕ ᵮὅὥ Ὓὕ  (3.10) 

We assume one end-member with equal concentrations of calcium and sulphate 

ὧ ὧ ὧ. The van’t Hoff equation is used to correct the equilibrium constant of 

the reaction for temperature changes. Moreover, for simplicity an ideal solution is 

assumed with activities equal to concentrations. Then, the mass action law for the 

reactions can be used to write the concentrations as a function of temperature: 

ὧ ὧ ὧ ὑᵼὧ Ѝὑ ὑ Ὡὼὴ
Ὤ

Ὑ

ρ

Ὕ

ρ

Ὕ

Ⱦ

 (3.11) 
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where ὑ  is the equilibrium constant (τȢστϽρπ  at Ὕ ςυЈ# , Ὤ is the enthalphy (-

7155 J/mol) and Ὑ  is the gas constant (Ὑ  = 8.314 J/mol/K) (Drever, 1997).  

The domain is one-dimensional with a length of 1 m. The material at the left half 

πȢυ ά ὼ ὼ π ά  is different from that at the right π ά ὼ ὼ πȢυ ά  

(Figure 1). The system is closed for mass at both left and right boundaries. 

Temperature at the left boundary is fixed at 0ºC and at the right at 100ºC. The thermal 

conductivities are 1 W/m/ºC and 3 W/m/ºC for the left and right materials, respectively. 

The porosity is 0.5 and the diffusion coefficient is 10-9 m2/s for both materials. 

 

Figure 3.1. Model 1D: Geometry and boundary conditions. 

To derive an expression for anhydrite precipitation or dissolution we follow the four 

steps of section 3.2.1. 

i) Mixing ratios and temperatures 

As there is only one end-member, we only have to evaluate the temperature. The 

heat flux is uniform, but the two different materials with different thermal conductivities 

yield two thermal gradients, Ὕɳ and Ὕɳ for the left and right material, respectively. 

Thus, the temperature distribution becomes: 

Ὕ Ὕ ​Ὕὼ ὼ ÉÆ ὼ ὼ π

Ὕ Ὕ ​Ὕὼ ὼ ÉÆ π ὼ ὼ
 (3.12) 

The first and second derivatives of the temperature with respect to the distance are 

as follows: 

​Ὕ ​ὝὌὼ ​Ὕρ Ὄὼ  

​Ὕ ​Ὕ ​Ὕ‏ὼ 
(3.13) 

where 
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​Ὕ ‗
Ὕ Ὕ

‗ὼ ‗ὼ
 

​Ὕ ‗
Ὕ Ὕ

‗ὼ ‗ὼ
 

(3.14) 

In equation (3.13), Ὄὼ is the Heaviside step function and ‏ὼ is the Dirac delta 

function. 

ii) Conservative components 

The system has two reactive components, ὅὥ  and Ὓὕ , and one precipitation or 

dissolution reaction. Hence, in equation (3.1), Ἣ ὧ ὧ  and ἣ ρ ρ . Then, 

with the assumptions made above the mass balances of these components simplify to: 

”‰Ὀ
‬ὧ

‬ὼ
ὴ 

”‰Ὀ
‬ὧ

‬ὼ
ὴ 

(3.15) 

The elimination matrix can be defined as  Ἇ ρ ρ, because this gives Ἇἣ π. 

Then, the mass balance of the conservative component, equation (3.2), becomes: 

”‰Ὀ
‬ό

‬ὼ
π (3.16) 

where Ἵ ἏἫ ὧ ὧ  is the concentration of the conservative component. As 

concentrations of calcium and sulphate are assumed the same, the concentration of 

the conservative component is constant and equal to 0, which reflects the fact there is 

only one end-member.  

iii) Speciation 

Through equation (3.11) concentrations of calcium and sulphate can be calculated 

from the temperature. Combining equation (3.11) and (3.12) gives the concentrations 

as a function of distance. First and second derivatives with respect to temperature can 

be obtained easily (see appendix III). 

iv) Reaction rates 

For a one-dimensional steady state case without flow, equation 3.4 can be written 

as: 

ὴ ‰Ἆ”
‬ὧ

‬Ὕ
Ὕɳ

‬ὧ

‬Ὕ
ᶯὝ

‬ὧ

‬Ὕ
​Ὕ‏ὼ ὼ ὼ‏ ὼ  (3.17) 
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Because it is a steady state case, there is no heat retardation term, but there are 

terms for mixing, ὴ ‰Ἆ” ‬ὧ‬Ὕϳ Ὕɳ , and heat conduction, ὴ

‰Ἆ” ‬ὧ‬Ὕϳ ᶯὝ . In addition, we have to consider the situation at the boundaries. 

At the boundaries, we assume a zero-mass flux, but these same boundaries have a 

temperature gradient given by equation (3.12). This causes a concentration gradient 

through equation (3.9), which in turn causes a diffusive mass flux. To enable this flux, 

anhydrite must precipitate or dissolve at the boundaries, which is represented by the 

last terms of equation (3.17), ‰Ἆ”​Ὕ‏ὼ ὼ ὼ‏ ὼ .  

3.2.3. Application to a 2D real case 

To study the applicability of the method to more practical cases and verify it, we 

applied it to the thermo-hydro-chemical phenomena in an ATES pilot project at Bern. It 

is part of a benchmark study for the HEATSTORE project (Alt-Epping and Mindel 

2020). We have evaluated the reaction rates of equation (3.8) with numerical 

approximations. This benchmark is more comprehensive than the previous case as it 

assumes a 2D radial domain and transient state and takes into account all relevant 

heat and solute transport processes including advection, dispersion and conduction. 

3.2.3.1. Description of the benchmark 

"Geospeicher Forsthaus" is a pilot project for ATES that aims at storing excess heat 

produced by a waste-burning power plant during summer in an aquifer. Heat will be 

stored between 200 to 500 m below the surface in a series of confined aquifers that are 

part of the Lower Freshwater Molasse (USM). These aquifers consist of horizontal 

layers of sandstones embedded within marls and claystones (Keller, 1992). USM forms 

part of the Swiss Molasse Basin (SMB), a sedimentary formation created during the 

Tertiary due to the uplift of the Alps (Platt and Keller, 1992). In the area of the project, 

the USM is overlain by Quaternary unconsolidated deposits of 150 m thickness 

(Driesner, 2021). 

We study the mixing of 2 waters from the same end-member, but with different 

temperatures. One water represents the water of the aquifer and the other the re-

injected water from the surface. Both waters are in equilibrium with calcite and 

dolomite, which are present in the aquifer.  

The benchmark of Alt-Epping and Mindel (2020) considers many aqueous 

equilibrium complexation reactions and kinetic precipitation or dissolution of calcite 

(CaCO3), dolomite (CaMg(CO3)2) and several silicate minerals. As our method only 

permits aqueous and mineral reactions in equilibrium, we changed the benchmark by 
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assuming calcite and dolomite, which have fast kinetics, to precipitate or dissolve in 

equilibrium and removing the silicate minerals, which react slowly. This changed the 

results, though not significantly. 

The two main reactions are the precipitation or dissolution of calcite and dolomite: 

ὅὥὅὕ ᵮὅὥ ὅὕ  (3.18) 

ὅὥὓὫὅὕ  ᵮὅὥ ὓὫ ςὅὕ  (3.19) 

We have verified our method, which decouples thermo-hydraulics from chemistry, 

by comparing the results with results calculated by the thermo-hydro-chemical code 

RETRASO (Saaltink et al. 2004). This code uses finite elements for the spatial 

discretization and it uses the Direct Substitution Approach for the numerical solution of 

the reactive transport equations. 

3.2.3.2. Numerical model 

We perform a thermo-hydraulic finite element modelling to calculate groundwater 

flow and temperature. We have used CODE_BRIGHT (Olivella et al. 1996), a finite 

element code for thermo-hydraulic mechanical analyses in geological media. 

The model is a simplification of the full case and simulates a single well that injects 

and extracts hot water in a vertical 2-dimensional axisymmetric domain, 200 m long 

and 7.5 m thick (Figure 3.2). The domain is divided into a 2.5 m thick sandstone layer 

on top of a 5 m thick claystone layer. Water is injected or extracted at the left boundary 

which represents the axis of axisymmetry. The mesh is composed of 4000 quadrilateral 

elements. The width of each element is 0.5 m and its thickness is 0.5 m in the 

sandstone and 1 m in the clay. This mesh is slightly different from that of the 

RETRASO model and the benchmark of Alt-Epping and Mindel (2020), who use 

elements that increase with radial distance and also simulate the effect of a well screen 

and a borehole. Top and bottom of the model are impermeable and adiabatic (Figure 

3.2B). A liquid pressure of 4.5 MPa and a temperature of 15°C are prescribed at the 

right boundary. The initial liquid pressure in the full domain is 4.5 MPa and the initial 

temperature is 15°C (Figure 3.2B). We neglect density changes with temperature and 

buoyancy, because of the small vertical height of the model and the strong lateral 

forcing due to pumping. 

One year of operation consist of a stage of injecting hot water into the well (0 – 216 

days) and a stage of extraction (216 – 365 days). We simulate 10 years of operation. 
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Water injection is simulated by a prescribed heat and water flux boundary condition. 

Water of 90°C is injected during the injection stage. Water extraction is simulated with 

boundary conditions of a prescribed water flux and a zero temperature gradient. The 

flow rate is 25 l/s in both stages, multiplied by a factor of 0.021 (7.5/350), because we 

only take into account 7.5 m of the whole 350 m thick aquifer. This flow rate is 

distributed over the thickness of the aquifer and proportional to the permeability 

(6.4·10-5 m2/s in the sandstone and 2.4·10-9 m2/s in the clay), such that groundwater 

flow is always horizontal. 

 

Figure 3.2. Schematization of the 2D real case: a cylindrical aquifer made up layers of 

sandstone and clay. The injection takes place in the center of the aquifer (A). TH 

axysimmetrical model: geometry and boundary conditions (B). 

The thermo-hydraulic properties of the model are presented in table 3.1. The 

properties of the sandstone and the clay are the same, except for porosity and intrinsic 

permeability. 

Table 3.1. Thermo-hydraulic properties of sandstone and clay. 

Property Sandstone Clay 

Porosity ‰ (-) 0.1 0.05 

Intrinsic permeability Ὧ (m2) 3.45·10-13 2.60·10-17 

Transverse ‌  and  longitudinal ‌ dispersivities (m) 0.1 0.1 

Solid heat capacity ὅ (J kg-1 K-1) 750 750 

Thermal conductivity ‗ (W m-1 K-1) 2.67 2.67 

Solid density ” (kg m-3) 2743 2743 

Liquid density ” (kg m-3) 1000 1000 
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3.2.3.3. Reaction rate calculations 

We deduce an expression for calcite and dolomite precipitation or dissolution 

following the four steps of section 3.2.1, but instead of analytical expressions of section 

3.2.2, we use numerical approximations. 

i) Mixing ratios and temperatures 

We only focus on calculating the temperature, because only one end-member is 

considered. We have used the results of the model presented in section 3.3.2.1, which 

uses a mesh of regular quadrilateral elements. This mesh can be used to calculate at 

each node the first and second derivatives of the temperature with respect to horizontal 

radial distance (ὶ) and height (ᾀ). These derivatives are calculated by applying central 

weighted finite differences, which has second order accuracy. These derivatives are 

calculated with finite differences for a grid with non-constant intervals. The points of the 

finite differences grid have the same position as the nodes of the finite element mesh. 

Then, the first derivative of temperature at the point ὼ  (coordinate ὶ or ᾀ of node Ὥ) is 

(Sundqvist and Veronis 1970): 

‬Ὕ

‬ὼ

Ὕὼ ῳὼ Ὕὼ ῳὼ Ὕὼ ῳὼ ῳὼ

ῳὼ ῳὼ ῳὼ ῳὼ
 (3.20) 

where ῳὼ ὼ  ὼ  and ῳὼ ὼ  ὼ  are the distances between two 

consecutive nodes. The second derivatives of temperature with respect to the distance 

at each point are: 

‬Ὕ

‬ὼ
ς
Ὕὼ ῳὼ Ὕὼ ῳὼ Ὕὼ ῳὼ ῳὼ

ῳὼ ῳὼ ῳὼ ῳὼ
 (3.21) 

We have also used central finite differences for temporal derivatives of temperature. 

In this particular case, the increments ῳὸ  and ῳὸ  (rather than ῳὼ  and ῳὼ ) 

correspond to variation of time. 

The temperature derivatives at the boundaries must also take into account the 

boundary conditions. We prescribe heat flux at boundaries where water is injected, 

which is expressed as: 

ήὝ  ήὝ ὅ ‗ ‰Ὀ
‬Ὕ

‬ὼ
 (3.22) 

where Ὕ  is the temperature of the injected water and Ὕ  is the temperature at the 

boundary (ὼ), calculated by the model. Therefore, the temperature gradient at the 

boundary becomes: 
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‬Ὕ

‬ὼ
 

ή

ὅ ‗ ‰Ὀ
Ὕ Ὕ  (3.23) 

At outlet boundaries, where water is extracted, we assume Ὕ Ὕ  and, therefore, 

‬Ὕ‬ὼϳ π. 

The second derivative at the inlet boundary can be calculated by using gradients of 

the points next to the boundary: 

‬Ὕ

‬ὼ

 
‬Ὕ
‬ὼ Ȣ

 
‬Ὕ
‬ὼ

πȢυɝὼ

Ὕ Ὕ
ɝὼ

ή
ὅ ‗ Ὀ

Ὕ Ὕ

πȢυɝὼ
 

Ὕ Ὕ

πȢυɝὼ

ή

ὅ ‗ ‰Ὀ

Ὕ Ὕ

πȢυɝὼ
 

(3.24) 

As before, at the outlet boundaries  4 4  and, therefore, Ћ4ЋØϳ ς4

4 ȾɝØ. 

ii) Conservative components 

The chemical system consists of nine components (Ca, Mg, CO3, Al, Cl, K, Na, SO4 

and Si), some of them being reactive. Moreover, there are many equilibrium aqueous 

complexes, which can be seen as being composed of these components (and water). 

The two precipitation reactions of calcite and dolomite give the following precipitation or 

dissolution stoichiometry matrix ἣ used in equation (3.1): 

 calcite dolomite    

 1 1 Ca   

 0 1 Mg   

 1 2 CO3 
  

 0 0 Al   

ἣ  0 0 Cl  (3.25) 

 0 0 K   

 0 0 Na   

 0 0 SO4 
  

 0 0 Si   

Application of Gauss-Jordan elimination gives the following elimination matrix: 
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 Ca Mg CO3 Al Cl K Na SO4 Si   

 -1 -1 1 0 0 0 0 0 0 CO3 - Ca - Mg  

 0 0 0 1 0 0 0 0 0 Al  

 0 0 0 0 1 0 0 0 0 Cl  

Ἇ  0 0 0 0 0 1 0 0 0 K (3.26) 

 0 0 0 0 0 0 1 0 0 Na  

 0 0 0 0 0 0 0 1 0 SO4  

 0 0 0 0 0 0 0 0 1 Si  

and conservative components 

 ὧ ὧ ὧ    

 ὧ    

 ὧ    

Ἵ  ἏἫ  ὧ  (3.27) 

 ὧ    

 ὧ    

 ὧ    

This illustrates the conservative behavior of these components. Precipitation or 

dissolution of calcite and/or dolomite does not alter the concentration of the first 

conservative component (ὧ ὧ ὧ ), because the increase of Ca, Mg and CO3 

due to precipitation or dissolution cancel each other out. Neither does it affect the 

concentrations of the other components (ὧ , ὧ , ὧ, ὧ , ὧ  and ὧ ), because calcite 

and dolomite are not composed of these components. As our system has only one 

end-member, Ἵ is constant. However, changes in temperature affect equilibrium 

constants (and maybe other thermodynamic properties), causing precipitation or 

dissolution and changes in concentrations of reactive components (ὧ , ὧ  and ὧ ) 

or of aqueous complexes. 

iii) Speciation 

The concentrations of Ca and Mg and other chemical properties are calculated as a 

function of temperature using PHREEQC. Temperature is changed from 15°C to 90°C 

with increments of 0.1°C. We calculate first and second derivatives of Ca and Mg 

concentrations with respect to temperature using central finite differences the same 

way as in step 1. We have evaluated the effect of choice of thermodynamic database in 
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the reaction rate. To do this, we have analysed 3 cases with the same TH results 

(same flow rates and temperatures), but using 3 different databases for the speciation 

calculation: a database used for the benchmark of Alt-Epping et al. (2020); 

PHREEC.DAT, a standard database from the PHREEQC software (Parkhurst and 

Appelo, 2013); and MINTEQ.DAT, which has been developed for the US EPA MINTEQ 

software (Allison et al. 1991) (Figure 3.4). 

The chemical properties of water at 15°C and 90°C for the Benchmark database are 

presented in table 3.2. The only properties that change with temperature are pH, 

concentrations of Ca and Mg and log(pCO2). These variable properties are the same 

for the other databases (Phreeqc and Minteq) at 15°C, but they evolve with 

temperature differently. 

Table 3.2. Chemical properties of water at 15°C and 90°C. Water is in equilibrium with 

calcite and dolomite and is charge balanced. Benchmark database is used. 

Property Water (15°C) Water (90°C) 

pH 7.60 7.01 

Al (mol kgwat
-1) 1.00·10-12

 1.00·10-12
 

Ca (mol kgwat
-1) 7.95·10-4

 3.25·10-4
 

Cl (mol kgwat
-1) 8.69·10-4

 8.69·10-4
 

K (mol kgwat
-1) 7.16·10-5

 7.16·10-5
 

Mg (mol kgwat
-1) 6.03·10-5

 1.32·10-5
 

Na (mol kgwat
-1) 3.85·10-3

 3.85·10-3
 

SO4
 (mol kgwat

-1) 
2.34·10-4

 2.34·10-4
 

Si (mol kgwat
-1) 7.12·10-5

 7.12·10-5
 

SI calcite 0 0 

SI dolomite 0 0 

log(pCO2) (bar) -2.15 -1.12 

iv) Reaction rates 

Precipitation or dissolution rates of calcite and dolomite can be calculated from the 

mass balances of the reactive components of Ca and Mg following equation (3.8). We 

have to specify for each mineral what reactive components are to be used. According 

to the precipitation or dissolution stoichiometry matrix ἣ of equation (3.25) both calcite 

and dolomite are involved in mass balance of Ca, whereas only dolomite is involved in 

the mass balance of Mg. Therefore, calculation of the calcite precipitation or dissolution 
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of rate needs the concentration of component Ca minus that of Mg (that is, in equation 

(3.8), ὧ ὧ ὧ ). That of dolomite needs only the concentration of component Mg 

(that is, in equation (3.8), ὧ ὧ ). Rates are calculated by applying equation (3.8) for 

each node and timestep. The algorithm can be summarized as follows. Temperatures 

are calculated by the numerical model explained in section 3.2.3.2. From these, first 

and second derivatives of temperature (‬Ὕ‬ὸϳ , ‬Ὕ‬ὶϳ , ‬Ὕ‬ᾀϳ , ‬Ὕ‬ὶϳ  and ‬Ὕ ‬ᾀϳ ) 

are calculated by applying finite differences as explained in step i) of section 3.2.3.3. 

Given temperature, we can also calculate derivatives of reactive components with 

respect to temperature (‬ὧ ‬Ὕϳ , ‬ὧ ‬Ὕϳ , ‬ὧ ‬Ὕϳ , ‬ὧ ‬Ὕϳ ) by interpolating 

results calculated by PHREEQC and shown in figure 3.4. Then, equation (3.8) can be 

applied in a straightforward way. Porosity can be calculated from the rates by equation 

(3.8). A simple code has been developed that perform the calculations using as input 

the temperatures from the TH model and the Ca and Mg concentrations from 

PHREEQC.  

3.3. RESULTS 

3.3.1. 1D simple case 

Temperature distribution follows equation (3.12) with two distinct temperature 

gradients for the two materials (Figure 3.3A). The concentrations of calcium and 

sulphate are inversely proportional to temperature and decrease with distance (Figure 

3.3B). Figure 3.3C shows the anhydrite precipitation or dissolution rates expressed in 

volume fraction of mineral per unit of time. The total rate is negative, which means 

precipitation, except at the left boundary (Figure 3.3C). The contribution of mixing is 

higher in the left material, because of the higher gradient of temperature there. The 

heat conduction term is zero, but goes to infinity values at the interface between the 

two materials. The boundary term produces dissolution at the left boundary and 

precipitation at the right boundary. 
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Figure 3.3. Evolution of temperature with distance (A), evolution of concentration of 

specie with distance (B) and dissolution or precipitation rate with distance (C). In (C), 

positive values mean dissolution and negative values correspond to dissolution. 

The results of flow rates and temperatures of the TH model of CODE_BRIGHT and 

the THC model of RETRASO are practically the same (Figure 3.5), because they are 

calculated by the two codes using the same numerical method. The root mean square 

error (RMSE) is lower than 0.25 °C. The distribution of temperature is affected by 
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conduction, advection and dispersion. Advection and dispersion are directly 

proportional to the water flow rate. In general, groundwater flow does not change in 

terms of absolute value, throughout the different simulated stages of operation, being 

positive during the injection and negative during the extraction. Because of the higher 

water flow rate in the sandstone during the injection and extraction, around 10000 

times higher than in the clay, the sandstone is heated and cooled earlier than the 

claystone. The highest temperatures concentrate near the well and reach their 

maximum values after injection in each year of operation (Figures 3.5A and 3.5B). After 

10 years of operation, the position of the thermal front is twice that of the first year 

(around 120 meters compared to around 60 m) (Figures 3.5A and 3.5B). This reflects 

an increase of stored heat in the aquifer, which is caused by a longer duration of the 

heat injection (216 days) compared to that of extraction (365 − 216 = 149 days) at the 

same flow rate. 

 

Figure 3.4. Dependence of concentration of Ca - Mg (A) and Mg (B) with temperature. 

First and second derivatives of calcium (C and E) and magnesium (D and F) with 

respect to temperature. Three different databases (Benchmark, PhreeqC and Minteq) 

are analysed for each variable. 
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There is a good agreement between the dissolution rates for calcite and dolomite of 

our method and RETRASO in the sandstone (Figures 3.6B and 3.6C), RMSE is lower 

than 3 · 10-16 m3/m3/s for calcite and lower than 3 · 10-19 m3/m3/s for dolomite, which 

verifies the correct implementation of our method. Rates of both minerals follow the 

temperature evolution with precipitation during heat injection and dissolution during 

extraction (Figure 3.6A). In general, the rate of calcite is about one order of magnitude 

higher than that of dolomite, because the first and second derivatives of ὧ ὧ  

(related to calcite) are about one order of magnitude higher than those of ὧ  (related 

to dolomite) for the benchmark database (see Figure 3.4). Figures 3.6D and 3.6E show 

the three rate terms of calcite and dolomite of our method. All the terms of the two 

minerals (Figures 3.6D and 3.6E) increase with increasing temperature (Figure 3.6A), 

except the mixing term of dolomite (Figure 3.6E). Heat retardation is the main term in 

the rates of both minerals. Precipitation and dissolution rates due to heat retardation 

are particularly high just after the start of injection and extraction, respectively, because 

then we observe the highest temperature changes, which leads to higher precipitation 

rates (if ‬Ὕ‬ὸϳ π) or dissolution rates (if ‬Ὕ‬ὸϳ π) according to equation (II.10). 

Figure 3.7 shows the rates of calcite and dolomite of our method in a vertical profile 

at 20 m from the well. Again, our method and RETRASO give almost identical rates 

(Figures 3.7B and 3.7C), being RMSE lower than 5 · 10-14 m3/m3/s for calcite and lower 

than 7 · 10-15 m3/m3/s for dolomite. Rates are higher in the sandstone than in the 

claystone and are particularly high at the interface between sandstone and claystone. 

This can be analysed by looking at the three rate terms, shown in figures 3.7D, 3.7E 

and 3.7F. It must be noted that they are shown at the end of injection and extraction, so 

that changes of temperature with time and hence retardation rate terms are relatively 

low (equation II.10). In the sandstone, both retardation and conduction terms are 

relevant. These terms are positive (dissolution) during injection and negative 

(precipitation) during extraction for both calcite and dolomite, though dolomite always 

give lower values because of the derivatives of Ca and Mg concentrations with respect 

to temperature, already discussed before. In this particular case, retardation and mixing 

are mainly governed by the first and second derivatives of reactive components with 

respect to temperature (‬ὧ ‬Ὕϳ  and ‬ὧ ‬Ὕϳ ) respectively (these graphs are no 

shown in the chapter). The mixing rate term is much lower and is not very relevant in 

sandstone. In the claystone, mixing is practically zero because of the low groundwater 

flow ή and therefore low dispersion (see equation II.9). Moreover, in this layer, 

retardation and conduction rate terms have opposite values and nullify each other.  
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Figure 3.5. Isochrons of temperature in the first 80 meters of the aquifer at different 

stages of operation calculated by CODE_BRIGHT (A). Evolution of temperature with 

radial distance at z = 0.1 m at the end of injection and extraction calculated by 

CODE_BRIGHT and RETRASO (our method) (B). Root mean square error (RMSE) 

between the method and RETRASO in Figure 5B are 0.22 °C after injection in the 1st 

year, 0.08 °C after extraction in the 1st year, 0.19 °C after injection in the 10th year and 

0.19 °C after extraction in the 10th year. 
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Figure 3.6. Evolution of temperature (A). Dissolution rate for calcite (B) and dolomite 

(C) of our method and RETRASO. Rate terms of calcite (E) and dolomite (F) 

dissolution rates. All the graphs represent a point located on the top boundary at 20 m 

from the injection well (D). In figures B, C, E and F, positive values mean dissolution, 

while negative values mean precipitation. RMSE between the method and RETRASO 

is 3.0 · 10-17 m3/m3/s for calcite (Figure 3.6B) and 2.5 · 10-19 m3/m3/s for dolomite 

(Figure 3.6C). 
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Figure 3.7. Variation of temperature with depth at 20 m (A). Variation of calcite (B) and 

dolomite (C) dissolution rate with depth at 20 m with our method and RETRASO. 

Components of the total dissolution rate at 20 meters: mixing (D), heat retardation (E) 

and heat conduction (F). In figures B-F, positive values mean dissolution, while 

negative values mean precipitation. RMSE between the method and RETRASO in the 

1st year is 4.1 · 10-14 m3/m3/s after injection and 2.7 · 10 -14 m3/m3/s after extraction for 

calcite (Figure 3.7B), and 6.3 · 10-15 m3/m3/s after injection and 2.0 · 10-15 m3/m3/s after 

extraction for dolomite (Figure 3.7C). 
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3.3.2. Effect of thermodynamic database 

There are important differences in the concentration of ὧ ὧ  and in the 

concentration of ὧ  in the three databases (Figures 3.4A and 3.4B). While, in general, 

the first derivatives of ὧ ὧ  decrease with temperature (Figure 3.4C), those of ὧ  

increase with temperature (Figure 3.4D). Although the second derivatives of ὧ ὧ  

are negative between 15°C and 90 °C (Figure 3.4E), the second derivatives of ὧ  are 

positive in this range of temperature (Figure 3.4F). 

Figures 3.8 and 3.9 show the rate of calcite with depth for different databases. For 

the injection, the three databases calculate rates with the same tendency (Figure 3.8B). 

During extraction the rates calculated by Phreeqc and Minteq are positive while that of 

the Benchmark database is negative (Figure 3.9B). Understanding is helped by looking 

at the different rate terms. We observe that all three databases give similar tendencies 

for mixing rate terms with the most positive rates for the Minteq database (Figure 3.8C 

and 3.9C). According to equation (II.9) differences between databases are caused by 

second derivatives of Ca minus Mg concentrations with respect to temperature 

(‬ ὧ ὧ ‬Ὕϳ ), shown in Figure 3.4E. The Minteq database gives the most 

negative second derivatives and therefore the most positive mixing term rates. During 

injection, temperatures are around 75 °C, resulting in slightly positive second 

derivatives and mixing term rates for the Benchmark database. The heat retardation 

rate term is always positive during injection for all databases (Figure 3.8D). During 

extraction, it is always negative for the Benchmark database and changes from positive 

to negative for the other two databases (Figure 3.9D). This is explained by equation 

II.10 which uses the first derivatives with respect to time (‬ὧ ὧ ‬Ὕϳ  (Figure 

3.4C). During injection with temperatures around 75 °C, these first derivatives are 

negative for all databases, whereas during injection with temperatures around 40 °C 

they may become positive for the Phreeqc and Minteq databases. According to 

equation (II.11), the conduction rate term is similarly affected by the first derivatives. 

So, we see a similar effect on the conduction rates terms (Figures 3.8E and 3.9E). 
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Figure 3.8. Variation of temperature with depth at 20 m after injection (A). Calcite 

dissolution rate for Benchmark, PhreeqC and Minteq after injection (B). Rate terms of 

calcite dissolution for the 3 databases: mixing (D), heat retardation (E) and heat 

conduction (F). All the lines represent vertical profiles at 20 m from the injection well 

after injection (C). In figures B, D, E and F, positive values mean dissolution, while 

negative values mean precipitation. 
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Figure 3.9. Variation of temperature with depth at 20 m after extraction (A). Calcite 

dissolution rate for Benchmark, PhreeqC and Minteq after extraction (B). Rate terms of 

calcite dissolution for the 3 databases: mixing (C), heat retardation (D) and heat 

conduction (E). All the lines represent vertical profiles at 20 m from the injection well 

after extraction (C). In figures B, D, E and F, positive values mean dissolution, while 

negative values mean precipitation. 
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3.4. DISCUSSION 

This chapter presents a method for calculating reaction rates for THC models. It 

decouples the chemistry from the thermo-hydraulic (TH) processes similarly to the 

method of De Simoni et al. (2005). The chemistry (‬ὧ/‬Ὕ, ‬2ὧ/‬Ὕ2) can be calculated 

analytically for simple chemical system, such as the anhydrite case of section 3.2.2, or 

it can be calculated numerically from geochemical calculations by PHREEQC, which 

was done for the more complicated chemical system of section 3.2.3. Likewise, the 

thermo-hydraulics (‬Ὕ/‬ὸ, ​Ὕ, ​2Ὕ) can be calculated analytically, as in section 3.2.2, or 

numerically, as in section 3.2.3. We have only presented closed systems, in which the 

chemistry is only affected by temperature. We have not studied cases with various end-

members and varying mixing ratios (α), although our method permits it as shown by 

equation (3.3). To calculate reaction rates in such cases, other terms have to be added 

related to gradients of mixing ratios. Chemistry and thermo-hydraulic processes can 

still be decoupled. Nevertheless, the chemical calculations may become more difficult, 

as they depend not only on temperature, but also on one (or several) mixing ratios. 

 

Figure 3.10. Evolution of porosity change with time on the top boundary at 20 m from 

de injection well for Benchmark, PhreeqC and Minteq databases (A). Contribution of 

calcite and dolomite in the total porosity change for Benchmark (B), PhreeqC (C) and 

Minteq (D). All the graphs represent a point located on the top boundary at 20 m from 

the injection well (see the representation of the aquifer in graph A). 
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3.4.1. Advantages and limitations of the method 

One advantage of the method is that decoupling chemistry from thermo-hydraulic 

processes can reduce significantly computational costs in comparison to traditional 

numerical codes, such as RETRASO, that solves non-linear mass balance equations 

for each chemical component. Such codes may require prohibitive computational costs 

for THC models with complex 3D geometries that require grids with large number of 

nodes. The computationally most expensive part of our method is the solution of the 

balance equations for only water and heat, when thermo-hydraulics are calculated 

numerically. Moreover, these equations are often linear. Hence, our method may be 

the only feasible option for complex 3D geometries. In the 2D real case, the required 

computational time is 7 times lower than using RETRASO. Probably, this could be 

reduced further by optimizing the time of writing and reading the results of the different 

software used in the method. 

Another advantage of the method is that it permits to understand better the reactive 

transport in non-isothermal cases. The reaction rate can be decomposed in three terms 

which help understand better what processes (mixing, heat retardation and heat 

conduction) are dominant in each place.  

A drawback of our method is that it can only handle systems with aqueous and 

mineral reactions in equilibrium just like the method of De Simoni et al. (2005). 

Moreover, the minerals must be present ubiquitously. Our method cannot handle 

systems with adsorption and kinetic reactions and systems where minerals are only 

present in part of the domain or during part of the time. 

3.4.2. Infinite reaction rates 

Using our method, we have observed that heat conduction tends to infinity at the 

interface between two different materials of the 1D case. From a mathematical point of 

view, this interface is a singular point, because the Laplacian of temperature goes to 

infinity there. The same singularity exists for the boundaries. Although these 

singularities exist for reaction rates, they disappear when they are integrated over 

space (because ὼὨὼ‏᷿ ρ). For example in the 1D case, integration for the various 

terms for anhydrite gives: 4.8·10-6 m/yr (left boundary), -1.4·10-6 m/yr (heat conduction), 

-2.8·10-6 m/yr (mixing) and -5.6·10-7 m/yr (right boundary). Note that the sum of these 

terms is equal to zero, which makes sense, because in a closed steady state system 

the total amount of anhydrite in the system cannot change. Overall, anhydrite dissolves 

at the left boundary, diffuses towards the right and precipitates in the whole domain 

due to mixing, at the interface due to heat conduction and at the right boundary due to 
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the zero-mass flux condition. One may question the physical meaning of the integrated 

rates at these singularity points. For example, in the 1D simple case, one solution is to 

think of these rates as growth of a slice completely clogged with anhydrite in case of 

precipitation or of a slice without anhydrite in the case of dissolution. For instance, at 

the material interface a slice of clogged material is forming at a rate of 1.4·10-6/‰ = 

2.8·10-6 m/year. At the left boundary and if the solid only consists of anhydrite, a gap is 

forming at a rate of 4.8·10-6/ ρ ‰  = 9.6·10-6 m/year. It must be said that both values 

are very small. 

A similar phenomenon takes place at the sandstone-claystone interface of the 2D 

real case. There, precipitation and dissolution reach very high values for both calcite 

and dolomite due to high mixing rate terms (Figure 3.6F). The reason is the kink in the 

temperature profile at the sandstone-claystone interface (Figure 3.7A), indicating a high 

Laplacian of temperature (‬Ὕ‬ᾀϳ ) and high conduction rate term. It is similar to the 

singularity point of the 1D simple case, although it does not give infinite value, because 

the second derivative is calculated numerically by equation (3.19). Note that the results 

of our method agree with those of RETRASO, because the same discretization was 

used. Finer discretisation will give thinner and higher peaks in precipitation dissolution 

rates at the interface. 

High rates in the interface between two different materials could generate 

undesirable consequences in terms of porosity changes and clogging in the aquifer. 

Nevertheless, the porosity changes studied in the two cases are very low and probably 

do not cause mechanical and hydraulic problems. 

3.4.3. Effect of choice of the thermodynamic database 

As shown by our method in the 2D case, the choice of the thermodynamic database 

has an important impact on the results of temperature dependent reactive transport 

models, such as precipitation-dissolution rate and porosity change. An exhaustive 

comparison of thermodynamic databases is beyond the scope of this study, but such 

comparisons have been published (Alsemgeest et al., 2021; Lu et al 2022). What our 

results reveal is that for such comparisons not only chemical properties are important, 

such as component concentrations, mineral solubilities and saturation indices, but that 

one also may have to look at their first and even second derivatives with respect to 

temperature. 
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3.5. CONCLUSIONS 

We propose a novel method that can be used to develop analytical and semi-

analytical solutions for THC phenomena. The method assumes aqueous and mineral 

reactions in equilibrium. Although the method can be applied to cases with many 

chemical end-members, we analysed the mixing of two waters of different temperature, 

but pertaining to the same end-member. In that case, the rate of chemical reaction can 

be simplified by calculating the thermo-hydraulics variables (‬Ὕ/‬ὸ, ​Ὕ, ​2Ὕ) and the 

relation between concentration and temperature (‬ὧ/‬Ὕ, ‬2ὧ/‬Ὕ2). This rate can be 

decomposed in three terms that represent three processes: mixing, heat retardation 

and heat conduction, which can be very useful in analysing modelling results. Another 

advantage of the proposed method is that, by using (semi-)analytical solutions, the 

computational cost is reduced with respect to numerical THC codes.  

We have applied our method to illustrate and understand the THC processes in two 

cases. The first one is a simple 1D simple case in steady state, for which an analytical 

solution could be obtained. We observe that the distribution of temperature affects the 

reaction rate and that the mixing term dominates this rate. The second case is an HT-

ATES system in 2D that uses a semi-analytical solution. We have verified satisfactorily 

our method with this case and we could observe a 7-fold reduction in the computational 

cost of the method with respect to RETRASO, a standard reactive transport model. The 

chemical rate, in terms of absolute value, is affected by the position and movements of 

the thermal front. In our two-layer case, most of the thermal front movement occurs in 

the most permeable layer. All three processes are relevant, but heat retardation and 

heat conduction are more dominant than mixing. In both studied cases, heat 

conduction is the main process at the interface between materials of different thermal 

conductivity. At this interface, the heat conduction term tends to infinity as well as the 

reaction rates. However, integration across the interface shows that volumes of 

precipitated or dissolved minerals are small. In other situations, the volume of 

precipitated or dissolved minerals could be different. Therefore, we do not expect 

important changes in overall porosity or in intrinsic permeability. 

The choice of the thermodynamic database for the geochemical calculations is 

crucial because it determines the relation between concentrations and temperature. It 

is important to note that one should not only look at concentrations as a function of 

temperature, but also at their first and second derivatives. This can change reaction 

rates by orders of magnitude. 
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The presented method can be adapted to other geothermal and geological 

engineering situations in order to understand THC processes and the effect of heat on 

chemical reactions and to verify new numerical models. 

3.6. LIST OF SYMBOLS 

Generalized units are given for each symbol, with L being unit of length, M unit of 

mass, N unit of amount of substance or mol, T unit of time and θ unit of temperature. 

Ἣ Vector of aqueous concentrations of reactive components [NM-1] 

ὧ Concentration of a reactive component [NM-1] 

ὅ Volumetric heat capacity for liquid [ML-1T-2θ-1] 

Ἆ 
Tensor for dispersion and diffusion coefficients (Ἆ Ἆ Ὀ ἓ)  

[L2T-1] 

Ἇ Elimination matrix [NN-1] 

Ὤ Enthalphy [L2MT-2N-1] 

ὑ  Equilibrium constant [-] 

Ὧ Intrinsic permeability [M2] 

ὴ Precipitation-dissolution rate [L3L-3T-1] 

ὴ  Reaction rate due to heat conduction [L3L-3T-1] 

ὴ  Reaction rate due to mixing [L3L-3T-1] 

ὴ  Reaction rate due to heat retardation [L3L-3T-1] 

Ἱ Liquid advective flux [LT-1] 

Ὑ Retardation coefficient for heat [-] 

ὶ Radial distance [L] 

Ὑ  Gas constant (L2MT-2N-1θ-1) 

ὸ Time [T] 

Ὕ  Reference temperature [θ] 

ἣ Component matrix [NN-1] 
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ὠȟ  Molar volume of the mineral [L3N-1] 

ᾀ Altitude [L] 

‌ Longitudinal dispersivity [L] 

‌  Transversal dispersivity [L] 

 [-] ὼ Dirac delta function‏

Ὄὼ Heaviside step function [-] 

‗ Thermal conductivity [LMT-3θ-1] 

” Liquid density [M3L-3] 

‰ Porosity [L3L-3] 

‰  Initial porosity [L3L-3] 
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4. HEAT STORAGE EFFICIENCY, 

GROUND SURFACE UPLIFT AND 

THERMO-HYDRO-MECHANICAL 

PHENOMENA FOR HIGH-

TEMPERATURE AQUIFER 

THERMAL ENERGY STORAGE 

4.1. INTRODUCTION 

4.1.1. Background and objectives 

The injection and extraction of thermal fluids into the underground can produce 

unwanted consequences such as variation of water level, alteration of temperatures, 

subsidence, uplift and seismicity. Examples of geoengineering facilities affected by 

these problems are carbon dioxide storage, radioactive waste storage, injection for 

enhanced oil recovery, geothermal energy and underground thermal energy storage. 

All these facilities may trigger coupled thermo-hydro-mechanical (THM) phenomena. 

An example is the German Power Plant of Landau. A leak of hot water from a well 

induced positive vertical displacements on the land’s surface and the shutdown of the 

plant in 2014. This uplift was detected by Heimlich et al. (2015).  

Underground Thermal Energy Storage (UTES) technologies store thermal energy, 

heat or cold, by injecting thermal energy into the underground during a period of high 

energy supply. The thermal energy is extracted during a period of high energy demand. 

Heat storage can contribute to the extension of low-carbon heat sources, reduce 

greenhouse gas emissions and afford flexibility in the management of supply and 

demand of heat (Cremer, 2021). 
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One of the most common UTES is Aquifer Thermal Energy Storage (ATES). ATES 

is a bidirectional system that consists of one or more wells that inject or extract thermal 

energy into aquifers (Scüppler et al., 2019). ATES stands out for its high storage 

capacity and for being useful in both small and large facilities (Pellegrini et al., 2019; 

Fleuchaus et al., 2018). ATES is classified as High Temperature ATES (HT-ATES) 

when the temperature of the injected water is above 60°C (Drijver et al, 2012). In this 

temperature range, heat can be used directly (Drijver et al., 2012). HT-ATES is a clear 

example of a facility that can trigger THM phenomena. Because of this, a good 

understanding of the underground processes is necessary for obtaining safe and 

efficient systems. 

THM modelling can help in studying the viability and cost effectiveness of 

geoengineering facilities dealing with geofluids. This type of modelling implies a 

nonlinear coupled initial boundary value problem, which needs to be solved 

numerically. The computational costs of THM calculations are high because of 

basically two reasons: a high number of degrees of freedom and a strong coupling 

among nonlinear processes (Kolditz et al., 2010). Dimensional analysis permits to 

verify the solution of the nonlinear equations by substituting the variables by new 

dimensionless variables (Hauke, 2008). It is a simple way to plan scale experiments 

and to know what can happen in the study area. 

Despite the large number of examples in the literature of THM modelling applied to 

geoengineering facilities (e.g., Rutqvist et al., 2005; Vilarrasa et al., 2014, Toprak et al., 

2016), there are only few applications to UTES, such as that of Jung-Wook et al. 

(2016) who studied the THM behaviour of a high-temperature thermal energy storage 

cavern. In HT-ATES, there are many studies on the TH behaviour of the subsurface 

(e.g., Kim et al 2010; Mindel et al 2021) and only one simulates the HM behaviour of 

the underground focusing on the deformation at the ground surface (Birdsell and Saar, 

2019). There is a THM simulation of HT-ATES, but it does not consider uplift (Jin et al. 

2022). The study of the THM behaviour of HT-ATES is important because mechanics 

can alter fluid flow and heat transport, modifying the performance and the efficiency of 

the system, and can lead to important uplift of the ground surface, affecting buildings 

and infrastructure. 

Pilot or demonstration projects study the viability of HT-ATES projects. Pilot projects 

simulate real projects at a small size or with some limitations in order to see if they are 

technically and economically possible at real scale (Fleuchaus et al., 2018). 

HEATSTORE is a GEOTHERMICA ERA-NET European project which aims to reduce 
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costs, to increase safety and performance of High Temperature Underground Thermal 

Energy Storage (HT-UTES) technologies and to improve the supply-demand 

management in heat networks (Cremer, 2021). There are several pilot projects of 

HEATSTORE HT-UTES in Europe, of which four are HT-ATES. These HT-ATES pilot 

projects are located in Switzerland, Netherlands and Iceland. 

The aim of this chapter is to analyse and understand the mechanisms of uplift 

caused by heat storage by studying the THM response to a HT-ATES system. In 

addition, efficiency has to be quantified as it is a major issue in the heat storage and 

quantifies heat losses to the aquifer. For this purpose, we first carry out a dimensional 

analysis to understand the thermo-hydro-mechanical phenomena during hot water 

injection and cold water extraction coupled to deformations. Then, we present a 3D 

THM finite element model to simulate and analyse the subsurface response in terms of 

temperature, pressure and displacements distribution and evolution. We make a 

prediction of the long-term behaviour of the system to calculate the efficiency and the 

displacements over a decade of operation. Finally, we present a sensitivity analysis. 

4.1.2. Description of the Bern project 

This study is motivated by the Bern project, one of the pilot projects of 

HEATSTORE. The power plant of Forsthaus (Bern , Switzerland) has an excess of 

waste heat that is dissipated into the atmosphere. A HT-ATES system is planned close 

to the plant in order to store the excess of heat during summer and to reuse it during 

winter through a district heating network. 

The HT-ATES system consist of one Central well surrounded by four Auxilliary wells 

each at a distance of 40 meters (Figure 4.1). This distance should approximate the 

thermal radius, that is, the position of the temperature front after a period of heat 

injection (240 days in our case) considering only advection (Bloemendal et al., 2018). 

At the Central well heat is injected in summer and heat is produced in winter. The 

Auxiliary wells help to limit flow and have the desired pressure in the aquifer. This 

configuration of wells is an alternative to the well-known two well configurations. This 

five spot system permits to concentrate and keep the stored heat in the region between 

the Auxiliary wells. It is also used in other contexts, such as, enhanced oil recovery 

(Wang et al. 2018). 

During summer, the Central well injects water at 90°C while the Auxiliary wells pump 

water at the same rate of 25 l/s. In winter, the Auxiliary wells inject water of 50°C, while 

the Central well extracts water. The loading lasts longer than the unloading (8 months 
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versus 4 months). More heat is injected than extracted despite the same injection rates 

are considered during all the year (a constant flow rate of 25 l/s). 

The aquifer is located in the Lower Freshwater Molasse (USM), which is part of the 

Swiss Molasse Basin. This Basin is a thick Tertiary sedimentary formation originated by 

detrital filling of a subsidence basin that was caused by the uplift of the Alps (Platt and 

Keller, 1992). In the study area, the USM consists of horizontal layers of sandstones 

embedded within marls and claystones (Kelller, 1992). Quaternary unconsolidated 

deposits of 150 m thickness overlay the USM (Driesner, 2021). 

The heat will be stored in a series of confined aquifers between 200 m to 500 m 

below the surface. The mean geothermal gradient is 3K/100 m, which make the 

temperature of the aquifer to approximately 20°C (Driesner, 2021). 

 

Figure 4.1. HT-ATES project of Bern in summer (A) and winter (B). 

4.2. MATHEMATICAL FORMULATION 

4.2.1. Governing equations for THM modelling 

The injection and extraction of hot water into an aquifer represents a case with 

strongly coupled THM phenomena. The injection of hot water can cause a local 

increase in pressure, which coupled to the increased temperature, can induce the 

expansion of the medium (Rutqvist et al., 2005). Heating produces thermal expansion 

of the rock and native porous water. The increment of pressure and temperature tends 

to generate uplift, vertical displacement towards the surface, which could be partly 
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counteracted by possible loss of cementation. The effect of pore pressure and 

temperature may increase the zone of deformation with respect to the purely 

mechanical case (Mokni et al., 2013).  

Heat transport in HT-ATES is a combination of advection, convection, diffusion and 

dispersion and is influenced by thermal, hydraulic and mechanical parameters. Heat 

capacity of water and solid, and flow of liquid water control advection and dispersion. 

Heat capacity is a function of temperature and the flow of liquid water is controlled by 

temperature (through water viscosity), degree of saturation (hydraulic effect) and 

porosity (mechanical effect). Solid density affects heat capacity. Flow of liquid water 

and heat capacity depend on liquid density. Both densities are functions of temperature 

and liquid pressure. Diffusion or heat conduction depends on thermal conductivity 

which is a function of porosity and temperature. Convection is a function of liquid 

density, thermal conductivity and water viscosity. 

THM formulation for ATES system should integrate heat transport (heat conduction, 

heat advection, heat convection and heat dispersion), water flow (liquid advection) and 

mechanical behaviour (behaviour of porous materials dependent on stresses and 

temperature). The THM formulation presented here is based on Olivella et al. (1994). 

The liquid mass balance equation in the medium is expressed as: 

Ὀ”‰

Ὀὸ
”‰ɳ ϽἽ Ͻɳ”Ἱ  (4.1) 

where  is the material derivative with respect to solid phase velocity Ἵ, ‰ is the 

porosity, Ἵ is the solid velocity vector  and Ἱ■ is the liquid advective flux  

The material derivative is defined as: 

Ὀὥ

Ὀὸ

‬ὥ

‬ὸ
ᶯὥϽ Ἵ (4.2) 

The solid mass balance equation can be written as: 

Ὀ‰

Ὀὸ

ρ ‰

”

Ὀ”

Ὀὸ
ρ ‰ ϽɳἽ (4.3) 

where ‰ is the porosity, Ἵ is the solid velocity vector, ” is the solid density and ὈȾὈὸ 

represents the material time derivative of the solid. Equation (4.3) represents the 

variation of porosity caused by solid density variation and volumetric deformation. 
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The internal energy balance of the medium can be expressed as: 

‬ ‰ὧ” ρ ‰ὧ” ЎὝ

‬ὸ
Ͻɳ ‗ɳὝ Ͻɳὧ”ЎὝἹ  

  ɳϽ ‰ὧ” ρ ‰ὧ” ЎὝἽ π 

(4.4) 

where ὧ is the specific heat of liquid  and ‗ is the thermal conductivity. 

Equation (4.4) is simplified by using equations (4.1) and (4.3), applying the material 

derivative (4.2) and doing some algebra: 

Ὑ”‰ὧ
ὈὝ

Ὀὸ
Ͻɳ ‗ɳὝ ὧ”Ἱ■ϽɳὝ π (4.5) 

where Ὕ is the temperature, ὧ is the specific heat of liquid, ὧ is specific heat of solid, ‗ 

is the thermal conductivity  and Ὑ is the thermal retardation coefficient. 

The characteristic thermal conductivity ‗ is expressed as the sum of the bulk 

thermal conductivity ‗ and the dispersive conductivity ‗: 

‗ ‗  ‗ (4.6) 

The momentum balance of the porous media has to be satisfied in order to solve the 

mechanical part of the problem. Neglecting inertial terms, it is reduced to the 

equilibrium of stresses: 

Ͻɳ Ἢ  (4.7) 

where   is the stress tensor and Ἢ  is the body forces vector. 

We assume that the medium is elastic. We use linear thermoelasticity in porous 

media to take into account the effect of changes in fluid pressure and temperature on 

rock deformation. The elastic strain is based on Hooke’s law. We use the same 

formulation as Vilarrasa et al. (2013) for the strain, but we have added the thermal 

strain part: 

„

σὑ
ἓ
ρ

ςὋ
„ἓ  

‌

σ
 4ἓ (4.8) 

where  is the elastic strain tensor,  is the effective stress tensor, „  is the mean 

effective stress, ἓ is the identity matrix, ‌  is the volumetric (3 times the linear) thermal 

expansion coefficient of the medium,  ὑ ὉȾσς ’ is the bulk modulus, Ὃ
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ὉȾςρ ς’ is the shear modulus and Ὁ is the Young’s modulus and ν the Poisson 

ratio.  

Using (4.8) and taking into account (i) the compatibility equations between strains 

and displacements, that (ii) the volumetric strain can be defined as the divergence of 

the displacement vector, (iii) assuming that loads are stationary and (iv) integrating with 

respect to time, the momentum balance of the porous media (4.7) can be written as: 

Ὃɳ Ἵ ὑ
ςὋ

σ
ᶯ ϽɳἽ ὑ

ςὋ

σ
‌ Ὕɳ ὴɳ  (4.9) 

where ὴ is the liquid pressure. 

A summary of the basic relationships for mass and momentum balance equations is 

given in table 4.1. 

Table 4.1. Basic relationships for mass and momentum balance equations 

Liquid advective flux (Darcy’s law) Ἱ
Ὧ

‘
ὴɳ ”Ὣɳᾀ 

Heat conduction (Fourier’s law) ░╬ ‗ Ὕɳ 

Heat dispersion (Fourier’s law) ░▀ ‗ Ὕɳ 

Liquid density ”  ” ÅØÐ ‌ ὴ ὴ ‌ Ὕ Ὕ  

Solid density ”  ”  ÅØÐ‌ ὴ ὴ ‌ Ὕ Ὕ  

Thermal retardation coefficient Ὑ
‰ὧ” ρ ‰ὧ”

‰ὧ”
 

Bulk thermal conductivity ‗ ρ ‰ ‗ ‰‗ 

Dispersive conductivity ‗ =ὧ”ὨȿἹȿ 

4.2.2. Dimensional analysis 

In this chapter, we perform a dimensional analysis of the equations of internal 

energy balance (4.5) and momentum balance (4.9). The main purpose is to obtain 

dimensionless variables or dimensionless numbers that better characterize the thermo-

hydro-mechanical processes. 

Dimensional analysis is based on Buckingham π theorem (Buckingham, 1914). This 

theorem establishes that for any dimensionally homogenous equation that involves n 

dimensional variables is possible to find an equivalent dimensionless equation with n-d 

dimensionless variables, where d is equal to or less than the number of independent 

dimensions of the problem (Hauke, 2008). 

https://en.wikipedia.org/wiki/Buckingham_%CF%80_theorem
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The way to apply the dimensional analysis is by changing variables (Hauke, 2008). 

The original variables of the equations (4.5) and (4.9) are written as a function of a 

characteristic variable, which is a dimensional constant, and a dimensionless variable. 

We used the following dimensionless variables: 
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(4.10) 

In each variable, subscript D refers to the dimensionless variable and subscript with 

C  refers to the characteristic variable. 

Equations (4.5) and (4.9) can be written in terms of the dimensionless variables of 

(4.10) as follows: 
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Assuming radial flow (ή
ȿȿ

), equation (4.11) can be written as: 

ς
ὈὝ

Ὀὸ
ὖὩᶯ ϽᶯὝ

ὒ

ὶ
Ͻɳ Ὕ  (4.13) 

The characteristic length ὒ is equal to the distance between the central well and the 

auxiliary well and ὶ is the radial distance from the Central well. The characteristic time 

ὸ represents the characteristic time of the advection equation: 

ὸ
ὒ‰Ὑ

ςὶȿἹ■ȿ
 (4.14) 

ὖὩ is the dimensionless Peclet number. We use this number to determine which 

thermo-hydraulic fluxes is the dominant one (advection, conduction or dispersion) and 

where. The Peclet number represents the ratio between heat transfer by advection and 

heat transfer by diffusion and dispersion. We define Pe as: 
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ὖὩ
ȿὗȿ”ὧ

ς“ὦ ‗ ‗
ὖὩ ὖὩ  (4.15) 

where ὗ is the injection flow rate  ÁÎÄ ὦ  is the thickness of the injected aquifer. 

In equation (4.15), ὖὩ  is the the ratio between heat transfer by advection and by 

diffusion: 

ὖὩ
ȿὗȿ”ὧ

ς“ὦ ‗
  (4.16) 

We define ὖὩ  in (3.16) for one well. In a five spot scheme, we express ὖὩ  

as: 

ὖὩ
ήὰὶ”ὰὧὰ

‗
 (4.17) 

ὖὩ  is the ratio between heat transfer by advection and by dispersion: 

ὖὩ
ὶ

Ὠ
  (4.18) 

Ὗ  is a dimensionless number which expresses the ratio between the thermal strain 

generated by the injection of hot water and the initial total strain: 

Ὗ

‌
σὝὒ

ό
 (4.19) 

Ὗ  is a dimensionless number which is equal to the ratio between the hydraulic 

strain generated by the injection of hot water and the initial total strain: 

Ὗ 

ὴὒ
ὑ
ό

 
(4.20) 

In (3.19) and (3.20), ό  is the characteristic displacement:  

ό  ὴὛὒ  Ὕ ‌ ‰ ‌ ὒ (4.21) 

where Ὓ ‌ ‰ ‌  is the storage coefficient and Ὕ  is the temperature of the 

medium before injection. 
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The characteristic temperature Ὕ is defined as: 

Ὕ Ὕ Ὕ (4.22) 

where Ὕ  is equal to the temperature of the injected water. 

The characteristic liquid pressure ὴ is equal to: 

ὴ ὴ ὴ (4.23) 

where ὴ is the liquid pressure in the medium previous to the injection  and ὴ  is the 

injected liquid pressure defined as:  

ὴ ”ὫЎὬ (4.24) 

where Ὣ is the gravitational acceleration and ЎὬ is the variation in the hydraulic head 

defined by Thiem (1996): 

ЎὬ
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where ὶ  is the well radius and Ὧ is the intrinsic permeability. 

We evaluate the importance of convection in the HT-ATES system with the 

dimensionless Rayleigh number (Ὑ ). Ὑ  is the ratio between the characteristic time for 

conductive transport and that for buoyant thermal transport. 
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where Ў” is the fluid density difference  and ‘ is the dynamic viscosity of liquid. 

There is a critical Rayleigh number Ὑ  equal to 4“2 for a case of convective flow in a 

hexahedral domain of porous material saturated with fluid, (Lapwood, 1948; Beck, 

1972). If Ὑ  is higher than Ὑ , heat convection is the dominant process, else heat 

conduction is the dominant one. Ὑ  only considers free convection as heat transport 

process. 

4.3.3. Energy recovery 

The energy recovery factor permits to quantify the efficiency of the HT-ATES system 

from the injected and extracted heat. This factor is expressed as (Doughty et al., 1982): 
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 (4.27) 

where Ὕ  is the temperature of the extracted water, Ὕ  is the temperature of the 

injected water and Ὕ is the initial temperature in the aquifer.  

According to Gutierrez-Neri et al. (2011), the energy recovery factor is related to the 

Rayleigh Number. A HT-ATES system is more efficient when heat conduction 

dominates over heat convection. For a Ὑ  lower than the Ὑ , the energy recovery 

factor is expected to be higher than 0.6. 

4.3. NUMERICAL MODEL 

The numerical analysis has been performed with the Finite Element Method 

program CODE_BRIGHT, which is a capable of solving coupled thermo-hydro-

mechanical models in geological media (Olivella et al., 1996). CODE_BRIGHT can be 

used in combination with the pre/post-processor GiD, developed by the International 

Center for Numerical Methods in Engineering (CIMNE, 2020). CODE_BRIGHT uses 

the formulation presented above: conservation equations (4.1), (4.3), (4.4) and (4.9). 

The phenomena considered (deformations, advection, conduction and dispersion) can 

be summarized in view of the constitutive equations defined above, namely: linear 

thermo-poro-elasticity, generalized Darcy’s law (including variable density and 

viscosity) and Fourier`s law (including dispersion). The equations are solved by means 

of finite elements in space and finite differences in time. The case of study is nonlinear 

and for this reason, the program uses the method of Newton-Raphson. The solution is 

obtained monolithically. In addition to other verifications and validations which can be 

found in the literature (Rutqvist et al., 2005, Olivella and Gens, 2005; Tamayo et al. 

2021), CODE_BRIGHT has been verified against heat storage TH problems by Mindel 

et al (2021).  

4.3.1. Geometry and mesh 

We consider a HT-ATES system that is based on the Bern project described before. 

It assumes a 3D multi-layer system. The model represents a quarter part of the whole 

domain, which consists of 1 central borehole and 4 auxiliary boreholes situated at 40 m 

from the centre (Figures 4.2A and 4.2B). So, the model is simplified to 2 vertical wells: 

a central well and an auxiliary well. The geological profile consists of a top (0 – 400 m 



Chapter 4   

67 

depth), an aquifer (400 m – 500 m depth) and a bottom rock (500 m – 600 m depth). 

Top rock and bottom rock represent aquitards (Figures 4.2A). 

We have modelled the well screen explicitly. The wells have an octagonal shape as 

an equivalent of a round well (Figures 4.2C). The inner part of the wells is empty. The 

parts of the wells are screened at the aquifer. This is simulated by a high permeability 

and dispersion in the outer part of the well with respect to those of the aquifer. The 

parts of the wells at the top and bottom rock are closed, which is simulated by outer 

parts having the same material properties as the surrounding rock. 

The model boundaries are far enough so that effects of injection and extraction at 

these boundaries can be neglected. The size in the horizontal direction is equal to 200 

m and the height is 600 m. The length of the wells is 500 m. We have used a semi-

structured mesh: unstructured in the horizontal and structured in the vertical direction. 

The elements of the mesh are hexahedral (Figures 4.2A). A total of 33027 nodes and 

27300 elements have been used. 

 

Figure 4.2. 3D Model (A), plant view of wells (B) and geometry of the wells used in the 

simulation (C). C represents the Central well and A the Auxiliary wells. 

4.3.2. Material properties 

Table 4.2 shows a summary of the main parameters of the geological materials. It 

corresponds to an initial model where all the materials are isotropic. Mechanical 

properties are the same for all geological materials, except for the well screen at the 

injection zone. We have considered a linear elastic model for all materials. 
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Table 4.2. Main parameters for preliminary calculations. 

Properties 
Top/Bottom 

rock 
Aquifer Well screen 

Intrinsic permeability (vert. = horiz.) (m2) 1.0·10-16 1.0·10-13 1.0·10-9 

Thermal conductivity (W/m·k) 2 2 2 

Dispersivities (longitudinal /transversal) 
(m) 

5/1 5/1 100/10 

Solid heat capacity (J/ kg·K) 1000 1000 1000 

Density (kg/m3) 2700 2700 2700 

Porosity (-) 0.3 0.3 0.3 

Elastic Modulus (MPa) 5000 5000 500 

Poisson’s ratio (-) 0.3 0.3 0.3 

4.3.3. Boundary and initial conditions 

Water is injected and extracted into/from the nodes representing the wells within the 

aquifer. The total flow rate (25 l/s) is divided by 4 because the model only considers a 

quarter part of the domain. Injection (into the Central well during Injection and into the 

Auxiliary well during Back Injection) is simulated by a fixed flux. Extraction (from the 

Auxiliary well during Injection and into the Central well during Back Injection) is 

simulated by a fixed pressure of 6 MPa. Injection in the central well is carried out at 90 

oC, while injection in the 4 Auxiliary wells (25/4 l/s at each one) is carried out at 50 oC. 

We assume that Injection in the Central well takes place during two-thirds of the year. 

Flow is reversed during the remaining one-third of the year.  

We impose pressure and temperature on the top surface at atmospheric pressure 

(0.1 MPa) and 20 °C, which can be considered atmospheric conditions.  

We have applied zero vertical displacements on the bottom surface and zero 

horizontal displacements at the lateral boundaries of the model. For external 

boundaries (non-symmetry lateral planes), the vertical displacements are also 

prescribed to zero. We have assumed that lateral boundaries and bottom surface are 

impervious and adiabatic.  

The initial temperature in the entire model is 20 oC and the liquid pressure is 

assumed hydrostatic starting with atmospheric pressure at the top. 
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4.3.3. Time interval data 

We simulate ten years of operation of the system in order to predict the behaviour of 

the system for a long time. Each year of operation consists of an Injection (first 8 

months) and a Back Injection (4 last months): 

- During Injection water is injected in the Central well with a constant flow rate of 

6.25 l/s and a temperature of 90 oC. Water is extracted from the Auxiliary wells 

at the same time. 

- During the Back Injection thermal energy is extracted. It consists of injecting 

water at 50 oC with a constant flow rate equal to 6.25 l/s in the auxiliary wells 

(only one auxiliary well in the domain). Water is extracted from the Central at 

the same time. 

There is an initial stage, previously to the operation time, that lasts ten days. This 

initial stage is used to calculate the initial stresses and the initial liquid pressures in the 

model. 

4.4. RESULTS FOR THE BASE CASE 

4.4.1. Thermo-hydraulic fluxes 

Before discussing the results of the numerical model, we analyse a perfectly radial 

case with only injection (or extraction) from a central well without extraction (or 

injection) elsewhere. Flow lines are radial as in the single well scheme of Figure 4.3. 

The injection flow rate is 25 l s-1 and the thickness and properties of the aquifer are 

equal to the studied HT-ATES system. Figure 4.4 shows the Peclet number (ὖὩ) is 

decomposed in the conduction term (ὖὩ ) and the dispersion term (ὖὩ ) as 

defined by equations (4.15), (4.16) and (4.17). For this radial case ὖὩ  is constant 

and ὖὩ  increases linearly with radial distance. ὖὩ  and ὖὩ  intersect where 

radial distance is r=dl ὖὩ . Beyond this point conduction dominates over dispersion. 

For ὖὩ higher than 1, advection is the most dominant process. ὖὩ is almost equal to 

ὖὩ  in the first meters from the well. From the center to a distance equal to the 

dispersivity (dl), dispersion is the most dominant process. Advection dominates when 

r>dl. ὖὩ tends to ὖὩ  at larger distances. In injections with very low injection rates, 

ὖὩ  would be less than 1 and advection would never predominate in the system. 
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Figure 4.3. Flow lines for single well and five spot scheme. 

In the numerical model of the HT-ATES case, water is simultaneously injected and 

extracted according the five spot scheme. As a result, flow is not perfectly radial and 

flow lines are curved and finish behind the Auxiliary wells (Figure 4.3). Moreover, the 

flow drops to zero at larger distances from the well because the effect of injection (or 

extraction) at the central well is compensated by an extraction (or injection) at the 

Auxiliary wells. In this case, we are interested in knowing the Peclet number along a 

central line, passing through the Auxiliary well, and a border line, passing through the 

middle of two Auxiliary wells (Figure 4.3). 

 

Figure 4.4. Perfect radial ὖὩ assuming a purely radial injection. 

The Peclet number for HT-ATES is similar to Peclet number of the perfectly radial 

case within the first 40 m, along the central line (Figure 4.5). The first thing to note is 

that the Peclet number drops beyond the auxiliary wells. This is due much smaller 

fluxes in this zone for the five spot scheme compared to the perfectly radial single well 

scheme. Figure 4.3 displays the distribution of fluxes qualitatively. Another difference 



Chapter 4   

71 

between the two cases is that the distance r=dl ὖὩ  is shorter than in the Perfectly 

radial case. This distance is quite similar in the Injection and in the Back Injection, a 

few meters from the Auxiliary well. In the five well scheme (HT-ATES case) a distance 

can be defined where conduction dominates over the other thermo-hydraulic fluxes. 

The dominance of conduction is reached at shorter distance during Injection than 

during Back Injection. The graphs of Pe for 10 years of operation are quite similar to 

those for 1 year, but the r=dl ὖὩ  point is at larger distance in the tenth Back 

Injection (Figure 4.6). 

The curves of Pe along the border line are not very different from those along the 

radial line case (Figure 4.7). Conduction dominates beyond the same distance during 

Injection and Back Injection of the first year of operation. 

We have calculated the maximum Rayleigh number for the maximum temperature 

increment to be expected, which is equal to the maximum temperature injected (90°C) 

minus the initial temperature in the aquifer (20°C). The increment of the liquid density is 

equal to the difference between the liquid densities at these two temperatures. Using 

equation 4.25 and parameters and properties from tables 4.1 and 4.2, we can calculate 

a Rayleigh number of 8.46, lower than the critical one (4“2). Therefore, we do not 

expect convection to affect the efficiency a lot.  

 

Figure 4.5. Peclet number at the end of the Injection (red color) and at the end of the 

Back Injection (blue color) in the first year of operation. Aw represents the auxiliary well. 

Black and grey lines represent the perfectly radial Peclet. Central well is located at 0 m 

and the Auxiliary well is represented with Aw. 
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Figure 4.6. Peclet number at the end of the Injection (red color) and at the end of the 

Back Injection (blue color) in the tenth year of operation. Central well is located at 0 m 

and the Auxiliary well is represented with Aw. Black and grey lines represent the 

perfectly radial Peclet.  

 

Figure 4.7. Peclet number at the end of the Injection (red color) and at the end of the 

Back Injection (blue color) in the first year of operation in the border line. Black and 

grey lines represent the perfectly radial Peclet. Central well is located at 0 m. 

4.4.2. Liquid pressure 

Figure 4.8 shows the evolution of the liquid pressures in the aquifer near the central 

and auxiliary wells simulated in the THM model after 10 years of operation. During the 

Injection, the liquid pressure is higher in the central well than in the auxiliary well, which 

means that water flows from the centre of the system to the outside. The behaviour is 

inverted during the Back Injection. The maximums of this graph are reached at the 

beginning of the Injection and the minimums at the beginning of the Back Injection. 
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4.4.3. Energy Storage 

The evolution of the temperature near the 2 wells has different behaviour according 

to the stage of the operation (Figure 4.9). During the Injection of the first year, the 

temperature increases up to 90°C in the Central well (temperature of the injected 

water), and to 59°C in the Auxiliary well. In the Back Injection stage, the temperature 

decreases to 65°C in the Central well and it remains constant in the Auxiliary well 

(water is injected at 50 °C in this well). During the 10 years simulated, after each 

Injection the temperature in the Auxiliary well reaches a maximum, which increases 

with time. The temperature in the Central well at the end of each year increases from 

65°C in the first year to 77°C in the last year.  

Figure 4.10 shows the evolution of the isotherm in the aquifer. Heat concentrates 

mainly between the two wells, although part of it escapes vertically and horizontally, 

producing heat losses. Heat escapes only by conduction through the top and the 

bottom of the aquifer, ascending and descending from 30 m at the end of 1 year (first 

Back Injection) to 70 m (tenth Back Injection). Horizontally, the thermal front moves 

according to the processes explained in the Peclet graphs (Figures 4.5 and 4.6) up to 

140 m at the end of the tenth Back Injection.  

 

Figure 4.8. Evolution of the liquid pressures on the aquifer near Central well (Caqu) and 

near the Auxiliary well (Aaqu). 
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Figure 4.9. Evolution of temperature during 10 years of operation on the aquifer near 

Central well (Caqu) and near the Auxiliary well (Aaqu). 

 

Figure 4.10. Isotherms in the aquifer in a radial vertical section from Central well (Cw) 

to one Auxiliary well (Aw) at different times: end of the Injection and end of the Back 

Injection for the first year and the tenth year. Vertical dotted lines represent the wells in 

the aquifer. 

In the studied system, the energy recovery factor grows about twice as fast in the 

Back Injection as in the Injection (Figure 4.11). The aquifer is storing more and more 

heat with time. The energy recovery factor increases to 0.89 asymptotically for a 
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decade of operation. This value is in agreement with the relation between Ὑ -– 

proposed by Gutierrez-Neri et al. (2011). 

4.4.4. Strains and displacements 

The strains are a result of both hydraulic and thermal loads, which in turn are a 

consequence of the injection of hot water. The UT and UP numbers of equations (4.19) 

and (4.20) are a preliminary approach to see the effect of these loads in the aquifer.  

Figure 4.12 points out that during Injection UT (90°C) is higher than UP, that is, the 

effect of temperature dominates over the liquid pressure. UP is equal for the Injection 

and Back injection (same flow rates). In the Back Injection Up dominates over UT 

(50°C). UT and UP decrease with depth due to the increment of the hydrostatic 

pressure. 

 

Figure 4.11. Energy recovery factor during 10 years of operation. 

 

Figure 4.12. UT and UP in the Injection and in the Back Injection in the aquifer. UP is the 

same in the two different stages. 
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Figure 4.13 illustrates the results of the strain in the aquifer of the THM model. The 

variations in thermal strain are proportional to the changes in temperature (Figure 

4.13A). The same occurs for the hydraulic strain with the variation in liquid pressure 

(Figure 4.13B). Both types of strains are in the same order of magnitude. The sum of 

both strains confirms that the total strain in the central well is higher than in the 

auxiliary wells (Figure 4.13C). Total strain increases during the Injection in both wells, 

but during Back Injection it decreases in the Central Well and increases in the Auxiliary 

Well. 

 

Figure 4.13. Thermal strain (A), hydraulic strain (B) and total strain (C) in the Central 

well (Caqu) and in the Auxiliary well (Aaqu) in the aquifer. 

The vertical displacements of the model are higher on the surface than in the aquifer 

(Figure 4.14). The maximum displacements are reached at the end of the year. As the 

heat is largely maintained within the aquifer, the displacements are mainly due to 

hydraulic loads on the surface. In order to see this effect, we have made a THM model 

where the medium is not deformed by thermal loads (Figure 4.14). In this model, the 

volumetric thermal expansion coefficients of water and solid have been reduced by a 

factor of 1000. The vertical displacements of this model on the top of the central well 

are almost the same as in the normal case, hence the contribution of the thermal loads 

is very low there. Instead, in the aquifer, the vertical displacements are more than half 

than those of the base case, which confirms that the deformations are due to thermal 

and hydraulic loads in the aquifer. 
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Figure 4.14. Vertical displacements with thermal expansion and without thermal 

expansion on the top of the Central well (Csrf) and on the top of the aquifer on the 

Central well (Caqu). 

Surface displacements are strongly affected by the mechanical boundary conditions 

of the model further laterals. Fixed horizontal displacements would give higher and 

almost vertical displacements. We have considered a larger model with the vertical and 

horizontal displacements fixed in the further laterals. The results of the model show that 

the vertical displacements tend to concentrate in the central well and tend to be 0 with 

the distance (Figure 4.15). The increment of the vertical displacement is 3 times higher 

during Injection than during Back-Injection. For a better assessment of the vertical 

displacement field experiments and model calibrations are necessary. We have 

obtained very low horizontal displacements (lower than 1 mm) at the surface because 

of the symmetry of the studied problem. The vertical displacements for 10 years are 

approximately the same as for 1 year, because we are considering a linear elastic 

model for all materials. 

 

Figure 4.15. Surface vertical displacements at the end of the Injection and at the end of 

the Back Injection. Csrf represents the top of the Central well and Asrf the top of one 

Auxiliary well. 
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4.5. SENSITIVITY ANALYSIS 

The study of underground phenomena implies a large number of uncertainties on 

parameters in the initial stages of a project. These uncertainties can be divided in 

random and knowledge-based (Les Landes, et al., 2021). We can reduce the second 

ones with analytical and numerical models. We study the sensitivity of the intrinsic 

permeability of the reservoir and the injection and extraction flow rate (quantity of 

thermal energy) to thermo-hydraulic fluxes in the aquifer, liquid pressures, energy 

recovery factor, strains and surface displacements. We analyse an aquifer with half the 

intrinsic permeability (0.5k) of the base case (10-13 m2), and another one with 10 times 

the intrinsic permeability (10k). We also examine two cases where the injection flow 

rate and the pumping flow rate are double (2Qi) and half (0.5Qi) that of the base case 

(Qi =25 ls-1). 

4.5.1. Thermo-hydraulic fluxes 

A change in intrinsic permeability or flow rate does not produce any change in the 

Pe number between the Central and Auxiliary well (Figures 4.16). The main difference 

is beyond the Auxiliary wells (Figures 4.16A and 4.16B). A higher flow rate shifts the 

zone of dominant conduction further away. With respect to intrinsic permeability, a 

more permeable aquifer makes advection more dominant beyond the auxiliary well 

(Figures 4.17). 

In the same way as in the base case, we have calculated the Rayleigh number for 

the different intrinsic permeabilities. Ra for 0.5k is 4.23 and for 10k is 84.61. For the 

10k case convection may become relevant. 

4.5.2. Liquid Pressure 

Liquid pressures in the aquifer are inversely proportional to the intrinsic permeability 

(Figure 4.18) and directly proportional to the injection flow rate (Figure 4.19). 

4.5.3. Energy recovery  

The energy recovery factor does not present important differences when the intrinsic 

permeability of the aquifer is changed for 10 years of simulation (Figure 4.20A). A 

higher injection/pumping rate increases the injected heat as well as the energy 

recovery factor (Figure 4.20B). 
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4.5.4. Displacements 

Since we do not modify the temperature of the injected water in any of the sensitivity 

case, UP is the only strain component that changes. The UP is inversely proportional to 

the intrinsic permeability (Figure 4.21A). If we increase the flow rate in the aquifer, we 

observe more hydraulic strain and UP (Figure 4.21B). 

The surface vertical displacements are a consequence of events in the aquifer. 

Higher values of UP in the aquifer, lead to higher surface displacements (Figures 4.22 

and 4.23). In all simulated cases, these displacements do not vary much during the 

Injection, between 3 and 4 cm (Figures 4.22A and 4.23A). The variation is higher 

during the Back Injection, because the hydraulic loads are more important than the 

thermal loads in the aquifer (Figures 4.22B and 4.23B). 

 

Figure 4.16. Simulated Pe in the Injection for different intrinsic flow rates of injection 

(0.5q, q and 2q) during the Injection (A) and Back Injection (B). 
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Figure 4.17. Simulated Pe in the Injection for different intrinsic permeabilities (0.5k, k 

and 10k) in the aquifer during the Injection (A) and Back Injection (B). 

 

Figure 4.18. Liquid pressures on the top of the aquifer for different intrinsic 

permeabilities (0.5k, k and 10k) in the aquifer: Central well (A) and Auxiliary well (B). 
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Figure 4.19. Liquid pressures on the top of the aquifer for different injection flow rates 

(0.5q, q and 2q): Central well (A) and Auxiliary well (B). 

 

Figure 4.20. Energy recovery factor for different intrinsic permeabilities (0.5k , k and 

10k) of the aquifer (A) and different injection flow rates (0.5q, q and 2q) (B). 

 

Figure 4.21. Up for different intrinsic permeabilities (0.5k, k and 10k) of the aquifer (A) 

and for different injection water flow rate (0.5q, q and 2q) (B). 

4.6. DISCUSSION 

The main goal of this chapter is to investigate the uplift, energy efficiency and THM 

phenomena of a HT-ATES system composed of one Central well and four Auxiliary 

wells. One year of operation is divided into two stages: Injection (injection of hot water) 

and Back Injection (extraction of hot water).  
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Figure 4.22.Surface vertical displacements for different intrinsic permeabilities (0.5k, k 

and 10k) of the aquifer in the Injection (A) and in the Back Injection (B). 

 

Figure 4.23.Surface vertical displacements for different injection flow rates (0.5q, q and 

2q) in the Injection (A) and in the Back Injection (B). 

High flow rates dominate in the area of the aquifer between the Central and 

Auxiliaries wells. Heat is mainly transported by dispersion in the initial meters and by 

advection in the rest of this area. Conduction governs beyond the Auxiliaries wells. 

Above and below the aquifer, conduction is the dominant heat flux. 

The energy recovery factor of the system decreases during Injection and increases 

during Back Injection except for the first year. More importantly, it increases on a yearly 

basis. Because of the high initial investment in research of the site, modelling and 

construction of the facility (Cremer, 2021), it is essential to know when the system 

becomes more efficient.  

Both thermal loads and hydraulic loads have an important effect on the 

displacements within the aquifer. At the surface, the vertical displacements are only a 

result of the hydraulic strains generated by the injection of water into the aquifer. 

Nevertheless, thermal loads could impact the surface in shallow aquifers. 

The intrinsic permeability is a key parameter for HT-ATES and other geoengineering 

facilities. The permeability of the aquifer should be in an adequate range of magnitude 

for an efficient system without important heat losses caused by density driven 



Chapter 4   

83 

groundwater-heat flow (Driesner, 2021) and for avoiding unsafe uplift. Of course, 

knowing the intrinsic permeability of an aquifer is not always easy. Many geothermal 

reservoirs consist of separated layers or, in some cases, fractured rocks. They are 

usually modelled as an equivalent porous media aquifer (Birkholzer et al., 2008). In our 

study, we consider a constant intrinsic permeability for the whole aquifer. High 

permeabilities of the aquifer decreases hydraulic strains and uplift and enlarges the 

domain where advection dominates. Although Rayleigh number is proportional to the 

intrinsic permeability, it does not affect much the energy efficiency. This is more or less 

consistent with the results of Gutierrez-Neri et al. (2011) who do not expect important 

effects for Rayleigh number larger than a critical value of 4π2. Only our model with the 

highest permeability slightly exceeds the critical Rayleigh number. 

Injecting more heat in the aquifer will produce more efficient systems, but it has the 

disadvantages of enlarging the volume of underground affected by advection, causing 

more hydraulic strain and more uplift. 

Future work should include more data and specific details of the site of study in 

order to obtain a better knowledge of the THM processes in the studied case. 

4.7. CONCLUSIONS 

We present a study that combines a dimensional analysis with a 3D THM finite 

element modelling in order to study the consequences of heat storage in HT-ATES. We 

focus on the mechanisms of uplift, heat transport processes and energy efficiency. 

The dimensional analysis has been developed from a coupled THM formulation. We 

obtain three dimensionless numbers that study different processes: Peclet number 

(heat fluxes), Ὗ  (effect of hydraulic strain) and Ὗ  (effect of thermal strain). The Peclet 

number, and its decomposition in conduction and dispersive terms, permits to define 

not only the existence of the different heat fluxes (advection, conduction and 

dispersion), but also the area where each heat flux dominates. Ὗ  quantifies the effect 

of the hydraulic strain generated by the flow rate injected and Ὗ  quantifies that of the 

thermal effect by the introduction of hot water into the aquifer. 

The study shows that advection and dispersion dominate inside the zone defined by 

the Auxiliary wells of the aquifer. For larger radial distances conduction is the main heat 

transport process. Since convection is not very significant, the energy efficiency of the 

system is not affected negatively. The system becomes more efficient in terms of 
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energy recovery after longer time in operation. Both thermal and hydraulic loads have 

an important effect on the displacements within the aquifer. Uplift is concentrated near 

the Central well at the surface. 

The presented dimensional and numerical analysis can be extended to other 

applications related to the injection and extraction of hot water into/out of the 

underground. 

4.8. LIST OF SYMBOLS 

Generalized units are given for each symbol, with L being unit of length, M unit of 

mass, T unit of time and θ unit of temperature. 

Ἢ Body forces vector [ML-2T-2] 

ὦ  Aquifer thickness [L] 

ὧ Specific heat of liquid [L2T-2θ-1] 

ὧ Specific heat of solid [L2T-2θ-1] 

Ὠ Heat dispersivity [L] 

Ὠ Longitudinal heat dispersivity [L] 

Ὀὥ

Ὀὸ
 

Material derivative with respect to solid/liquid phase velocity 

Ὁ Young’s modulus [ML-1T-2] 

Ὃ Shear modulus [ML-1T-2] 

Ὣ Gravitational acceleration [LT-2] 

ЎὬ Variation in the hydraulic head [L] 

ἱἫ Heat conduction [MT-3] 

ἱἬ Heat dispersion [MT-3] 

ὑ Bulk modulus [ML-1T-2] 

Ὧ Intrinsic permeability [L2] 

ὒ Characteristic length [L] 

ὖὩ Dimensionless Peclet number [-] 
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ὖὩ  Ratio between heat transfer by advection and by diffusion [-] 

ὖὩ  Ratio between heat transfer by advection and by dispersion [-] 

ὴ  Characteristic liquid pressure [ML-1T-2] 

ὴ  Injected liquid pressure [ML-1T-2] 

ὴ Liquid pressure in the medium before the injection [ML-1T-2] 

ὴ Liquid pressure [ML-1T-2] 

ὗ Injection flow rate [L3T-1] 

Ἱ■ Liquid advective flux [LT-1] 

Ὑ Thermal retardation coefficient [-] 

Ὑ  Rayleigh number [-] 

Ὑ  Critical Rayleigh number [-] 

ὶ Radial distance from the Central well [L] 

ὶ  Radius of the well [L] 

S Storage coefficient [-] 

Ὕ Temperature [θ] 

Ὕ Characteristic temperature [θ] 

Ὕ  Temperature of the injected water a [θ] 

Ὕ   Temperature in the medium before the injection [θ] 

Ὕ  Temperature of the extracted water [θ] 

ὸ Characteristic time [T] 

Ὗ  Ratio between the thermal strain generated by the injection of hot 

water and the initial total strain [-] 

Ὗ  Ratio between the hydraulic strain generated by the injection of hot 

water and the initial total strain [-] 

Ἵ Solid velocity vector [LT-1] 

ό  Characteristic displacement [L] 
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‌  Liquid compressibility [LT2M-1] 

‌  Volumetric (3 times the linear) thermal expansion coefficient of the 

liquid [θ-1] 

‌  Grain compressibility [LT2M-1] 

‌  Volumetric (3 times the linear) thermal expansion coefficient of the 

solid [θ-1] 

‌  Volumetric (3 times the linear) thermal expansion coefficient of the 

medium [θ-1] 

 Elastic strain tensor [-] 

– Energy recovery factor [-] 

‗ Thermal conductivity [LMT-3θ-1] 

‗ Bulk thermal conductivity [LMT-3θ-1] 

‗ Dispersive conductivity [LMT-3θ-1] 

‘ Dynamic viscosity of liquid [ML-1T-1] 

” Liquid density [ML-3] 

”  Liquid density for a reference temperature and pressure [ML-3] 

” Solid density [ML-3] 

”  Solid density for a reference temperature and pressure [ML-3] 

 Stress tensor [ML-1T-2] 

 Effective stress tensor [ML-1T-2] 

„  Mean effective stress [ML-1T-2] 

ν Poisson ratio [-] 

‰ Porosity [L3L-3] 
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5. A SIMPLIFIED SOLUTION TO 

PREDICT SURFACE UPLIFT 

INDUCED BY A POINT NON-

ISOTHERMAL WELL LEAKAGE 

5.1. INTRODUCTION 

5.1.1. BACKGROUND AND OBJECTIVES 

The injection and extraction of fluids (oil, water or gas) into the underground can 

induce uplift or subsidence of the ground surface. This is very common in practices 

such as enhanced oil recovery (EOR) (Ji et al., 2016), Aquifer Storage and Recovery 

(ASR) (Bonneville et al., 2015), extensive groundwater pumping (Teatini et al., 2006), 

injection for land subsidence mitigation (Teatini et al., 2000; Teatini et al., 2011), 

geomechanical characterization of geological deformations (Teatini et al., 2011) and 

underground storage of fluids (Rutqvist et al., 2009; Vidal et al., 2022). In the first 

industrial scale on-shore demonstration project of geological carbon storage system 

(GCS), at the Krechba gas field in In Salah, Algeria, the injection generated an average 

uplift of 5-10 mm/year for each of the injection wells between 2004 and 2007 (Rinaldi 

and Rutqvist, 2013) due to the pressure changes and volumetric expansion of the 

reservoir rocks and surrounding shaly sands (Rutqvist et al., 2009; Rutqvist et al., 

2010). Although these displacements are mainly attributed to the generated hydraulic 

head changes, in many cases of fluid injection, the temperature changes between the 

injected fluid and the underground can also affect the stress state and generate 

undesirable thermal strains and displacements on the ground. For example, thermal 

stresses can cause instabilities in underground storage cavities such as at the walls of 

a high pressure gas storage cavity in rock salt (Thompson and Potts, 1979). In High 

Temperature Aquifer Thermal Energy Storage (HT-ATES) systems, thermal strains can 

be induced near the injection area by an increment of temperature in the aquifer (Vidal 

et al., 2022; Stricker et al., 2024). 



Chapter 5   

  88 

Ground surface vertical movements associated with the injection or extraction of 

fluids have been observed in several geothermal power plants. The exploitation of the 

geothermal field in Cerro Prieto, Mexico, contributed with tectonic activity to subsidence 

and to trigger induced seismicity (Glowacka et al., 2005). In the vicinity of the 

geothermal power plant of Krafla, Iceland, a subsidence with a rate of 5 mm/year was 

attributed to the bedrock cooling and its thermal contraction (Drouin et al., 2017). At the 

two power plants of Hengill, Iceland, liquid pressure decrease within a geothermal 

reservoir was the main cause of subsidence (Juncu et al., 2017). In the Coso 

geothermal area, eastern California, USA, the geothermal heat production produced 

subsidence and a region of relative uplift as a result of the reservoir cooling and/or 

depletion during 1993 and 1999 (Fialko and Simons, 2000). In the Geysers, California, 

the largest producing geothermal field worldwide, the measured subsidence between 

1992 and 1999 revealed that vertical displacements were mainly attributed to pressure 

variation above thermal contraction of the reservoir (Vasco et al., 2013).  

Uplift or heave is less studied than subsidence, because the displacements are 

smaller, it is not always a relevant hazard for society and the levelling surveys are 

expensive (Teatini et al., 2011). Despite this, studying the uplift permits to understand 

better the underground processes, to define the underground features in more detail 

(Niu et al., 2017) and to make long-term predictions. A very widespread technique for 

detecting surface displacements is the use of Interferometric Synthetic Aperture Radar 

(InSAR). InSAR uses the differences of two SAR images from the same area at 

different times. This technique allows obtaining maps of surface deformation or digital 

elevation. InSAR has been applied to estimate displacements caused by groundwater 

exploitation (Tessitore et al., 2016; Fernandez et al., 2018), geothermal exploitation 

(Hu et al., 2016), CO2 sequestration (Onuma and Ohkawa, 2009), landslides (Sun et 

al., 2015), earthquakes (Atzori et al., 2019), volcanoes (Pritchard and Simons, 2004), 

post-tunnelling settlement (Giardina et al., 2019), construction dewatering (Botey i 

Bassols et al., 2021) and earth dams (Zhou et al., 2016). 

There is a lack of first-order solutions for uplift or subsidence that consider at the 

same time the effect of temperature and hydraulic head variations in a thermo-hydro-

mechanical (THM) framework. Except for a few cases, for example analytical solutions 

for horizontal displacements that take into account thermal strains (De Simone et al., 

2017), the majority of analytical solutions proposed in the literature address the ground 

vertical displacements as a hydro-mechanical process. Generally, the reservoir or 

volume of affected underground is assumed to be elastic in these solutions. Geerstma 

(1973) developed a closed-form equation for subsidence due to uniform pressure 
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changes in a thick cylindrical reservoir. Geerstma’s solution was extended by 

Selvadurai and Kim (2015) for a non-uniform pressure influenced by factors such as 

fluid production rate, aquifer permeability and fluid viscosity. Jayeoba et al. (2019) 

developed an analytical solution based on the work of Geerstma (1973) for ground 

surface subsidence for a non-uniform pressure distribution due to constant rate 

production of a viscous fluid from a cylindrical aquifer of finite permeability. Bear and 

Corapcioglu proposed three mathematical models to simulate vertical displacements 

induced by groundwater well pumping in an aquifer: a model based on Terzaghi’s law 

(Bear and Corapcioglu, 1981A), equations for phreatic aquifers based on Biot’s 

approach (Bear and Corapcioglu, 1981B) and vertical and horizontal displacements 

(Bear and Corapcioglu, 1983). Pujades et al. (2017) introduced a correction on this 

solution to better predict pumping settlements around the well in cases where the 

consolidation is three-dimensional. Booker and Carter (1986) developed an analytical 

solution for the ground subsidence induced by point pumping into an elastic half space 

under steady state flow. In Niu et al. (2017), four types of analytical approaches for 

uplift due to the injection of fluids in a reservoir are presented. In one of these 

approaches, the one-dimensional expansion of a thin and laterally extended reservoir 

is used to estimate the ground surface uplift (Fjaer et al., 2008). There is an elastic 

plate approach (Selvadurai et al., 2009), where pressure changes take place in a flat 

circular shape reservoir which is embedded in an elastic half space and the surface 

rock layer is treated as a thin plate. Another type of solution considers the 

inhomogeneity and equivalent inclusion approach (Guido et al., 2015), where the uplift 

in a system with caprock and reservoir is studied by assuming the reservoir to be an 

elastic inclusion within an infinite material medium. In the volumetric strain approach 

(Nanayakkara and Wong, 2009), although it considers a caprock-reservoir system, the 

surface heave only happens because of the expansion of the reservoir without taking 

into account the deformation in the caprock. Weijermars (2023) proposed an analytical 

solution for heave and subsidence that considers pressure changes in a reservoir in 

combination with a buckling plate model for the caprock (overburden).  

In this paper, we adopt analytical solutions to estimate the surface uplift resulting 

from both hydraulic head and temperature variations induced by a point non-isothermal 

injection. Based on these solutions, we propose a framework to investigate cases of 

uplift due to well leakage. The hydraulic head variation is calculated by using the 

superposition principle into an elastic half space. The temperatures changes are 

obtained by solving the advection-conduction-dispersion problem with a simplified but 

valid approach. From the estimated head variation, the hydraulic displacements are 
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calculated according to the solution of Booker and Carter (1986). For the thermal 

displacements, a new analytical solution has been proposed which takes into account 

the calculated temperature and considers a full spherical symmetric problem. The total 

uplift is the sum of the hydraulic and thermal vertical displacements. The solutions are 

then used to analyze a documented case of well leakage occurred in the geothermal 

power plant of Landau. The data of ground uplift reported from levelling and PS-INSAR 

measurements are compared with estimations from the analytical solution and with 

results from coupled THM numerical modelling. Finally, we show how the adoption of 

the proposed analytical method can help to estimate depth and flow of well leakage 

from ground uplift measurements. 

5.1.2. GROUND UPLIFT NEAR THE GEOTHERMAL POWER PLANT OF LANDAU 

The geothermal power plant of Landau (Germany) began to operate for electricity 

generation in 2007. This power plant consists of a production well and a reinjection well 

drilled to 3300 and 3170 m depth, respectively (Heimlich et al., 2015) (Figure 1). The 

plant is located in the Upper Rhine Graben, an European Cenozoic Rift System, 

whichpresents several hot-spots with water around 150°C at a  depth of  2500 m 

(Vidal., 2018). The geological profile in Landau consists of Cenozoic and Jurassic 

sediments in the first 2000 m of depth (sands, clays, marls and limes) (Ministry of the 

Environment Agriculture Food Viticulture and Forestry of Germany, 2014), a 400 m 

thick layer of Permian sediments (conglomerates, sandstones, shales and some 

evaporites) and Bundsandstein sandstones, followed by a Carboniferous granitic 

basement (Schnidler et al., 2010; Vidal et al., 2018). Hot water is extracted from a fault 

system that affects the Bundsandstein, Permian and Carboniferous materials 

(Schnidler, 2010). The production flow rate varies between 50 and 80 l s-1 (BINE, 

2007). We expect that the reinjection flow rate is similar to the production flow rate. 

Water is extracted at 160 °C through the production well and the temperature of the 

reinjected water through the reinjection well is 50 °C (BINE, 2007). There is a 

geothermal anomaly in the first 2000 m of depth where the geothermal gradient is 75 

°C km-1. Below this depth, the geothermal gradient decreases to approximately 20 °C 

km-1 and the equilibrium temperature at the bottom hole reaches 160 °C at a depth of 

2600 m (Schindler et al., 2010). The low geothermal gradient indicates a convection 

process through permeable fractures below a depth of 2000 m (Vidal and Genter, 

2018). 

In 2013 and 2014, large surface vertical displacements were observed in Landau, 

leading to the closure of the plant on March 14, 2014, when the maximum uplift of 5 cm 
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was registered (Hemlich et al., 2015; Vidal and Genter, 2018). These vertical 

movements were associated to a leakage in the casing of the reinjection well between 

a depth of 479 m and 751 m, where the well is uncemented (Ministry of the 

Environment Agriculture Food Viticulture and Forestry of Germany, 2014). Heimlich et 

al. (2015) studied the evolution of the surface uplift with InSAR and permanent 

scattered InSAR (PS-InSAR) monitoring and levelling measurements. According to 

these measurements, the leakage lasted 8 months, from July, 2013 to March, 2014. 

  

Figure 1. Scheme of the leakage in the geothermal power plant of Landau. The 

reinjection well was uncemented between 479 m and 751 m deep.  

5.2. METHODS 

5.2.1. THM FORMULATION  

Injecting non-isothermal fluids into the underground drives a number of coupled 

thermo-hydro-mechanical (THM) phenomena. Injection into a saturated medium 

provokes an increment of pore pressure that propagates according to the diffusion 

process and causes expansion due to the consequent reduction of the effective stress. 

If the injected fluid is hotter than the underground medium, the latter expands due to 

thermal deformations that depend on the propagation of the thermal front. This 

expansion can reach the surface producing vertical displacements or surface uplift. A 

summary of the main equations that govern the THM processes in porous media is 

presented in the next lines. We assume the medium to be homogeneous and isotropic.  

Liquid mass balance equation in the absence of sink/source terms is expressed as 
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Ὀ”‰

Ὀὸ
”‰ɳ ϽἽ Ͻɳ”Ἱ  (5.1) 

where ” is the liquid density, ‰ is the porosity, ὸ is time, Ἵ is the solid velocity vector 

(the time derivative of the displacement vector), Ἱ is the liquid advective flux and  

is the material derivative with respect to solid phase velocity Ἵ. The liquid advective flux 

in porous media is expressed by the Darcy’s equation: 

Ἱ
Ὧ

”Ὣ
ὴɳ ”ὫɳÚ (5.2) 

where  Ὧ  is the hydraulic conductivityὴ is the liquid pressure, Ὣ is gravity, Ú is the 

vertical coordinate and ‘ is the fluid viscosity.  

Solid mass balance equation can be written as: 

Ὀ‰

Ὀὸ

ρ ‰

”

Ὀ”

Ὀὸ
ρ ‰ ϽɳἽ (5.3) 

where ” is the solid density, which can be assumed as constant if the compressibility 

of the solid grains against liquid pressure ὴ is neglected. Combining equations 5.1 to 

5.3 and neglecting the gradient of the liquid density, because it is generally small 

compared to the gradient of the liquid flux, the flow equation is obtained 

‰‍
‬ὴ

‬ὸ
 ɳẗἽ ẗɳἹ π (5.4) 

where ‍ ρȾ” ‬”Ⱦ‬ὴ  is the compressibility of liquid. Note that liquid density and 

viscosity (which affects Ὧ) should depend on temperature, but we neglect this effect in 

this study. Internal energy balance equation can be expressed as 

Ὑ”‰ὧ
ὈὝ

Ὀὸ
Ͻɳ ‗ Ὕɳ ὧ”Ἱ■ϽɳὝ π (5.5) 

where Ὑ ”‰ὧ ρ ‰ὧ” Ⱦ”‰ὧ is the thermal retardation coefficient, ὧ is the 

specific heat of liquid and ὧ is the specific heat of solid. Thermal conductivity ‗ is the 

sum of the bulk thermal conductivity ‗ and the dispersive thermal conductivity‗: 

‗ ‗ ‗. The bulk thermal conductivity ‗ is calculated as a weighted average 

between the values of the solid ‗ and liquid part ‗ with the porosity ‰ acting as the 

weight ‗ ρ ‰‗ ‰‗ . The dispersive term will be defined more in detail in 

section 5.2.2.2. 
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The mechanical equilibrium is expressed by the momentum balance equation, which 

neglecting inertial terms is 

Ͻɳ Ἢ  (5.6) 

where  is the total stress and Ἢ is the body forces vector. Stress and liquid pressure 

are related through the Terzaghi’s law,  ὴ ἓ, as we assume Biot coefficient 

equal to 1. After assuming that the effective stress tensor  is proportional to the 

elastic strain based on Hooke’s law and loads are stationary, and taking into account 

the compatibility equations between strains and displacements and that the volumetric 

strain can be defined as the divergence of the displacement vector, equation (5.6) can 

be integrated in time giving 

Ὃɳ Ἵ Ὃ ‗ᶯ ϽɳἽ ςὋ σ‗‌ Ὕɳ ὴɳ  (5.7) 

where Ὃ ὉȾςρ ‡  is the shear modulus, ‗ Ὁ‡Ⱦρ ‡ ρ ς‡  is the Lame’s 

modulus, ‌  is the volumetric thermal expansion coefficient of the medium, Ὁ is the 

Young’s modulus and ’ is the Poisson’s ratio. 

5.2.2. RESPONSE TO A POINT INJECTION IN A HALF-DOMAIN 

To estimate the uplift due to a point injection of liquid in the underground, we can 

assume spherical symmetry because this type of injection generates spherical 

pressure diffusion patterns. However, we have to take into account the presence of the 

ground surface, so the problem entails a half-domain. The problem integrates both 

hydraulic and thermal deformations. While we assume steady state for flow, because 

liquid pressure rapidly stabilizes in the underground, we consider transient state for 

heat because the thermal front advances slower. For simplification, the following 

properties are assumed to be constant and isotropic: liquid density, viscosity, hydraulic 

conductivity, thermal conductivity, mechanical properties and porosity. A constant 

hydraulic head and temperature is imposed at the ground surface while a constant flux 

and temperature is imposed at the injection point.  

5.2.2.1. Hydraulic head 

By solving equation 5.4 in spherical coordinates and steady state conditions, we can 

find the hydraulic head variation due to a continuous point injection into an infinite 

domain at a radial distance ὶ from the injection as (Carslaw and Jaeger, 1947): 
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ЎὬὶ
ὗὶ

ὃ Ὧ

ὗ

τ“ὶὯ
 (5.8) 

where ὗ is the injection flow rate, ὃ τ“ὶ is the area of a sphere surface with 

radius ὶȟ ЎὬ ɝὴȾ”Ὣ is the hydraulic head variation and ɝὴ is the liquid pressure 

variation due to the injection. 

To take into consideration the existence of the ground surface which makes the 

domain semi-infinite, we adopt the image well theory to calculate the hydraulic head 

variation, similar to Mokni et al. (2012), but for a spherical pressure field. According to 

this theory, we consider an imaginary point sink (B) located at the same distance from 

the surface than the injection point source (A), but at the opposite side, such that the 

two points are symmetrical with respect to the surface (Figure 5.2A). The hydraulic 

head variation generated by each sink/source point in an unbounded medium follows 

equation (5.8). In the described system of one sink point and one injection (source) 

point, the hydraulic head variation at any point in the reservoir is given by the 

superposition of the response to sink and source wells (see also Booker and Carter, 

1986): 

ЎὬὶ ЎὬ ὶ ЎὬ ὶ
ὗ

τ“Ὧ

ρ

ὶ

ρ

ὶ
 (5.9) 

where ЎὬ ὶ and ЎὬ ὶ are the hydraulic head variation at ὶ ὼ ώ ᾀ due to 

the injection in point A and extraction in point B, respectively, and ὶ and ὶ are the 

distances from the study point to A and B, respectively. Note that at the ground 

surface, ὶ ὶ and ЎὬὶ π, which fulfils the assumed boundary condition. 

ὶ and ὶ can be written as: 

ὶ ὼ ώ Ὠ ᾀ  (5.10) 

ὶ ὼ ώ Ὠ ᾀ  (5.11) 

where Ὠ is the depth of the injection point, ὼ and ώ are the horizontal Cartesian 

coordinates, z is the vertical Cartesian coordinate. 

We can define a characteristic hydraulic head as  

Ὤ
ὗ

τ“ὶὯ
 (5.12) 
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as the head variation at a distance equal to the well radius ὶ, and a characteristic time 

ὸ, as the time at which the hydraulic front, i.e., the head perturbation caused by the 

initiation of leakage, reaches the ground surface at distance Ὠ 

ὸ
Ὠ

Ὀ

Ὠ ‰‍ ‍ ”Ὣ

Ὧ
 (5.13) 

where Ὀ ὯȾ‰‍ ‍ ”Ὣ is the hydraulic diffusion coefficient and ‍ ‬‰Ⱦ‬ὴ  is 

the bulk compressibility of porous material. These characteristic parameters will be 

useful in the following to generalize the problem. 

 

Figure 5.2. Scheme of the image well theory to calculate hydraulic head variations 

induced by the injection of hot water at d depth (A). A and B represent the injection. 

5.2.2.2. Temperature 

Heat transport is governed by diffusion, dispersion and advection (equation (5.5)), 

which in spherical coordinates, and assuming spherical symmetric isothermal surfaces, 

reads 

‬Ὕ

‬ὸ

ή

Ὑ‰

‬Ὕ

‬ὶ

Ὀ

ὶ

‬

‬ὶ
ὶ 
‬Ὕ

‬ὶ
π (5.14) 

where Ὀ ‗Ⱦὅ is the thermal dispersivity-diffusivity coefficient, ὅ ‰ὧ”Ὑ is the 

total volumetric heat capacity and Ñ is the fluid flow,  which is a function of space.  

Because heat transfer is a slow process and it only affects the zone close to the 

injector during our observation time, we can consider that the fluid flow is poorly 

affected by the presence of the ground surface (reproduced by means of an image well 

in the previous section). For this reason, we can assume that the fluid flow is Ñ

ὗȾτ“ὶ . Due to the slowness of the heat process, we can also ignore the presence of 
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the ground surface and consider the problem as unbounded. Exact solutions to 

different transport problems in this geometry have been proposed but they involve non-

closed integrals (e.g. Philip, 1994). We start by considering the solution to pure 

diffusion problem (neglecting the second term of equation (5.14) and assuming a 

thermal diffusivity coefficient Ὀ ‗Ⱦὅ). We assume an infinite spherical space with a 

homogeneous initial temperature and we impose a temperature variation Ὕ at a 

generic inner spherical boundary with radius ὶᶻ , such that the boundary conditions are 

Ὕὶ ὶᶻ Ὕ and Ὕὶ Њ π (Carslaw and Jaeger, 1947).The solution to this 

problem is: 

Ὕὶ
Ὕᶻὶᶻ

ὶ
ὩὶὪὧ

ὶ ὶᶻ

τὈὸ
 (5.15) 

where ὩὶὪὧ is the complementary error function. 

To include the advective effects, we operate a simplified approach similar to what 

has been proposed by De Simone et al. (2017) for an axisymmetric cylindrical problem. 

We look at the displacement of the advective thermal front which depends on flow 

velocity and displaces the temperature variation at the injection Ὕ up to a distance ‏. 

For our problem with imposed flow rate ὗ at ὶ ὶ, the advective velocity at the 

generic radius ὶ is equal to ὗȾτ“ὶ‰Ὑ. Therefore, the advective front propagates in 

space as: 

Ὠ‏

Ὠὸ

ὗ

τ“‏‰Ὑ
 (5.16) 

Integrating (5.16) and assuming that ‏ ὸ π ὶ, the advective propagation 

distance at time ὸ is: 

‏
σὗὸ

τ“‰Ὑ
ὶ (5.17) 

By considering this propagation distance, we can rewrite equation 5.14 with respect 

to the material derivative , which corresponds to adopting a Lagrangian 

formulation with a coordinate system that moves at the velocity of the advective 

thermal front. This yields an equation with the same form of the diffusion equation, but 

written with respect to the moving coordinate ὶᶻ ὶ  ‏

ὈὝ

Ὀὸ

Ὀ

ὶz

‬

‬ὶz
ὶᶻ 
‬Ὕ

‬ὶz
 (5.18) 
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Note that in transforming equation (5.14) into equation (5.18) we are introducing an 

error, as the squares of ὶᶻ in equation (5.18) should actually be squares of ὶᶻ  .‏

However, this difference only affects the first order derivative in equation (5.18), thus 

we expect the error to be small. The boundary with imposed temperature variation for 

this apparently pure diffusive problem coincides with the advective front, such as 

Ὕ Ὕ at ὶᶻ   ὸȢ‏

Finally, to include the dispersive effects, we substitute the thermal diffusivity Ὀ with 

a thermal dispersivity-diffusivity coefficient Ὀ , which is composed of a conductive and 

dispersive part: 

Ὀ
‗

ὅ

Ὠὗ

τ“‏‰Ὑ
 (5.19) 

being Ὠ  the thermal dispersivity, which is multiplied by the flow velocity (equation 

(5.16)). Note that this implies that the dispersive thermal conductivity ‗ defined in 

equation (5.5) is equal to Ὠὗὧ”Ⱦτ“‏ . 

In this case, we have to solve the problem for both radial distances smaller and 

larger than ‏ (corresponding respectively to negative and positive ὶᶻ. Assuming 

homogeneous initial temperature, we find the following approximate solutions:  

For ὶ Ὕὶ :‏ Ὕ
Ὕ‏

ςὶ
ὩὶὪὧ

‏ ὶ

τὈὸ
 (5.20) 

For ὶ Ὕὶ :‏
Ὕ‏

ςὶ
ὩὶὪὧ

ὶ ‏

τὈὸ
 (5.21) 

Note that, because diffusion is slow, we have assumed that the opposite boundary 

is located at an infinite distance for both integrations. For the case with ὶ  this is ,‏

valid for values of ‏ larger than τὈὸ, that is, for sufficiently large times or flow rate. 

5.2.2.3. Vertical displacements 

Since the hydraulic and thermal problems are considered independent from each 

other and we assume linear elastic behaviour, their effects on the mechanical response 

can be analysed separately and then superposed. Developing equation (5.7) for a 

spherical symmetric problem with respect to the generic forcing Ὂ, we get the following 

equation in terms of displacements in the radial direction ό 



Chapter 5   

  98 

Ὠ

Ὠὶ

ρ

ὶ

Ὠ

Ὠὶ
ὶό Ὢ

‬Ὂ

‬ὶ
 (5.22) 

where Ὢ is ρȾςὋ ‗ for the hydraulic problem (Ὂ ɝὴ ,while it is ‌ ςὋ σ‗ȾςὋ

‗ for the thermal problem (Ὂ ɝὝ, with ‌  the volumetric thermal expansion 

coefficient. Solution of this equation is 

ό
Ὢ

ὶ
ὶ Ὂ Ὠὶὅὶ

ὅ

ὶ
   (5.23) 

where ὅ and ὅ are constants that depend on the mechanical boundary conditions. 

Once we solve this equation, the displacement in the vertical direction is 

ό ό
ᾀ

ὶ
   (5.24) 

For the hydraulic problem (ό , we have assumed steady state conditions and the 

solution for pressure given by equation (5.9). We consider the displacement to be the 

superposition of the effects of an injection placed at depth Ὠ and an imaginary sink 

placed above the ground level at ςὨ. Therefore equation (5.23) has to be separately 

integrated for both ὶ and ὶ, with boundary conditions of zero displacements at ὶ and 

ὶ. To take into account the half-space, stress free conditions have to be imposed at 

the ground surface. Solution to this problem has been proposed by Booker and Carter 

(1986), giving the hydraulic vertical movement (settlement) at the ground surface as 

ό
ὗ”ὫὨ

τ“Ὧ‗ Ὃὶ
 (5.25) 

where ὶ ὼ ώ Ὠ is the radial distance from the injection point to the study 

point of the ground surface. 

Thermal vertical displacements (ό  are easier to find because heat transfer is a 

slow process. Therefore, we can ignore the presence of the ground surface and 

consider the problem as unbounded. In this case, substituting equation (5.20) into 

equation (5.23) and performing the integral yields (see also Rudnicki, 1986) 

For ὶ ό :‏ ὶ
‌ ςὋ σ‗

ςὋ ‗
 Ὕ
Ò

σ

‏

ς

‏

ςὶ
Ὣὶ Ὣπ  (5.26) 

For ὶ ό :‏ ὶ
‌ ςὋ σ‗

ςὋ ‗
 
Ὕ‏

ςὶ
Ὣὶ Ὣπ

‏

σ
 (5.27) 

where Ὣὶ is 
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Ὣὶ
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τὈὸ

Ὀὸ

Ѝ“
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τὈὸ

ὈὸÅÒÆ
ὶ ‏

τὈὸ
 

(5.28) 

Note that we have assumed zero displacement at the injection well (due to 

symmetry) and at the infinite (due to the slowness of the process).  

The vertical displacements in Cartesian coordinates ό  is then found by means of 

equation (5.24) and it coincides with ό for points placed along the vertical line crossing 

the leakage point. 

5.2.3. APPLICATION TO LANDAU CASE 

5.2.3.1. Conceptual model and application of analytical solution 

To analyse the vertical displacements in Landau, we assume a fully saturated and 

homogenous porous material, which represents the Cenozoic and Jurassic sediments. 

The injection or leakage flow rate, which can vary between 50 and 80 l s-1 according to 

BINE (2007), is determined by comparing the uplift obtained by means of a numerical 

model with the measures of surface vertical displacements provided by levelling and 

PS-INSAR data (Heimlich et al., 2015). We have assumed that all the re-injected fluid 

escaped at a depth, Ὠ, of 479 m in the reinjection well with a temperature of 50 °C. The 

solutions (5.25 - 5.27) are calculated considering that the domain is infinite in the 

horizontal direction. The initial temperature, which is equal to 10.7 °C at the surface, 

increases linearly with depth according to a natural geothermal gradient of 75 °C km-1. 

Note that the analytical expressions for thermal responses have been derived under 

the hypothesis that the initial condition is of uniform temperature in the reservoir. To 

incorporate the presence of a natural geothermal gradient at Landau, at any point of 

the reservoir we calculate the solution for a temperature variation equal to the injection 

temperature minus the local initial temperature, and then superpose this solution to the 

initial temperature profile. This gradient correction results acceptable because diffusion 

around the thermal advective front ‏  only entails a small portion of the domain where 

the initial temperature can be assumed constant. However, an average temperature 

perturbation, equal to the injection temperature minus the average between the 

temperature at the surface (ὶ Ὠ ) and the temperature at the injection point (ὶ  0 m), 

is adopted to estimate the uplift. Alternatively, the integral of equation (5.23) could be 

performed by intervals with local temperature perturbations. The distance ὶ is equal to 

the reinjection well radius (ὶ  0.2 m). Material properties are derived from the 
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literature for similar geological materials (Table 5.1). The elastic modulus and initial 

porosity are assumed to be homogenous. 

5.2.3.2. Numerical modelling 

We performed a thermo-hydro-mechanical (THM) finite element modelling with the 

Finite Element Method program CODE_BRIGHT (Olivella et al., 1996) in combination 

with the pre/post-processor GiD (CIMNE, 2020). CODE_BRIGHT has been verified and 

validated in different application for THM processes (Rutqvist et al., 2005; Olivella and 

Gens, 2005; Tamayo et al., 2021) and TH problems related with heat storage in ATES 

(Mindel et al., 2021). The program uses the mass balance equation for liquid (equation 

(5.1)), mass balance equation for solid (equation (5.3)), internal energy balance 

equation (equation (5.5)), momentum balance (equation (5.7)) and the next constitutive 

equations are adopted: linear elasticity, generalized Darcy’s law (5.2), with constant 

density and viscosity for Landau case, and Fourier’s law (considering dispersion).  

Table 5.1. Properties of the model: intrinsic permeability (Stober and Bucher, 2015); 

thermal conductivity, specific heat, porosity, density (Schwarz and Henk, 2005); solid 

density (Les Landes et al., 2019);and longitudinal and transversal dispersivities 

(Schulze-Makuch, 2005). 

Properties 
Cenozoic and Jurassic 

sediments 

Hydraulic conductivity Ὧ (ms-1) 1.14·10-7 

Thermal conductivity ‗ (W m-1k-1) 3 

Longitudinal dispersivity Ὠ (m) 8 

Transversal dispersivity Ὠ (m) 0.8 

Specific heat of liquid cl (J kg-1 K-1) 4180 

Specific heat of solid cs (J kg-1 K-1) 1300 

Liquid density ” (kg m-3) 1000 

Solid density ” (kg m-3) 2650 

Porosity ‰ (-) 0.2 

Elastic modulus E (MPa) 10000 

Poisson’s ratio ν (-) 0.3 

Volumetric thermal expansion  
‌  (K-1) 

3.0·10-5 

The model is axisymmetric with respect to the vertical axis al the left boundary of the 

domain (Figure 5.3), which has an extension of 1300 m x 1000 m. The lateral extension 

of the domain is set equal to the distance from the vertical of the injection point at 
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which zero surface vertical displacements have been measured by the PS-INSAR. At 

this outer boundary, both vertical and horizontal displacements are set as zero to mimic 

the presence of a stiffer material that hiders displacements. Vertical displacements are 

prescribed and equal to zero at the bottom. The injection point is located at the left 

boundary at 479 m depth, where water is injected into a node with a fixed flux. While 

liquid pressure is prescribed and equal to the atmospheric value on the top boundary, 

liquid pressure is prescribed and equal to 10 MPa on the bottom boundary. Geothermal 

gradient has been simulated by fixing temperature at the top (10.7 °C) and bottom (83 

°C) boundaries. Left and right boundaries are impermeable and adiabatic. There is a 

unique material for the entire domain that corresponds to the Cenozoic and Jurassic 

sediments (Figure 5.3). The properties of the rock of the model are the same of table 

5.1. The domain is discretized into a mesh consisting of 5000 quadrilateral elements 

that become increasingly smaller towards the injection point. 

 

Figure 5.3. THM model of Landau case. 

We simulate 2 years of injection at 50°C in the first 8 months (representing a period 

from July 2013 to March 2014) followed by a falloff stage, with no injection and 

extraction of water for the last 16 months. Different scenarios of flow rate in the range 

50 - 80 l s-1 are explored to establish the correct one based on the resulting uplift 

compared to observations.  
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5.3. RESULTS 

We present the results of the analytical solution and THM numerical modelling, and 

compare them with PS-INSAR and levelling data measurements. Some differences 

exist between the analytical solution and the numerical model. One reason is that the 

analytical solution is in steady state flow and transient state for heat processes, 

whereas the numerical model simulates the transient process for flow and heat. 

Nevertheless, at the end of the leakage (8 months), liquid pressure is in steady state in 

the numerical model. Another reason is that the analytical solution has only been 

applied until the end of leakage stage (240 days), whereas the numerical model 

simulates the injection and falloff stages. Three heat transport processes have been 

simulated in both methods: advection, dispersion and conduction. Linear 

thermoelasticity has been considered for both methods. 

5.3.1. BASE CASE 

According to the results of the sensitivity analysis of leakage flow rate using the 

numerical model, we observed the most optimal agreement between the uplift of the 

numerical model and the real data when we adopted a leakage flow rate of 55 l s-1 

(Figure 5.4). Hence, we assume this leakage flow rate both in the numerical model and 

in the analytical solution. The results of the numerical model show the uplift increased 

with time after 240 days of leakage, reaching the maximum value, and then, an event 

of subsidence to return to the original level is observed after the injection was stopped 

(Figure 5.4). 

 

Figure 5.4. Evolution of uplift over time for the THM numerical model (solid black line) 

measured at a point placed in the vertical of the leakage point. Red and blue dots 

represent the uplift measured by the levelling and PS-INSAR, respectively, from 

Heimlich et al. (2015). 
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Hydraulic front advances spherically from the leakage point. The behaviour of the 

hydraulic head variation is similar in the analytical and numerical solutions (Figure 5.5). 

At different depths, the closer we are to the vertical of the leakage point, the higher is 

the hydraulic head variation (Figure 5.5). In a point injection, hydraulic head can tend to 

infinity in the vicinity of the injection point. We can observe this by reducing ὶ to 0 in 

equation (5.9) or using increasingly smaller finite elements in the mesh of the numerical 

model. This phenomenon has also been observed in analytical solutions for uplift for a 

point injection (Booker and Carter, 1986; Kanok-Nukulchai and Chau, 1990; and Li et 

al., 2017) or in a line of injection (Kim and Selvadurai, 2015). 

 

Figure 5.5. Evolution along the radial distance of the hydraulic head variation 

normalized with respect to the characteristic hydraulic head variation at the end of the 

leakage (240 days) at different depths for the analytical and numerical solutions. The 

injection depth is 479 m.  

Unlike the hydraulic front, the thermal front does not follow a homogenous 

spherically pattern, i.e., the isothermal surfaces are not concentric spheres due to the 

presence of the in-situ geothermal gradient. This gradient causes that the variation of 

temperature generated by the leakage is neither uniform nor always positive with depth 

in the underground (Figure 5.6). The temperature values from the numerical and 

analytical solutions align well in both the vertical and horizontal directions (Figure 5.6). 

At a radial distance of 5 m from the vertical of the injection point at the end of the 

leakage stage, injection generates a maximum temperature increment of 6.9 °C and 

6.5 °C at a depth of 440 m in the numerical and analytical solution, respectively (Figure 

5.6). At the same radial distance, there is a cooling process, or negative increment of 

temperature, at a depth of between 544 m and 599 m in the analytical solution (being -
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0.26 °C at 558 m depth the maximum cooling), and between 542 m and 619 m in the 

numerical solution (being -0.9 °C at 560 m depth the maximum cooling) (Figure 5.6). 

 

Figure 5.6. Distribution of temperature with depth at the beginning of the leakage (black 

lines) and at the end of the leakage for vertical lines placed at radial distances of 5 m 

(red lines) and 50 m (blue lines) from the vertical of the injection. Analytical (dashed 

lines) and numerical (solid lines) solutions are compared. 

Surface vertical displacements concentrate above the injection point (Figure 5.7) 

due to the maxima of temperature and pressure variations there. Both numerical (4.4 

cm) and analytical (4.1 cm) uplifts are in agreement with the PS-INSAR measurements 

(4.3 cm). The uplift decreases with radial distance in both solutions (Figure 5.7), being 

null at the right boundary of the numerical boundary, in agreement with INSAR 

observations, while it is  equal to 0.01 cm at 230 km of distance from the vertical of the 

injection point in the analytical solution. In the numerical model we have imposed the 

vertical displacement to be zero at the external boundary to simulate the presence of a 

geological constraint that might explain the PS-INSAR observations. In the analytical 

model, there are no external constraints and infinite lateral extension is assumed. The 

maximum contribution of thermal variations to the total uplift is of 0.91 mm and 0.63 

mm according to the numerical solution and the analytical solution, respectively (Figure 

5.8). Thermal vertical uplifts of numerical (calculated as the subtraction of the uplift of a 

THM numerical model minus the uplift of HM model) and analytical solutions (Figure 

5.8) follow patterns similar to that of the total uplift (Figure 5.7). Additional differences 

between both solutions are addressed in the discussion section. 
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Figure 5.7. Uplift vs radial distance from the vertical of the leakage well, calculated by 

analytical methods (dashed line) and numerical model (solid line) at the end of the 

leakage. Comparison with real data measurements: levelling (red dots) and PS-INSAR 

(blue dots). 

 

Figure 5.8. Uplift vs radial distance from the vertical of the leakage well, generated by 

thermal variations and calculated using analytical methods (dashed line) and numerical 

model (solid line) at the end of the leakage. 

5.3.2. PREDICTIONS 

In this section, we use the analytical solution to make predictions of the uplift under 

different scenarios. Figure 5.9 shows the maximum uplift for different configurations of 

injected temperature and characteristic hydraulic head variation for the case of Landau. 

Changing the characteristic hydraulic head variation corresponds to changing the flow 

rate injection or the hydraulic conductivity. The higher the values of temperature and 

characteristic hydraulic head, the higher the heave. If we assume that the isocontours 

of uplift of Figure 5.9 are almost linear, they evolve from vertical lines to inclined lines 
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when the variation of characteristic hydraulic head is increased. The tendency of these 

lines to tilt is due to the effect of the flow rate, which affects both vertical hydraulic 

displacements (they are directly proportional to the flow rate) and vertical thermal 

displacements (Ὀ  and ‏ are dependent on the flow rate, but not directly proportional). 

 

Figure 5.9. Isocontours of maximum uplift (in cm) for different configurations of injected 

water temperature and characteristic hydraulic head after 240 days of injection for the 

setting of parameters and leakage depth of Landau. 

Figure 5.10 shows the uplift along the radial distance from the vertical of the 

injection well and for different depths of leakage for the case of Landau. It is important 

to remember that the analytical solution assumes steady state for the flow process, 

which we can assume valid for time of leakage equal or higher than the characteristic 

time ὸ (equation (5.13)). Therefore, the comparison between these different scenarios 

(which depends on time for the thermal part) is not done at the same time, but at times 

of leakage equal to the characteristic time of each scenario, which is proportional to the 

square of the depth.  In the different cases, the uplift is mainly affected by hydraulic 

head variations. The more superficial the injection, the smaller is the uplift because a 

smaller area is affected by pressure-induced deformations. The role of temperature 

variations is more significant near the vertical above the injection point, where vertical 

displacements induced by thermal changes are larger, as shown in Figure 5.8, 

although still on the order of millimetres. 
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Figure 5.10. Surface vertical displacements against radial distance from the vertical of 

the well estimated by means of the analytical solution for different injection depths after 

a time  of injection equal to the characteristic time calculated for each depth (ὸ

ὨȾὈ ) for the setting of Landau.  

Figure 5.11 shows the thermal uplift at different depths of injection for different 

injection flow rates at 50 °C and 2 different geothermal gradients: one equal to 30°C 

km-1 (more common in tectonically inactive areas) and one equal to 75°C km-1 (as the 

gradient in Landau). Regardless of the geothermal gradients, the thermal uplift 

increases with the injection flow rate and decreases with the injection depth (because 

the temperature variation is smaller). For the highest geothermal gradient case, thermal 

displacements can cause compression for injection depths greater than 1000 m 

because the rock is cooled down instead of heated up. 

5.4. DISCUSSION 

This paper presents an analytical solution for calculating the ground surface uplift 

due to point non-isothermal fluid injections. It can also be applied to cases with 

subsidence and point fluid extractions. It includes the effects of hydraulic head 

variations (steady state for flow) and thermal changes (transient state for heat 

processes). Our solution assumes a homogenous and fully saturated underground. 

The main advantages of the solution are that it is much less expensive in terms of 

computational cost than THM numerical models, and it can be used to understand 

observations and make predictions. A limitation of the solution is that it can only be 

applied to cases with steady state flow, which can be assumed when the injection time 

is larger than the characteristic time for liquid pressure. 
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Figure 5.11. Isocontours of maximum thermal uplift (in mm) for different configurations 

of injection depth and flow rate after 240 days of injection. Two different geothermal 

gradients are considered: 30°C km-1 (A) and 75°C km-1(B). 

We have verified the analytical solution with a THM numerical model calculated by 

CODE_BIGHT, which simulates transient state for flow and heat processes, and with 

real data measurements (PS-INSAR and levelling). We have focused on the uplift in 

the vicinity of the geothermal power plant of Landau as a result of a leakage in the 

reinjection well. Although the leakage was associated to an uncemented zone of the 

well at a depth between 479 m and 751 m, we assume that all the fluid of the 

reinjection well escaped into the underground at 479 m depth. Therefore, we treat the 

Landau case as a point injection. We have considered linear thermoelasticity in the 

numerical and analytical solutions. The results of the analytical solutions are consistent 

with the results of the numerical model and the real measurements by considering an 

injection flow rate of 55 l s-1 (Figures 5.4 to 5.8). Our assumption of a leakage at 479 m 

depth is in agreement with the depth of leakage equal to 450 m assumed by Heimlich 

et al. (2015), for the modelling of the case using point a source model (Mogi, 1958) and 

an ellipsoidal model (Yang et al., 1988). 

One of the main differences between the analytical solution and the numerical 

solution is the way to simulate the maximum lateral extension of the ground which 

affects directly the uplift. According to Asanga and Wong et al. (2009), the lateral 

extension of a finite element model should be at least at a distance where the uplift is 

one percent of its maximum value. Our analytical solution does not assume any 

boundary in the lateral direction and we reach this minimum uplift at a distance of 230 
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km when estimating the Landau case. Considering this value of lateral extension in our 

THM numerical modelling, however, requires a too high computational cost. In our 

numerical model, the maximum extension is equal to the distance where PS-INSAR 

measurements of vertical displacements are null. At this distance, we have imposed 

zero vertical and horizontal displacements, in agreement with the observation data, 

which indicate the presence of a geological confinement that hinders vertical 

displacements. This lateral extension in the numerical model has permitted to have an 

adequate size of the elements of the mesh in order to simulate adequately all the 

thermo-hydraulic processes in the entire domain. Due to this discrepancy, we observe 

slight differences in the ground subsidence, especially for points further from the well 

(Figure 5.7). However, the maximum uplifts, which are located above the injection 

point, are similar for the numerical and analytical solution, and they both align well with 

PS-INSAR and levelling measurements. 

Temperature changes generated by the injection of non-isothermal fluids into the 

underground can have an impact on the ground surface displacements. The presence 

of a natural geothermal gradient is relevant to temperature changes because the 

natural temperature profile is close to the injection temperature around the injector. 

Therefore, there are zones of expansion (heating effect) and/or compression (cooling 

effect) above and below of the injection point (Figure 5.6). Even though the thermal 

front does not reach far distances in the timespan of our analysis (Figure 5.6), the 

contribution of thermal strains to the total uplift can become more significant when the 

injection time and/or the temperature contrast are larger. The analytical solution for the 

uplift can be used to produce prediction graphs, similar to those obtained for the case 

of Landau in Figures 5.9 to 5.11. These plots can be useful for an inverse analysis of 

other cases related to injection and extraction of non-isothermal fluids into the 

underground, to back-calculate the temperature of leakage (Figure 5.9), localize the 

leakage depth (Figure 5.10) or evaluate the impact of the geothermal gradient (Figure 

5.11).  

The proposed analytical solution can serve as a preliminary calculation to assess 

whether thermal deformation significantly contributes to ground surface uplift, thereby 

helping to determine whether a HM or THM numerical model should be selected (being 

the former less computationally expensive). It can also be used to verify numerical 

models with similar initial and boundary conditions as the numerical modelling shown 

here. 
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5.5. CONCLUSIONS 

We proposed a novel analytical solution that can be used to calculate the surface 

uplift due to the non-isothermal point injection of water into the underground. The 

analytical estimation of hydraulic head and temperature variations, and their impact on 

the vertical displacement, significantly reduces the computational cost with respect to 

numerical THM simulations. This allows us to explore different scenarios of injection 

rate, depth and temperature, which sets a framework to investigate cases of uplift due 

to well leakage.  

We have studied the leakage in the casing of the reinjection well of the geothermal 

power plant of Landau during 2013 and 2014. The results of the analytical solution 

have been compared and verified satisfactorily with real data (PS-INSAR and levelling) 

and THM numerical modelling. The maximum uplift, which concentrates above the 

injection point, calculated with the analytical solution is comparable with the results of 

the numerical modelling. In this case, the contribution of hydraulic head variations in 

the total uplift is larger than the contribution of thermal changes.  

The presented solution can be used to make predictions for other scenarios and 

time scales, and can be extended to other applications related to injection and 

extraction of non-isothermal fluids into the subsurface. 

5.6 LIST OF SYMBOLS 

Generalized units are given for each symbol, with L being unit of length, M unit of 

mass, T unit of time and θ unit of temperature. 

ὃ  Area of a sphere surface [L] 

Ἢ Body forces vector [LMT-2] 

ὅ Total volumetric heat capacity [ML-1T-2θ-1] 

ὧ Specific heat of liquid [L2T-2θ-1] 

ὧ Specific heat of solid [L2T-2θ-1] 

Ὀ  Thermal dispersivity-diffusivity coefficient [L2T-1] 

Ὀ Thermal diffusivity [L2T-1] 
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Ὀὥ

Ὀὸ
 Material derivative with respect to solid/liquid phase velocity 

Ὠ Depth of the injection point [L] 

Ὠ Longitudinal heat dispersivity [L] 

Ὠ Transversal heat dispersivity [L] 

Ὁ Young’s modulus [ML-1T-2] 

Ὁ  Oedometric modulus [ML-1T-2] 

ὩὶὪὧ Complementary error function [-] 

Ὃ Shear modulus [ML-1T-2] 

Ὣ Gravity [LT-2] 

ЎὬ Hydraulic head variation [L] 

Ὧ Hydraulic conductivity [LT-1] 

ὴ Liquid pressure [ML-1T-2] 

ὗ Injection flow rate [LT-3] 

Ἱ Liquid advective flux [LT-1] 

Ὑ Thermal retardation coefficient [-] 

ὶ Radial distance [L] 

ὶ 
Radial distance from the injection point to the study point of the 

ground surface [L] 

Ὕ Temperature [θ] 

ЎὝ Variation of temperature [θ] 

ὸ Time [T] 

όȟ  Uplift due to hydraulic head changes [L] 

όȟ  Uplift due to temperature changes [L] 

Ἵ Solid velocity vector [LT-1] 

ὼ Horizontal Cartesian coordinate [L] 

ᾀ Vertical Cartesian coordinate [L] 
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‌  Oedometric thermal expansion coefficient [θ-1] 

‍ Compressibility of liquid [LT2M-1] 

‍ Compressibility of porous material [LT2M-1] 

‌  Volumetric thermal expansion coefficient of the medium [θ-1] 

 Advective propagation distance [L] ‏

Ў‐ Vertical deformation [-] 

‗ Lamé modulus [ML-1T-2] 

‗ Thermal conductivity [MLT-3θ-1] 

‗ Bulk thermal conductivity [MLT-3θ-1] 

‗ Dispersive thermal conductivity [MLT-3θ-1] 

‗ Thermal conductivity of the liquid [MLT-3θ-1] 

‗ Thermal conductivity of the solid [MLT-3θ-1] 

” Liquid density [ML-3] 

” Solid density [ML-3] 

Ў„ Increment of total vertical stresses [ML-1T-2] 

 Effective stress tensor [ML-1T-2] 

ν Poisson’s ratio [-] 

‰ Porosity [L3L-3] 
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6. CONCLUSIONS AND FUTURE 

WORKS 

6.1. CONCLUSIONS 

This thesis improves the understanding of the thermo-hydro-mechanical-chemical 

processes induced by the injection and extraction of non-isothermal fluids into HT-

ATES systems. A summary of the main conclusions of this thesis is provided below. 

Thermo-hydraulic processes are very common in HT-ATES systems. These 

processes encompass heat transfer between the rock and the fluid moving through 

subsurface voids, and are fundamental for early feasibility studies, design, and 

optimization efforts. The finite element code CODE_BRIGHT has been verified against 

four tests with thermo-hydraulic processes in heat storage systems and geothermal 

energy problems: 1) well pumping test, 2) injection of non-isothermal fluids in an 

aquifer with different operation stages, 3) experimental heat transport validation test 

and 4) Horton-Rogers-Lapwood problem test. The four tests are based on a 

benchmark of the European project HEATSTORE. CODE_BRIGHT was able to 

perform all the tests and the code's results coincide with those of other software when 

no experimental data or analytical results are available. 

The injection of non-isothermal fluids into an aquifer can also affect the 

geochemistry of groundwater. Many chemical properties, processes and reactions are 

strongly dependent on temperature changes. A method that can be used to develop 

analytical and semi-analytical solutions for thermo-hydro-chemical phenomena has 

been presented. This method assumes aqueous and mineral reactions in equilibrium. 

While the method is applicable to cases involving multiple chemical end-members, the 

mixing of two waters with different temperatures, but from the same end-member, was 

analysed. In that case, the rate of chemical reaction can be simplified by calculating the 

thermo-hydraulics variables (‬Ὕ/‬ὸ, ​Ὕ, ​2Ὕ) and the relation between concentration 

and temperature (‬ὧ/‬Ὕ, ‬2ὧ/‬Ὕ2). An important advantage of this method is that this 

rate can be decomposed into three terms, corresponding to three processes: mixing, 

heat retardation and heat conduction, which can be very useful in analysing modelling 
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results. By applying the method to a HT-ATES system, the effect on chemical reaction 

rate of both the spatial location and dynamics of the thermal front was demonstrated. 

At the interface between two materials of different thermal conductivity, the heat 

conduction term, and consequently the reaction rates, approach infinity. The integration 

of the chemical rate across this interface enables the quantification of the volume of 

minerals that precipitate or dissolve. If this volume is high, important changes in 

porosity or in intrinsic permeability can be expected. Nevertheless, for the studied 

cases these volumes are small and, therefore, important changes in porosity or 

permeability are not expected. Another advantage of the proposed method is that, by 

using (semi-)analytical solutions, the computational cost is reduced with respect to 

numerical thermo-hydro-chemical codes. For the studied HT-ATES system, a 

sevenfold reduction in computational cost when compared to RETRASO, a standard 

reactive transport model, was observed. The selection of the thermodynamic database 

for the geochemical calculations plays a critical role, as it establishes the relationship 

between concentration and temperature. It is essential to consider not only the 

concentration-temperature dependence but also the first and second derivatives of 

concentration with respect to temperature. These derivatives can substantially affect 

reaction rates, potentially leading to changes by orders of magnitudes. 

The coupled thermo-hydro-mechanical effects of heat storage on HT-ATES have 

been studied by combining a dimensional analysis of the coupled thermo-hydro-

mechanical equations and a 3D coupled thermo-hydro-mechanical finite element 

model. Dimensional analysis enables the design of scale experiments and provides 

insight into the potential behaviours and phenomena within a study area. Three 

dimensionless parameters have been derived to examine distinct processes: the Peclet 

number (representing heat fluxes), Ὗὖ (quantifying the effect of hydraulic strain), and ὟT 

(representing the effect of thermal strain). The Peclet number, and its decomposition 

into conductive and dispersive components, allows for the identification of the different 

heat flux mechanisms (advection, conduction, and dispersion). Moreover, it facilitates 

the determination of regions where each heat flux dominates. Ὗὖ quantifies the 

influence of hydraulic strain induced by the injected flow rate, while ὟὝ measures the 

thermal impact associated with the injection of hot water into the aquifer. This 

methodology has been applied to a pilot HT-ATES system consisting of a central well 

surrounded by four auxiliary wells. It has been showned that advection and dispersion 

dominate inside the zone defined by the auxiliary wells of the aquifer. For larger radial 

distances, conduction is the main heat transport process. Given that convection plays a 

minor role, the energy efficiency of the system is not affected negatively. The system 
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becomes more efficient in terms of energy recovery after longer times of operation. 

Both thermal and hydraulic loads have an important effect on the displacements within 

the aquifer. Uplift is predominantly localized at the surface directly above the central 

well. 

The phenomenon of uplift due to a non-isothermal point leakage in a well was also 

analysed. To do so, an analytical solution that takes into account hydraulic head and 

temperature variations is proposed. While a half spherical domain is assumed for 

hydraulic head variations, a full spherical domain is adopted for thermal changes. 

Transient state for heat and steady state for flow has been considered. This solution 

reduces the computational cost with respect to numerical thermo-hydro-mechanical 

simulations. The solution has been verified with the results of a thermo-hydro-

mechanical numerical model and field data from PS-INSAR and levelling 

measurements. The field case is characterized by a geothermal gradient uncommon in 

tectonically inactive areas. The results show that the maximum uplift is localized above 

the leakage point and that the contribution of hydraulic head variations to the total uplift 

is larger than the contribution of thermal changes. 

The presented methods and solutions can be used to make predictions for different 

scenarios and for larger time scales. They can be extended to other applications 

involving the injection and extraction of non-isothermal fluids into the underground. 

6.2. FUTURE WORKS 

The injection of water at sufficiently high flow rates can cause the detachment of fine 

particles adhering to grains in the aquifers of HT-ATES systems. These particles may 

end up in areas where the hydrodynamic forces are weaker or the adhesion forces are 

stronger. This can significantly alter the expected regimes in the aquifers (porosity and 

hydraulic conductivity can be modified) and can clogg the well screen reducing the 

efficiency of the systems. We have conducted a literature review on this topic during 

the thesis. We have observed that the detachment of fine particles is related to 

suffusion, piping in embankments, sand production and colloid transport. A new 

formulation for the detachment of fine particles could be developed in the future. This 

formulation should take into account a mass balance equation for solids that includes 

both the mobilized and immobilized fines. The implementation of this new formulation 

in CODE_BRIGHT could help to evaluate this risk. 
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The novel method for developing analytical and semi-analytical solutions for thermo-

hydro-chemical phenomena has been simplified to the mixing of two waters with 

different temperature, but from the same end-member. In some cases, the reinjected 

water corresponds to a different end-member with respect to the water of the aquifer. A 

new formulation for different end-members could be developed for more advanced 

studies. 

The analytical solution for studying uplift due to a non-isothermal point injection has 

been developed for leakage in a uniform material. This solution could be extended to 

cases with several materials of different properties. 

Although most of the phenomena mentioned above have been previously studied 

separately (THM and THC processes), the combination of their effects in HT-ATES 

systems still requires more research. For this reason, coupled thermo-hydro-

mechanical-chemical (THMC) models are necessary for a better understanding of 

these systems. New software that includes this coupling is being developed in the 

department and could be used in the near future. 
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APPENDIX I. DISSOLUTION RATE 

DEPENDENT ON TEMPERATURE 

I.I RATE OF CHEMICAL REACTION 

Assuming equilibrium in aqueous and mineral reactions, the transport equation for 

mixing ratios of different end-members (‌) can be written as (De Simoni et al. 2007): 

‰
‬‌

‬ὸ
ἹϽɳ‌ Ͻɳ‰Ἆɳ ‌ π (I.1) 

where ‰ is the porosity, ‌ is the mixing ratio, ὸ is time, Ἱ is the flow rate and Ἆ is a 

tensor for dispersion and diffusion coefficients, Ἆ Ἆ▀░▼Ὀ ἓ, where Ὀ  is the pore 

diffusion coefficient and Ἆ  is the dispersion tensor that can be calculated from pore 

velocity, Ἶ ‰ Ἱ and longitudinal and transversal dispersivities, ‌ and ‌ : 

Ἆ
‌ ‌

ȿἾȿ
ἾἾ ‌ȿἾȿἓ (I.2) 

The rate of a chemical reaction can be calculated as: 

ὴ ”‰
‬ὧ

‬ὸ
”ἹϽɳὧ ” Ͻɳ‰Ἆɳ ὧ (I.3) 

where ” is the liquid density and ὧ is the aqueous concentration of a reactive 

component which is a function of ‌. 

For isothermal cases, by substituting (I.1) into (I.3), the rate of a chemical reaction 

can be expressed in function of the mixing ratios as (De Simoni et al, 2007): 

ὴ
‬ὧ

‬‌
‌ɳ ‰Ἆɳ ‌ (I.4) 

Equation (I.4) can be divided in 2 factors: a chemistry factor  and a transport 

factor ‌ɳ ‰Ἆɳ ‌. The chemistry factor is usually nonlinear and the transport factor is 

always positive. The rate of equation (I.4) does not take into account the effect of 

temperature. 
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If we want to take into account the effect of temperature, we first have to write the 

heat balance equation: 

‰Ὑὅ
‬Ὕ

‬ὸ
ὅἹϽɳὝ Ͻɳ‗ɳὝ Ͻɳ‰ὅἎ Ὕɳ π (I.5) 

where Ὕ is the temperature, ‗ is the thermal conductivity and ὅ is the volumetric heat 

capacity for liquid. Ὑ is a retardation coefficient for heat and is equal to: 

Ὑ ρ
ρ ‰ὅ

‰ὅ
 (I.6) 

where ὅ is the volumetric heat capacity for solid. 

Because concentration (ὧ) depends on mixing ratio (‌) and temperature (Ὕ) we can 

rewrite (I.3) as:  

ὴ

”

‬ὧ

‬‌
‰
‬‌

‬ὸ

‬ὧ

‬‌
ἹϽɳ‌

‬ὧ

‬‌
Ͻɳ‰Ἆɳ ὧ

‬ὧ

‬‌
‌ɳ ‰Ἆɳ ‌

‬ὧ

‬Ὕ‬‌
‌ɳ ‰Ἆɳ Ὕ

‬ὧ

‬Ὕ
‰
‬Ὕ

‬ὸ

‬ὧ

‬Ὕ
ἹϽɳὝ

‬ὧ

‬Ὕ
Ͻɳ‰Ἆɳ Ὕ

‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ

‬ὧ

‬‌‬Ὕ
‌ɳ ‰Ἆɳ Ὕ 

(I.7) 

Substituting (I.1) into (I.7) deletes the first three terms of the right-hand side of (I.7), 

yielding: 

ὴ

”

‬ὧ

‬Ὕ‌
‌ɳ ‰Ἆɳ ‌

‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ

‬ὧ

‬Ὕ‬‌

‬ὧ

‬‌‬Ὕ
‌ɳ ‰Ἆɳ Ὕ

‬ὧ

‬Ὕ
‰
‬Ὕ

‬ὸ
ἹϽɳὝ Ͻɳ‰Ἆɳ Ὕ  

(I.8) 

Substitution of (I.3) into (I.8) may be used to eliminate the heat advective term 

(Ἱ Ὕɳ) and dispersive term (ᶯ ‰Ἆ Ὕɳ): 

ὴ

”

‬ὧ

‬Ὕ‌
‌ɳ ‰Ἆɳ ‌

‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ

‬ὧ

‬Ὕ‬‌

‬ὧ

‬‌‬Ὕ
‌ɳ ‰Ἆɳ Ὕ

‬ὧ

‬Ὕ
ρ Ὑ‰

‬Ὕ

‬ὸ
Ͻɳ‰Ἆɳ Ὕ  

(I.9) 

If we neglect temperature (‬Ὕ‬ὸϳ Ὕɳ π), equation (I.9) is the same as equation 

(I.4). 

In a closed system, equation (I.9) reduces to: 
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ὴ ”
‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ ”

‬ὧ

‬Ὕ
ρ Ὑ‰

‬Ὕ

‬ὸ
Ͻɳ‰Ὀ ὅ ‗ Ὕɳ  (I.10) 

The rate of the chemical reaction (I.10) can be decomposed in three terms: 

Mixing: 

ὴ ”
‬ὧ

‬Ὕ
Ὕɳ ‰Ἆɳ Ὕ (I.11) 

Heat retardation: 

ὴ ”
‬ὧ

‬Ὕ
ρ Ὑ‰

‬Ὕ

‬ὸ
 (I.12) 

Heat conduction: 

ὴ ”
‬ὧ

‬Ὕ
Ͻɳ‰Ὀ ὅ ‗ Ὕɳ (I.13) 
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APPENDIX II. DISSOLUTION RATE 

DEPENDENT ON TEMPERATURE 

IN CYLINDRICAL COORDINATES 

II.I HEAT TRANSPORT IN CYLINDRICAL COORDINATES 

The heat balance in cylindric coordinates (with radius ὶ, angle —, and altitude ᾀ), 

assuming radial horizontal flow (ή ÃÏÓ—ή, ή ÓÉÎ—ή, ή π, ‬Ὕ‬—ϳ π) is  

‰Ὑὅ
‬Ὕ

‬ὸ
ὅή
‬Ὕ

‬ὶ
‗
‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

‬Ὕ

‬ᾀ
ὅ‌ȿήȿ

‬Ὕ

‬ὶ
     

ὅ
‬

‬ᾀ
‌ȿήȿ

‬Ὕ

‬ᾀ
π 

(II.1) 

where ή is the Darcy flux in radial direction, which is calculated from the injection-

extraction rate per aquifer width (ὗȾὦ, positive is injection, negative extraction): 

ή
ὗ

ς“ὶὦ
 (II.2) 

The absolute value of ή is 

ȿήȿ ή ή ή ή ή ȿἹȿ (II.3) 

II.II PRECIPITATION-DISSOLUTION RATE 

The precipitation-dissolution rate in cylindrical coordinates (ὶ, —, ᾀ), assuming radial 

horizontal flow and neglecting diffusion, can be calculated from the mass balance of a 

reactive component by (Aichi and Akitaya 2018): 

ὴ

”
‰
‬ὧ

‬ὸ
ή
‬ὧ

‬ὶ
‌ȿήȿ

‬ὧ

‬ὶ

‬

‬ᾀ
‌ȿήȿ

‬ὧ

‬ᾀ
 (II.4) 
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where ὴ is the precipitation-dissolution rate (mol per unit of time per volume of porous 

medium, positive means dissolution, negative precipitation). 

If we assume that the concentration only depends on temperature, (II.4) can be 

written as: 

ὴ

”
‰
‬Ὕ

‬ὸ
ή
‬Ὕ

‬ὶ
‌ȿήȿ

‬Ὕ

‬ὶ

‬

‬ᾀ
‌ȿήȿ

‬Ὕ

‬ᾀ

‬ὧ

‬Ὕ
‌ȿήȿ

‬Ὕ

‬ὶ
‌ȿήȿ

‬Ὕ

‬ᾀ
 

(II.5) 

We rewrite the heat equation (II.1) as  

‰
‬Ὕ

‬ὸ
ή
‬Ὕ

‬ὶ
‌ȿήȿ

‬Ὕ

‬ὶ

‬

‬ᾀ
‌ȿήȿ

‬Ὕ

‬ᾀ

‰ρ Ὑ
‬Ὕ

‬ὸ

‗

ὅ

‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

‬Ὕ

‬ᾀ
 

(II.6) 

and substitute it into the mass balance equation (II.5), yielding: 

ὴ

”

‬ὧ

‬Ὕ
‌ȿήȿ

‬Ὕ

‬ὶ
‌ȿήȿ

‬Ὕ

‬ᾀ

‬ὧ

‬Ὕ
‰ρ Ὑ

‬Ὕ

‬ὸ

‗

ὅ

‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

‬Ὕ

‬ᾀ
 

(II.7) 

where we can distinguish between terms for dispersion or mixing (ὴ ), heat 

retardation (ὴ ) and heat conduction (ὴ ): 

ὴ ὴ ὴ ὴ  (II.8) 

being: 

ὴ ”
‬ὧ

‬Ὕ
‌ȿήȿ

‬Ὕ

‬ὶ
‌ȿήȿ

‬Ὕ

‬ᾀ
 (II.9) 

ὴ ”
‬ὧ

‬Ὕ
‰ρ Ὑ

‬Ὕ

‬ὸ
 (II.10) 

ὴ ”
‬ὧ

‬Ὕ

‗

ὅ

‬Ὕ

‬ὶ

ρ

ὶ

‬Ὕ

‬ὶ

‬Ὕ

‬ᾀ
 (II.11) 
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APPENDIX III. DISSOLUTION 

RATE DEPENDENT ON THE 

EQUILIBRIUM CONSTANT 

The Van’t Hoff equation expresses the equilibrium constant (ὑ) as a function of 

temperature (Ὕ): 

ὑὝ ὑ Ὡὼὴ
Ὤ

Ὑ

ρ

Ὕ Ὕ

ρ

Ὕ Ὕ
 (III.1) 

The concentration of the end-member can be expressed as: 

ὧ ὑὝ ὑ Ὡὼὴ
Ὤ

ςὙ

ρ

Ὕ Ὕ

ρ

Ὕ Ὕ
 (III.2) 

The first derivative of (III.2) is: 

‬ὧ

‬Ὕ

Ὤ

ςὙ

ρ

Ὕ Ὕ
ὑ Ὡὼὴ

Ὤ

ςὙ

ρ

Ὕ Ὕ

ρ

Ὕ Ὕ

Ὤ

ςὙ

ρ

Ὕ Ὕ
 ὧ (III.3) 

The second derivative of (III. 2) is calculated by applying the product rule to (III.3): 

‬ὧὑὝ

‬Ὕ

Ὤ

ὙὝ Ὕ

Ὤ

τὙ

ρ

Ὕ Ὕ
ρ ὧ (III.4) 
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