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Abstract 

Geothermal energy, featuring clean and sustainable properties, has recently attracted great 

attention worldwide. Numerical simulations of geothermal development face challenges to 

handle the multi-phase and multi-physical coupled processes in geothermal reservoirs with 

complex fracture networks. This thesis develops a discrete fracture-network based method to 

understand the mechanism of fluid circulation in the development of enhanced geothermal 

systems (EGSs) by explicitly introducing discontinuities. Both fracture pipes and matrix 

pipes are generated based on a pipe equivalent technique and coupled to form a pipe-network 

system in the framework of a unified pipe-network method (UPM). This straightforward 

method simplifies the coupling process of different media at the matrix-fracture interface. 

The fluid transfer between the rock matrix and the fractures is solved based on a 

superposition principle, without introducing interchange terms. A dual unified pipe-network 

method (D-UPM) is then developed to investigate the thermo-hydro (T-H) coupled process 

by introducing a local thermal non equilibrium (LTNE) based on which heat extraction 

mechanism from a geothermal reservoir characterized by rough-walled fracture networks is 

captured by establishing an equivalent parameter analysis strategy. The two-phase T-H 

coupled process is further simulated based on a D-UPM to compare the efficiency of 

geothermal development in an EGS using supercritical carbon dioxide (scCO2) or water as a 

working fluid. The buoyancy effect on the CO2 saturation and temperature distributions is 

further analyzed. Since fractures dominate the process of fluid flow and heat transmission, 

the current model incorporates the chemical reaction kinetics of silica precipitation and 

dissolution to capture and examine the effects of the silica-water interaction on the evolution 

of fracture apertures. The proppant embedment also impacts on the conductivity in hydraulic 

fractures, and a numerical approach combining the finite element method (FEM) and the D-
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UPM is developed to investigate the influence of the proppant distribution density and 

reservoir properties (in-situ stress, rock Young’s modulus, and rock matrix permeability) on 

the heat production. A field application using the current simulation tool is performed to 

optimize heat-mining strategies for a geothermal reservoir at Groß Schönebeck. The research 

findings indicate the importance of considering explicit fracture networks in multi-phase and 

multi-physical coupled simulations and provide theoretical and numerical foundations for 

understanding the mechanism of geothermal development in an EGS. 
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Chapter 1.  Introduction 

1.1 Backgrounds 

Hot dry rocks (HDR) generally buried within 3–10 km in depth contain enormous heat 

resources (Jiang et al., 2013). As a renewable and sustainable energy, geothermal energy is 

not only clean because of its emission- and waste-free utilization but also reliable because of 

its low dependence on weather conditions (Hou et al., 2018). Characterized by the high 

temperature of the working fluid produced during the heat mining process, geothermal energy 

is commonly used for electric power generation (Huang et al., 2018). The global geothermal 

power capacity is rapidly increasing and is anticipated to meet approximately 5% of the 

global energy demand by 2050. Nevertheless, it has been reported that less than 10% of the 

geothermal power potential is being tapped. Faced with the challenges of environmental 

pollution and energy crisis using non-renewable energies (e.g., petroleum, coal), the policy of 

transitioning to clean and low-carbon energy has a promising future with the development of 

geothermal energy. 

1.1.1 Enhanced geothermal system 

An enhanced geothermal system (EGS) is formed from the extremely low permeability of 

HDR during geothermal development (Zhang et al., 2013; Zhang et al., 2014; Huang et al., 

2016a). The “hydraulic stimulation” method is commonly used to create man-made fractures 

to connect with natural fractures, generating fracture networks that allow heat transmission 

and fluid circulation in an artificial heat reservoir, and finally facilitates the production of 

thermal energy (Sun et al., 2017). Since the first attempt to make a full-scale EGS at Fenton 

Hill, the EGS concept has been utilized in many field applications, including the Soultz 

project in France (Kolditz, 1995a), the Habanero project in Central Australia (Xu et al., 
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2015), the Rosemanowes project in the UK (Kolditz and Clauser, 1998), the Schönebeck 

project in Germany (Zimmermann, 2010), etc. Fig. 1.1 illustrates the distribution of typical 

EGSs around the world. In the established fluid-circulating system, water is commonly 

regarded as the working fluid and injected from an injection wellbore at a relatively low 

temperature (Chen and Jiang et al., 2015; Pandey et al., 2018). Numerous studies ranging 

from laboratory investigations to field-scale simulations focus on water-based EGSs (Jiang et 

al., 2017; Pandey et al., 2018). 

 

Fig. 1.1 The distribution of typical enhanced geothermal systems around the world 

However, major limitations in traditional water-based EGSs include chemical 

dissolution/precipitation effects in the rock mass and a significant consumption of water 

resources because of the leak-off effects in the circulation process. To solve these difficulties 

and reduce CO2 emissions, Brown (2000) first introduced a scCO2-based EGS concept in heat 

extraction using scCO2 rather than water as the working fluid. The CO2 geological storage 

can be achieved as an ancillary benefit in this CO2-based EGS operation (Li et al., 2006). 

Other advantages of using scCO2 as the working fluid include possessing a high heat capacity 

(Luo et al., 2014), easing the fluid flow with higher mobility (Sun et al., 2018), and reducing 

the chemical effects resulting from the properties of low chemical activity and low salt 
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solubility (Pruess, 2006). Field demonstration projects of CO2-based EGSs have been 

designed to investigate the technical and economic feasibility of this technology, such as the 

project of building a 2MW CO2-based EGS plant close to the Arizona-New Mexico border, 

and the attempt of injecting scCO2 into the Habanero EGS in the Cooper Basin in 2013.  

Furthermore, according to the results of a rough potential assessment, the recoverable 

geothermal energy using CO2 as the working fluid is 1.55 × 1021 J and the CO2 storage 

potential is 3.53 × 1014 kg in geothermal reservoirs of China (Zhang et al., 2014). Therefore, 

a double-win prospect for the economic and environmental aspects can be achieved in this 

CO2-based EGS strategy.  

1.1.2 Challenges in geothermal development 

Challenges exist in various aspects related to EGS technology (Song et al., 2018; Samin et 

al., 2019; Wei et al., 2019). The complex fracture network as a remarkable feature in 

geothermal reservoirs obstacles estimating the performance of heat production. Fig. 1.2 

shows the Habanero geothermal reservoir at the Cooper Basin in Central Australia. The 

obtained seismic clouds and the Habanero fault demonstrate the existence of complex 

fracture networks in an EGS. The distribution of fractures has a significant influence on flow 

patterns, resulting in an unpredictable thermal evolution process. Fracture networks maintain 

or even improve injection efficiency and, at the same time, easily lead to the phenomenon of 

thermal breakthrough. The concept of fracture connectivity as an important property of a 

fracture network is still undefined, even though much work has been done on the subject 

(Masihi et al., 2008; Darcel et al., 2003; Alghalandis, 2017). Flow mechanism and heat 

transfer are affected by fracture geometries and surface properties (e.g., fracture roughness, 

tortuosity) (Zhao 2014; Luo et al., 2016). The channeling effect, for instance, normally 

caused by the uneven distribution of the fracture aperture (Ishibashi et al., 2015), adds to the 

difficulty in revealing the mechanism of the T-H coupled process. 
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Fig. 1.2 Habanero geothermal reservoir beneath the Cooper Basin in Central Australia 

The heat development in the EGS is also a complex process involving hot water seepage, 

thermal transmission, chemical reaction, and even mechanical effects (Pandey et al., 2015; 

Guo et al., 2016; Zhang et al., 2017; Fan et al., 2017). In the prediction of the temperature 

field, the traditional local thermal equilibrium assumption is not applicable if numerous 

fractures and fissures exist in the geothermal reservoir. The process of heat transfer takes 

place at the interface between the fractures and the rock matrix. The term for representing the 

heat transfer should be quantitatively evaluated. The chemical reaction also impacts on the 

efficiency of the heat mining in multi-fractured systems. The circulated water contained with 

chemical components continuously interacts with the fractured rock mass during the 

geothermal development. Permeability and fracture conductivity are strongly influenced by 

the chemical interaction, which alters the seepage field, the thermal distribution, and the mass 

transport process (Rawal and Ghassemi, 2014). Moreover, the mechanical behavior 

determines the deformation of the rock matrix and the evolution of the fracture apertures. 

Properties in each physical field are influenced by others. The optimized scheme for 

enhancing heat extraction can never be obtained without understanding the multi-physical 

coupled mechanism underground. 
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Characterizing the multiphase flow in the geothermal development is another challenge, 

especially for the scCO2-based EGS (Isaka et al., 2019). Two kinds of fluids (CO2 and water) 

exist in the geothermal reservoir, featuring various physical properties at different 

temperature and pressure conditions. An accurate description of the capillary pressure and the 

relative permeability is essential to obtain the saturation and the pressure distribution. In 

addition, the capillary properties in the fractures are different from those in the rock matrix 

and should be considered separately. Buoyancy effects in the scCO2-based geothermal 

development should also be investigated since an obvious discrepancy exists between the 

water and CO2 densities. 

The EGS represents a series of technologies. Apart from the difficulties mentioned above, 

other challenges related to the design of production strategies should be further considered. 

Locating a geothermal reservoir with economic potential for producing heat resources is the 

primary condition. The arrangement of well patterns and well types (vertical well or 

directional well) should be considered in the designing stage. Optimized strategies for well 

drilling and stimulation processes are largely dependent on the reliability of characterizing 

the formation properties and distributions of natural fractures or faults, which are difficult to 

monitor. The selection of operating parameters during the production stage is also important 

for extending the lifecycle of thermal production while maintaining high power generation. 

Other issues include the development of seismicity monitoring methods or power conversion 

techniques and surface preparation.  

1.1.3 Numerical simulations of geothermal development 

Numerous studies have been carried out to solve the above issues in geothermal development 

by providing analytical and semi-analytical solutions. However, their applications are limited 

because of oversimplified model configurations and assumptions. Numerical simulations 
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provide effective ways to elucidate the mechanisms of subsurface thermo-hydro circulation 

during the development of EGSs with complex fracture networks. 

Continuum-based methods are possible ways to model fluid flow and heat transmission in 

discrete fractures that are implicitly homogenized within porous media. Jiang et al. (2013, 

2014) used a single-porosity model by regarding a porous geothermal reservoir as an 

equivalent porous medium with a single porosity. The dual-porosity model was another 

equivalent way to simulate flow in both the matrix and the fractures (Warren and Root, 

1963), followed by the multiple interacting continua (MINC) model proposed for fluid and 

heat flow (Pruess and Narasimhan, 1985) and reactive geothermal transport (Xu et al., 2006) 

in fractured rocks. Kalinina et al (2012) used the multi-porosity model to simulate the effects 

of heterogeneity on geothermal development. The stochastic continuum model (Tsang et al., 

1996) was also an effective method to predict global hydraulic and thermal response. These 

equivalent scenarios nevertheless eliminate the detailed information of fractures, such as 

geometry and connectivity, and thus cannot reflect the influence of fracture networks on 

pressure and temperature distribution. 

To quantify the influences of fractures on the distribution of fluid flow patterns in the 

fractured rock mass, the concept of discrete fracture networks (DFNs) is introduced in 

discontinuum models by explicitly considering the discontinuities with varying dimensions 

and geometries (Hu et al., 2016; Hu et al., 2017). Two types of models are proposed. One 

considers a single elliptical/rectangular horizontal fracture between the injection and 

production wells. Another embeds multiple fractures directly into a reservoir model. 

1.1.3.1 A doublet system with a single or two parallel fractures 

Using a single fracture model in a doublet system, Kohl et al. (1995) developed a thermo-

hydro-mechanical (T-H-M) model based on the finite element method (FEM) to capture the 
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mechanical response on long-term system behavior. The simulated results demonstrated the 

significance of thermo-elastic mechanisms in changing geothermal system behavior for long-

term development. A three-dimensional displacement discontinuity (DD) method was 

employed to investigate the fracture response under a given in-situ stress field, without the 

discretization of the reservoir (Ghassemi et al., 2007). The fracture slip and induced 

seismicity influenced by the injection operation were numerical analyzed considering an 

infinite or finite irregularly shaped fracture embedded in rock matrix. Further T-H-M coupled 

transient simulations indicated that the aperture evolution of fracture and thermo-elastic 

responses dominated geothermal productivity for large injection times, even though the 

poroelastic effects were remarkable during the early stage (Ghassemi and Zhou, 2011). Rawal 

and Ghassemi (2014) addressed the importance of silica reactivity on the permeability 

alteration, and developed a thermo-poro-chemo-mechanical coupled model to investigate the 

chemical effects based on a FEM-BEM combined method. The mechanical behavior was 

computed by the FEM while the transport processes within the fracture were solved by the 

boundary element technique. The fracture heterogeneity for the single fractured model is also 

essential to influence the flow pattern and the heat extraction. The effects of statistical 

parameters including the standard deviation of the aperture field, correlation lengths, and 

other operating parameters on heat-mining performance were studied by Pandey et al. (2015). 

The results indicated that more heat could be extracted from the geothermal reservoir if fresh 

water was used as the working fluid. Greater correlation length created a greater impact of 

heterogeneity on heat production. Furthermore, Pandey and Chaudhuri (2017) performed 

simulations with two injection concentrations to investigate the influence of the spatial 

distribution of fracture aperture on pressure and temperature evolutions in a circulation 

system. Guo et al. (2016) extended the finite element analysis to simulate the T-H-M coupled 

processes in an EGS reservoir. A large elliptical horizontal fracture was considered in the 
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doublet system, as shown in Fig. 1.3. The effect of spatial heterogeneity of the fracture 

aperture on flow channeling and non-uniform temperature decrease was quantitatively 

investigated. It was illustrated that the greater spatial correlation length resulted in worse 

reservoir performance, while the aperture standard deviation has little effect on geothermal 

production when correlation length was short. A discrete mathematical model established by 

Zhao et al (2015) also integrated thermo-hydro-mechanical effects and was used in a practical 

case of a deep HDR geothermal extraction system. The Tengchong geothermal field in China 

was considered as a simplified cube “reservoir” embedding with two parallel fractures. It was 

demonstrated that more efficient geothermal production could be achieved if the seepage 

resistance of the artificial storage reservoir was reduced. The above studies simplified the 

multi-physical coupled process by considering only one or two parallel fractures in a 

geothermal reservoir. However, fracture networks dominate EGSs and create great impacts 

on flow patterns and temperature distributions. More advanced numerical tools are required 

to be developed to consider multiple discontinuities rather than a very limited number of 

fractures in the simulation of geothermal development. 

  

Fig. 1.3 Model description and results of physical fields (temperature and thermal 

stress). (a) The distribution of temperature on a vertical cut along the plane of the two 

wells.  (b) a 3D view thermal stress and temperature distribution in the fractured 

system. (c) A sketch of the numerical model presenting a doublet system embedded with 

one elliptical fracture. (Guo et al., 2016) 



9 

1.1.3.2 Geothermal development with fracture networks  

Kolditz (1995a) generated a synthesized deterministic fracture network based on fracture 

information (fracture orientations, apertures, dimensions, and densities) obtained from the 

field data of the Soultz HDR reservoir. A truly three-dimensional finite element model was 

proposed for predicting the heat-mining performance, serving as a compromise between the 

simplified single or two parallel fracture models and the computationally expensive 

stochastic fracture-network models. The reliability of the deterministic fracture network 

approach was demonstrated in the application of the Rosemanowes reservoir (Kolditz and 

Clauser, 1998). Kolditz et al. (2012) introduced a scientific open-source project 

(OpenGeoSys (OGS)) for numerical analyses of T-H-M-C coupled processes in fractured 

rocks. The development of OGS was based on an object-oriented FEM and combined pre- 

and post-processing. Fig. 1.4 shows the simulated results of fluid temperature in an EGS.  

 

Fig. 1.4 Temperature field of a water circulation system in geothermal development 

(Kolditz et al., 2012) 

Commercial software is another alternative for the simulation of geothermal development 

considering multiple fractures. Luo et al. (2016) employed COMSOL Multiphysics to build 

DFN models and simulate the T-H coupled processes in fractured rocks (shown in Fig. 

1.5(a)). The effects of the local surface roughness of fractures on heat transmission at the 
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macroscopic scale were investigated. The simulated results indicated that the distribution of 

joint roughness coefficient (JRC) had a great impact on the efficiency of heat mining. Sun et 

al. (2017) also used COMSOL to simulate the T-H-M coupled process in heat extraction by 

introducing randomly distributed one-dimensional fractures based on the field data of the 

Habanero geothermal reservoir in Central Australia (shown in Fig. 1.5(b)). A series of 

sensitivity analyses about evaluating production performance were conducted to understand 

the mechanism of geothermal development. A three-dimensional model was developed by 

considering the unsteady fluid flow and heat transmission to analyze the heat-mining 

performance of the multilateral-well EGS (Song et al., 2018). The simulated results 

demonstrated that the efficiency of geothermal development was much higher using the 

multilateral-well EGS instead of the conventional doublet systems. However, disadvantages 

to using commercial software to simulate multi-physical coupled processes exist. The high-

quality mesh of three-dimensional geometries considering multiple discontinues is 

challenging. Furthermore, customers will encounter great difficulty in tackling non-

convergence problems because of the feature of the “black box” for commercial software. 

  

(a) Temperature distribution considering fracture 

roughness (Luo et al., 2016) 

(b) Temperature distribution in fractured rock mass 

(Sun et al., 2017) 

Fig. 1.5 Simulated results of geothermal development using COMSOL Multiphysics 
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A technique of the equivalent pipe network (EPN) was proposed to simulate the fluid flow 

(Dershowitz WS and Fidelibus, 1999) and solute transport (Bodin et al., 2007) in fracture 

networks. The concept of the EPN involves discretizing fractures as one-dimensional pipe 

network elements for simplifying the hydraulic behavior in a fractured system. The 

application of this method in the simulation of geothermal development was proposed by Xu 

et al. (2015). The heat exchange model in the EPN was simplified based on Newton’s law of 

cooling and the first principle of heat exchange between fluid and rock. This technique 

largely saved computational costs when handling industrial-scale models. Xu et al. (2015) 

extended the EPN to evaluate the heat-mining performance of the Habanero reservoir. 

Fracture network model was first generated based on seismic data (shown in Fig. 1.6(a)), and 

fracture connection channels were identified and extracted (shown in Fig. 1.6(b)). The final 

reservoir temperature distribution was simulated and presented in Fig. 1.6(c). Nevertheless, 

the contribution of the matrix is not considered in the EPN framework. 

   

(a) Fracture generation based on 

seismic data 

(b) Connection channels between 

two wells 

(c) Reservoir temperature 

distribution 

Fig. 1.6 The simulation process of geothermal development using the EPN technique 

(Xu et al., 2015) 

Ren et al. (2017a) developed a three-dimensional unified pipe-network method (3D UPM) to 

overcome challenges in fluid flow simulation with numerous discontinuities. Both the 

fractures and the matrix were equivalent to the flow pipes. The superposition principle was 

used at the interface with different type of pipes, simplifying the fluid transfer process 
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between the fractures and the matrix. A constrained Delaunay discretization method (Wang et 

al., 2017) achieving high mesh quality was incorporated into the 3D UPM framework to 

simulate a transient saturated-unsaturated fluid flow (Ren et al., 2017a; Ren et al., 2017b; Ren 

et al., 2017c) in the highly fractured rock mass. Furthermore, the development of the two-

phase fluid flow model is even used to simulate the process of CO2 sequestration (Ren et al., 

2017b), as shown in Fig. 1.7. Nevertheless, the 3D UPM should be improved by 

incorporating other physical fields, including mass transport, heat transmission, and 

mechanical behavior, to simulate geothermal development. Furthermore, the numerical 

calculation of multi-phase and multi-physical problems explicitly considering fracture 

networks still poses challenges. The simulation of a CO2-based EGS in a fractured 

geothermal reservoir, as one of such problems, has been rarely conducted in the DFN 

framework recently. 

 

Fig. 1.7 Simulation model for CO2 storage and the distribution of CO2 saturation (Ren 

et al., 2017b) 

1.2 Motivations and objectives 

This thesis aims to simulate the process of geothermal development in three-dimensional 

fractured rocks by developing a DFN-based numerical method. This method is capable of 

solving multi-physical coupled problems considering complex fracture networks by 

incorporating the conditions of heat transmission, chemical transportation, and mechanical 

behavior. Both single-phase and two-phase fluid flow are captured to compare the efficiency 
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of the heat production using different kinds of working fluids. The detailed objectives are 

listed as follows: 

• Investigating the mechanism of water/CO2 circulating processes in fractured rocks 

based on a local thermal non-equilibrium (LTNE) theory. Demonstrating better heat 

mining performance using CO2 as the working fluid. Analyzing the mechanism of 

buoyancy effects on the multi-physical coupled process in a scCO2-based EGS.  

• Investigating the mechanism of channeling flow and non-uniform heat transmission 

influenced by fracture roughness along a single rough-walled fracture surface. 

Quantitatively evaluating the performance of heat transfer in rough-walled fracture 

networks. 

• Investigating the principle of the fluid-solid chemical interaction considering the 

effect of temperature in geothermal development. Analyzing the effects of silica-

water interaction on the evolution of the aperture in a fracture network system. 

• Evaluating the conductivity of hydraulic fractures embedded with a single layer of 

proppants. Investigating the mechanism of thermo-hydro-mechanical coupled 

circulation processes in mechanical responses of propped hydraulic fractures. 

• Providing an optimized strategy of well arrangement and hydraulic stimulation for a 

geothermal reservoir at Groß Schönebeck in the North German Basin. 

1.3 Thesis outline 

This thesis includes ten chapters. The introduction is given in Chapter 1. The other chapters 

are organized as shown below: 

Chapter 2 presents mathematical models for geothermal development in a fractured 

reservoir. Governing equations for fluid flow, mass transport and chemical reaction, and heat 

transmission in both the fractures and the rock matrix are provided. 
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Chapter 3 introduces a constrained Delaunay discretization method for meshing three-

dimensional fractured geological media. The three-dimensional UPM is used to discretizing 

governing equations mentioned in Chapter 2. Pipe equivalence techniques are specified and 

employed to generate fracture pipes and matrix pipes. The process of pipe coupling is also 

provided to obtain the final discretized form for each physical field. 

Chapter 4 develops a dual unified pipe network method (D-UPM) to solve the T-H coupled 

process based on a local thermal non-equilibrium (LTNE) concept. The reliability of the D-

UPM is demonstrated by performing model verification and convergence analyses. Two sets 

of temperature fields are analyzed in fractured rock under the LTNE assumption. The effects 

of the solid-fluid interface heat transfer coefficient, the pressure differential, and the fracture 

aperture on fluid temperature distribution are also investigated. 

Chapter 5 extends the application of the D-UPM for the two-phase flow in a T-H coupled 

system with fracture networks. The capillary effect is considered by incorporating the van-

Genuchten capillary model. A sequential implicit method is applied to solve the governing 

equations for the CO2-based EGS. Numerical examples are provided to analyze the effects of 

the reservoir initial CO2 saturation, matrix permeability and fracture aperture on the 

performance of heat extraction and CO2 sequestration using CO2 as the working fluid. 

Furthermore, the buoyancy effect on the efficiency of geothermal development in the scCO2-

based EGS is studied. 

Chapter 6 establishes a scale-span analysis method to quantitatively evaluate the heat 

transfer in fractured rock considering fracture roughness. The fluid channeling and non-

uniform temperature distribution are investigated along a single rough-walled fracture 

surface. Numerical simulations are performed to build correlations for interpreting the 

equivalent heat transfer coefficient (EHTC). A representative element volume is then used to 
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investigate the flow and heat transfer process in a geothermal reservoir with rough-walled 

fracture networks by applying the obtained EHTC. 

Chapter 7 introduces the chemical reaction kinetics of silica precipitation and dissolution in 

a thermo-hydro-chemical (T-H-C) coupled model to simulate the process of geothermal 

development in the doublet system containing fracture networks. The influences of different 

injection temperatures and saturation conditions on the alteration of fracture apertures are 

analyzed.  

Chapter 8 investigates the impacts of conductivity in hydraulic fractures embedded with 

proppants on the efficiency of geothermal development in an EGS. A proppant embedment 

model is developed to evaluate fracture conductivity. A T-H-M coupled model based on the 

FEM-D-UPM combined method is then developed to simulate the heat production in propped 

fractures by incorporating the proppant embedment model. 

Chapter 9 develops a T-H coupled model by incorporating material compressibility and 

fracture deformation. The development optimization of a geothermal reservoir at Groß 

Schönebeck is performed by evaluating the heat production over sixty years. Several 

strategies are designed and compared by changing the arrangement of a new horizontal 

wellbore and hydraulic stimulations for the existing doublet system. 

Chapter 10 draws conclusions and discusses the limitations in this study. Recommendations 

for future studies are also provided. 
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Chapter 2.  Mathematical Model for Fractured Rocks 

This chapter introduces fundamental theories of Darcy’s flow, heat transmission, mass 

transport and mechanical behavior in fractured rocks. Governing equations for each field are 

presented for both fractures and rock matrix, which are the basis for the multi-phase and 

multi-physical coupled process. 

2.1 Fluid flow 

It is assumed that single/multi-phase fluid flow obeys Darcy’s law in both the rock matrix 

and the fractures. The theory of Darcy’s flow is on the establishment of the concept of 

Representative Elementary Volume (REV) in a macroscopic domain. This macroscopic 

approximation formulated by Henry Darcy (1856) is employed in the incompressible, weakly 

compressible and two-phase Darcy’s fluid flow, respectively. 

2.1.1 Incompressible fluid flow 

The fluid flow in both fractures and matrix can be described by a mass balance equation: 

 ( ) ( )f f fu q
t

    


=    +


, (2.1) 

where f  is the fluid density; q  is the source term;   is a sign for each medium in the model 

( m=  for matrix, f=  for fracture), thus m  is the matrix porosity, and f  is the fracture 

porosity. For the incompressible material, the fluid density and the rock porosity are 

constants. Thus, Equation (2.1) can be simplified as: 

 0=u q + . (2.2) 

In the above two equations, u  is the flow velocity vector. Based on Darcy’s law, this term 

can be written as: 



17 

 ( )
K

fu P g


 


= −  − , (2.3) 

where   is the fluid viscosity; P  represents the pressure in the system; g


 is the gravitational 

acceleration; 
K  is the intrinsic permeability tensor for matrix and fracture. 

Previous studies (Tsang and Witherspoon, 1981; Schrauf and Evans, 1986) commonly 

idealize the flow in a single fracture as a laminar flow inside two smooth parallel plates. The 

cubic law is employed for simulating fluid flow in fractures, and the intrinsic permeability for 

fractures can be estimated as 12/2ak f = . a  is the fracture aperture (Zimmerman and 

Bodvarsson, 1996). 

2.1.2 Weakly compressible fluid flow 

The rock matrix is considered as compressible in this section. The weakly compressible fluid 

is assumed to possess constant viscosity and compressibility. The gravity and temperature 

effects are neglected. Based on these assumptions and Equation (2.1), the mass conservation 

equation for the compressible matrix can be written as: 

 ( ) ( )m m

f f fu q
t

   


+    =


, (2.4) 

The fluid density f  and the matrix porosity m  in the above equation are not constant. 

Thus, the rate of change term should not be neglected, and the unsteady flow is categorized as 

the time dependent problem. mu  is the fluid flow velocity in the matrix and can be expressed 

as a kinematic equation governed by Darcy’s law: =m mu k P−  . 

Since the fluid is assumed to be slightly compressible, the constant compressibility 

coefficient of fluid is defined as (Xia et al., 2015b): 
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ddV
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V dP dP




= − = , (2.5) 

where LV  represents the volume of the fluid at pressure P  and LC  is the compressibility 

coefficient of the fluid under reservoir conditions. 

Equation (2.5) can be solved to obtain the pressure-related expression for fluid density. Then, 

the Taylor expansion is used to simplify this equation as a linear expression: 

 ( )1+f fa L aC P P = −   . (2.6) 

The concept of “rock-bulk compressibility” is defined to address the relationship between 

pore volume and reservoir pressure. The rock compressibility coefficient can be written as 

(Xia et al., 2015b): 

 
1 m

p

f

f

dV d
C

V dP dP


= = , (2.7) 

where fV  is the bulk volume of rock and pV  is the pore volume. The matrix porosity can be 

defined as /m

p fV V = . Thus, the linear-form solution with constant rock compressibility 

from equation (2.7) is: 

 ( )m m

a f aC P P = + − . (2.8) 

Substituting Equations (2.6) and (2.8) into the first term on the left side of Equation (2.4) 

gives: 

 ( ) ( )=m m

f fa a L f

P
C C

t t
   

 
+

 
. (2.9) 

Further, the second term on the left side of Equation (2.4) can be written as: 

 ( ) ( )
2 2

m
fm

f f

k
u P P
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   = −   +  

 
. (2.10) 
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The higher-order term is neglected, since a small pressure gradient was assumed in 

geothermal development with low permeable formation. Thus, Equation (2.10) can be 

simplified as: 

 ( ) 2

m

fm

f

k
u P





   = −  . (2.11) 

Incorporating the kinematic equation with Equations (2.9) and (2.11) gives the governing 

equation for the matrix: 

 2

m

f

fa t f

kP
C P q

t


 




−  =


, (2.12) 

where tC  is the total compressibility and can be expressed as ( )m

t a L fC C C= + . 

Regarding fluid flow in discrete fractures, the mass conservation can be written as: 

 ( ) 0
f

f

f f

k
P

t
  



 
−   = 

  
, (2.13) 

where 
f  is the fracture porosity. 

f  equals 1 and the solid compressibility coefficient is zero 

for unfilled fractures. The fracture intrinsic permeability fk  can be interpreted based on the 

cubic law, as mentioned above.  

Similar to the derivation process for the matrix, the fluid flow governing equation for 

fractures can be written as: 

 2 0

f

f

fa L

kP
C P

t







−  =


. (2.14) 

Both equations (2.12) and (2.14) are diffusion equations. The fluid pressure is time 

dependent, and the fluid flow features the non-linear property. 

2.1.3 Two-phase fluid flow 
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The process of immiscible fluid displacement is discussed in this section. It is assumed that 

two types of fluids fill the whole space of the fractured rock. The proportion of each fluid 

evolves with time and space. The phenomenon of the two-phase fluid flow is more 

complicated than the single-phase fluid flow. The concept of the capillary pressure and the 

relative permeability is essential in the theory of the two-phase fluid flow.  

In the porous media saturated with two types of immiscible fluids, two sets of pressure should 

be considered: the pressure for the nonwetting phase nP  and the pressure for the wetting 

phase wP . A discontinuity in pressure exists when two fluids are in contact at the interface, 

which is known as the capillary pressure: 

 c n wP P P= −  (2.15) 

The value of the capillary pressure depends on the interface curvature in porous media. Since 

it is extremely difficult to capture the interface curvature in each point, the capillary pressure 

is commonly expressed as the function of saturation, which can be obtained from experiments 

and theoretical derivations. The most commonly used models for characterizing the capillary 

pressure are BC model (Brooks and Corey, 1966) and VG model (Van Genuchten, 1980). 

In order to convey the reduction in flow capability due to the existence of multiple mobile 

fluids, the concept of relative permeability is employed. Similarly, the relative permeability 

for each phase can also be described as a function of the phase saturation. The widely used 

theoretical models for calculating the relative permeability include Purcell model, Burdine 

model, and Mualem model (Purcell, 1949; Chen et al., 1999). The combination of different 

capillary model and relative permeability model provides the foundation for the two-phase 

fluid flow. Details can be found in Ren (2015). Here, VGM (VG model for the capillary 

pressure and Mualem model for the relative permeability) correlations are briefly introduced: 
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, (2.18) 

where 
e

wS  is the effective saturation, and can be expressed as ( ) ( )/ 1e

w w wr wr nrS S S S S= − − − ; 

wrS  and nrS  are residual saturations of wetting phase and non-wetting phase, respectively; 

and a  and b  represent the fitting parameters related to the tortuosity and connectivity. 

Both parameters equal to 0.5 according to previous studies (Kuang and Jiao, 2011). m  and 

n  determine the pore size distribution. m  can be expressed as 1 1/ n− ;   determines the 

entry pressure. 

It is assumed that the fluid flow in the fractured rock is an incompressible flow. Fractures are 

characterized as narrow passages formed by parallel plates, thus the cubic law is still 

regarded as valid for the two-phase flow in fractures. The flow velocity for each phase in 

fractures or porous media can be written as: 

 = rk k
u P


 
 


−  ,     , ,w n =  (2.19) 

where the subscript   represents the different type of fluid. w =  means wetting phase, 

while n =  indicates nonwetting phase; k  is the intrinsic permeability of the rock matrix 

( )mk k =  or fractures ( )fk k = ; rk   is the relative permeability;   is the fluid viscosity; 

and P  is the fluid pressure. 
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Based on the mass conservation within each phase, the governing equation in the fractured 

domain can be expressed as: 

 ( ) ( )S u q
t

 

        


+    =


, , ,w n =  (2.20) 

where S  is the fluid saturation;   is the fluid density; q  is the source/sink term; 
  is the 

porosity of the rock matrix ( )m =  or fractures ( )f = .  

The voids in the domain are fully occupied by fluids, thus: 

 1w nS S+ = . (2.21) 

It should be noted that capillary properties in fractures and the rock matrix are different. 

Therefore, the saturations of the wetting phase at the fracture-matrix interface are 

discontinuous, even though the capillary pressure is continuous (Ren, 2015). 

2.2 Heat transmission 

The first law of thermodynamics in fracture rocks is expressed by introducing energy balance 

equations, which is the basis for the temperature field analyses in geothermal development. 

Both situations of local thermal equilibrium and local thermal non-equilibrium are specified 

as below. The theory of heat transmission is presented based on the assumption that the 

thermal dispersion and radiation effects are ignored. 

2.2.1 Local thermal equilibrium 

In the assumption of local thermal equilibrium (LTE), the solid temperature equals the fluid 

temperature. The heat transfer between the solid phase and the fluid phase can be ignored 

since the heat conduction in both phases takes place in parallel. The energy balance equation 

of the temperature field based on LTE is: 
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 ( ) ( )( ) ( )mm f

T
c c u T T

t

   


+    =   


, (2.22) 

where ( ) mc  is represented as ( )( ) ( ) fs cc   +−1 , s  is the rock mass density, sc  and fc  

are the heat capacities of the solid phase and the fluid phase, respectively. 
m  is represented 

as ( ) fs   +−1 , s  and f  are the thermal conductivities of the solid phase and the fluid 

phase, respectively. It should be noted that the arithmetic mean is used to estimate the 

effective thermal conductivity in the current study. A more reliable alternative for calculating 

this effective parameter is also available, which can be found in Zimmerman (1989). 

2.2.2 Local thermal non-equilibrium 

The LTE assumption simplifies the numerical formulation for heat transmission and 

improves computational efficiency. However, temperatures in fluid and solid are not identical 

for the fractured rock, as shown in Fig. 2.1. The effect of heat transfer is addressed by 

introducing a local thermal non-equilibrium (LTNE) method (Jiang et al., 2013; Gao et al., 

2017). Two energy balance equations are employed to describe the temperature distribution 

of solid and fluid phases, respectively. In the fluid phase: 

 ( ) ( ) ( )int

fm m m

f f f f f f f s f

T
c c u T T h T T

t
    


+   =    + −


, (2.23) 

where fT  is the fluid temperature; sT  is the solid temperature; fc  is the heat capacity of the 

fluid; f  is the thermal conductivity of the fluid; and int

mh  is the solid-fluid interface heat 

transfer coefficient. In the solid phase, only heat conduction is considered in the energy 

conservation: 

 ( ) ( )( ) ( )int1 1m m ms
s s s s f s

T
c T h T T

t
   


− =   −  + −


, (2.24) 
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where s  is the rock density; sc  and s  are the heat capacity and thermal conductivity of the 

rock, respectively.  

The energy balance equation in fractures is written as: 

 ( ) ( ) ( )int

ff f f

f f f f f f f s f

T
c c u T T h T T

t
    


+   =    + −


 (2.25) 

int

fh  is expressed as 2h/e for heat transfer along fractures (Zhao, 2014), h is the fracture heat 

transfer coefficient (HTC). The HTC determines the intensity of the heat transfer between the 

fluid and solid phases and thus is regarded as a critical parameter in the estimation of thermal 

production. In previous studies, the fracture heat transfer coefficient is regarded as a constant 

and used in the numerical simulation of temperature fields (Jiang, et al., 2013; Sheik, et al., 

2011). However, this parameter is controlled by the geometry of the solid surface, the fluid 

properties, and the hydrodynamics of fluid motion past the surface (Zhao, 2014). More 

detailed introduction and analyses about the HTC can be found in Chapter 6. 

 

Fig. 2.1 Heat transfer between fluid and solid phase based on LTNE theory 

2.2.3 Heat transmission considering two-phase fluid flow 
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The process of immiscible fluid displacement and LTNE based heat transmission is discussed 

in this section. It is assumed that two types of fluids fill the whole space of the fractured rock. 

Energy equations for fluid and solid phases in rock matrix can be derived as: 

( )int

g g g
m m m

f f f s f

w w w

S c T c u T S T h T T
t

       
  

    
= = =

     
+  =   + −     

      
   , (2.26) 

 ( ) ( )( ) ( )int1 1m m ms
s s s s f s

T
c T h T T

t
   


− =   −  + −


, (2.27) 

where fT  and sT  are the fluid and rock temperatures, respectively; wc , gc , and sc  are the 

material heat capacity; w , g , and s  are the material thermal conductivity. 

Assuming only fluid phase in fractures, thermal convection, thermal conduction, and the heat 

transfer terms can be derived as: 

( )int

g g g
f f f

f f f s f

w w w

S c T c u T S T h T T
t

       
  

    
= = =

     
+  =   + −     

      
   . (2.28) 

2.3 Mass transport 

This section mathematically describes the transport of a component in the fluid flow. The 

phenomenon of mass transport can be found in numerous areas including the contamination 

of the underground water, the sea water intrusion, the acidizing process in carbonate 

reservoir, and the fluid circulation in geothermal development, etc. 

2.3.1 Diffusion and convection 

In the mass transport model, the convection-diffusion equation is used to track the 

concentration of the component in the fluid: 

 
( )

( )f

f e f A

C
u C C R

t



  





+  =     +


D , (2.29) 
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where fC  is the mass concentration of the component in the liquid phase; u  is the velocity 

vector of the fluid; e


D  is the effective diffusion tensor of the fractured rock; AR  is the 

reaction term. The chemical reaction is not considered if AR  equals zero.  

2.3.2 Chemical reaction 

The convection and diffusion effects can be considered in both factures and the rock matrix 

based on Equation (2.29). Expressions for the reaction term vary in different medium. 

 

Fig. 2.2 Matrix acidizing pattern (dominant wormhole) (Chen et al., 2018a) 

2.3.2.1 Chemical reaction in matrix 

In the rock matrix, AR  can be written as the product of the reaction kinetics ( )sCR  and the 

interfacial area for reactions per unit volume of the porous media va . If the acidizing process 

in the carbonate rock matrix is considered for the chemical reaction, a first order irreversible 

reaction is used for the reaction kinetics of hydrochloric acid (HCl). This kinetics equation 

can be written as: 

 ( ) ( ) f

cs

cs
sfcs C

kk

kk
CCkCR

+
=−= , (2.30) 
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where cK  is the local mass-transfer coefficient; sK  is the surface dissolution rate constant; 

sC  is the mass concentration at the fluid-solid interface. The relation between the two 

concentrations ( sC  and fC ) is given in Akanni and Nasr-El-Din (2016). In view of the 

balance between the dissolution of solids and the consumption of the acid, the porosity 

evolution equation was formulated by Panga et al. (2004) as: 

 
( )

s

vs

m aCR

t 


=




, (2.31) 

where s  is the rock density and   is the acid dissolving power. The generation of dominant 

wormhole in the carbonate rock matrix under the optimized injection rate of acid can be 

simulated, as shown in Fig. 2.2. 

  

(a) Open-hole injection strategy in carbonate formation (b) Temperature influenced wormhole propagation 

Fig. 2.3 Temperature influenced matrix acidizing in the near-wellbore region (Ma et al., 

2018a) 

Temperature is an important design parameter in the process of acidizing, as it influences 

acid-rock reaction kinetics, acid properties, and diffusion conditions in mass transport. An 

exothermic reaction is generated during the acidizing process, so it should be considered in 

relevant numerical simulations. This creates a thermo-hydro-chemical coupled problem by 

introducing the thermal effect. The reaction heat related with the acid-rock reaction kinetics is 

presented in the last term on the right side of the energy balance equation (Equation (2.22)). 



28 

This term can be expressed as ( ) ( ),r s vH T R C T a , where ( )TH r  is the heat of reaction at 

temperature T ; more detailed description can be found in Ma et al. (2018a). Fig. 2.3 

illustrates the matrix acidizing result in the near-wellbore region considering the effect of 

temperature. 

2.3.2.2 Chemical reaction in fractures 

Chemical effects inside fractures are characterized by the fracture aperture variation. The 

mass transport equation for fractures is revised by adding a reaction item to the mass 

transport equation: 

 
( )

( ) ( )
f

f f

f e f c

C a
u C a a D C R

t





+   =     −


. (2.32) 

If the fracture acidizing is considered for the chemical process inside fractures, then cR  is the 

function of the acid concentration and the mass transfer coefficient. This reaction item can be 

represented as: 

 ( )2c mt f sR K C C= − . (2.33) 

The mass transfer coefficient mtK  can be written as /mt eK ShD a= ; Sh  is the Sherwood 

number (Navarrete et al., 1998; Navarrete et al., 2000). The acid-rock reaction effect in 

fractures results in the time-dependent alteration of the fracture aperture (Navarrete et al., 

1998): 

 
( )

3

1

mt f CaCO

m

s

K C Mda

dt  
=

−
, (2.34) 

where s  is the solid density; 
3CaCOM  is the molecular weight of CaCO3. 

In the field application of fracture acidizing, the acid is injected from the wellbore and flows 

deep into the formation to dissolve hydraulic fractures and even natural fractures. Therefore, 
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the fracture conductivity is improved, and the oil production is enhanced. Both geometric 

model for fracture acidizing and the acidizing result are represented in Fig. 2.4. Details can be 

found in Chen et al. (2020). 

  

 
 Dissolved aperture, m  

(a) Schematic diagram for a fracture-network system 

in carbonate reservoir 

(b) Dissolved aperture distribution after fracture 

acidizing 

Fig. 2.4 Fracture acidizing in carbonate formation (Chen et al., 2020) 

In the fluid circulation process of geothermal development, chemical effects should also be 

considered to indicate the evolution of the fracture conductance. The precipitation/dissolution 

kinetics is critical for the reaction mechanism of silica transport, and is often described in the 

quartz-water system controlled by the following equation (Rawal and Ghassemi, 2014; 

Pandey et al., 2015): 

 ( ) 2 4 42
2

s
SiO H O H SiO+  . (2.35) 

This chemical reaction equation controls the effective reaction rate CR  which depends on the 

temperature and the local concentration. The reaction kinetics can be expressed by (Pandey et 

al., 2015): 

 1C

eq

C
R k

C
+

 
= −  

 
, (2.36) 
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where k+  is the reaction rate constant governed by the fluid temperature; eqC  is the 

equilibrium concentration of silica which is also controlled by the fluid temperature; It should 

be noted that the positive value of CR  represents the silica dissolution, while the negative 

value indicates the silica precipitation. The pressure has a slight impact on the chemical 

reaction rate and the solubility of silica based on previous experiments (Pandey et al., 2015; 

Gunnarsson et al., 2000). However, the results of the temperature dependent experiments 

show that the reaction rate constant and equilibrium concentration are more sensitive to the 

alteration of fluid temperature. These temperature-influenced correlations can be written as 

(Pandey et al., 2015): 

 
4 840.1

log 0.3380 7.8890 10eq f

f

C T
T

−= −  − , (2.37) 

 
4 3438

log 0.369 7.890 10 f

f

k T
T

−

+ = − −  − , (2.38) 

The above two equations suggest that the varying temperature of injected fluid can play a 

critical role in the mechanism of silica precipitation and dissolution. Meanwhile, the fracture 

aperture evolves in the chemical reaction process, which is governed by (Pandey et al., 2015): 

 
C

s

Ra

t  


=


, (2.39) 

where   is the number of moles of silica per kg of rock. 

The above chemical reaction model is employed in the thermo-hydro-chemical coupled 

process of heat mining in Chapter 7. Numerical simulations for a fractured geothermal 

reservoir considering chemical dissolution/precipitation are operated. 

2.4 Mechanical behavior 
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The mechanical behavior during geothermal development plays an essential role in the 

deformation of the rock matrix and fractures. A thermo-poro-elastic constitutive law is 

employed for the mechanical analysis in the rock matrix, and linear/exponential deformation 

laws are used to capture the fracture deformation. 

2.4.1 Thermo-poro-elasticity 

Considering the linear stress-strain constitutive law, the deformation equation of the rock 

matrix can be represented as (Sun et al., 2017): 

 ( ), , , ,i jj j ji i s i iGu G u P K T F  + + − − + = 0 , (2.40) 

where Lame’s constants G  and   are expressed as ( )/ 2 1r rG E v= +   and 

( )( )/ 1 1 2r r r rE v v v = + −   , respectively; rE  and rv  are Young’s modulus and Poisson’s 

ratio of the fractured rock, respectively;   is Biot’s coefficient; 'K  is the bulk modulus and 

defined as ( )' / 1 2r rK E v= − ;   is the volumetric expansion coefficient; u , P , and sT  are 

displacement, fluid pressure, and solid temperature, respectively; F  is the body force. 

2.4.2 Fracture deformation 

The hydraulic properties of fractures are influenced by the hydro-mechanical effects during 

subsurface flow. The fracture aperture is sensitive to the fluid pressure and the normal stress 

exerted on the fracture surface. Two types of deformation models are introduced to describe 

the change in fracture aperture: linear deformation and exponential deformation. 

2.4.2.1 Linear deformation law 

For a radial fracture, the fracture geometry and the formation stiffness determine the fluid 

pressure that keeps the fracture open. Experimental findings from core-flooding tests indicate 

that a linear change in the fracture aperture exists due to the confining pressure (Xia et al., 



32 

2015a; Hakami and Larsson, 1996). The influence of the fracture-normal stress is 

incorporated in the linear deformation model (Xia et al., 2015a): 

 0
n

n

P
a a

k

 −
= − , (2.41) 

where P  is the fluid pressure in the fracture; n  is the fracture-normal stress; 0a  is the initial 

local fracture aperture; and nk  is the normal fracture stiffness. 

2.4.2.2 Exponential deformation law 

The nonlinear behaviour between the confining stress and the injection pressure is addressed 

in Bruel et al. (1994) and Shahri et al. (2011). An empirical exponential relationship for 

characterizing the fracture deformation can be expressed as 

 
( )

0 exp
3

n P
a a

  − 
= − 

 
, (2.42) 

where   is the empirical coefficient of fracture-normal compressibility. The initial fracture 

aperture 0a  can be obtained when the fluid pressure equals the normal stress on the fracture 

surface. Although the linear deformation model can characterize the change in aperture in a 

specific range of fluid pressures, the exponential law is more realistic and will be employed 

in following simulations. 

In hydraulic fractures, proppants are commonly injected to enhance the fracture conductance. 

Therefore, the proppant deformation and the embedment effect along fracture surfaces should 

be considered in the evaluation of fracture aperture. This is more complicated than the simple 

deformation model. More detailed derivation of fracture deformation influenced by the 

proppant embedment can be found in Chapter 8.  
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Chapter 3.  Numerical Discretization 

3.1 Mesh techniques 

Fractures embedded in three-dimensional rock mass feature complex geometries including 

the fracture orientation, size, position, and interconnections. In order to perform the 

numerical simulation of geothermal development, the geometric model considering complex 

fracture networks should be discretized, which is an operation involved with challenges. 

Numerous methods have been developed for the mesh generation of discrete fracture 

networks (DFNs)- systems. For field cases where the formation permeability is extremely 

low, mesh techniques are developed to discretize fractures only (Maryska et al., 2005; 

Mustapha and Mustapha, 2007; Hyman et al., 2014). Volumetric mesh is required if the 

impact of the rock matrix properties should not be ignored. Recent studies introduced mesh 

generation methods for both fractures and the rock matrix (Mustapha et al., 2011; Pellerin et 

al., 2014; Karimi-Fard et al., 2016). Representative studies are summarized in Table 3.1. 

This thesis adopts a constrained Delaunay discretization method for meshing three-

dimensional fractured geological media in an adaptive way (Wang et al., 2017). Fractures 

with varying configurations (rectangular shape or elliptical shape), sizes and positions are 

generated based on statistical distributions or field data. Interconnected fractures form 

fracture networks and are discretized based on Persson’s algorithm (Persson, 2005) and an 

explicit size function (Wang et al., 2017). The conforming connectivity of elements is then 

constructed using the constrained Delaunay triangulation (Chew, 1989) and tetrahedralization 

(Si, 2015). A high mesh quality is achieved by comparing the results obtained from previous 

studies. The capacity and reliability of this mesh technique are also demonstrated in 
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simulations of the process of fluid flow and mass transport in fractured rocks (Wang et al., 

2017; Chen et al., 2018a). The complete mesh procedure is presented in Fig. 3.1. 

Table 3.1 Literature review of mesh generation methods in fractured geometry 

References Features Evaluation Function 

Maryška et al., 

2005 

An advancing front method is used to 

discretize a simplified fracture geometry 

(moving, stretching, and merging fracture 

intersections) 

The mesh becomes simpler 

but the accuracy is reduced 

since the 3D geometrical 

correspondence is vanished 

Mesh only for 

fractures 

Mustapha and 

Mustapha, 2007 

A method of projection on a 3-D regular 

gird (3DRG) is used to remove the 

singularities in fracture geometries 

3DRG changes the original 

geometric properties of 

fractures, and the final 

mesh is not adaptive 

Hyman et al., 

2014 

In order to avoid undesirable configurations 

in the DFNs mesh process, a feature 

rejection algorithm for meshing (FRAM) is 

introduced to reject pathological fractures 

Adaptive and conforming 

meshes are generated since 

a conforming Delaunay 

triangulation algorithm is 

used 

Mustapha et al., 

2011 

3D mesh for fractured media is generated 

by transforming locally critical geometric 

configurations, and the mesh quality is 

guaranteed by removing some of the 

tetrahedrons 

The distortion of the mesh 

has no effects on the fluid 

simulation, but may create 

impacts in some 

simulations including 

fracture propagation and 

coupling systems 

Mesh for both 

fractures and 

rock matrix 
Pellerin et al., 

2014 

A given number of seeds are optimized 

using a surface remeshing method, and the 

final mesh is built by connecting 

components of the restricted Voronoi 

diagram of seeds 

This technique operates 

both globally and locally 

on the input model, and 

thus achieves high 

computational efficiency 

Karimi-Fard et 

al., 2016 

A conforming mesh is created by 

constructing approximate intersections 

using existing edges. The volumetric mesh 

is then generated based on the defined 

internal boundaries 

Both planar and nonplanar 

fracture surfaces are 

included to maintain a 

high-quality triangulation 
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Fig. 3.1 The complete mesh procedure based on a constrained Delaunay discretization 

method 

The developed mesh method is programmed as a mesh generation tool called DFNGen, 

recently. It has been severed as the basis of numerical analyses in different engineering 

problems including petroleum storage (Ren, 2015), CO2 sequestration (Ren et al., 2017b), 

and nuclear waste disposal (Ma et al., 2019b), etc. The capacity of DFNGen in meshing 

discontinuities is extended to fractures with irregular shape, boreholes, water curtains, 

drainage systems and tunnels, as shown in Fig. 3.2. 

 
 

(a) Triangular mesh for discontinuities (b) Tetrahedron mesh for matrix 

Fig. 3.2 Mesh generation for intersected irregular fractures and tunnels using DFNGen 
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3.2 Unified pipe-network method 

The unified pipe-network method was proposed for the application of saturated-unsaturated 

fluid flow in fractured rocks. Here, the UPM is extended to the thermo-hydro-chemical 

coupled process, where the fluid flow, heat transmission, concentration field, and chemical 

reactions are considered.  

3.2.1 Discrete element in porous media 

In the pipe-network framework, the 3D porous media is mathematically reconstructed using 

pipes connected as tetrahedrons. The pressures, concentrations and temperatures within each 

tetrahedral element, as shown in Fig. 3.3(a), can be approximated using the following 

interpolations: 

 ( ) = kk pNzyxp ,, , ( ) = fkkf CNzyxC ,, , ( ), , k kT x y z N T=  , (3.1) 

where kN  is the linear shape function of the tetrahedron and kp , fkC , kT  are values of the 

nodal fluid pressure, component concentration, and temperature, respectively. 

These four nodes control volumes in each tetrahedron and are generated via the Voronoi 

diagram. To be more specific, the control volume at each node is constructed by the pipes 

connected to the node and the faces perpendicular to their corresponding pipes. For instance, 

the control volume for node i  in one of its connected tetrahedron ijmn , as shaded yellow in 

Fig. 3.3(a), comprises pipe ij , pipe im , pipe in , face 21 fcoc , face 41gcoc  and face 42kcoc . 

The matrix properties, including the porosity, permeability, effective diffusion coefficient, 

and effective thermal conductivity, are identical for each nodal control volume. The fluid 

travels from one node to any other adjacent one in the similar manner as that of the fluid flow 

in the pipes between these two nodes. For instance, in pipe ij , the fluid flow rate 
m

ijQ  can be 

estimated using the following combination of Darcy’s law and Equation (3.1). 
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where 
21 fcocn


 and 

21 fcocA  are the unit normal vector and area of the face 21 fcoc , respectively; 

ip  and jp  are the nodal pressures; and 
m

ijK  is the equivalent conductance coefficient of pipe 

ij , which can be calculated as (Ren et al., 2017a) 

 1 2

m

oc fcm

ij

ij

A k
K

l 
= , (3.3) 

where ijl  is the length of pipe ij  and mk  is its intrinsic permeability. 

The conservation of mass is applied for each node in fluid flow. Therefore, for each node i , 

the governing equation for single-phase fluid flow can be specified as 
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, (3.4) 

where 
m

i  and 
m

iV  are the porosity and control volume of node i , the subscript in  denotes 

the total number of connected pipes and siQ  is the source term of node i . 

Similarly, the mass transport equation in 3D porous media can be discretized in the same 

form as the fluid flow equation. The amount of substance transferred from one node to an 

adjacent one can be equivalent to the transport of a component in the pipe between these two 

nodes. In pipe ij , the mass diffusion term ( )
m

ij diff
m  and the mass convection term ( )

m

ij conv
m  can 

be estimated by the combination of Fick’s law and Equation (3.1): 

 ( ) ( )
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m m m

i ei fi oc fc ij fi fjij diff A
m D C n dA D C C= −   = − , (3.5) 
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,
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m u C n dA Q F C C=   = , (3.6) 
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where fiC  and fjC  are the concentrations for nodes i  and j , respectively. 
m

eiD  is the matrix 

effective diffusion coefficient for node i . The expression of CF  depends on the fluid 

transportive properties, and can be represented using different scheme (upwind scheme, 

central differencing scheme, and hybrid differencing scheme) based on the magnitude of 

Peclet number. 
m

ijD  is the equivalent diffusion coefficient of pipe ij , which can be expressed 

as: 

 
ij

m

eifcoc

m

im

ij
l

DA
D 21


= . (3.7) 

The mass transport in each node also obeys the nodal law. Thus, for each node i , the 

governing equation for mass transport can be written as: 

 ( ) ( )
1 1

, 0
i in nm

m mi
ij fi fj ij C fi fj

j j

M
D C C Q F C C

t = =


+ − + =


  , (3.8) 

where fi

m

i

m

i

m

i CVM = . 

The heat transmission based on the Local thermal equivalent (LTE) theory is also discretized 

using UPM. The discretized form for the heat conduction term in pipe ij  can be derived as: 

 ( )
1 2

1 2

( )
oc fc

m m

fij cond mi i oc fc ij i j
A

H T n dA T T = −   = − , (3.9) 

where mi  is the nodal thermal conductivity and expressed as ( )1 m m

mi i si i fi    = − + ; 
m

ij  is 

the effective thermal conductivities of fluid and written as 
1 2

/m m

ij oc fc i mi ijA l  = . Similarly, 

the heat convection term in pipe ij  can be derived as: 

 ( ) ( )
1 2

1 2

( ) ,
oc fc

m m

fij conv f f i i oc fc f f ij T i j
A

H c T u n dA c Q F T T =   = . (3.10) 
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The expression of TF  can be obtained based on the same method as that of CF . Therefore, for 

each node i , the discretized form of the energy equation can be written as: 

 ( ) ( )
1 1

, 0
i in nm

m mi
ij i j f f ij T i j

j j

H
T T c Q F T T

t
 

= =


+ − + =


  , (3.11) 

where 
m

iH  equals ( )
m m

i imi
T c V , ( )

m

mi
c  is expressed as ( ) ( )1

m m m

i s s i f fmi
c c c    = − + . 

3.2.2 Discrete element in a fracture 

Fractures in 3D porous media are assumed to be 2D elliptical discs for simplicity. Within a 

tetrahedron mesh framework, fracture discs are represented by triangular prisms with 

thicknesses representing equivalent fracture hydraulic apertures. Based on the cubic law, the 

intrinsic fracture permeability fk  is 12/2a . Therefore, for the fracture pipe ij , as shown in 

Fig. 3.3(b), the conductance coefficient 
f

ijK  can be expressed as: 

 
 ij

of

ij

off

ij
l
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l

aA
K

1212

32

== . (3.12) 

Similarly, the equivalent diffusion coefficient 
f

ijD  for the same pipe ij  in the 3D domain is 

derived as: 
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eiof
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ij

f
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ij
l
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l

DA
D
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where 
f

eiD  is the effective fracture diffusion coefficient for node i . 

In heat transmission of fractures, the effective thermal conductivity of fluid can be derived as: 

 

f f f f

of i mi of i mif

ij

ij ij

A l a

l l

   
 = =  (3.14) 

where 
f

mi  is the effective fracture thermal conductivity for node i . 
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A three-dimensional Voronoi diagram is generated for each node in the domain, as shown in 

Fig. 3.3(c). The closed region marked by green color is controlled by the central node, which 

is shared by all tetrahedral elements connected. A similar definition of the control area could 

be applied to the fracture node, where a two-dimensional Voronoi diagram is used, as shown 

in Fig. 3.3(d). In each nodal control area, pipes connecting the central node and the identical 

adjacent nodes are merged, and the equivalent coefficients are summed up to simplify the 

transport process in the matrix or fractures. 

 
 

(a) 3D tetrahedral element for a porous media (b) Triangular element of a fracture 

  

(c) 3D Voronoi diagram for rock mass matrix 

elements 

(d) 2D Voronoi diagram for fracture elements 

Fig. 3.3 Basic discrete elements for a fractured rock 

3.2.3 Matrix-fracture pipe coupling 

In a 3D fractured rock, fractures are considered within a 2D plane. Both matrices and 

fractures can be reconstructed by 1D flow pipes. In addition, the interface pipes are generated 

at the fracture-matrix interface where fracture pipes and matrix pipes merge together (Ren et 
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al., 2017a). In other words, nodes at the interface are shared by both the fracture pipes and the 

matrix pipes. The superposition law is employed. Each node satisfies the law of mass 

conservation. Therefore, for all nodes using the fully implicit time scheme, we have: 

 

, , , ,
,

1

int t t t t t
t ti i i i

ij si

j

V V
Q Q

t

   
 + +

+

=

−
+ =


 . (3.15) 

Similarly, the mass transportation and heat transmission for all nodes can be written as: 
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, (3.16) 
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The whole process of pipe equivalence and matrix-fracture coupling is illustrated in Fig. 3.4. 

The advantage of using the “matrix pipes” and the “fracture pipes” concepts is the simplicity 

for coupling different media at the matrix-fracture interface. The fluid transfer between rock 

matrix and fractures is solved by the superposition principle, without introducing the 

interchange terms. The pipe-equivalence technique equivalents the conductivity information 

of the rock mass into the flow properties of the pipes that construct the meshed domain. A 

similar process is used to equivalent heat transmission and the chemical transport properties 

to the pipe-network system. Thus, the complicated multi-physical coupled process at the 

matrix-fracture interface could be uniformly handled by the assembly of the weighted pipes. 

This straightforward method simplifies the programming process while maintaining the 

model accuracy in numerical simulations. The discretization process of two-phase fluid flow 

is not presented here, details can be found in Chapter 5. 
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Implicit time or explicit time scheme can be used to solve these governing equations. In this 

thesis, sequential implicit time scheme is employed for the multi-physical coupled process. In 

each Newton-Raphson step of a specific physical field, a direct sparse solver is used and the 

termination criterion is set when results become stable or the iteration number beyonds the 

iteration limit. 

 

Fig. 3.4 The concept of pipe equivalence and matrix-fracture coupling at fractured rock 

interface 

3.3 Dual unified pipe-network method 

In the assumption of local thermal non-equilibrium (LTNE), two sets of energy balance 

equations are introduced to capture the temperature evolution in fluid and solid, respectively. 

The unified pipe-network technique described above only handles the multi-physical coupled 

process in fluid phase. The heat transmission in solid phase cannot be solved by merely using 

flowing pipes. Therefore, a concept of dual pipe networks is proposed to discretize governing 

equations in both fluid and solid phases. 
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3.3.1 Single-phase thermo-hydro coupled process 

In rock matrix, as shown in Fig. 3.5(a), fluid element and solid element are equivalent as fluid 

pipes and solid pipes based on the technique of pipe equivalence, respectively. Different 

types of pipes share same nodes. At fracture-matrix interfaces, the same process as that in 

rock matrix is used to deal with matrix elements. But the fracture element is equivalent as 

fracture pipes. The fracture pipe is regarded as a fluid pipe if the fracture porosity is 1, as 

shown in Fig. 3.5(b). Otherwise, the fracture pipe should be separated as a solid pipe and a 

fluid pipe. This method is termed as a dual unified pipe-network method (D-UPM). 

In a single-phase thermo-hydro coupled problem, governing equations for fluid flow can be 

discretized using UPM (See Section 3.2). When dealing with energy equations in D-UPM 

framework, fluid temperature and solid temperature in each tetrahedral element can be 

approximated using the following interpolations: 

 ( ), ,f k fkT x y z N T=  , ( ), ,s k skT x y z N T=  , ( )nmjik ,,,= , (3.18) 

where fkT , and skT  are values of the nodal fluid and solid temperatures, respectively. 

Heat conductions are different in fluid and solid phases since physical properties such as 

porosity and thermal conductivity vary with different materials. Therefore, terms of heat 

conductions for fluid pipe and solid pipe can be derived as: 

Fluid pipe: ( )
1 2

1 2

( )
oc fc

m m m

fij cond i fi fi oc fc fij fi fj
A

H T n dA T T  = −   = − , (3.19) 

Solid pipe: ( ) ( )
1 2

1 2

( ) 1
oc fc

m m m

sij cond i si si oc fc sij si sj
A

H T n dA T T  = − −   = − , (3.20) 

where fi  and si  are nodal thermal conductivities of fluid and solid phases, respectively; 

m

fij  and 
m

sij  are the effective thermal conductivities of fluid and solid phases, and can be 

expressed as 
1 2

/m m

fij oc fc i fi ijA l  =  and ( )
1 2

1 /m m

sij oc fc i si ijA l  = − .  



44 

It should be noted that the process of heat convection only takes place in fluid pipe. Thus, the 

heat convection term in fluid pipe ij  can be derived as: 

Fluid pipe: ( ) ( )
1 2

1 2

( ) ,
oc fc

m m

fij conv f f fi i oc fc f f ij T fi fj
A

H c T u n dA c Q F T T =   = . (3.21) 

Heat transfer exists between two phases in the rock matrix. The term of heat transfer indicates 

the local thermal non-equilibrium inside porous media and should also be equivalent to fluid 

or solid pipes. Therefore, for each node i , the discretized form for two energy balance 

equations can be written as: 

 
( ) ( )

( )
1 1

int

,

0

i i
m n n
fi m m

fij fi fj f f ij fi fj

j j

m m

fi si i

H
T T c Q F T T

t

h T T V

 
= =


+ − +



+ − =

 
, (3.22) 

 ( ) ( )int

1

0
inm

m m msi
sij si sj si fi i

j

H
T T h T T V

t


=


+ − + − =


 , (3.23) 

 

where 
m

fiH  can be expressed as 
m m

i f f fi ic T V  ; 
m

siH  can be expressed as ( )1 m m

i s s si ic T V − . 

  

(a) Pipe equivalence in matrix  (b) Pipe equivalence at fracture-matrix interfaces 

Fig. 3.5 A sketch of pipe equivalence based on D-UPM 

The same discretizing process can also be applied for fractures. Pipe merging is performed at 

fracture-matrix interfaces by identifying the same type of pipes. Different types of pipes 

(fluid pipes and solid pipes) should be treated separately. Therefore, time implicit forms of 

discretized governing equations for fractured rocks can be written as: 
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Fluid phase: 

( )
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, (3.24) 

Solid phase: 
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− + − =
. (3.25) 

If the heat transfer coefficient is extremely large, the fluid temperature tends to equal the 

solid temperature at each node and the whole system becomes the local thermal equilibrium.  

In this case, fluid pipes and solid pipes can be merged by summing up above two discretized 

equations to obtain Equation (3.17). The single-phase thermo-hydro coupled process 

considering LTNE can be numerically simulated by solving combined equations (Equation 

(3.15) and Equations (3.24) – (3.25)). 

3.3.2 Two-phase thermo-hydro coupled process 

The dual unified pipe-network method (D-UPM) is further developed to tackle with the two-

phase and thermo-hydro coupled process for the simulation of scCO2 based geothermal 

development. 

For the mathematical model of the two-phase flow system, the total velocity is defined as: 

 ( )( )w g p w pg c pg g pw wu u u k P P g z         = + = −  +  + +  , (3.26) 

where the total mobility p  is the sum of the water mobility pw  and the CO2 mobility pg ; 

pw  and pg  are expressed as /rw wk   and /rg gk  , respectively. 

The pressure and the saturation are decoupled based on Equations (2.19)–(2.21) and Equation 

(3.26) to form two partial differential equations: 
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 ( ) ( ) ( )p w pg c pg g pw w g wk P k P k g z q q         −  =   +  +  + +
  , (3.27) 

 
( )

( )( )( )g

g g pw c g w g

S
f u f k P g z q

t






  


= − −  + −  +


, (3.28) 

where gf  is the fractional flow function of the nonwetting phase and expressed as /pg p  . 

Based on the pipe equivalent technique, both Equations (3.27) and (3.28) for each node i  can 

be discretized as: 
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, (3.30) 

 , , , , ,

m f m m m f f f

i i i i i i iM M M S V S V     = + = + , (3.31) 

 ( ) ( ), , , , ,

, , , ,

ij g ijt t t t t t t t t t

ij w i w j c i c j

ij ij

k A k A
Q P P P P

l l

   

    
 

+ + + + += − + − , (3.32) 

where t  and t  are the simulation time and the time step; ,iM  is the fluid volume that fills 

the empty spaces of the rock matrix or the fractures and expressed in Equation (3.31); ijQ
 is 

the total flow rate in pipe ij . 

The upwind scheme for the evaluation of relative permeabilities is employed to guarantee the 

numerical stability (Ren, 2015). rk

  can be estimated as: 
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( ) ( )
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, , ,
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r i i j
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k S

   

   

  

 

  −  
= 



. (3.33) 

Following discrete equations are provided for two-phase heat transmission with the concept 

of LTNE (Equations (2.26) – (2.28)). For each node i  in the fractured domain, the heat 

conduction terms in pipe ij  connecting with node i  for the fluid and the solid can be derived 

by using the Gauss’ divergence theorem combined with the pipe equivalence method: 

 ( )( ) , ,
ij

g g
ij

fij cond i fi ij fi fj i
A

w wij

A
H S T n dA T T S

l


 

   

   
 


  

= =
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  , (3.34) 
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sij cond s si ij si sj
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ij

A
H T n dA T T

l


 
 

−
= − −   = − . (3.35) 

Equation (3.34) indicates that both water and CO2 contribute to the heat conductance in the 

fluid phase through their thermal conductivities and the saturation values. Similar to the 

above equivalence process, the heat convection term can be expressed as: 

 ( )( ) , , , , ,
ij

g g

fij conv i fi i ij i ij fi fj
A

w w

H c T u n dA c Q F T T


 

     
 

 
= =

=  =  , (3.36) 

where ,ijQ

  is the pipe flow rate of the phase  , and can be written as 

( ) ( ), , /ij r i j ijA k k P P l    

   − ; ( ),fi fjF T T  is the function of fluid temperature in node i  and 

j . This term can also be determined through the upwind scheme. 

The accumulated thermal energy of the phase   and the solid phase in the control volume of 

the node i  can be calculated by: 

 , , , , ,

m f m m m f f f

i i i i fi i i fi iH H H S c T V S c T V           = + = + , (3.37) 

 ( ), 1 m m

s i s s si iH c T V = − . (3.38) 



48 

Thus, the final discretized forms of Equations (2.26) – (2.28) by employing the implicit time 

scheme can be written as: 
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Chapter 4.  Thermo-hydro Coupled Process in Geothermal 

Development 

4.1 Introduction 

This chapter develops a three-dimensional numerical model based on a dual unified pipe-

network method (D-UPM) for modelling the thermo-hydro (T-H) coupled process by 

introducing fracture networks embedded into porous media. Fractures, as the remarkable 

features in enhanced geothermal systems (EGS), pose great impacts on the evaluation of 

geothermal development. Detailed description of fracture impacts can be found in Chapter 1. 

Even though the traditional continuum-based methods solve the T-H coupled problem with 

high computational efficiency and simple numerical implementation, fractures are implicitly 

presented in computational models and the thermo-hydro distributions near the fractures are 

impossible to be captured. Discrete fracture networks (DFNs) methods are capable to address 

the local physical fields reflected by the existence of fractures, since fracture networks are 

presented in an explicit way in the rock mass. 

It is indicated that most of the DFN-based approaches neglect the effect of heat transfer 

between solid and fluid phases and use only one energy balance equation based on the local 

thermal equilibrium (LTE) theory. Identical temperature in porous material is assumed to 

indicate the instantaneous local temperature equilibrium. This assumption simplifies the 

numerical formulation and improves computational efficiency. However, studies show that 

the local thermal equilibrium is not established if rapid heating or cooling happens in 

underground formation with numerous fractures and fissures (He and Jin, 2011; Gao et al., 

2017). Furthermore, local temperatures between matrix and fracture are not identical if the 

fracture spacing is more than two-three meters (Shaik et al., 2011). The effect of heat transfer 

in fractured rocks is addressed by introducing a local thermal non-equilibrium (LTNE) 
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method (Jiang et al., 2013; Gao et al., 2017). Two energy balance equations are employed to 

describe the temperature distribution of solid and fluid phases, respectively. Both heat 

convection and conduction terms are considered for the fluid phase, while only the heat 

conduction term is considered for the solid phase. The heat exchange process is enabled by a 

heat transfer term and controlled by a heat transfer coefficient (Gelet, et al., 2012). 

The dual unified pipe-network method introduced here incorporates the LTNE model to 

simulate three-dimensional thermo-hydro (T-H) coupled process in highly fractured 

geothermal reservoir. This method is conceptually simple for its convenience to deal with 

both matrix and fractures in the framework of discrete fracture networks. The discretized 

fracture pipes are explicitly embedded into matrix pipes. Fluid temperature and solid 

temperature are assigned to each node and solved according to two energy balance equations. 

The influence of seepage field on temperature distribution is established by including the 

convective effects existing in the fluid energy equation. Flow pattern changes with fluid 

properties which are affected by the fluid temperature. This T-H coupled model is verified 

against an analytical solution. Convergence tests are carried out for the LTNE based 

mathematical model by considering one rectangular fracture embedded in a porous domain. 

The effects of fracture aperture, heat transfer coefficient and production pressure differential 

on the heat extraction process in highly fractured formation are analyzed. 

4.2 Mathematical model and numerical discretization 

In the current mathematical model, we assume that only single phase (fluid) exists in the hot 

fractured reservoir. The fluid density does not change with temperature. The fluid flow in 

both rock matrix and fractures obeys the Darcy’s law. Mechanical and chemical effects are 

not considered in following simulations. The thermal dispersion, and radiation effects are also 

ignored. 
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Based on above assumptions, governing equations involved in this T-H coupled process are 

introduced from Chapter 2 (Equation (2.1), Equations (2.23) - (2.25)). To define the 

relationship between temperature and fluid properties, the change of water density is not 

obvious in a non-boiling system below 200℃ (Watanabe et al., 2000; Gan et al., 2016). 

However, water viscosity is more sensitive to temperature and it exerts an impact on thermal 

extraction. Previous studies (Zeng et al., 2013a; Cao et al., 2016) indicated that the hydraulic 

conductivity decreases due to the growth of water viscosity caused by the continuous 

injection of cooling water. Furthermore, it was demonstrated that the simulations with the 

assumption of constant viscosity were incapable to estimate the heat extraction performance 

(Cao et al., 2016). Thus, an empirical formula (Lai and Kulacki, 1990) is employed to 

introduce the variable viscosity influenced by the fluid temperature: 

 ( )6.25883.29
1

−= fT


. (4.1) 

The thermo-hydro coupled mechanism is established considering that heat convection 

intensity is influenced by the flow velocity and the seepage field is varied with the fluid 

viscosity affected by the temperature field. 

The dual unified pipe-network method (D-UPM) is used to discretize above governing 

equations. Details can be found in Chapter 3. A fully implicit time scheme is used in two 

energy balance equations combining with the discrete form for fluid flow. The three-

dimensional T-H coupled solution for a fractured rock can be solved based on these 

equations. The advantage of the proposed T-H modelling is the convenience of assembling 

both discrete fractures and the matrix by the superposition process of equivalent pipe 

networks with varying fluid flow and thermal properties. 
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Fig. 4.1 Three-dimensional model for verification (3D porous medium without fracture) 

4.3 Model verification 

Two cases are represented to verify the reliability of D-UPM in the simulation of the thermo-

hydro coupled process in this section. Thermal convection and thermal conduction effects are 

verified by comparing with the results obtained from analytical solution. Convergence tests 

are carried out to analyze the feasibility of the T-H coupled model with one fracture 

embedded in a porous domain. A cubic model is used in both cases for simulation. And a 

self-developed mesh generator (Wang et al., 2017) is adopted to generate elements for matrix 

and fracture, respectively. 

4.3.1 Heat convection and conduction in porous media 

This case aims to verify the proposed model in the application of transient heat convection 

and conduction process in the unfractured rock. The analytical solution for three-dimensional 

heat transmission in the porous medium (shown in Fig. 4.1) is obtained by Sutradhar et al. 

(2002). The initial condition for the 3D domain with a dimension of 1 m × 1 m × 1 m is T0 = 

300 K at t = 0 s. Constant temperatures are assigned to the top and bottom boundaries, i.e., T 
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= 300 K at top and T = 400 K at bottom, respectively. As shown in Fig. 4.2, D-UPM 

simulation results obtained from the central line along z direction of the 3D porous domain 

are in consistent with analytical results at each simulation time. It is indicated that D-UPM is 

reliable to simulate the transient heat transmission process where both heat convection and 

conduction are taken into account. 
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Fig. 4.2 Comparison of the 3D D-UPM results with the analytical solution 

4.3.2 LTNE based thermo-hydro coupling process in fractured rocks 

In this case, both matrix and an explicitly embedded fracture are considered in the LTNE 

framework. A rectangular fracture (8 m × 4 m) in a cube with dimensions of 10 m × 10 m × 

10 m is parallel with the fluid injecting direction, as shown in Fig. 4.3. The bottom boundary 

of the 3D domain is set with a constant temperature (Tf = 300 K) and a constant injecting 

flow velocity (u = 1×10-6 m/s). Initial conditions are Tf0 = Ts0 = 500 K and P0 = 0 Pa in the 

entire domain. The total simulation time is 20 days. Other parameters employed in this 

simulation are listed in Table 4.1.  
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Fig. 4.3 Three-dimensional model for verification (3D porous medium with one 

fracture) 

Since it is difficult to find an analytical solution for this T-H coupled discontinuous model, 

convergence tests are carried out to analyze its robustness and feasibility. A central line 

segment ab parallel with x axis is drawn and intersects with the fracture at point c (shown in 

Fig. 4.3). The sensitivity of the simulated results to different time step and total grid number 

is investigated by analyzing the fluid temperature along ac, since the model is symmetrical 

about the fractural plane. As shown in Fig. 4.4, five time-steps are select in the convergence 

test. It is evident to see that finial results converge with reducing time step. The results are 

not sensitive to the selected time step when the time step is less than 1 day. 

Total grid number obtained in the discretizing process, on the other hand, can also influence 

the accuracy of simulating results. We choose six grid numbers in this heat transmission 

modeling. Results shown in Fig. 4.5 indicate that the fluid temperature calculated by setting a 

larger total grid number with a smaller grid size converges to a stable condition. Larger 

temperature deviation occurs when the grid size is too large (the case where the total grid 
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number is 19, 009). A total grid number larger than 100, 000 is reasonable and leads to 

relatively accurate results in this case study. 

Table 4.1 Simulation parameters for convergence tests 

Parameters Symbol Unit Value 

Injection velocity u  m/s 1×10-6 

Fluid density f  kg/m3 1000 

Intrinsic permeability of matrix mk  m2 1×10-15 

Thermal conductivity of fluid f  J/(m‧k‧s) 0.6 

Thermal conductivity of rock s  J/(m‧k‧s) 3 

Heat capacity of fluid fc  J/(kg‧K) 4200 

Heat capacity of rock sc  J/(kg‧K) 790 

Fracture aperture a  m 0.001 

Solid-fluid interface heat transfer coefficient inth
 

W/(m3‧K) 10 

 

 

Fig. 4.4 Convergence test with different time step 
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Fig. 4.5 Convergence test with different total grid number 

Fig. 4.6(a)-(d) show the pressure, viscosity, fluid temperature and solid temperature 

distribution when the simulation time is 20 days. The time step and total grid number in the 

simulation are 0.5 d and 204, 111, respectively. It is indicated that the injected cooling fluid 

prefers to enter the fracture with much higher permeability. The fluid temperature inside the 

fracture is much lower than that in the rock matrix close to fracture walls, while the fluid 

viscosity is much higher inside the fracture. Low temperature is obtained at the middle point 

of the outlet boundary due to the existence of the embedded fracture. By comparing with the 

temperature distribution in Fig. 4.6(c) and Fig. 4.6(d), the average fluid temperature is lower 

than the average solid temperature in the whole domain. This difference is mainly caused by 

the local thermal non-equilibrium theory and the weakened effects of heat transfer continuing 

between solid and fluid phases. 
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(a) Pressure, Pa (b) Viscosity, Pa‧s 

 

 

 

 

(c) Fluid temperature, K (d) Solid temperature, K 

Fig. 4.6 The pressure, viscosity and temperature distribution in a fractured rock after 

20 days 

4.4 Application in simulating heat extraction in rock mass with fracture 

networks 

Fracture networks are generated in this case, and the capability of current D-UPM model to 

simulate the T-H coupled heat extraction process in a porous medium with large numbers of 

fractures is tested and analyzed. The rock mass is still a cube identical to the case in Section 

4.3.2. 120 elliptical fractures are generated by random functions and then embedded into the 
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porous domain. For each fracture, to be more specific, center coordinates follow the uniform 

distribution, major and minor axes follow the normal distribution, the dip and dip direction 

follow the fisher distribution (Nordqvist et al., 1992) where the fisher coefficient equals to 

15. The distribution pattern for the fracture networks is indicated in a stereographic projection 

diagram shown in Fig. 4.7(a). All fractures are discretized as triangular elements (See Fig. 4.7 

(b)), followed by the tetrahedralization process to discrete matrix as tetrahedral elements 

(shown in Fig. 4.7(c)) based on the conforming mesh techniques (Wang et al., 2017). 532, 

236 elements are generated in the whole domain. 

The total simulation time is 120 days. Parameters involved in this case are listed in Table 4.2. 

The thermal conductivities and heat capacities for both fluid and solid phases can be found in 

Table 4.1. The pressure is set as a constant along the injection boundary and the outlet 

boundary, respectively. The constant value of pressure differential is 0.1 MPa. The 

temperature of the inlet cooling water is 300 K. The initial condition for the temperature 

distribution is Tf0 = Ts0 = 450 K.  

 

(a) Stereographic projection diagram 



59 

 

(b) Conforming triangulation of fractures 

 

(c) Tetrahedralization of the domain 

Fig. 4.7 Distribution of 120 fractures in the rock mass 
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Table 4.2 Simulation parameters for heat extraction modelling with fracture networks 

Parameters Symbol Unit Value 

Pressure differential P  MPa 0.1 

Fluid density 
f  kg/m3 1000 

Intrinsic permeability of matrix mk  
m2 1×10-16 

Fracture aperture a  m 0.0005 

Porosity of matrix m   0.15 

Porosity of fracture f
 

 1 

The solid-fluid interface heat transfer coefficient 
inth

 
W/(m3‧K) 1 

Fluid initial temperature 
0fT

 
K 450 

Solid initial temperature 
0sT

 
K 450 

Inlet fluid temperature 
fT

 
K 300 

 

Fig. 4.8(a)-(c) show the viscosity, fluid and solid temperature distribution in the rock mass at 

different times. At the early stage (the simulation time is 20 days), the temperature remains 

high, especially in the matrix with much lower permeability. While regions inside or close to 

the fractures cool down rapidly due to the injection of the cooling water. The high 

connectivity contributed by these relatively higher permeable fracture networks provides 

passages for fluid flow with high velocity, which effectively enables the increase of heat 

conductivity. Amount of heat in the overall domain decreases with time as the extraction 

process continues. Cooling regions near fractures are extended and the temperature in the 

matrix approaches to the injection temperature when the simulation time reaches 120 days. 

The viscosity distribution pattern is similar to the fluid temperature (Comparing Fig. 4.8(a) 

with Fig. 4.8(b) in different time steps). Higher fluid viscosity is found in fractures where the 

fluid temperature is low. The distribution of the solid temperature is much more continuous 

than that of fluid temperature (shown in Fig. 4.8(c)). The fluid in fractures absorbs heat stored 

in the solid phase by the effect of heat transfer. Thus, the solid phase cools down first in 

regions with connected fractures.   
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Time = 20 days Time = 50 days Time = 120 days 

 

   

 

(a) Viscosity, Pa·s 

   

 

(b) Fluid temperature, K 

   

 

(c) Solid temperature, K 

Fig. 4.8 Distribution of viscosity, fluid temperature and solid temperature at different 

simulation time 

Sensitivity analyses are carried out with respect to the solid-fluid interface heat transfer 

coefficient, the pressure differential and the fracture aperture. The averaged overall fluid 

temperature and solid temperature as well as the outlet fluid temperature (Zeng et al., 2013a; 
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Zeng et al., 2013b; Sun et al., 2017) are calculated in each time step for comparison. As 

shown in Fig. 4.9(a)-(b), three different solid-fluid interface heat transfer coefficients (hint = 

1, 5 and 10 W/(m3‧K), respectively) are selected in the simulation. A large difference between 

the average fluid and solid temperatures is observed in the case with a lower value of hint 

(shown in Fig. 4.9(a)). This is because the effect of heat transfer between the two phases is 

not strong. With a lower hint, the heat stored in the matrix is hard to be extracted, and the 

injected cooling fluid is also difficult to be heated. As a result, the solid phase remains at a 

relatively high temperature. With increase of the simulation time, the average temperature of 

the solid phase decreases faster, and finally approaches that of the fluid phase in the late stage 

of this simulation. By comparing draw-down curves of the outlet fluid temperature obtained 

from each case (shown in Fig. 4.9(b)), the rapid drop is observed at the initial stage due to the 

fast fluid flow velocity contributed by the high connectivity of fractures with the relatively 

large aperture. Still the comparatively higher outlet fluid temperature is indicated before 40 

days with larger value of hint, since the stronger effect of heat transfer increases the 

temperature of the fluid migrating through fracture networks. However, the outlet fluid 

temperature (for the case hint =10 W/(m3·K)) becomes much lower in the later period of this 

simulation. The heat energy reserved in the rock mass is extracted rapidly during the 

circulating process, leaving small amount to heat in the outlet fluid. 

The case incorporated with LTE model is also simulated. Ts = Tf is assumed due to the 

sufficient heat transfer which can also be represented by an extremely large value of hint. As 

shown in Fig. 4.9(a), the average temperature drops fast and maintains at a lower level during 

the later stage by comparing with other cases using the LTNE model. The instantaneous 

thermal equilibrium results in the higher heat production in the early time but much lower 

outlet fluid temperature after about 50 days, as indicated in Fig. 4.9(b). This discrepancy 

demonstrates that the LTE model is not applicable to estimate the heat production. The LTNE 
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model is essential to be incorporated into the simulation, since the phenomenon of local 

thermal non-equilibrium exists in practical situations and impacts on the outlet fluid 

temperature. On the other hand, the influence of the heat transfer degree on the temperature 

distribution can be presented by adjusting the value of hint. 

Fig. 4.9(c)-(d) shows the evolution of the average temperature and the outlet fluid 

temperature influenced by pressure differential. Lower values of temperature are obtained for 

both fluid and solid phases in the situation with higher pressure differential. The fast fluid 

flow velocity intensifies the thermal convection effect which leads to accelerating cooling 

process in the fluid. The temperature in the solid phase also decreases accordingly, as shown 

in Fig. 4.9(c). Much lower outlet fluid temperature is also observed throughout the simulation 

time when ∆P = 0.5 MPa on the situation with the same intensity of the heat transfer effect 

(shown in Fig. 4.9(d)). It is illustrated that the production period with relatively higher outlet 

temperature can be extended much longer in the condition using lower pressure differential. 

The effect of fracture aperture on the temperature distribution is shown in Fig. 4.9(e)-(f). The 

fluid flow rate is relatively lower in fractures with a small aperture due to the low 

permeability based on the cubic law. Therefore, both fluid and solid phases maintain high 

temperature resulted from the weakened effects of the thermal convection even after 120 

days. In the condition without any fractures in the system, particularly, the injected cooling 

fluid flows in a rock matrix with much lower permeability. The variation of temperature 

occurs in the area close to the injection boundary. Cooling effect in the area far from the 

injection boundary is not obvious in this case. The temperature difference between the fluid 

and solid phases is also very small. However, the effect of the thermal convection intensifies 

as the fracture aperture becomes large. The overall average temperatures for the fluid and 

solid phases decrease rapidly. On the other hand, the fast drop of the outlet fluid temperature 
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at the initial stage is observed in the case with the larger fracture aperture (a = 0.5 mm and a 

=1.0 mm), as shown in Fig. 4.9(f). The rapid fluid flow rate together with the insufficient heat 

transfer effect contributes to the low heat production in a short period. The outlet fluid 

temperature maintains at a high level throughout the simulation time when the aperture is 0.1 

mm. The injected fluid with low flow velocity in the narrowed fractures requires longer time 

to be heated by the surrounding rock mass before exiting the outlet boundary. Thus, the slight 

decrement of the outlet fluid temperature is observed after 120 days. It is also evident to find 

that even much smaller change of the outlet temperature is presented in the situation without 

any fractures embedded, since the extremely low speed of injection fluid in the homogeneous 

porous media prevents the rapid drop of the temperature in the domain while promotes the 

sufficient heat transfer during the circulating process. 
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(a) Effects of solid-fluid interface heat transfer coefficients on average temperature 
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(b) Effects of solid-fluid interface heat transfer coefficients on outlet fluid temperature 
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(c) Effects of pressure differentials on average temperature 
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(d) Effects of pressure differentials on outlet fluid temperature 
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(e) Effects of fracture apertures on average temperature 
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(f) Effects of fracture apertures on outlet fluid temperature 

Fig. 4.9 Sensitivity analyses with respect to the solid-fluid interface heat transfer 

coefficient, the pressure differential and the fracture aperture 

4.5 Conclusion 

A three-dimensional numerical model based on the dual unified pipe-network method (D-

UPM) is developed for modeling the thermal-hydro (T-H) coupling process in EGS. Different 

from traditional local thermal equilibrium (LTE) theory considered in discontinuum based 

simulations, the local thermal non-equilibrium (LTNE) model is introduced to separate the 

fluid and solid temperatures. The proposed model is verified by comparing with the analytical 

solution and performing convergence tests in respect of different time steps and total grid 

numbers. 

A case study is carried out by introducing randomly distributed fractures into a three-

dimensional rock mass. The solid temperature and the fluid temperature are different in the 

domain, especially in the region near fractures. Lower fluid temperature is remarkably 

observed in fractures with high connectivity, while the distribution of solid temperature is 
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comparatively more continuous in different simulation time, which conforms to the practical 

situation and demonstrates the necessity to incorporate the LTNE model into the T-H coupled 

simulation. Results obtained from a series of sensitivity analyses indicate that both increase 

the pressure differential and fracture aperture will accelerate the decrement of the overall 

temperature as well as the outlet fluid temperature in the system. Larger average temperature 

difference between fluid and solid phases can also be observed if the solid-fluid interface heat 

transfer coefficient is lower. The intensified heat transfer effect contributed by the large value 

of hint leads to the higher heat production in the early time but much lower outlet fluid 

temperature during the later period. 
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Chapter 5.  Application of Carbon Dioxide as Working Fluid 

in Geothermal Development 

5.1 Introduction 

The advantages of using supercritical carbon dioxide as working fluid in geothermal 

development (potential carbon dioxide geological storage and relatively high mobility) have 

attracted considerable interest in the simulation of a carbon dioxide-based enhanced 

geothermal system. This chapter proposes a numerical model based on the dual unified pipe-

network method to simulate the two-phase flow and thermo-hydro coupled process in a 

carbon dioxide-based enhanced geothermal system considering complex fracture networks.  

In previous studies, both experimental and numerical studies have been performed to 

investigate the heat extraction mechanism in the CO2-based EGS. Based on laboratory core-

flooding tests, the influences of CO2-rock interaction (Remoroza et al., 2012), fracture 

surface properties (Bai et al., 2018) and dissolution properties (Petro, 2013) on the heat 

transmission process with CO2 replacing water as the working fluid were analyzed. To solve 

experimental limitations of time and space, numerical tools were developed to estimate the 

heat extraction performance for the geological production lifespan in a field scale. TOUGH 

Series was applied to the simulation of geothermal development in the CO2-based EGS by 

Pruess (2008). Based on a five-spot fractured reservoir model, the advantage of using CO2 as 

working fluid is demonstrated by comparing it with the case circulating with water. The CO2 

storage capacity and the geochemical issues were analyzed by considering the reservoir 

physical properties and mineral components (Borgia et al., 2012). Most recent simulations 

(Wang et al., 2018) on the CO2-based EGS further considered the influence of surrounding 

formation permeability on both heat extraction efficiency and the CO2 sequestration. The 

above numerical progresses are all continuum based when dealing with discontinuities using 
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equivalent techniques in a geothermal reservoir. The numerical calculation of multi-phase 

together with multi-physical problems explicitly considering fracture networks still poses 

challenges. The simulation of CO2-based EGS in a fractured geothermal reservoir, as one of 

such problems, has been rarely conducted in the DFN framework recently. 

In this chapter, the three-dimensional D-UPM is extended to two-phase flow in a thermo-

hydro system with fracture networks. The capillary effect is considered by incorporating the 

van-Genuchten capillary model. A sequential implicit method is applied to solve the 

governing equations for the CO2-based EGS. The current model is verified against analytical 

results for the classic Buckley-Leverett problem. Numerical examples are provided to analyze 

the effects of the reservoir initial CO2 saturation, matrix permeability, fracture aperture, and 

CO2 buoyancy effects on the performance of heat extraction and CO2 sequestration. This 

study provides a discontinuum-based numerical way to understand the mechanism of the two-

phase flow and thermo-hydro coupled process in the rock mass explicitly embedded with 

fracture networks and aims at improving the efficiency of heat mining and CO2 storage using 

CO2 as working fluid. 

5.2 Two-phase and thermo-hydro coupled process in geothermal 

development 

The complex process of geothermal development with the injection of supercritical CO2 is 

simplified as a two-phase immiscible flow problem with the coupling of thermo-hydro effects 

since CO2 in the supercritical state is slightly soluble in water (Ren et al., 2017a). CO2 is 

regarded as the non-wetting phase, while the water is the wetting phase in both fractures and 

the rock matrix. Previous studies have indicated that CO2 is a much less effective solvent than 

water, reducing the dissolution and precipitation of minerals in the fluid-rock interaction 

process (Pruess, 2008). Therefore, the solubility and the chemical effects of CO2 are 
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neglected in the current study. Incompressible flow without considering the mechanical 

effects is also assumed. Fractures are characterized as narrow passages formed by parallel 

plates. Thus, the cubic law is regarded as valid for the two-phase flow in fractures (Ren et al., 

2017a). 

 

Fig. 5.1 Flowchart of numerical procedure 

The derivation for the governing equation of two-phase fluid flow is presented in Section 

2.1.3. The two-phase thermo-hydro coupled process is completed by incorporating the 

transient energy balance equations in the LTNE framework. Details can be found in Section 

2.2.3. The dual unified pipe-network method (D-UPM) is developed to tackle with the two-
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phase and thermo-hydro coupled process by combining with a sequential implicit scheme in 

the current simulation of geothermal development. Discretized forms for all governing 

equations are derived and presented in Section 3.3.2. Fig. 5.1 shows the flowchart for the 

whole simulation procedure. 

5.3 Model verification 

The accuracy of the current model is validated by comparing with the analytical solutions of 

the Buckley-Leverett problem. Unidirectional two-phase flow in a porous medium is 

considered. Both fluids are assumed to be immiscible, and the gravity and the capillary 

pressure effects are neglected in the current comparison. Details for the derivation of the 

analytical solutions can be found in previous studies (Chen et al., 2006). In the numerical 

simulation, a long thin cuboid model with a dimension of 20 m (x) × 1 m (y) × 1 m (z) is used 

to capture the saturation evolution at different times by constantly injecting wetting phase 

from one end along the x direction. The injection rate is 9×10-7 m/s in this example, while the 

whole domain is saturated with nonwetting phase. The residual saturations for the wetting 

and nonwetting phases are 0.2 and 0.15, respectively. The rock porosity is 0.2, and the matrix 

permeability is 1×10-11 m2. The parameter m  in the relative permeability model (VG model) 

equals 0.8. The other end of the model along the x direction is assigned with a constant 

pressure condition. The rest boundaries are regarded as no-flow boundaries. 

The three-dimensional domain is discretized as three different sets of meshes with the node 

number equal to 140, 903, and 3,078, respectively. The saturation distribution of the wetting 

phase along the x direction is extracted in three different times (5, 10, and 15 days). All the 

results are presented in Fig. 5.2. The wetting-nonwetting phase displacement evolves with 

time, and the saturation of the wetting phase gradually increases in the domain. The rapid 

drawdown of the saturation occurs in the displacement front, which is the remarkable feature 



73 

in the Buckley-Leverett problem. As shown in Fig. 5.2, saturation evolution curves converge 

as the node number growths. Results become stable when the node number increases from 

903 to 3,078. Furthermore, the simulated results agree well with the analytical solutions, 

demonstrating the reliability of the current numerical method in the modeling of two-phase 

flow problems. 

A fully implicit time scheme for solving the two-phase flow model in CO2 sequestration has 

already been derived and verified in Ren et al. (2017b). The reliability of the current 

sequential implicit time scheme for calculating the immiscible fluid flow considering the 

gravity effects is verified based on the results obtained from the fully implicit time scheme. 

As shown in Fig. 5.3, a cuboid model with a dimension of 10 m (x) × 2 m (y) × 10 m (z) is 

designed. It is assumed that the porous media is saturated with water at the initial stage. The 

residual saturations for water and CO2 are 0.20 and 0.15, respectively. The densities for water 

and CO2 are 1000 kg/m3 and 600 kg/m3. Pure CO2 is injected along x direction from 𝑥 = 0 

with constant injection flow velocity (𝑢 = 6.67 × 10−8 m/s). The outlet boundary at 𝑥 = 10 

m is set with constant pressure (𝑃 = 0) and CO2 saturation (𝑆𝑔 = 0). The other boundaries 

are impermeable. 

The identical meshes and total simulation time are employed for these two schemes. 

Parameters used in the simulation are listed in Table 5.1. Values for the CO2 saturation along 

line ab (shown in Fig. 5.3) at three different times (1.0×105 s, 2.0×105 s, and 3.5×105 s) are 

extracted and plotted in Fig. 5.4. It should be noted that line ab is in the plane of 𝑧 = 3 m and 

parallel with the x axis. Results show that the CO2 saturation gradually builds up as the 

injection continues along the x direction. CO2 extends to 𝑥 = 4  m at line ab when the 

simulation time is 3.5×105 s. Fig. 5.4 also illustrates the agreement of the results obtained 
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from both methods, suggesting the reliability of the sequential implicit method in solving the 

two-phase flow problems considering the gravity effect. 
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Fig. 5.2 Convergence analysis and model verification at different time steps 

 

Table 5.1 Simulation parameters for model verification 

Parameters Unit Value 

CO2 viscosity, μg Pa·s 8×10-5 

CO2 density, ρg kg/m3 600 

CO2 residual saturation, Sgr - 0.15 

Water viscosity, μw Pa·s 0.001 

Water density, ρw kg/m3 1000 

Water residual saturation, Swr - 0.20 

Matrix intrinsic permeability, km m2 1×10-15 

Enter pressure related parameter in the matrix, 1/βm - 400 

Gravitational acceleration, G m/s2 9.8 

Rock density, ρs kg/m3 2650 

Rock porosity, ϕm - 0.1 

Pore size related parameter, n - 5 
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Fig. 5.3 A cuboid model with a dimension of 10 m (x) × 2 m (y) × 10 m (z). 
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Fig. 5.4 Model verification at different time steps 

5.4 Numerical examples 

The performance of the proposed numerical method is tested in the following three examples 

related to CO2-based geothermal development. In example 1, a single fracture is considered 

in the doublet circulating system. The thermo-hydro coupled two-phase flow process in a 
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fracture network system is simulated in example 2. The efficiency of geothermal 

development and CO2 sequestration is discussed based on parametric studies. Example 3 

investigates CO2 buoyancy effects on flow patterns and the temperature distribution. 

5.4.1 Example 1: Carbon dioxide injection into a geothermal reservoir with a single 

fracture  

A doublet system model with one injection well and one production well is used in this 

section. As shown in Fig. 5.5, the domain with dimension 500 m × 500 m × 250 m is 

horizontally embedded with one large fracture in the reservoir center. Two wells and the 

large fracture intersect at the injection point (250 m, 175 m, 125 m) and the production point 

(250 m, 375 m, 125 m), respectively. The well spacing is 200 m. The fracture is discretized as 

triangular elements and the rock matrix is discretized as tetrahedral elements using the self-

developed mesh generating tool for the DFNs model. The residual water saturation and the 

CO2 saturation is 0.2 and 0.15, respectively. It is assumed that the geothermal reservoir is 

fully saturated with water. Both the fluid and solid temperatures are set as 473 K at the initial 

stage. A constant injection flow rate 0.02 m3/s and a constant injection fluid temperature 303 

K are assigned to the injection wellbore, while the production wellbore is designed with 

constant pressure 20 MPa. The rest boundaries of this cuboid reservoir are considered as 

impermeable and thermal-isolated. Pure CO2 is injected during the whole geothermal 

production process. The total simulation time in this example is 600 days. The parameters 

related to the fluid and rock properties are listed in Table 5.2. 

5.4.1.1 The influence of the capillary parameter in van Genuchten model 

Previous studies indicated that the different entry pressures in the capillary model between 

the fractures and the rock matrix have impacts on the CO2 migration patterns in a fractured 

rock mass (Ren et al., 2017a). Aiming at evaluating both the CO2 saturation and the fluid 
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temperature distributions influenced by the difference of capillary model in the different 

material, four values of parameters related to the entry pressure in the rock matrix are used 

(1/βm = 300, 350, 400, and 450). In each case, the CO2 saturation and the fluid temperature on 

the production well are calculated in each time step. The results for the saturation evolution 

and the fluid temperature drawdown curves are plotted and compared. 

Table 5.2 Simulation parameters for sensitivity analyses 

Parameters Unit Value Parameters Unit Value 

Rock density, ρs kg/m3 2650 Matrix intrinsic permeability, 

km 

m2 1×10-15 

Rock porosity, ϕm - 0.1 Rock heat capacity, cs J/(kg·K) 1000 

Rock thermal conductivity, κs J/(m·K·s) 2.1 The solid-fluid interface heat 

transfer coefficient, ℎ𝑖𝑛𝑡
𝑚  

W/(m3·K) 10 

Pore size related parameter, n - 5 Fracture aperture, e μm 200 

Fracture porosity, ϕf - 1 Enter pressure related 

parameter in the fracture, 1/βf 

- 300 

Water density, ρw kg/m3 1000 Water viscosity, μw Pa·s 0.001 

Water heat capacity, cw J/(kg·K) 4180 Water thermal conductivity, 

κw 

J/(m·K·s) 0.6 

Water residual saturation, Swr - 0.20 CO2 density, ρg kg/m3 600 

CO2 viscosity, μg Pa·s 8×10-5 CO2 heat capacity, cg J/(kg·K) 2000 

CO2 thermal conductivity, κg J/(m·K·s) 0.06 CO2 residual saturation, Sgr - 0.15 

 

The distribution results of the CO2 saturation and the fluid temperature in different time steps 

for the case 1/βm = 400 are presented in Fig. 5.6. It is clearly shown that the injected pure CO2 

with quite low temperature spreads around the injection wellbore and penetrates deep into the 

reservoir along the fracture at early time. The CO2 saturation at the production point builds up 

within a relatively short time (t = 100 days), while the produced fluid temperature maintains a 

high level close to the original reservoir temperature. At t = 600 days, the CO2 with high 

saturation extends further between these two wellbores along the fracture plane. However, the 

decrease rate of the fluid temperature is comparatively slow during the simulation since the 
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injected CO2 with low temperature is gradually heated by the reservoir fluid and the 

surrounding rock through the effect of the thermal convection and the thermal conduction. 

 

Fig. 5.5 A doublet system horizontally embedded with one large fracture 

Sensitivity analyses with respect to different values of the entry-pressure-related parameter 

1/βm in VG model indicate that the distribution of CO2 and fluid temperature can be 

controlled by the capillary contrast between the rock matrix and the fracture. As shown in 

Fig. 5.7(a), the rapid increase of produced CO2 saturation occurs in the early production 

stage, followed by the slow growth after producing 100 days. Comparing these four cases 

with different values of 1/βm, relatively low saturation Sg in each time step can be obtained 

when 1/βm equals 300. The capillary effect is identical for the rock matrix and the fracture in 

the case 1/βm = 1/βf. The capillary pressure in this case, as the resistance in the situation 

where non-wetting phase drives the wetting phase, rarely contributes to the interchange flow 

rate at the material interface. The relatively low value of produced CO2 saturation is caused 

by the fluid flow along the fracture walls to the surrounding rock matrix, even though the 

fracture is characterized with much higher permeability. However, the produced CO2 
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saturation grows higher when the capillary contrast increases (the increase of 1/βm). The 

highest value can be observed in the case 1/βm = 450, where the relatively big difference of 

capillary pressures resists the cross flow from the fracture to the rock matrix. Thus, a larger 

volume of injected CO2 concentrates inside the fracture space and migrates directly to the 

production wellbore. Fig. 5.7(b) shows the effects of 1/βm on the outlet fluid temperature. The 

continuous drawdown of the outlet fluid temperature is caused by the constant injection of the 

pure CO2 with low temperature. It is illustrated that the outlet fluid temperature curve drops 

faster when the degree of the capillary contrast becomes small. A greater amount of water 

with relatively high heat capacity is extracted, leading to the rapid decrease of the heat energy 

in the system. Therefore, the comparatively lower outlet fluid temperature in each time step is 

obtained based on the energy balance principle. 

t = 100 days t = 300 days t = 600 days  

   

 

(a) Carbon dioxide saturation 

   

 

(b) Fluid temperature, K 

Fig. 5.6 The distribution of carbon dioxide saturation and fluid temperature in different 

time steps (1/βf = 300, 1/βm = 400) 
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Fig. 5.7 Sensitivity analyses with respect to 1/βm in van Genuchten model 



81 

  

 

(a) Fluid temperature, K (Qin = 0.01 m3/s) (b) Fluid temperature, K (Qin = 0.02 m3/s)  

Fig. 5.8 Distribution of fluid temperature with different injection flow rate (t = 600 d) 

5.4.1.2 The influence of the injection flow rate 

The influence of the injection flow rate on geothermal development in this doublet system is 

also investigated. Three different injection strategies (Qin = 0.010, 0.015, and 0.020 m3/s) are 

employed in this section. Fig. 5.8 represents the fluid temperature distributions after 

developing 600 days. The low fluid temperature concentrates in a small region near the 

injection point in the fracture plane when the injection flow rate is low (Qin = 0.010 m3/s). 

The fluid temperature in the production area maintains at high level close to the initial 

reservoir temperature. In the case Qin = 0.020 m3/s, obvious changes of temperature gradient 

occur between the injection and the production well. The low temperature boundaries close to 

the injection wellbore extends further, and much lower fluid temperature can be obtained in 

the production wellbore. 

The evolutions of produced CO2 saturation and outlet fluid temperature with different 

injection flow rates are calculated and plotted in Fig. 5.9. The increase of the injection flow 

rate slightly promotes the value of the produced CO2 saturation in each time step, as shown in 

Fig. 5.9(a). However, the great difference among the fluid temperature drawdown curves 
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influenced by the injection flow rate can be observed in Fig. 5.9(b). The heat energy in the 

system drops faster when injecting the cooled pure CO2 with higher injection rate. The 

intensified effect of thermal convection in this case also contributes to the fast drop of the 

outlet fluid temperature. The difference of the outlet fluid temperature at the end of the 

simulation reaches about 16 K when increasing the injection flow rate from 0.010 m3/s to 

0.020 m3/s. 

5.4.2 Example 2: Carbon dioxide injection into a geothermal reservoir with fracture 

networks 

Adopting the similar doublet system in example 1 with identical model dimension and well 

spacing, fracture networks are considered in this section. A total of 30 elliptical fractures are 

evenly divided into two groups. In each group, the fractures are distributed in the cuboid 

domain based on random functions (Center coordinates follow the uniform distribution, and 

the dip and dip direction follow the fisher distribution). The fracture planes in 3-D space are 

discretized as triangular elements (shown in Fig. 5.10), and the rock matrix is discretized as 

tetrahedral elements using the mesh generating tool (DFNGen). 
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(b) Effects of injection flow rate on outlet fluid temperature 

Fig. 5.9 Sensitivity analyses with respect to the injection flow rate 

The constant injection pressure is assigned on the injection wellbore (Pin = 35 MPa), and 

other boundary and initial conditions are the same as example 1. The entry-pressure-related 

parameter in the rock matrix is 400; other parameters in simulations can be found in Table 

5.2. Table 5.3 shows the operation conditions and geometry dimensions for this example. The 

efficiency of the heat extraction by injecting pure supercritical CO2 and water is compared, 

and the influences of the initial nonwetting phase saturation, the rock matrix permeability and 

the fracture aperture on the fluid temperature distribution are analyzed in this part. The total 

simulation time is 2,500 days. 

The net heat extraction rate G is introduced to evaluate the efficiency of the geothermal 

development. According to Pruess (2006), G can be calculated by: 

 ( ) ( )
g

pro inj
w

G F h F h


   

=

= − , (5.1) 
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where Fg and Fw are the CO2 mass flow rate and the water mass flow rate; hg and hw are the 

CO2 specific enthalpy and the water specific enthalpy, respectively. The net heat extraction 

rate represents the difference between the heat production rate and the heat injection rate. 

Material specific enthalpies vary with temperature and pressure. The density-pressure-

enthalpy relationships for water and CO2 in Pruess (2006) are adopted in the current 

simulation, as shown in Fig. 5.11. The reference state of zero enthalpy at (Tf, P) = (293 K, 10 

MPa) is defined for both fluids. 

 

Fig. 5.10 A doublet system embedded with fracture networks 

5.4.2.1 Pure carbon dioxide injection versus pure water injection 

The EGS is assumed to be saturated with water. Developing strategies injecting with pure 

CO2 or pure water are employed in the simulation, respectively. The fluid temperature and 

the CO2 saturation distribution results at three different times (t = 500 days, 1,500 days, 2,500 

days) are presented in Fig. 5.12. 
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(a) Water specific enthalpy as a function of temperature and pressure 

 

 

 

 

(b) Carbon dioxide specific enthalpy as a function of temperature and pressure 

Fig. 5.11 Specific enthalpy of water (a) and carbon dioxide (b) 
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t = 500 days t = 1,500 days t = 2,500 days 

 

   

 

(a) Fluid temperature, K (Pure water injection) 

   

 

(b) Fluid temperature, K (Pure carbon dioxide injection) 

   

 

(c) Carbon dioxide saturation (Pure carbon dioxide injection) 

Fig. 5.12 The distribution of carbon dioxide saturation and fluid temperature in 

different times (pure carbon dioxide injection versus pure water injection) 

In this well-connected fracture network system, the cooled water-front moves forward in a 

low speed in the case of injecting pure water. The low temperature zone resides in the 

fractures that connect to the injection wellbore, while the fluid temperature close to the 

production wellbore maintains at a high level even after developing 2,500 days, as shown in 

Fig. 5.12(a). By contrast, fracture networks contain fluids with much lower fluid temperature 

if the pure supercritical CO2 injection strategy is adopted (see Fig. 5.12(b)). Characterized 

with relatively high mobility, the injected CO2 migrates faster than water in fractured rocks 

considering the same production pressure differential. The fluid temperature around the 



87 

production wellbore is lower at the end of the simulation. In this displacement process, CO2 

gradually replaces the water and fills the fracture spaces (see Fig. 5.12(c)). It is indicated that 

CO2 tends to accumulate around the fracture tip before it saturates the rest part of the fracture 

plane. This phenomenon is caused by the capillary-pressure contrast between the fracture and 

the rock matrix. Furthermore, the simulated results show that the complex fracture networks 

ease the two-phase fluid flow in the displacement process, and contribute to the irregular flow 

path and the temperature distribution in the fractured domain. 

Table 5.3 Operation conditions and geometry dimensions for example 2 

Case No. Sg,ini km, m2 e, μm 

1 0.80 1×10-15 200 

2 0.50 1×10-15 200 

3 0.30 1×10-15 200 

4 0.15 1×10-15 200 

5 0.15 (pure water injection) 1×10-15 200 

6 0.15 2×10-15 200 

7 0.15 5×10-15 200 

8 0.15 1×10-14 200 

9 0.15 1×10-15 180 

10 0.15 1×10-15 150 

11 0.15 1×10-15 100 

Injection condition Pure CO2 injection or pure water injection, the injection pressure is 35 MPa, the 

injection fluid temperature is 303 K 

Production condition The production pressure is 20 MPa 

Geometry dimension Model dimension is 500 m × 500 m × 250 m with fracture networks embedded 

The evolutions of the outlet fluid temperature and the net heat extraction rate for different 

injection strategies are presented in Fig. 5.13. It is clearly shown that the outlet fluid 

temperature maintains at a much higher level in each time step for the case injecting with 

cooled water (see Fig. 5.13(a)). The temperature differential researches about 50 K at the end 

of the simulation for these two strategies. Compared with the net heat extraction rate, 

however, a greater amount of heat energy can be extracted using the supercritical CO2 as the 
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work fluid, as shown in Fig. 5.13(b). The property of higher mobility facilitates CO2 

migrating from the injection wellbore to the production wellbore with a much higher flow 

rate. The increased production flow rate contributes to the heat extraction rate, even though 

the water possesses higher heat enthalpy. It demonstrates the promising potential of heat 

extraction using pure CO2 as working fluid. 

5.4.2.2 The influence of the initial carbon dioxide saturation 

The influences of the initial CO2 saturation on the efficiency of heat extraction are also 

plotted in Fig. 5.13. Initial CO2 saturations, Sg,ini = 0.15, 0.50, and 0.80, are used in the 

simulation for comparison. When the reservoir is initially saturated with CO2 (Sg,ini = 0.80), 

the fluid migrating in the fracture space possesses a much higher mobility, significantly 

increasing the produced fluid flow rate. On the other hand, the large volume of injected 

cooled CO2 and the intensified heat convection effects result in the rapid decrease of the 

outlet fluid temperature. Still, the net heat extraction rate in each time step for this case is the 

highest. Fig. 5.13(b) demonstrates that increasing the reservoir CO2 saturation before heat 

excavation can improve the heat production in the process of using CO2 as working fluid. 
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Fig. 5.13 Outlet fluid temperature and net heat extraction rate for the different initial 

carbon dioxide saturation and injection strategy 

5.4.2.3 The influence of the matrix permeability 

Fluid flow capacity exists in the rock matrix, even though fracture networks are the major 

pathway for the fluid migration. The pore space in the rock matrix also provides the ideal 

place for the injected fluid storage. Both the flow and storage capacity in the rock matrix are 

mainly controlled by the matrix permeability. Matrix permeabilities ranging from 1 × 10-14 

m2 to 1 × 10-15 m2 are used in the current simulation. Fig. 5.14 shows the distribution of the 

CO2 saturation and the fluid temperature at t = 2,500 days in the case km = 1 × 10-14 m2. 

Compared with the results in Fig. 5.12, it can be concluded that higher matrix permeability 

promotes the migration of injected cooled CO2 in fractured rocks. The overall CO2 saturation 

along the fracture plane is significantly improved, and the fluid temperature inside fracture 

networks is much lower. 
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(a) Fluid temperature, K  (b) Carbon dioxide saturation  

Fig. 5.14 The distribution of the carbon dioxide saturation and the fluid temperature at 

t = 2,500 days (km = 1×10-14 m2) 

The outlet fluid temperature in each time step decreases with the growth of the matrix 

permeability, as shown in Fig. 5.15(a). However, a larger matrix permeability contributes to 

the increase of the net heat extraction rate (see Fig. 5.15(b)). The fluid flow rate in the rock 

matrix increases because of the increase of the matrix permeability, resulting in the decrease 

of temperature in the surrounding rock and thus accelerates the temperature drawdown in the 

production wellbore. Still, the higher fluid flow rate contributes to the increased fluid 

production, significantly enhancing the heat extraction rate even through the produced 

temperature drops. Fig. 5.15(c) evaluates the CO2 storage capacity during the process of the 

heat extraction. The fluid loss effect along the fracture walls is intensified if larger matrix 

permeability is employed. The enhanced flow capacity promotes the storage of the injected 

CO2 in the rock matrix. It is illustrated that the rock matrix with a higher permeability 

possesses a high CO2 storage capacity in geothermal development. 

5.4.2.4 The influence of the fracture aperture 

The effects of the fracture aperture are analyzed by varying the aperture value from 100 μm 

to 200 μm in the simulation. Fig. 5.16 shows the distribution of the CO2 saturation and the 

fluid temperature at the end of the simulation when the fracture aperture is 100 μm. The 

permeability controlled by the fracture aperture in the fracture network system is low, 
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decreasing the flow capacity of the two-phase fluid. Therefore, the CO2 saturation in the 

fracture space concentrates in a relatively small region compared with the results in Fig. 5.12, 

where the fracture aperture is 200 μm. The low temperature mainly resides in the area close 

to the injection wellbore, while the other parts maintain a high temperature value. 
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Fig. 5.15 Outlet fluid temperature, net heat extraction rate, and carbon dioxide storage 

for different matrix permeability 

 

 

 
 

 

 

(a) Fluid temperature, K  (b) Carbon dioxide saturation  

Fig. 5.16 The distribution of carbon dioxide saturation and fluid temperature at t = 

2,500 days (e = 100 μm) 

The results of the evolution of the outlet fluid temperature (see Fig. 5.17(a)) shows that the 

increase of the fracture aperture leads to the lower value of the outlet fluid temperature 

throughout the developing process. The temperature differential even reaches about 70 K at 

2,500 days by comparing the case e = 100 μm and the case e =200 μm. However, the net heat 

extraction rate increases with the growth of the fracture aperture, as shown in Fig. 5.17(b). A 
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larger fracture aperture provides flow passages with higher permeability for fluids flow in 

fracture networks. The increased volume of produced fluid in the production wellbore 

contributes to the greater heat energy extracted. Furthermore, the relative rapid flow rate in 

fracture networks also promotes the CO2 storage in the rock mass. Fig. 5.17(c) shows that the 

CO2 storage capacity reaches about 6 × 105 t at the end of the simulation when the fracture 

aperture equals 200 μm. 
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(c) The evolution of the carbon dioxide storage 

Fig. 5.17 Outlet fluid temperature, net heat extraction rate, and carbon dioxide storage 

for different fracture aperture 

5.4.3 Example 3: Buoyancy effect on heat mining considering fracture networks 

This section numerically investigates the influence of buoyancy effect on the efficiency of 

geothermal development by incorporating gravity terms. A doublet system with two parallel 

horizontal wellbores is employed for the case study. As shown in Fig. 5.18, the dimension of 

the reservoir is 500 m (x) × 300 m (y) × 200 m (z). Both hydraulic fractures and natural 

fractures are considered in the current cuboid model. Four parallel rectangular hydraulic 

fractures with identical dimensions (210 m × 120 m) connect the injection and production 

wellbores. The natural fractures are randomly distributed with varying sizes to generate a 

fracture network system. All fractures in the simulation feature the same fracture aperture 

(𝑒 = 200 μm). Pure CO2 is injected from the injection horizontal wellbore into the hydraulic 

fractures, while the geothermal production is processed from the other horizontal wellbore 

(production wellbore). The reservoir is assumed to be impermeable and insulated. The initial 
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reservoir pressure is 20 MPa, and the initial reservoir temperature is 450 K. The total 

simulation time is 2,500 days.  

 
Fig. 5.18 A doublet system (two horizontal wells) embedded with fractures 

5.4.3.1 Production with Different Pressure Differentials 

Pressure differentials are varied using different injection pressures (𝑃𝑖𝑛𝑗 = 22.0 MPa, 23.5 

MPa, or 25.0 MPa) in the injection wellbore for the simulation of geothermal development. 

The production pressure is kept as constant throughout the simulation (𝑃𝑝𝑟𝑜 = 20 MPa). The 

efficiency of the heat mining is also evaluated by the net heat extraction rate 𝐺 (Equation 5.1).  

Fig. 5.19 shows the distribution of CO2 saturation and fluid temperature at the end of 

simulation for the case 𝑃𝑖𝑛𝑗  =  22.0  MPa. In the situation where the buoyancy effect is 

considered, the CO2 migrates to the production wellbore through the upper region of the 

fracture networks. It can be observed that the high CO2 saturation resides along the fracture 

top edges (shown in Fig. 5.19(a)). The upward migration of injected cooling fluid, 

accordingly, promotes the heat flow in both forward and upward directions. Fig. 5.19(b) 

indicates the relatively rapid temperature drops along the fracture top edges. However, the 
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carbon dioxide migrates evenly in the fracture networks if the gravity effect is not considered. 

Rather than cumulating along the top edge of fractures, the CO2 saturation builds up along the 

fracture plane with higher values presented close to the injecting regions (shown in Fig. 

5.19(c)). Further, the fluid temperature is distributed more symmetrically in the hydraulic 

fractures, since the intensities of thermal convection in top and bottom regions are similar. 

  

  

(a) CO2 saturation (with gravity) (b) Fluid temperature, K (with gravity) 

  

(c) CO2 saturation (without gravity) (d) Fluid temperature, K (without gravity) 

Fig. 5.19 The distribution of CO2 saturation and fluid temperature in fracture networks 

at the end of the simulation (with gravity v.s. without gravity) 

The capacity of CO2 storage and the efficiency of geothermal development are analyzed in 

different injection strategies. As shown in Fig. 5.20(a), the CO2 storage increases in each 

simulation time as the pressure differential growths. In the case with high injection pressure, 

large volumes of injected pure CO2 migrate along the natural fractures and enter the rock 

matrix through the hydraulic fractures. At the meantime, the CO2 production increases, and 
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the enhanced two-phase flowrate contributes to the high net heat extraction rate throughout 

the simulation (shown in Fig. 5.20(b)). In the initial injection stage, the water flowrate in the 

production well is increased with time, while the production of CO2 is much lower. 

According to the density-pressure-enthalpy relationships for water and CO2, water features 

higher enthalpy and the net heat extraction rate increases in this stage. However, the 

production of CO2 gradually growths and the flow rate of water drops as the injection process 

continues, contributing to the decrease of the net heat extraction rate. The influence of CO2 

buoyancy is also illustrated in Fig. 5.20. Higher capacity of CO2 storage can be obtained if 

the gravity effect is considered in all cases. The upward migration traps carbon dioxide in the 

top edges of fractures and even promotes CO2 to enter the surrounding rock matrix. About 

3.5 × 104 t CO2 storage can be additional achieved after 2,500 days if the gravity effect is 

considered in the simulation. The CO2 buoyancy also promotes the efficiency of heat 

production. Higher net heat extraction rate can be obtained throughout the simulation for each 

case. 
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(b) The evolution of the net heat extraction rate 

Fig. 5.20 Carbon dioxide storage and net heat extraction rate for different injection 

pressure (with gravity v.s. without gravity). 

5.4.3.2 Production with Different Injection Flow Rates 

In this section, rather than using the constant pressure differential, injection flowrates (0.006 

m3/s, 0.008 m3/s and 0.010 m3/s) are used to characterize the injection condition. The 

evolution of CO2 storage and the net heat extraction rate influenced by both injection 

flowrates and the gravity effect are presented in Fig. 5.21. The CO2 storage increases with the 

growth of the injection flowrate. The net heat extraction rate decreases rapidly at the initial 

stage and becomes stable after 500 days. This is because relatively high percentage of water 

with larger heat enthalpy is produced from the production wellbores, creating higher heat 

energy during the initial stage. The produced volume of CO2 increases as the circulation 

process continues, which results in the decrease of the net heat extraction rate. Similar to the 

results in former section, higher capacity of CO2 storage can be obtained in simulations 

considering gravity effects in each injection condition. The net heat extraction rate is slightly 

improved due to the intensified preferential flow considering CO2 buoyancy. 
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(b) The evolution of the net heat extraction rate 

Fig. 5.21 Carbon dioxide storage and net heat extraction rate for different injection flow 

rate (with gravity v.s. without gravity). 

5.5 Conclusion 

A numerical model based on the three-dimensional D-UPM is proposed to simulate the two-

phase flow and thermo-hydro coupled process in CO2-based EGS considering complex 
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fracture networks. The pipe equivalent technique is employed to discretize governing 

equations for the two-phase flow and the heat transmission with the local thermal non-

equilibrium concept in both fractures and the rock matrix. A sequential implicit time scheme 

is used to solve discretized forms with high computational efficiency. The current model is 

verified against analytical results for the classic Buckley-Leverett problem. Sensitivity 

analyses are carried out with respect to the capillary parameter and pure CO2 injection rate 

using a doublet system horizontally embedded with one large fracture. It is illustrated that the 

capillary contrast poses great influences on the distributions of the CO2 saturation and the 

fluid temperature. The increase of the injection flow rate promotes the produced CO2 

saturation in each time step and accelerates the temperature drawdown in the production well. 

The complex fracture networks are considered in the simulation. The results indicated that the 

promising potential of heat extraction can be achieved using pure CO2 as working fluid 

instead of cooled water. Analyzing the effects of the initial reservoir CO2 saturation 

demonstrates that increasing the reservoir CO2 saturation before heat excavation can improve 

the heat production. Furthermore, increasing both the matrix permeability and the fracture 

aperture enhances the performance of the heat extraction and the CO2 sequestration. In the 

final case considering gravity effects, the intensified uplift effect of CO2 is contributed by the 

fracture networks with a high connectivity. Compared with the results in the situation 

eliminating the gravity effect, both higher CO2 storage volume and net heat extraction rate 

are achieved when the CO2 buoyancy effect is considered in the same operation condition. 

The influences of different operation strategies (different production pressure differential and 

injection flow rate) on the performance of the heat mining and the carbon dioxide 

sequestration are also analyzed. Higher pressure differential and injection flow rate result in 

higher CO2 storage capacity and net heat extraction rate throughout the simulation. It should 

be noted that the mechanical behavior and the fluid-rock interaction process pose impacts on 
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the fluid flow and heat transmission in geothermal development. These factors will be 

incorporated into the current model in future studies. 
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Chapter 6.  Heat Extraction Mechanism in a Geothermal 

Reservoir with Rough-walled Fracture Networks 

6.1 Introduction 

This chapter aims at understanding the mechanism of heat extraction from a geothermal 

reservoir characterized by rough-walled fracture networks. The local thermal non-equilibrium 

(LTNE) model (Sun et al., 2017; Gelet et al., 2012; Jiang et al., 2013; Ouyang et al., 2017) is 

introduced in the simulation of geothermal development by incorporating a heat transfer term 

controlled by the fluid-solid temperature difference, contact area at the interface and the heat 

transfer coefficient (HTC) (Zhao, 2014; Heinze et al., 2017; Huang et al., 2017a; Huang et 

al., 2017b; Ma et al., 2018b). The HTC determines the intensity of the heat transfer between 

the fluid and solid phases and thus is regarded as a critical parameter in the estimation of 

thermal production. 

Numerous work including experimental and theoretical studies has been carried out to 

investigate the heat transfer coefficient. Based on the convectional core-scale triaxial test 

platform with a cylindrical rock specimen installed, a series of flow-through experiments 

were performed by injecting the cool fluid into a man-made fracture of the rock specimen 

which was continuously heated (Zhao, 1987; Zhao and Tso, 1993). The influence of different 

fracture apertures and various flow velocities on the heat transfer effect was analyzed. Ogino 

et al. (1999) determined an average heat transfer coefficient by using a physical model where 

water was injected into the two-dimensional circular fracture plane. Large scale tests were 

performed in Lu and Xiang (2012) to investigate the effect of fluid flow on the temperature 

distribution considering several pre-set apertures in the granite. The most recent work carried 

out by Bai et al. (2017) focused on characterizing the overall HTC. Flow and heat transfer 

tests were performed using a newly developed multi-field triaxial test system to precisely 
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estimate thermal properties of rock specimens under different confining pressure, confining 

temperature and fluid flow rate. Analytical models were also proposed on the establishment 

of experimental findings. A thermal boundary layer model was suggested by Chapman 

(1984) to calculate the average HTC for the laminar fluid flow through a flat plate 

maintaining a constant temperature. However, it was demonstrated that this model 

overestimated the value of the HTC according to the study of Zhao (2014). In Zhao’s work, a 

power correlation was found to determine the HTC by combining previous experimental 

results (Zhao, 1993) and an analytical solution for a rectangular model embedded with a 

single straight fissure. Explicit results of the overall HTC based on a realistic half-disk model 

were provided in recent studies (Bai et al., 2017; Zhang et al., 2015; Huang et al., 2016a; 

Huang et al., 2016b). The analytical model (Bai et al., 2017) verified by the experimental 

results indicated that HTC was positively correlated with the fluid flow rate, while the 

coefficient decreased with the growth of the fracture aperture. Different from the above 

models in the steady-state condition, a transient solution was proposed to describe the local 

heat transfer process through a dynamic heat transfer coefficient (Heinze et al., 2017). This 

dynamic result was extended to simulate the heat transfer in a reservoir scale.  

Most of the previous studies mentioned above were carried out based on a smooth-walled 

fracture model with a constant fracture aperture. However, man-made or natural fractures in 

EGS are typically coarse and irregular (Chen et al., 2015; Ma et al., 2018b). The existence of 

rough-walled fractures, on one hand, greatly influences fluid flow patterns by generating the 

channeling effect (Wang et al., 2016; Luo et al., 2016; Guo et al., 2016). Channels, formed by 

the random distribution of fracture apertures along the fracture surface, are characterized with 

the tortuous property and have variable apertures along their length (Tsang and Tsang, 1987). 

In the spatially heterogeneous aperture fields, the fluid flow in these passages tends to be 

channelized along several preferential paths. The “channeling effect” is thus defined as a 
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phenomenon of preferential paths filling with an increasing portion of the fluid flow (Guo et 

al., 2016). On the other hand, the impact of fracture roughness on the heat-transfer 

mechanism between fluid and fracture walls is also demonstrated in literatures. According to 

the experimental and theoretical studies by He et al. (2016), the heterogeneous distribution of 

the local HTC was mainly controlled by the degree of fracture roughness. Recent experiments 

(Li et al., 2017) compared the convection heat transfer characteristics between distilled water 

flow in a man-made smooth-walled fracture and a rough-walled fracture. It was concluded 

that the heat transfer effect was intensified with the increase of the fracture roughness. 

Nevertheless, these qualitative findings cannot be directly employed to the simulation of 

geothermal development, and few studies have been done to find the quantitative relationship 

between the HTC and the fracture roughness. 

It is also a great challenge to simulate the heat transfer in a three-dimensional model 

embedded with rough-walled fracture planes, even though numerous discrete fracture 

network (DFN) based models were proposed to simulate engineering problems such as CO2 

sequestration, heat mining and oil&gas development by assuming that all fractures were 

smooth (Xia et al., 2015a; Xu et al., 2015; Wu et al., 2017; Ma et al., 2017; Chen  et al., 

2018a; Ren et al., 2017b). Grids with extremely small sizes were assumed to be applicable to 

model the aperture distribution along fracture surfaces, aiming at precisely describing the 

surface properties. The fluid flow channeling effect was discussed based on the small sized 

grid in literature (Ishibashi et al., 2015; Watanabe et al., 2008; Zhang et al., 2017). However, 

these accurate simulations are only applicable to a core-scale model, since the high 

computational cost exists if extremely large numbers of elements are generated on fracture 

planes in a 3D macroscopic model to reflect the fracture surface roughness. On the other 

hand, the random distribution of apertures for each fracture in fracture networks with 

complex geometries is another difficult task to be solved.  
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An equivalent parameter analysis strategy can be the effective solution for the 

abovementioned difficulties. In this study, the fluid flow and heat transfer in both core-scale 

and representative elementary volume (REV)-scale models are simulated using the dual 

unified pipe-network method (D-UPM). This numerical method incorporating the LTNE 

theory is verified against analytical solutions with different mesh strategies along fracture 

surfaces. In the core-scale model with a rough-walled fracture surface, the channeling effect 

and the heterogeneous distribution of fluid temperature are simulated. An equivalent heat 

transfer coefficient (EHTC) is quantitatively obtained from numerical experiments with 

respect to the flow rate, equivalent hydraulic aperture (EHA) and mechanical aperture. 

Instead of precisely describing the aperture information in each fracture node, equivalent 

parameters including the EHA and EHTC obtained are used to simulate macroscopic flow 

and heat transfer process in a 3D REV model embedded with rough-walled fractures. The 

influences of different mechanical apertures and fracture surface properties on the efficiency 

of heat transfer are investigated. The significance of considering EHTC in the modeling of 

geothermal development is also addressed by comparing with the situation using the constant 

HTC suggested by previous studies (Sun et al., 2017; Shaik et al., 2011). 

6.2 Mathematical model and numerical method 

In this study, the single-phase fluid flow and heat transfer is assumed in both rock matrix and 

fractures. The pressure and flow rate distributions are evaluated with Darcy flow, and cubic 

law is assumed to be valid in the local area of the fracture surface. The local thermal non-

equilibrium (LTNE) theory is incorporated into a three-dimensional dual unified pipe-

network method with a single fracture or multiple fractures randomly generated in the 

domain. Chemical and mechanical effects are ignored in the current simulation. 
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The fluid flow and heat transmission through a single fracture with variable apertures in a 

core-scale model is calculated in the D-UPM framework. Previous studies have indicated that 

the fluid flow pattern is sensitive to the distribution of fracture apertures in the single-fracture 

model (Renshaw, 1995; Tsang and Neretnieks, 1998). A log-normal distribution of fracture 

apertures, verified based on laboratory and field studies (Bourke et al., 1985; Johns et al., 

1993), is commonly employed to describe the fracture surface properties (Guo et al., 2016; 

Renshaw, 1995; Moreno et al., 1988). The stochastically generated aperture values are 

assigned to each node of the fracture surface divided into square meshes. The log of the 

fracture aperture B(x, y) follows the normal distribution along the x-y plane, since the fracture 

aperture e(x, y) is assumed to be log-normally distributed in the current study: 

 ( ) ( )yxeyxB ,log, 10= . (6.1) 

The arithmetic mean value E of the aperture e(x, y) can be calculated based on the mean a 

and the standard deviation σ of the log-aperture B(x, y):  

 ( )
221

exp ln10 10
2

aE 
 

=  
 

, (6.2) 

where E is interpreted as the mechanical aperture since the arithmetic mean aperture 

represents the average distance between two fracture walls (Renshaw, 1995).  

An exponential form of the isotropic autocovariance function A(r) is employed to generate a 

random aperture field (Moreno et al., 1988; Zhang et al., 2017): 
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where r is the separation lag, λ is defined as the correlation length. 
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For a rectangular rough-walled fracture shown in Fig. 6.1, the inlet and outlet boundaries are 

assigned with constant pressures. The other boundaries are impermeable. Thus, the equivalent 

hydraulic aperture (EHA) eh can be evaluated as (Watanabe et al., 2008): 
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12
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Q
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, (6.4) 

where Q is the volumetric flow rate obtained from the numerical simulation; W is the width 

of the fracture perpendicular to the fluid flow direction; L is the length of the fracture parallel 

to the fluid flow direction; ∆P is the pressure differential between the inlet and outlet 

boundary. 

 

Fig. 6.1 Boundary condition for a rough-walled fracture with the unidirectional fluid 

flow 

6.3 Model verification 

This section aims to verify the D-UPM based LTNE model with a smooth-walled fracture 

embedded in the core-scale rock mass. A cuboid model with dimension 300 mm × 50 mm × 

50 mm contains a rectangular fracture horizontally placed in the center of the domain, as 

shown in Fig. 6.2. The rock matrix is assumed to be impermeable in this case, and only the 

fracture with a constant aperture take effects in the situation of fluid flow and heat transfer 
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between fluid and fracture walls. Still, the evolution of solid temperature contributed by the 

heat conduction in the matrix is considered based on the Equation (2.24). 

 

(a) Square elements for the fracture surface 

 

(b) Triangular elements for the fracture surface 

Fig. 6.2 Core-scale model embedded with a single smooth fracture 

In the process of designing boundary conditions, fluid temperatures Tin and T0 are assigned on 

the inlet and outlet boundaries, respectively. The constant fluid flow velocity u is used to 

describe the simple seepage field. Solid temperatures on the top and bottom sides are also 
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remained as constants, i.e., Ts = T0. The rest of boundaries are set as non-flow and thermal 

isolation boundaries. The fluid temperature is the same as the solid temperature in the initial 

condition Ts = Tf = T0 (The fluid temperature in the domain equals the outlet fluid temperature 

at t = 0). Parameters used in this case are listed in table 6.1. 

Table 6.1 Simulation parameters for model verification 

Parameters Symbol Unit Value 

Injection velocity u mm/s 10.63 

Fluid density ρf kg/m3 1000 

Fluid viscosity μ Pa·s 0.001 

Thermal conductivity of fluid λf J/(m·K·s) 0.6 

Thermal conductivity of rock λs J/(m·K·s) 3.5 

Heat capacity of fluid cf J/(kg·K) 4200 

Heat capacity of rock cs J/(kg·K) 790 

Equivalent hydraulic aperture eh mm 19.17 

Inlet fluid temperature Tin K 315 

Initial temperature T0 K 363 

 

It should be noted that no analytical solution can be found for the above three-dimensional 

finite system. However, an analytical result for a simplified two-dimensional model (obtained 

by cutting along x-z plane at y = 25 mm in Fig. 6.2) with a linear fracture horizontally 

embedded is also valid for the verification, since the 3D model is symmetric about x-z plane 

at y = 25 mm. The boundary conditions and parameters for this 2D model are the same as 

those mentioned above, except that the constant outlet temperature is assigned at x = +∞. The 

analytical solution for the fluid temperature in the fracture can be written as (Zhao, et al., 

2014): 

 ( ) ( )
( )0 0
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r
f in

f f h r

hK
T x T T T x

u c e K hH

 
= + − −  + 

, (6.5) 

where H is the height of the model. It is demonstrated that heat conduction in the fracture can 

be negligible comparing with the thermal convection under the experimental condition, and 
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thus this simplification is also employed in the current numerical simulation. Two types of 

mesh grids for the fracture surface are used and verified respectively, i.e., the square element 

and the triangular element shown in Fig. 6.2(a) and Fig. 6.2(b). The square-element model 

aims at performing the numerical experiments in the core-scale domain embedded with the 

roughed-walled fracture. While the triangular-element model is designed to simulate the 

process of the heat extraction in a REV scale domain by using equivalent parameters. 

Fluid temperature in the fracture along flow direction is extracted and compared with 

analytical results in different values of the fracture heat transfer coefficient.  Results obtained 

from both square-element and triangular-element meshed models are in consistent with the 

analytical solutions, as shown in Fig. 6.3, demonstrating the reliability of D-UPM in the 

simulation of the heat transfer in fractures. It is also indicated that the average fluid 

temperature in the fracture increases as the heat transfer coefficient growths large in this case. 

6.4 Numerical inversion for the equivalent heat transfer coefficient 

The verified D-UPM is employed in this section to simulate the channeling effect and 

heterogeneous distribution of temperature along a rough-walled fracture surface in a core-

scale model. Correlations are obtained for the quantitative evaluation of the EHTC based on 

numerical experiments combining with an analytical solution. 

6.4.1 Channeling flow and heterogeneous temperature distribution 

As mentioned in Section 6.2, fracture apertures follow the two-dimensional log-normal 

distribution. Three groups of rough-walled fracture surfaces are generated based on three 

constants of the mechanical aperture E, namely, 20 μm, 35 μm, and 50 μm for each group. 

Therefore, the mean a of the log-aperture B(x, y) can be interpreted according to Equation 

(6.2) if the value of the standard deviation σ is provided. In each group with the same 

mechanical aperture, rough-walled fracture surfaces are divided into five subgroups by 
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different standard deviations varying from 0.3 to 0.7. The spatial correlation length is kept as 

a constant (λ = 5 mm) for all the subgroups. The stochastic distributions of fracture apertures 

are simulated based on a specific set of fracture aperture parameters (a, σ, λ) (Guo et al., 

2016). And ten realizations in terms of the same set of fracture aperture parameters are 

generated to investigate the dependence of realizations. 
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Fig. 6.3 Comparison of the D-UPM results (two types of grids) with the analytical 

solution 

In the core-scale model embedded with a single smooth fracture, the empirical relationship 

between fracture heat transfer coefficient and flow velocity is obtained by combining the 

analytical solution for the LTNE model with previous experimental results (Zhao, 2014). This 

correlation is assumed to be valid in this study, and can be expressed as: 
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, (6.6) 

where h is the fracture heat transfer coefficient, and u is the flow velocity. h0 and u0 are 

constants introduced from experimental results. Here, h0 is 12.64 W/(m2·K) and u0 is 10.63 
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mm/s based on the first set of experiment in Zhao’s study (Zhao, 2014; Zhao et al., 1993). Q0 

which will be used in Section 6.4.2 is also obtained from this experiment, and set as 10.39 

mm3/s. Furthermore, A is around 1.0, and B is suggested between 1.0 and 2.0 (Zhao, 2014). In 

the current simulation, both A and B are assumed to be 1 since linear relationship between h 

and u is obtained in the most recent experimental study (Li et al., 2017).  

The Equation (6.6) together with the cubic law is incorporated into D-UPM framework to 

calculate the heterogeneous fluid flow and heat transfer along the rough-walled fracture. The 

model employed is the same as Fig. 6.2(a) using square grids, except that various apertures 

are assigned to each node rather than adopting a constant aperture along the whole fracture 

surface. Based on the hydraulic and thermal properties listed in Table 6.1 combining with the 

boundary information, the pressure and temperature fields on the rough-walled fracture 

surface can be obtained for each group. Fig. 6.4 and Fig. 6.5 are examples of simulated 

results containing the heterogeneous distributions of the fracture aperture, hydraulic pressure, 

flow rate and fluid temperature based on the same mechanical aperture E = 20 μm. 

  

(a) Distribution of aperture (b) Distribution of flow rate 

  

(c) Distribution of pressure (d) Distribution of temperature 

Fig. 6.4 Representative results for the fluid flow and heat transfer within a rough-walled 

fracture (E = 20 μm, σ = 0.3) 
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(a) Distribution of aperture (b) Distribution of flow rate 

  

(c) Distribution of pressure (d) Distribution of temperature 

Fig. 6.5 Representative results for the fluid flow and heat transfer within a rough-walled 

fracture (E = 20 μm, σ = 0.5) 

In the case with low standard deviation (σ = 0.3), the distribution of fracture apertures (shown 

in Fig. 6.4(a)) is more uniform than the case with higher standard deviation (σ = 0.5) as 

shown in Fig. 6.5(a). The fluid channeling effect can be observed in both cases with multiple 

flow passages existing in the region featuring with large aperture value. Relatively higher 

fluid flow rate is obtained when the standard deviation is low by comparing Fig. 6.4(b) with 

Fig. 6.5(b). It is difficult for the fluid to pass along the fracture surface with intensified 

heterogeneity of the aperture distribution. Flow passages are narrowed resulting in a small 

amount of fluid passing through the whole rough surface, as shown in Fig. 6.5(b). The 

heterogeneous distributions of pressure and temperature for both cases are presented in Fig. 

6.4(c)-(d) and Fig. 6.5(c)-(d). Different from the smooth-surface situation where isolines for 

pressure or temperature values are parallel with the inlet boundary, the isolines are twisted 

because of the unevenly distributed apertures. The distribution of fluid temperature, 

particularly, is more heterogeneous in the case with the high value of σ, as shown in Fig. 

6.5(d). On the other hand, the lower fluid temperature extends further from the inlet boundary 
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(shown in Fig. 6.4(d)) if the standard deviation is low. This phenomenon is generated by the 

large flow rate combining with the intensity of the heat transfer between the fluid and fracture 

walls.  

6.4.2 Equivalent heat transfer coefficient 

On the establishment of the above numerical experiments, the fluid flow rate at the outlet 

boundary, the EHA as well as the fluid temperature at the location x = 0.1 m are calculated 

for each case. These parameters are employed to solve the EHTC combining with the 

analytical solution (Equation 6.5) mentioned in Section 6.3. Equation (6.5) can also be 

written as: 
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The average values of the ratio of the EHA to the mechanical aperture eh/E and the 

dimensionless ratio of the heat transfer coefficient to the fluid flow rate (heq/h0)/(Q/Q0) are 

calculated for each subgroup corresponding with specific standard deviation and mechanical 

aperture. It should be noted that the simulated results have minor dependence on realizations 

in each subgroup. The maximum percentage of dispersion is about 10% for the value of 

(heq/h0)/(Q/Q0) in the case with high standard deviation (σ = 0.7). On the other hand, the value 

of eh/E remains at an identical interval if the standard deviation is the same, indicating that 

this term is only σ dependent. The relationship between these two average ratios are plotted in 

Fig. 6.6 for the correlation analysis, and the power function form is found suitable for the 

fitting process. Three correlations are obtained for each case with specific mechanical 

aperture E: 
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It should be mentioned that the degree of the fracture surface roughness can be qualitatively 

represented by the ratio of the EHA and the mechanical aperture. The decrease of eh/E 

indicates the intensified degree of the fracture roughness (Renshaw, 1995; Brton et al., 1985). 

From Equation (6.8) to Equation (6.10), it can be concluded that the equivalent heat transfer 

coefficient increases with the growth of fluid flow rate. Furthermore, the intensified surface 

roughness also increases the value of heq when the flow rate is kept as a constant. These 

results are in consistent with experimental discoveries in Li et al. (2017). 
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Fig. 6.6 Correlation diagram between eh/E and (heq/h0)/(Q/Q0) 

6.5 Simulation of geothermal development in a REV-scale model with 

fracture networks 

Fracture networks are considered in this section to simulate the process of heat mining in 

geothermal reservoir. As shown in Fig. 6.7, a cubic model of side length 5 m is designed 
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based on the size of representative elementary volume (REV) in a typical field case (Min et 

al., 2004; Luo et al., 2016). Different from the core-scale model where the fracture is 

discretized as fine structured square elements to perfectly describe the aperture information 

along the fracture surface, an advanced adaptive mesh method (Wang et al., 2017) is used to 

discretize the large-scale complex system with fracture networks. Equivalent information 

obtained from numerical experiments in Section 6.4 is employed in this case to consider the 

influence of the fracture roughness on the macroscopic flow and heat transfer.  

6.5.1 The distribution of fractures and fracture equivalent hydraulic aperture 

All fractures randomly generated in the domain are elliptical. The geometrical properties of 

fractures are controlled by parameters including the length of major and minor axes, the dip 

and dip direction. 100 fractures, divided into two groups with equal number, are uniformly 

embedded in the macroscopic model. The distribution parameters for generating geometric 

information of fractures in the simulation are listed in Table 6.2. 

Table 6.2 Parameters for stochastically generating fracture networks 

Normal distribution 

Item SubItem Mean Standard deviation 

Fracture size 
Length of major axis 1.5 (m) 1 

Length of minor axis 1.5 (m) 1 

Fisher distribution (Fisher coefficient is 15) 

Item Mean Minimum Maximum 

Dip direction 
30°(Group 1) 0° 60° 

210°(Group 2) 180° 240° 

Dip 45° 0° 90° 

 

Each generated fracture is discretized as triangular elements as shown in Fig. 6.7(a), while 

the matrix is discretized as tetrahedral elements based on the conforming mesh method (Fig. 

6.7(b)). The total number of elements used in this simulation is around 1,100,000. 
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(a) Discretizing fractures as triangular elements 

 
(b) Discretizing matrix as tetrahedral elements 

Fig. 6.7 Distribution of 100 fractures in the rock mass 

As mentioned in Section 6.4, the ratio of the EHA to the mechanical aperture eh/E can be 

used to indicate the rough-walled properties along fracture surfaces. The fracture surface 

roughness varies in fractures in the complex fracture network system, which is represented by 
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a normal distribution of E/eh employed in the current simulation. Distribution parameters 

including the mean value and the standard deviation are 7.5 and 1, respectively. Therefore, 

the EHA can be derived based on E/eh for each fracture. It should be noted that the value of 

EHA is valid only in the condition E/eh>1.  

In each fracture node, the equivalent heat transfer coefficient heq is no longer a constant. The 

local heq can be calculated based on Equations (6.8) – (6.10) combining with the local 

hydraulic parameters related with eh. 

6.5.2 Macroscopic flow and heat transfer in a REV-scale model 

In a REV-scale model as shown in Fig. 6.7, a constant fluid temperature is assigned at the 

bottom boundary (inlet), while the temperature gradient is kept as zero on the top (outlet). 

The rest boundaries are impermeable and thermal-isolated. The pressure difference is kept as 

a constant between the inlet and outlet side. The fluid and solid temperatures are T0 in the 

initial situation. Parameters used in the simulation are listed in Table 6.3. The fluid flow 

properties and other thermal information including conductivities and heat capacities for both 

fluid and solid phases can be found in Table 6.1. The total simulation time is 100 days in this 

case. 

Three sets of mechanical apertures, 20 μm, 35 μm and 50 μm, are used in the modeling, 

respectively. Fig. 6.8 shows the simulated results for the situation E = 35 μm in different 

simulation time. Slices of x-z plane at y = 25 m and y-z plane at x = 25 m are selected to 

indicate the evolution of fluid temperature with time. Two models considering rough-walled 

and smooth-walled fractures respectively are simulated and compared. It is evident that the 

fluid temperature in the domain decreases with simulation time whether fractures are smooth 

or not. The shape of fractures is prominent in the temperature distribution diagram when 

fractures are smooth, as shown in Fig. 6.8(a). This is because the relatively high flow rate in 
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the smooth fracture facilitates the migration of the injected water with lower temperature. The 

rapid reduction of the temperature in the whole domain, on the other hand, is occurred due to 

the high value of the EHTC contributed by the high flow rate. The temperature field in 50 

days indicates that thermal energy is almost completely extracted when fractures are 

considered as smooth. However, the fluid temperature is more uniformly distributed in the 

domain if the fracture roughness is considered, as shown in Fig. 6.8(b). The flow rate is 

comparatively much slower due to the small value of the EHA. The newly injected fluid 

retained in fractures has enough time to be heated by the surrounding matrix maintaining with 

much higher temperature. The overall temperature is still within a high level even after 50 

days.  

Table 6.3 Parameters for macroscopic flow and heat transfer in a REV-scale model 

Parameters Symbol Unit Value 

Pressure difference ∆P MPa 1 

Intrinsic permeability of matrix km m2 1×10-18 

Porosity of matrix ϕm - 0.01 

Porosity of fracture ϕf

 
- 1 

The solid-fluid interface heat transfer coefficient hint
 

W/(m3·K) 10 

Initial temperature T0
 

K 473 

Inlet fluid temperature Tin
 

K 315 

The average fluid temperature at the outlet boundary is calculated in each time step (Sun et 

al., 2017), which contributes to the final outlet temperature draw-down curves for cases with 

the different mechanical aperture and the fracture surface property, as shown in Fig. 6.9. For 

each group with the same mechanical aperture, it is indicated that the outlet temperature in 

the situation with smooth-walled fractures decreases sharply and becomes much lower by 

comparing with the case where fracture roughness is considered. The intensified flow 

impedance resulted from the fracture roughness prevents the rapid heat production rate, 

maintaining the outlet fluid temperature at a high level. In the comparison among three 
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groups with the same fracture surface properties, thermal breakthrough takes place at much 

earlier time when the mechanical aperture is 50 μm. It is demonstrated that the fluid flow rate 

dominates the heat transfer effect in the geothermal development. The higher flow rate 

increases the value of EHTC and intensifies the heat transfer between the fluid in fractures 

and fracture walls. The thermal energy reserved in the rock mass is extracted in relatively 

short period by the continuous rapid fluid flow. 

The sensitivity analysis in respect of the HTC is carried out for this multi-fractured model. 

For the situation with rough-walled fractures embedded, the mechanical aperture is kept as 50 

μm, and different values of the HTC are used (h = 10, 100, 500, 5000 W/(m2·K)) to simulate 

the heat mining process. The average fluid temperature at the outlet boundary is calculated 

and the outlet temperature draw-down curves are plotted in Fig. 6.10. It is indicated that the 

decrease rate of the outlet temperature accelerates with the growth of HTC, but it does not 

change much when h is larger than 100 W/(m2·K) since the sufficient heat transfer effect 

contributes to the local thermal equilibrium between the fluid temperature in fractures and the 

temperature in fracture walls. The heat transfer process will not continue even if h becomes 

extremely large. Therefore, the outlet temperature approaches the same value after 100 days. 

Results obtained based on different value of HTC are also compared with the situation 

incorporating the EHTC which is locally influenced by the flow rate and the fracture 

apertures. It is concluded that the decrease rate of the outlet temperature in the model with 

parameter-dependent heq is even slower than the case where h remains 10 W/(m2·K) after 30 

days. The constant value of HTC is much larger in previous studies, e.g., ranging from 300 to 

900 W/(m2·K) in Shaik et al. (2011) and equaling to 3000 W/(m2·K) in Sun et al. (2017). 

Therefore, the outlet temperature obtained by employing the HTC in previous work is about 

25 K lower than the situation that the EHTC is used in the simulation after 100 days, leading 

to the underestimation of the final heat production. 
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 Time = 10 days Time = 30 days Time = 50 days  
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(a) Fluid temperature, K (E = 35 μm, smooth-walled fracture networks) 

x-z 

   

 

y-z 

   

(b) Fluid temperature, K (E = 35 μm, rough-walled fracture networks) 

Fig. 6.8 Distribution of fluid temperature at different simulation time (model with 

smooth-walled fractures vs. model with rough-walled fractures) 
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Fig. 6.9 Temperature draw-down curves with different mechanical apertures and 
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Fig. 6.10 Temperature draw-down curves with different heat transfer coefficients (E = 

50 μm, rough-walled fractures) 

Fig. 6.11 shows the distribution of fluid temperature in different simulation time for both 

cases where the heq is influenced by hydraulic parameters and the h remains 100 W/(m2·K). 

The average value of the parameter-dependent heq is comparatively low as indicated in Fig. 
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6.11(a). The weak effect of heat transfer keeps the temperature in the matrix at a high level, 

which makes the fractures containing fluid with low temperature prominent in the 

temperature field. However, the intensified heat transfer effect leads to the phenomenon of 

the local thermal equilibrium in the case that h equals to 100 W/(m2·K), as shown in Fig. 

6.11(b). The fluid temperature in fractures is almost the same as that in surrounding matrix at 

each time step. This sufficient heat transfer process contributes to a much lower outlet 

temperature as illustrated in Fig. 6.11(b) when the simulation time is 50 days. 

Time = 10 days Time = 30 days Time = 50 days 

 

   

 

(a) Fluid temperature, K 

(use EHTC, E = 50 μm for the rough-walled fracture system) 

   

 

(b) Fluid temperature, K 

(use the constant HTC 100 W/(m2·K), E = 50 μm for the rough-walled fracture system) 

Fig. 6.11 Distribution of fluid temperature at different simulation time (model with heq 

influenced by hydraulic parameters vs. model with a constant h) 
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6.6 Conclusion 

A dual unified pipe-network method is proposed to simulate the fluid flow and heat transfer 

in the local thermal non-equilibrium model by considering rough-walled fractures embedded 

in the rock mass. Both fractures and the matrix are discretized as pipes, which facilitates the 

coupling process of fracture pipes and matrix pipes by a simple superposition method. Two 

sets of mesh generating methods are used in a single fracture system and verified against 

analytical solutions. The square element system can be used to simulate the channeling effect 

and the heterogeneous temperature field by precisely describing the aperture distribution 

along the fracture surface in a core-scale model. On the other hand, the triangular element 

system combining with the conforming mesh technique can be used in a REV-scale 

simulation considering randomly generated fracture networks. 

In the core-scale model, numerical experiments about the flow and heat transfer through a 

single rough-walled fracture are performed in the D-UPM framework. The simulated results 

indicated that the equivalent hydraulic aperture (EHA) decreases as the standard deviation of 

the log-normal distribution model for apertures becomes large, which intensifies the degree 

of the fracture roughness. The flow rate is diminished in the process of fluid channeling and 

the distribution of fluid temperature becomes more heterogeneous. Combining the numerical 

results with an analytical solution, the equivalent heat transfer coefficient can be obtained 

with respect to the flow rate, mechanical aperture and the EHA. It is demonstrated that either 

increase of the flow rate or the fracture roughness would promote the value of EHTC. This 

conclusion is in consistent with the experimental findings of Li et al. (2017). 

The macroscopic flow and heat transfer process is also simulated in the REV-scale model 

embedded with rough-walled fracture networks. An equivalent parameter analysis strategy is 

performed based on the equivalent parameters obtained from core-scale simulations. This 
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method simplifies the process of representing the fracture roughness in a larger-scale domain 

and improves the computational efficiency. It is concluded that rough-walled fractures with 

lower permeability reduce the flow rate and slow down the cooling process of the rock mass 

in the condition with the same mechanical aperture, and thus the thermal breakthrough time is 

relatively longer. In the situation with the same fracture roughness information, the increase 

of the mechanical aperture facilitates the decrease rate of the outlet temperature. Furthermore, 

it is also demonstrated that the constant value of the heat transfer coefficient recommended in 

previous studies will underestimate the final outlet fluid temperature in the simulation of 

geothermal development with rough-walled fracture networks. Thus, the EHTC proposed in 

the current study is essential and should be employed in the engineering analysis. 

Several limitations should be addressed in this chapter. The geothermal development is a 

multi-physical coupled process where chemical and mechanical effects should be taken into 

consideration in future studies. Non-Darcy fluid flow in fractures is also demonstrated in 

previous studies and should be discussed and incorporated to develop a more powerful 

simulation tool. 
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Chapter 7.  Thermo-hydro-chemical Coupled Heat 

Extraction Process in Fractured Geothermal Reservoir 

7.1 Introduction 

A doublet system development strategy is commonly used in the heat mining of fractured 

geothermal reservoir (Zhang et al. 2013; Rawal and Ghassemi, 2014; Pandey et al., 2014). 

Water with relatively low temperature is injected from an injection wellbore into the 

formation featured with complex fracture networks, and the heated fluid is extracted from the 

production wellbore through the underground circulation process promoted by the 

connectivity of discontinuities (Zeng et al., 2013, Huang et al., 2016b, Xu et al., 2018). Multi-

physical coupled processes including the heat transmission, seepage flow and mechanical 

deformation are involved in the doublet system and exert significant influences on the heat 

production. In order to improve the geothermal development efficiency, numerous researches 

are carried out to study the effects of critical parameters, including rock and fluid properties, 

injection conditions and the distribution of discontinuities on heat extraction through 

production wells by investigating the multi-physical coupled mechanism (Jiang et al., 2014, 

Luo et al., 2016, Sun et al., 2017, Fan et al., 2017, Chen et al., 2018b). 

However, the impact of the chemical reaction in the multi-fractured system is rarely taken 

into consideration in previous studies. The circulated water containing with chemical 

components continuously interacts with the fractured rock mass during the geothermal 

development. Permeability and fracture conductivity are strongly influenced by the chemical 

interaction, which alters the seepage field, thermal distribution as well as the mass transport 

process (Rawal and Ghassemi, 2014). It is difficult to characterize the reaction kinetics of 

different chemical components and incorporate entire chemical reactivities into the estimation 
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of the performance of geothermal development. Silica mineral is the most abundant reactive 

component in granite and sandstone reservoirs of many well-known geothermal fields such as 

Cooper basin, Soultz-sous-Forets, Fenton Hill, etc (Breede et al., 2013; Pandey et al., 2015). 

The chemical reaction of silica precipitation/dissolution is considered as the major chemical 

impact to simplify the understanding of the chemical effects on heat mining (Rawal and 

Ghassemi, 2014; Pandey et al., 2015). Both experimental and numerical studies have been 

carried out to investigate the influence of silica reactions. Carroll et al. (1998) investigated 

the amorphous silica precipitation in laboratory experiments influenced by the pH value, 

temperature and the silica concentration, and the silica reaction kinetics was compared in 

field and laboratory studies. Gunnarsson and Arnórsson performed the reactor experiments to 

determine the amorphous silica solubility in deionized water (Gunnarsson et al., 2000). The 

temperature dependent equation for the silica reaction kinetics was obtained through the 

solubility data combining with previous data. The deposition of amorphous silica was also 

studied in pipes contained with zirconia (Mroczek et al., 2000). Significant reduction of 

porosity and permeability were found in the region close to the injection well in several years' 

production. Dobson et al. demonstrated that silica was the dominant dissolved constituent by 

the investigation of mineral reaction under anticipated pressure and temperature conditions in 

the laboratory experiments (Dobson et al., 2003). The time for fracture sealing effects was 

estimated based on the tested results combing with TOUGHREACT models. The fluid 

temperature and the pH value were considered as the two major factors in the kinetics of 

silica polymerization in Dixit et al. (Dixit et al., 2016). Experimental results indicated that pH 

value had much stronger influence on the silica precipitation when the sea-water-derived 

geothermal fluid with high-temperature was injected. 

Experimental findings and field tests provide foundations for the numerical simulation which 

is an effective tool to predict the performance of geothermal development. A three-
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dimensional rough-walled fracture was considered in a numerical model based on the 

Lagrangian-Eulerian method (Yasuhara and Elsworth, 2006). The evolution of fracture 

aperture and permeability was examined on different injection conditions by taken the 

chemical dissolution into consideration. Liu et al. developed a hydro-mechanical-chemical 

model to simulate the fracture sealing and opening by combining with the core-flooding tests 

containing with the chemical process (Liu et al., 2006). The boundary element method 

(BEM) combining with the finite element method (FEM) was used to compute the solid 

mechanics and transport processes respectively in the thermo-hydro-mechanical-chemical (T-

H-M-C) coupled heat extraction of geothermal reservoir (Rawal and Ghassemi, 2014). The 

non-uniform distribution pattern of fracture aperture was obtained by considering the silica 

reaction kinetics influenced by both the fluid temperature and solubility. Pandey et al. 

developed a thermo-hydro-chemical (T-H-C) coupled model to simulate the higher reactivity 

in limestone reservoirs (Pandey et al., 2014). The rapid fracture aperture growth or decrease 

was identified in different saturated conditions. According to the abovementioned model, the 

fracture aperture evolution influenced by the injection of cold water into silica reservoirs was 

simulated for a long life-cycle geothermal development process (Pandey et al., 2015). The 

effects of the initial fracture aperture heterogeneity on chemical reaction related temperature 

draw down were also quantified in the multi-physical coupled framework. However, only one 

large fracture is considered in these studies even if the chemical reaction is incorporated, 

which oversimplifies the simulation of heat mining process in geothermal reservoirs with 

complex fracture networks. 

In this chapter, the process of geothermal development in a doublet system containing 

fracture networks is simulated by incorporating the LTNE model. The chemical reaction 

kinetics of silica precipitation/dissolution is also used in the governing equation of the mass 

transport in fractured rocks. The thermo-hydro-chemical (T-H-C) coupled process is 
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discretized using the unified pipe-network method and verified by carrying out the 

convergence tests with one large fracture embedded in the doublet system. A case study is 

performed by considering several major connected fractures in the same geothermal 

development model. The influences of different injection temperatures and saturation 

conditions on the alteration of fracture apertures are analyzed. Further, the effects of injection 

pressure differential and initial fracture aperture on silica dissolution/precipitation are also 

investigated. 

7.2 Mathematical model and numerical discretization 

The simulation of thermo-hydro-chemical coupled process in the geothermal development is 

controlled by several governing equations, including fluid flow, heat transmission and solute 

transport for both matrix and fractures. Single-phase fluid flow is assumed in the current 

model neglecting the boiling effects in the geothermal reservoir. The mechanical responses 

are also not considered. The silica, as one of the major chemical components in the heat 

mining, is considered in the chemical reaction process. The reaction kinetics of silica 

precipitation/dissolution is described, which influences the alteration of fracture apertures. 

Governing equations for silica transport and reaction in the rock matrix and fractures are 

presented in Section 2.4.2.1. 

Detailed derivation for all governing equations based on UPM and D-UPM can be found in 

Chapter 3. After using the pipe equivalence technique and merging the matrix and fracture 

pipes at the material interface according to the principle of superposition, the final discrete 

form for the governing equations in T-H-C coupled system can be obtained. A sequential 

implicit time scheme is then employed to solve these equations. In each time step, the loop 

terminates until the solutions calculated by a direct sparse solver in each node become stable 

or the iteration limit is achieved. 
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7.3 Convergence analysis 

Convergence analyses are carried out to verify the T-H-C coupled process in D-UPM 

framework. A doublet system of a silicic geothermal reservoir (silica is considered as the 

most abundant reactive mineral) is incorporated into the three-dimensional discontinuous 

model, horizontally embedded with a single large rectangular fracture. As shown in Fig. 7.1, 

this cuboid model with dimension of 200 m × 200 m × 50 m, has two parallel wellbores (one 

is injection well and the other is production well) located 100 m away from each other. The 

rectangular horizontal fracture is discretized into triangular elements, while the matrix is 

discretized as tetrahedral elements based on the self-developed conforming mesh technique. 

The constant pressure 1P  = 12 MPa, temperature inT  = 373 K and concentration finC  = 0.05 

mol/kg are indicated in the injection strategy, and production boundary is assigned with a 

constant pressure condition 2P  = 0 MPa. Parameters used in this modeling are listed in Table 

7.1. The total simulation time is 300 days. 

 

Fig. 7.1 Schematic of a doublet system for heat mining in the geothermal reservoir 

The production information is critical in the doublet system. The outlet temperature and silica 

concentration in the production well are recorded in each time step. The robustness of D-
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UPM is analyzed using different time steps and total grid numbers in the simulation of heat 

extraction. Four time-steps, ranging from 2 days to 20 days, are employed to demonstrate the 

time convergence, as shown in Fig. 7.2. The outlet fluid temperature decreases with time in 

different time steps (shown in Fig. 7.2(a)), while the outlet silica concentration increases with 

time as the production process continues (shown in Fig. 7.2(b)). It is indicated that the 

simulated results are less sensitive to the selection of time step when the time step is less than 

5 days.  

Table 7.1 Simulation parameters for convergence analysis 

Parameters Symbol Unit Value 

Fluid density ρf kg/m3 1×103 

Fluid viscosity μ Pa.s 0.001 

Fluid thermal conductivity λf J/(m·K·s) 0.5 

Fluid heat capacity cf J/(kg·K) 4200 

Rock density ρs kg/m3 2500 

Rock porosity ϕm - 0.2 

Rock intrinsic permeability km m2 1×10-16 

Rock diffusion coefficient D
τ 

e  m2/s 1×10-9 

Rock thermal conductivity λs J/(m·K·s) 3 

Rock heat capacity cs J/(kg·K) 790 

Solid-fluid interface heat transfer coefficient h
m 

int W/(m3·K) 10 

Fracture-fluid heat transfer coefficient h W/(m3·K) 10 

Initial fracture aperture e0 mm 150 

Initial fluid temperature Tf0 K 473 

Initial solid temperature Ts0 K 473 

Initial silica concentration Cf0 mol/kg 0.01 

Production pressure differential ΔP MPa 12 

Injection fluid temperature Tin K 373 

Injection silica concentration Cfin mol/kg 0.05 
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(a) Outlet fluid temperature at production well 
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(b) Outlet concentration at production well 

Fig. 7.2 Convergence analysis with different time step 

The sensitivity to the element size is also analyzed by using different total grid numbers 

ranging from 10,487 to 128,657. Fig. 7.3(a) and Fig. 7.3(b) indicate that both outlet fluid 

temperature and silica concentration are non-convergent when the total grid number is small. 

However, the results become stable when the total grid number is larger than 64,926. 
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(a) Outlet fluid temperature at production well 
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(b) Outlet concentration at production well 

Fig. 7.3 Convergence analysis with different total grid number 

Fig. 7.4 shows the results of the distribution of fluid temperature and silica concentration 

along the fracture plane in 50 days, 100 days and 300 days, respectively. The time step and 

the total mesh grids in the simulation are 5 days and 64,926. The region close to the injection 

well features low fluid temperature value and extends with time as shown in Fig. 7.4(a). The 

thermal breakthrough phenomenon occurs after 50 days, leading to the rapid decrease of 
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outlet fluid temperature in the production well. On the other hand, the silica concentration 

near the injection well is high, and this silica-rich region also extends with time since the 

injection fluid is continuously injected with relatively higher concentration of silica. The 

distributions of fluid temperature and silica concentration converge to a point where the 

production well exits in the fracture plane. It should be noted that the iteration limit in 

numerical simulations is 20. Although the iteration number in each time step increases if 

larger time steps or fewer elements are used, this value is still below the iteration limit in 

current modellings. 

t = 50 days t = 100 days t = 150 days  

   

 

(a) The spatial distribution of fluid temperature, K  

   

 

(b) The spatial distribution of silica concentration, mol/kg  

Fig. 7.4 The distribution of fluid temperature and silica concentration in different time 

steps 

7.4 A Case study of heat extraction 

Based on the verification about the thermo-hydro-chemical coupled process mentioned in 

Section 7.3, a case study about the doublet system employed in a multi-fractured geothermal 
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reservoir is carried out. The geological model is the same as the double-well development 

strategy in Fig. 7.1 except that several large fractures with high connectivity are considered in 

this section. As shown in Fig. 7.5, two parallel fractures intersect with the injection wellbore, 

while another two fractures are connecting with the production wellbore. These two sets of 

fractures are then linked through one fracture located in the middle of the geothermal 

reservoir. All fractures are discretized as triangular elements based on the self-developed 

mesh generation tool (DFNGen), and each node in the three-dimensional space is assigned 

with physical field properties including fluid pressure, fluid and solid temperature, silica 

concentration and fracture aperture information. The rock matrix is discretized as tetrahedral 

elements. The total element number is 109,353 for this case study. The reaction term related 

with silica precipitation/dissolution is incorporated, and the chemical effects are analyzed 

with respect to different injection temperature, pressure differential and initial fracture 

aperture. Parameters involved in following simulations are listed in Table 7.2. The total 

simulation time is 1,800 days. 

 
Fig. 7.5 The distribution of fractures in the 3D model 
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Table 7.2 Parameters for thermo-hydro-chemical coupled simulation 

Parameters Symbol Unit Value 

Fluid density ρf kg/m3 1×103 

Fluid viscosity μ Pa.s 0.001 

Fluid thermal conductivity λf J/(m·K·s) 0.5 

Fluid heat capacity cf J/(kg·K) 4200 

Rock density ρs kg/m3 2500 

Rock porosity ϕm - 0.01 

Rock intrinsic permeability km m2 1×10-18 

Rock diffusion coefficient D
τ 

e  m2/s 1×10-9 

Moles of silica per kg of rock ω mol/kg 10 

Rock thermal conductivity λs J/(m·K·s) 3 

Rock heat capacity cs J/(kg·K) 790 

Solid-fluid interface heat transfer coefficient h
m 

int W/(m3·K) 10 

Fracture-fluid heat transfer coefficient h W/(m3·K) 10 

Initial fracture aperture e0 mm 120 

Initial fluid temperature Tf0 K 473 

Initial solid temperature Ts0 K 473 

Initial silica concentration Cf0 mol/kg 0.01 

Production pressure differential ΔP MPa 20 

Injection fluid temperature Tin K 373 

 

7.4.1 Effect of injection temperature 

The influence of fluid injection temperature on geothermal development is investigated by 

considering over-saturated and under-saturated cases of injected silica, respectively. The 

silica injection concentration is 0.025 mol/kg for over-saturated situation, while 0 mol/kg for 

under-saturated situation. The initial silica concentration in geothermal reservoir is 0.0155 

mol/kg (Pandey et al., 2015), which is in an equilibrium state with the initial reservoir 

temperature of 473 K. Three different injection fluid temperatures, inT  = 333 K, 373 K and 

403 K, are used in the simulation. The over-saturated injection strategy is first analyzed by 

injecting silica solution with high concentration value. Fig. 7.6 shows the evolution of the 

fluid temperature and fracture aperture in different time steps when the injection fluid 

temperature is 373 K. It is indicated that the injected fluid with low temperature extends from 
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the injection well to the production well through these connected fractures with high 

conductivity. The overall temperature in the region between this doublet system decreases 

with time. The temperature contours within the fractures connecting to the injection well are 

in circular shapes, while the two fractures intersecting with the production well contain the 

temperature contours featured with heart shapes. The temperature gradient in the doublet 

system is constructed by the connection of the middle-inclined fracture. The variation of fluid 

temperature is gentle in each connected region of these five large fractures. On the other 

hand, the evolution of the fracture aperture is closely related with reaction rate constant 

(temperature-controlled parameter) and the local silica concentration. The precipitation effect 

in this over-saturated case is intensified either in the situation with high fluid temperature or 

high local silica concentration. Fracture aperture decreases with time since the over-saturated 

solution is continuously injected, as shown in Fig. 7.6. The distribution of fracture aperture 

field indicates that less aperture reduction occurs near the injection wellbore while rapid 

reduction is observed in some distance away from the injection place. This phenomenon is 

also simulated in Pandey et al. (2015), and can be explained as that the effective reaction rate 

sensitive to the silica concentration as well as the fluid temperature controls the non-uniform 

aperture distribution. Relatively higher fluid temperature and silica concentration promote the 

precipitation process and thus contribute to the region with lower aperture. 

Fluid temperature, K 

 

Fracture aperture, m 

 

  

(a) t = 500 days 
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(b) t = 1000 days 

  

(c) t = 1800 days 

Fig. 7.6 The distribution of fluid temperature and fracture aperture in different time 

steps (over-saturated, inT  = 373 K) 

Fig. 7.7 shows the simulated results for the over-saturated situation with different injection 

fluid temperatures. Chemical reaction effects in different fluid temperature injection 

conditions alter the fracture aperture in different level, resulting in the diverse multi-physical 

field distribution. As shown in Fig. 7.7(a), the averaged outlet fluid temperature draw-down 

curves indicate that the reduction of temperature increases with time when the injection fluid 

temperature is relatively low. The production temperature remains at a high level even after 

1,800 days when the injection fluid temperature is 403 K. At the meantime, the evolution of 

production flow rate is sensitive to the injection fluid temperature as shown in Fig. 7.7(b). 

The fluid flow rate drops faster in the high fluid temperature injection strategy. This is 

because the reaction rate increases with fluid temperature, resulting in intensifying the 

precipitation process in each fracture. The fracture aperture reduces rapidly, which 

redistributes the seepage field and accelerates the reduction of fluid flow rate. On the other 

hand, the results of temperature draw-down curves are compared for reaction and non-

reaction cases. The outlet fluid temperature is lower for the non-reaction case in the same 
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inlet fluid temperature condition (shown in Fig. 7.7(a)), since the precipitation is not taken 

place without chemical reaction and the fracture aperture remains a constant. 
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Fig. 7.7 The evolution of outlet fluid temperature and flow rate influenced by injection 

temperature (over-saturated) 
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For the under-saturated injection strategy (fresh water), chemical dissolution is dominated in 

fractures with different fluid temperature injection conditions. Fig. 7.8(a) shows the evolution 

of outlet fluid temperature which has the same trends as the results for the over-saturated 

case. However, the production temperature is much lower when comparing with the non-

reaction cases. The flow rate increases with time in each fluid temperature injection 

conditions, as shown in Fig. 7.8(b). It is indicated that the increment of the flow rate is much 

higher in the high temperature injection condition. The high temperature intensifies the 

chemical effects which accelerates the silica dissolution process in fractures. Therefore, the 

flow rate increases and even reaches over the value of 0.0032 m3/s after 1,800 days in the 

case inT  = 403 K since the fracture aperture is greatly enlarged. 
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Fig. 7.8 The evolution of outlet fluid temperature and flow rate influenced by injection 

temperature (Under-saturated injection) 

The chemical dissolution effect of silica results in the uneven distribution of fracture 

apertures, and alters the transmissivity in the injection and production processes. The 

sensitivity of the silica dissolution to the injection fluid temperature can also be illustrated in 

Fig. 7.9. The aperture distribution of the two cases ( inT  = 333 K and inT  = 403 K) are 

compared. It is evident to find that the overall fracture aperture increment is larger when inT  

= 403 K. Similar to the analysis for the over-saturation injection situation, the chemical 

reaction is much more vigorous in some distance away from the injection wellbore instead of 

the region close to the injection points. The dissolution process is also controlled by both 

local fluid temperature and concentration distributions. The fluid temperature is low in the 

nearby region of the injection borehole, and contributes to the relatively low chemical effects 

even through the silica concentration in the solution is low. The circle-shaped and heart-

shaped aperture contour can also be observed along fractures connecting to the injection well 

and the production well, respectively. 
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(a) Tin = 333 days (b) Tin = 403 days 

Fig. 7.9 The distribution of fracture aperture in different fluid injection temperatures 

(under-saturated) 

7.4.2 Effect of pressure differential 

The production pressure differential is another critical parameter in the geothermal 

development. Three different production pressure differentials, 15 MPa, 20 MPa, and 25 MPa 

are used in this section to simulate the T-H-C coupled heat mining process. The simulated 

results including outlet fluid temperature draw-down curves and flow rate evolution curves 

are plotted in Fig. 7.10. The rapid decrease of outlet fluid temperature can be observed in the 

case with the large value of pressure differential for both over-saturated and under-saturated 

conditions, as shown in Fig. 7.10(a). However, the temperature drop is slower for the over-

saturated condition in comparison with the fresh-water injection strategy when the production 

pressure differential remains the same. According to the flow rate evolution curves shown in 

Fig. 7.10(b), high flow rate can be obtained in the case with high pressure differential. The 

fluid flow rate decreases with time in the over-saturated situation where the silica 

precipitation is dominant, while increases in the under-saturated situation where the 

dissolution controls the alteration of fracture aperture. The alteration rate of the flow rate 

decreases for both saturated situations, since either the precipitation or the dissolution process 

is retarded resulted from the overall decrease of fluid temperature. 
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Fig. 7.10 The evolution of outlet fluid temperature and flow rate influenced by pressure 

differential 

Fig. 7.11 shows the distribution of fluid temperature and fracture aperture after 1,800 days on 

the over-saturated condition for cases P  = 15 MPa and P  = 25 MPa. The injection fluid 

with low temperature extends further in the case with higher pressure differential. Still the 
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temperature distribution patterns close to the injection well and production well are very 

similar to the above simulated results in Section 7.4.1. On the other hand, the distribution of 

the fracture aperture is influenced by the pressure differential. To be more specific, the large 

pressure differential promotes the decrease of the overall temperature in the doublet system, 

which weakens the chemical effects and reduces the speed of silica precipitation in fractures. 

It is indicated that the relatively higher transmissivity can be maintained for much longer time 

in the case with higher pressure differential. 

7.4.3 Effect of initial fracture aperture 

This section aims to investigate the influence of initial fracture aperture on the heat mining 

process in the doublet system. The outlet fluid temperature and flow rate evolution curves are 

plotted in Fig. 7.12 with different initial fracture aperture values, namely, 100 μm, 120 μm 

and 150 μm.  
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(b) P  = 25 MPa 

Fig. 7.11 The distribution of fluid temperature and fracture aperture with different 

production pressure differential (over-saturated) 
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It is indicated that the outlet fluid temperature deceases rapidly in the case with larger initial 

fracture aperture. In the comparison between the over-saturated and under-saturated results of 

final simulated outlet fluid temperature when the initial fracture aperture is 100 μm, the 

temperature difference is about 33 K. However, the final produced fluid temperature 

difference is only 2.7 K when e  = 150 μm, which concludes that larger initial fracture 

aperture reduces the effect of chemical precipitation and dissolution on the distribution of 

overall fluid temperature. The larger initial fracture aperture also increases the fluid flow rate 

by improving the transmissivity, as shown in Fig. 7.12(b). The decrease value of flow rate 

from start injection to the end of the simulation is approximate 0.0007 m3/s in all cases with 

different fracture apertures for the over-saturated situation. And the increase value of flow 

rate is about 0.001 m3/s for the under-saturated situation. It demonstrates that the fracture 

aperture has limited influence on the alteration of flow rate which is controlled by the silica 

chemical effects. 
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Fig. 7.12 The evolution of outlet fluid temperature and flow rate influenced by fracture 

aperture 
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Fig. 7.13 The distribution of fluid temperature in different initial fracture apertures and 

saturated conditions 
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The fluid temperature distributions for both over-saturated and under-saturated conditions in 

the cases of e  = 100 μm and e  = 150 μm are plotted in Fig. 7.13. It is indicated that the 

injected fluid with low temperature extends further when the fracture aperture is larger with 

the same injection concentration. The comparatively lower outlet fluid temperature is 

obtained in the case e  = 150 μm. On the other hand, for the model with the same aperture 

information, the overall temperature decreases faster in the under-saturated case. Especially, 

the effects of the initial fracture aperture on the chemical reaction related fluid temperature 

distribution is remarkable when e  = 100 μm. The notable difference of the fluid temperature 

distribution between these two saturated conditions can be observed by comparing the results 

in Fig. 7.13(a) and (c). 

7.5 Conclusion 

A three-dimensional T-H-C coupled model based on D-UPM is developed to simulate the 

heat mining process in fractured geothermal reservoirs. The temperature dependent reaction 

kinetics of silica is incorporated to describe the precipitation/dissolution effects on the 

alteration of the fracture aperture. Different from the local thermal equilibrium assumption 

made in previous studies, the LTNE concept is introduced to characterize the heat transfer 

between solid and fluid phase. The pipe equivalence technique and the superposition 

principle are employed to solve the fluid transfer problem along the material interface, which 

reduces the computational complexity. The current method can be easily implemented and is 

verified by carrying out the convergence tests in respect of different total grid numbers and 

time steps. Fracture networks are introduced into a case study with the doublet system. The 

simulated results with different injection strategies indicate that the over-saturated inlet silica 

solution with higher temperature promotes the precipitation effect in fractures, while the 

chemical dissolution is intensified in the under-saturated condition with the same higher 

injection fluid temperature. The alteration of fracture aperture is not uniform in the three-
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dimension system. Particularly, the rapid increase or reduction is observed in some distance 

away from the injection well. This distribution pattern is in consistent with the previous study 

(Pandey et al., 2015). The larger value of production pressure differential promotes the 

decrease rate of outlet fluid temperature in either saturated situation, and tends to maintain 

the fracture aperture as the initial value. For the simulations with varying initial fracture 

apertures, the effect of chemical precipitation and dissolution on the distribution of overall 

fluid temperature is weakened with larger initial fracture aperture. The analysis of decrease or 

increase value of flow rate in different saturated situations indicates that the fracture aperture 

has limited influence on the alteration of flow rate controlled by the silica chemical effects. 

Still the mechanical behavior in fractures will be considered in future studies. 
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Chapter 8.  Evaluation of Geothermal Development 

Considering Proppant Embedment in Hydraulic Fractures 

8.1 Introduction 

This chapter aims at developing a thermo-hydro-mechanical coupled model to simulate the 

heat production in propped fractures by incorporating a proppant embedment model. 

Characterized by low permeability and low porosity in hot dry rocks, hydraulic stimulations 

are commonly employed in the development of geothermal energy by creating multiple 

hydraulic fractures to form enhanced geothermal systems (EGS) (Olasolo et al., 2016; Xia et 

al., 2017; Lu, 2018). To maintain high conductivities along these hydraulic fractures during 

heat production, fluids suspended with proppants are injected. The proppants support the 

fracture walls and create flowing channels after the hydraulic pressure is removed (Guo et al., 

2017). Both fluid flow and heat transmission in geothermal reservoirs mainly depend on the 

conductivity of hydraulic fractures; thus, the influences of proppants on the efficiency of 

geothermal development should be investigated. 

Various analytical and numerical proppant embedment models have been proposed. Khanna 

et al. (2012) developed a mathematical model to obtain the opening profile of fractures filled 

with a sparse monolayer of proppants. Fracture conductivity was determined using numerical 

calculations. Gao et al. (2012) considered both fracture surface and proppant deformation to 

derive fracture conductivity based on an analytical model. Both single-layer and multi-layer 

embedding patterns were studied, without considering the proppant crush. Guo et al. (2017) 

proposed a simplified model to analyse the evolution of fracture apertures in conditions in 

which proppants were evenly distributed or sparsely distributed. The residual fracture 

opening was analysed in Neto et al. (2015) considering the compressible properties of 
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proppants. The performance of a partially filled hydraulic fracture was studied while exerting 

confining stresses. Wang and Elsworth (2018) addressed the importance of proppant 

distribution on well performance by considering rough-walled fracture surfaces. To solve a 

numerical model for analysing fracture conductivity, they used the displacement 

discontinuity method with constant strength elements. Furthermore, other advanced proppant 

embedment models have also been proposed for channel fracturing in which highly fracture 

conductivity can be achieved by generating proppant pillars. Analytical solutions based on 

the Hertz contact theory (Hou et al., 2016; Zheng et al., 2017) and numerical results based on 

the discrete element method (DEM) (Zhu et al., 2019) have been employed to optimize the 

parameters of proppant pillars distributed in hydraulic fractures. However, few of these 

models have been implemented in geothermal development with hydraulic fracturing and 

proppant injection.  

Past decades have seen progresses in the numerical simulation of the thermo-hydro 

circulation in fractured geothermal reservoirs. Continuum-based methods, featuring low 

computational costs and easy implementation in programming, were commonly used to 

simulate heat production in a five-spot fractured reservoir model (Xu et al., 2006; Pruess, 

2008; Jiang et al., 2014; Pan et al., 2018). However, it is essential to explicitly present 

fractures in the computational model, since fracture deformation in response to hydraulic 

pressure, in-situ stress, and the mechanical behaviour of embedded proppants needs to be 

characterized. Discrete-fracture-network (DFN)-based methods have been used in thermo-

hydro (TH) coupled processes in geothermal development. Fracture networks were embedded 

in three-dimensional geothermal reservoirs, and both fluid flow and heat transmission were 

captured to analyse the fluid temperature field and the heat production (Kolditz, 1995a; Xu et 

al., 2015; Song et al., 2018; Chen et al., 2018b). On this basis, mass transport and chemical 

reactions were incorporated into the multi-physical coupled system to investigate the impact 
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of chemical effects on heat mining. The evolution of the fracture aperture and the fluid 

temperature field in response to fracture dissolution/dissipation has been simulated in a 

doublet system (Pandey et al., 2014; Pandey et al., 2015; Chen et al., 2018b). The variation of 

the fracture conductivity was considered a major factor dominating the thermo-hydro 

circulating process, since the rock matrix featured much lower permeability and porosity. 

Recent studies have further introduced the role of stress in the mechanical behaviour of 

fractures. Thermo-hydro-mechanical (THM) coupled models were developed to understand 

the mechanism of heat extraction driven by stresses in a fractured system (Ghassemi and 

Zhou, 2011; Zhao et al., 2015; Guo et al., 2016; Ma et al., 2019a). The heat exchange 

between solids and fluids has been captured using local thermal non-equilibrium (LTNE) 

theory (Sun et al., 2017). A coupled process including fluid flow, heat transmission, chemical 

reactions, and mechanical behaviour was simulated to better characterize heat production in a 

fractured geothermal system (Kolditz et al., 2012; Rawal and Ghassemi, 2014). The use of 

supercritical carbon dioxide as a working fluid instead of water has attracted great interest 

(Zhang et al., 2014). A multi-phase and multi-physical coupled model was proposed to 

simulate heat extraction in fractured scCO2-based EGS (Chen et al., 2019).  

In this study, the influence of proppant embedment is incorporated into a T-H-M coupled 

model to simulate geothermal development. An analytical model for the evolution of the 

fracture aperture in response to the distribution of proppants is derived, neglecting the effects 

of proppant crush and fracture surface roughness. The stress field in a fractured geothermal 

reservoir is analysed based on the finite element method (FEM) by considering the analytical 

model for proppant embedment along hydraulic fractures. The thermo-hydro circulating 

process is captured by the dual unified pipe-network method (D-UPM), which has been 

widely used in simulations of oil and gas development, CO2 sequestration, and heat 

extraction with complex fracture networks (Ren et al., 2017; Chen et al., 2018a; Ma et al., 
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2018a). Verification and convergence tests for the combined FEM-D-UPM method are 

performed. Parameters analyses are then carried out to study the efficiency of geothermal 

development in response to the mechanical behaviour of propped fractures and reservoir 

properties. The effects of the propped hydraulic fracture number and spacing are also 

investigated for the doublet circulating system. 

8.2 Mathematical model and numerical discretization 

Fractures and the rock matrix are both considered in the geothermal development system. To 

simplify the model, the fractures are regarded as parallel planes with regular geometries 

embedded into the three-dimensional rock space. In the current thermo-hydro-mechanical 

coupled model, the fluid flow obeys Darcy’s law and fluid physical properties change with 

the temperature field. Chemical and gravity effects are neglected. The fracture rock system 

complies with the thermo-poro-elastic constitutive law. Proppants are introduced into the 

hydraulic fractures for the extraction of geothermal energy. The deformation of fractures is 

controlled by the fluid pressure and the mechanical properties of the rocks and proppants. 

8.2.1 Fluid flow and heat transmission in fractured rock mass 

Considering the linear stress-strain constitutive law, Equation (2.40) is employed to 

characterize the deformation in fractures and rock matrix. In the hydraulic fractures, the 

mechanical behaviour of the proppant should be incorporated into the deformation equation. 

The mass conservation equation for fluid flow in both fractures and porous media can be 

written as: 

 ( ) v
f f f f
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t t
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, (8.1) 



153 

For the process of heat transmission based on LTNE, Equations (2.23-2.25) are used in the 

modelling of the temperature field. Previous studies (Gan and Elsworth, 2016; Chen et al., 

2018b) have indicated that water viscosity is much more sensitive to fluid temperature 

compared with water density in a non-boiling system below 473 K. Therefore, water density 

is considered to be constant in the simulation. An empirical equation is used to capture the 

variation of fluid viscosity (Holzbecher 1998; Song et al., 2018): 
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8.2.2 Proppant embedment 

Hydraulic fractures in a geothermal reservoir possess conductive capability with the 

embedment of proppants. Fig. 8.1 presents a single-layer pattern in the fracture for the 

derivation of proppant embedment and fracture conductivity. Proppants are assumed to be 

evenly paved and the distance between two adjacent proppants is prl . The proppant 

distribution density is defined as 
21/pr prD l=  in this study. 

 

Fig. 8.1 The embedment of proppants in a hydraulic fracture (single-layer) 



154 

Fractures are discretized into small elements in the numerical analyses. For each fracture 

element, element area eA  is defined. Thus, the number of proppants prN  in each fracture 

element can be calculated as: 

 
2/pr e prN A l= . (8.3) 

The initial fracture width can be calculated based on the proppant radius. If the proppant 

radius is represented as R , the initial fracture width 0w  is 2R . 

A solution for the contact between an elastic sphere and a half-space based on the Hertz 

contact theory was derived in previous studies (Johnson 1987; Guo et al., 2017). Thus, the 

radius of the contact circle a , the contact depth  , and the maximum contact stress maxP  can 

be obtained: 
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where R  is the proppant radius (shown in Fig. 8.1), F  is the applied force, and *E  is related 

to Young’s Modulus and Poisson’s Ratio for both the proppant ( pE , pv ) and the rock 

formation ( rE , rv ): 
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For each fracture element, the effective stress can be calculated based on , , ,e c e n e fP P= − , 

where ,e n  and ,e fP  are fracture element normal stress and fracture pressure, respectively. 

The maximum contact stress maxP  is related to the average contact stress aveP , i.e., 

max 3 / 2aveP P=  (Guo et al., 2017). The average contact stress can be expressed as: 
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Base on Equation (8.4) and Equation (8.6), the radius of the contact circle, the contact depth, 

and the average contact stress can be respectively derived as: 
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The elastic deformation of proppants is assumed for the evenly paved system. The proppant 

deformation can be calculated by: 

 0
ave

p

p

P
w w

E
 = . (8.10) 

The variation of the fracture aperture is composed of the contact depth and the proppant 

deformation, which can be written as: 

 2f pw w  =  + . (8.11) 

Therefore, the final fracture aperture is: 

 0 fw w w= −  .  (8.12) 
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The fracture porosity cannot be assumed to be constant when proppants are embedded. The 

fracture permeability can be calculated based on the Kozeny-Carman equation, which is 

widely employed in oil exploration and chemical engineering (Sanematsu et al. 2015, Zheng 

et al., 2017). Fracture porosity and permeability can be respectively expressed as: 
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where eV  is the volume of the fracture element and PV  is the embedded proppant volume in 

each element, which can be derived as ( )3 24
2 / 3

3
p prV R b R b N 

 
= − − 

 
. Parameter b  is 

2 2b R R a= − − . C  is the Kozeny-Carman constant with an assigned value of 5 for uniform 

spherical packing. PS  is the specific surface area, defined as the total pore surface area per 

unit volume, i.e., /p w pS A V= . The total pore surface area wA  is composed of two parts: the 

contact area between fracture faces and fluid sA , and the contact area between proppants and 

flowing fluid pA . 

 
22s e prA A N a = −  , (8.15) 

 2 24p prA R R a N= − , (8.16) 

 w s pA A A= + . (8.17) 

Once the fracture aperture and permeability are obtained, the fracture conductivity can be 

calculated as: 
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f

cF k w=  . (8.18) 

The above proppant embedment model is investigated by assigning properties to the rock and 

the proppant. The proppant radius is set to 0.3175 mm, and Young’s modulus and Poisson’s 

ratio for the proppant are set to 35 MPa and 0.14, respectively. Poisson’s ratio for rock is 

0.14. Other parameters are varied to analyze the evolution of fracture conductivity 

considering the mechanical behavior of the embedded proppants.  
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Fig. 8.2 The relationship between fracture conductivity and proppant distribution 

density at different effective stresses 

Results in Fig. 8.2 show the relationship between fracture conductivity and proppant 

distribution density at different effective stresses. The fracture conductivity CF  first increases 

to a peak value and then decreases as the proppant distribution density increases. Proppants 

with higher distribution densities, on the one hand, reduce the embedment and deformation 

effects to support the opening of the fracture aperture. On the other hand, both fracture 

porosity and permeability decrease as the filled proppants become denser. Thus, an optimal 
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value of the proppant distribution density exists to guarantee the fracture conductivity while 

saving costs. Both Fig. 8.2 and Fig. 8.3 indicate that CF  decreases as effective stress cP  

increases. However, the growth of Young’s modulus for rock promotes fracture conductivity 

as the proppant embedment effect decreases, as shown in Fig. 8.3. 
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Fig. 8.3 The relationship between fracture conductivity and effective stress at different 

Young’s modulus for rock 

8.2.3 The unified pipe-network method and finite element method 

In the current simulation, the thermo-hydro coupled process in the fractured geothermal 

system is calculated based on D-UPM. The rock matrix and fractures are discretized as 

tetrahedral and triangular elements in a three-dimensional space. The element edges are 

regarded as matrix pipes and fracture pipes and the pipe equivalent technique is employed to 

obtain the fluid flow and heat transmission information for each pipe. For a detailed 

derivation, see Chapter 3. To calculate the pressure field for a single-phase flow, the rock 

matrix is assigned with the rock’s intrinsic permeability and porosity, while the determination 

of the flow properties in fractures is based on the mechanical behaviour and the Kozeny-

Carman equation. The equivalent pipe conductance coefficient is then obtained using a series 
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connection. Similarly, the equivalent pipe thermal conductance coefficient can be calculated 

by assigning the nodal thermal conductivity. The pipe heat convection term is obtained after 

the pipe flowrate is calculated. The above pipe information at the fracture-matrix interface is 

unified based on a superposition principle (Chen et al., 2018a). An implicit time scheme is 

employed to solve the pipe-network-based discretized form for the T-H coupled process. 

The finite element method (FEM) is used to capture the mechanical behaviour of the rock 

matrix and fractures. The weak form for the governing equation (Equation (8.1)) can be 

derived based on the principle of virtual work (Wang et al., 2019). The global stiffness matrix 

and the nodal loading information are programmed, and the displacement field is calculated. 

More details for the FEM-based derivation can be found in Ma et al. (2019a) and Wang et al. 

(2019). The effective pressure along fracture surfaces, calculated based on the stress 

information and fluid pressure, is then imported into the proppant embedment model. The 

variation of the fracture aperture can be captured in response to the material properties and 

the effective stress. Fig. 8.4 provides a flowchart for this interactive process.  

8.3 Model verification 

The current thermo-hydro-mechanical (T-H-M) coupled model is verified in this section. A 

geometric cuboid with dimensions of 5 m (x) × 5 m (y) × 10 m (z) is employed, as shown in 

Fig. 8.5. The initial temperature and initial pressure are set to 293 K and 0 MPa, respectively, 

for the homogeneous domain. On the injection boundary, the injection pressure is 3 MPa and 

the injected fluid temperature is 373 K. The compressive stress zP  = 10 MPa is exerted along 

the z axis. A roller constraint is assigned to the other boundaries. The outlet pressure is 0 MPa 

and the temperature gradient is zero along the outflow direction. The other boundaries are 

impermeable and thermally insulated. All parameters used in the verification are listed in 

Table 8.1. 
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Fig. 8.4 Flowchart of the numerical procedure based on FEM-UPM 

Fig. 8.6 provides the results, including displacement, fluid temperature, and pressure at the 

central line along the z-axis. These results are obtained at three different simulation times (2 

days, 5 days, and 10 days). The results indicate that the overall temperature increases with 

time, resulting in the decrease of the displacement. Enhanced thermal expansion gradually 

compensates for the displacement contributed by the loading stress. The evolution of fluid 

pressure is affected by changes in fluid properties with temperature and the storage effect. 

The pressure gradient tends to become constant as the injection process continues. The 
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simulated results based on the current method are compared with those obtained from 

commercial software (COMSOL) with the same geometry, material parameters, and 

boundary conditions. Fig. 8.6(a)-(c) illustrates that agreement is achieved between these two 

numerical implementations, which verifies the reliability of the current method for simulating 

the THM coupled process. 

 
Fig. 8.5 A cuboid model for verification 

Table 8.1 Simulation parameters for model verification 

Parameters Symbol Unit Value 

Loading stress long z direction Pz MPa 10 

Elastic modulus of rock Er GPa 30 

Poisson’s ratio vr - 0.15 

Biot’s coefficient α - 1.0 

Water storage coefficient S 1/Pa 1×10-9 

Thermal expansion coefficient β 1/K 5.0×10-7 

Rock permeability km m2 1×10-14 

Rock porosity ϕm - 0.2 

Pressure difference ΔP MPa 3 

Fluid density ρf kg/m3 1000 

Thermal conductivity of fluid λf J/(m·K·s) 0.6 

Thermal conductivity of rock λs J/(m·K·s) 3.5 

Heat capacity of fluid cf J/(kg·K) 4200 

Heat capacity of rock cs J/(kg·K) 790 

Inlet fluid temperature Tfin K 373 

Initial temperature T0 K 293 
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(a) Displacement along the z coordinate 
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(b) Fluid temperature along the z coordinate 
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(c) Pressure along the z coordinate 

Fig. 8.6 Comparison of results between the current method and COMSOL 

8.4 Convergence analyses 

Convergence analyses for a reservoir scale model should be carried out before a case study 

on the impacts of proppants is performed. A reservoir model with the dimensions of 1000 m 

(x) × 600 m (y) × 200 m (z) is employed, as shown in Fig. 8.7. Two horizontal wells (an 

injection well and a production well) are designed in the reservoir to generate the doublet 

system. It is assumed that hydraulic stimulation has been performed and five hydraulic 

fractures are created perpendicular to the well orientation. The fractures have identical 

dimensions of 400 m × 100 m. The spacing between any two adjacent fractures is 50 m. The 

proppant embedment in each hydraulic fracture is considered in the circulating process. 

The initial reservoir temperature is 420 K, and the initial reservoir pressure is 30 MPa. In the 

doublet circulating system, the injection pressure inP  is 35 MPa and the injected fluid 

temperature is 343 K. The production pressure proP  is 25 MPa. The in-situ stresses for the 

reservoir model are assigned: the overburden stress along the z-axis is 100 MPa, the 
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maximum horizontal stress along the x-axis is 80 MPa, and the minimum horizontal stress 

along the y-axis is 65 MPa. Table 8.2 lists other reservoir and proppant physical properties 

for the convergence test. 

 

Fig. 8.7 The geometry of the reservoir model with hydraulic fractures 

Table 8.2 Simulation parameters for the convergence analyses 

Parameters Symbol Unit Value 

Minimum horizontal stress σh MPa 65 

Maximum horizontal stress σH MPa 80 

Overburden stress σV MPa 100 

Elastic modulus of rock Er GPa 30 

Poisson’s ratio of rock vr - 0.15 

Biot’s coefficient α - 1.0 

Water storage S 1/Pa 1×10-9 

Thermal expansion coefficient β 1/K 5.0×10-7 

Rock permeability km m2 1×10-15 

Rock porosity ϕm - 0.1 

Fluid density ρf kg/m3 1000 

Proppant radius R mm 0.3175 

Distance of adjacent proppants lpr mm 5 

Young’s modulus of proppant Ep GPa 35 

Poisson’s ratio of proppant vp  0.14 
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The total simulation time is 2000 days, and the results of averaged production fluid 

temperature are recorded throughout the modelling. Different element numbers are used to 

perform the convergence tests. As shown in Fig. 8.8, the fluid temperature converges as the 

element number increases. The dependence of results on the mesh size can be ignored when 

the element number is larger than 120,000. The influence of time steps on the convergence of 

fluid temperature is also analysed, and the results are plotted in Fig. 8.9. The results show that 

fluid temperature converges as the time step is reduced. Selecting less than 20 days for the 

time step leads to reliable results in the simulation. 

The fluid pressure, viscosity field, fracture aperture field, and fluid temperature field are 

plotted in Fig. 8.10. The figure shows that high fluid pressure concentrates at the injection 

well, and the fracture aperture decreases along hydraulic fractures from the injection well to 

the production well because of decreasing effective stress. The low temperature extends in 

the near-wellbore region of the injection well. A drop of fluid temperature can be identified in 

the production well at the end of the simulation. The distribution of fluid viscosity is related 

to the temperature field. Much higher fluid viscosity concentrates at the injection area. 
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Fig. 8.8 Convergence analysis with different element numbers 
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Fig. 8.9 Convergence analysis with different time steps 
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Fig. 8.10 The distributions of fluid pressure, viscosity, temperature, and fracture 

aperture in the doublet system 
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8.5 Parameter analyses for geothermal development 

This section aims to evaluate the performance of geothermal development using the reservoir 

model described in Section 8.4. Three important indices, averaged outlet fluid temperature, 

net heat extraction rate, and accumulated thermal energy are used to characterize the 

efficiency of heat mining under different key model parameters. The net heat extraction rate 

G is evaluated based on the water mass flow rate and the specific enthalpy of water. Detailed 

expressions can be found in Pruess (2008). The definition of thermal breakthrough time bT  is 

the length of time it takes for the outlet fluid temperature to decrease to 400 K from the 

reservoir temperature. The total number of hydraulic fractures is kept at five, and the fracture 

spacing is 50 m throughout the simulation. The mechanical behaviours of both rock mass and 

proppants are considered in this section.  

As discussed in Section 8.2, the distribution of proppant along the hydraulic fractures is 

significant to the fracture conductivity. The impact of proppant distribution density on the 

efficiency of geothermal development is investigated here, while other parameters are 

identical to Table 8.2. A series of simulations are performed with different values of proppant 

distribution density prD . The simulations terminate when thermal breakthrough is reached 

(the averaged outlet fluid temperature drops to 400 K). Fig. 8.11 presents the indicators 

(thermal breakthrough time, net heat extraction rate, and accumulated thermal energy) for the 

evaluation of geothermal development efficiency. The thermal breakthrough time decreases 

with increasing proppant distribution density (shown in Fig. 8.11(a)). As analysed in Section 

8.2, the growth of proppant distribution density contributes to increasing fracture 

conductivity. Higher flow rates in hydraulic fractures are achieved and the fluid temperature 

along the production well drops rapidly with higher proppant distribution densities. The 

variation of the thermal breakthrough time is highly sensitive to the value of proppant 



168 

distribution density when prD  is less than 5 × 104 m-2. Fig. 8.11(b) shows a linear growth 

trend for the net heat extraction rate. This value is dominated by the outlet mass flowrate. The 

increase of fracture conductivity due to increasing proppant distribution density promotes the 

geothermal production rate. However, the accumulated thermal energy features a similar 

decreasing trend, as does the thermal breakthrough time bT . Much higher accumulated 

thermal energy can be achieved when the proppant distribution density is lower. Note that the 

net heat extraction rate has a lower limit based on the power production design. Therefore, a 

certain capacity of fracture conductivity guaranteed by a proper value of proppant distribution 

density is recommended. 

Fig. 8.12 shows the fluid temperature fields considering different proppant densities when 

thermal breakthroughs are reached. Fig. 8.12(a) shows the case when the proppant 

distribution density is 3.3 × 104 m-2. The fluid temperature in the rock mass adjacent to 

hydraulic fractures drops to a low value. The gap between the fracture and rock matrix 

conductivities narrows, resulting in the seepage of injected cooling fluid into the deep 

reservoir. Geothermal energy is greatly extracted in the combined matrix-fracture circulation 

system. When the proppant distribution density is 11.1×104 m-2, the fracture conductivity is 

much higher than that of the rock matrix. Geothermal energy in most parts of the rock mass is 

not tapped, even if the thermal breakthrough time is reached, since the injected fluid mainly 

circulates within the hydraulic fractures. The fluid temperature in the near-wellbore region 

stays at a high level at the end of the simulation, as shown in Fig. 8.12(b). 

The physical and stress properties of formations also have great impacts on geothermal 

development. Simulations using different values of Young’s modulus for rock, minimum 

horizontal stress, and matrix permeability are performed. The simulated results are analysed 

in each case after 1600 days. Fig. 8.13 shows the evolution of outlet fluid temperature and net 
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heat extraction rate with Young’s modulus for rock rE . rE  reflects the degree of rock 

deformation. The embedded proppants are less likely to penetrate the rock when rE  is higher, 

so higher fracture conductivity can be maintained. Therefore, the outlet fluid temperature 

drops as rE  increases. The enhanced circulating fluid flowrate promotes the net heat 

extraction rate.  
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(b) The net heat extraction rate and the accumulated thermal energy 

Fig. 8.11 The efficiency of geothermal development influenced by proppant distribution 

density 
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(a) Dpr = 3.3×104 m-2 (b) Dpr = 11.1×104 m-2  

Fig. 8.12 The distribution of fluid temperature at different proppant distribution 

densities 
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Fig. 8.13 The outlet fluid temperature and the net heat extraction rate influenced by 

Young’s modulus for rock 

Fig. 8.14 shows the fluid temperature fields when rE  = 20 GPa and rE  = 35 GPa at the end 

of the simulation. The low temperature mainly concentrates at the region close to the 

injection well when rE  = 20 GPa. The production well still features very high fluid 

temperatures, since the penetration of proppants narrows the fracture width and circulation 
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processes slow down. However, the low temperature extends to further regions along 

hydraulic fractures and the rock matrix when rE  = 35 GPa, as shown in Fig. 8.14(b). A drop 

of fluid temperature can be seen along the production well, which is caused by the higher 

fluid flowrate in this case.   

  

 

(a) Er = 20 GPa (b) Er = 35 GPa 

Fig. 8.14 The distribution of fluid temperature at different Young’s modulus for rock 

The simulation results with the minimum horizontal stress h  is plotted in Fig. 8.15. The 

figure illustrates that the outlet fluid temperature increases steadily with the growth of h , 

while the net heat extraction rate decreases and drops to 2 MW when h  reaches 75 MPa. 

The hydraulic fractures in the direction perpendicular to the minimum horizontal stress tend 

to close as the effective stress increases. The weakened fluid circulation in fractures slows 

down thermal convection. Therefore, high h  extends the duration of thermal production but 

reduces the energy production rate.  

The results shown in Fig. 8.16 indicate the effect of matrix permeability on the efficiency of 

geothermal development. Note that semi-logarithmic coordinates are employed in the 

analysis. Both outlet fluid temperature and the net heat extraction rate increase as the 
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logarithm of matrix permeability increases. The high matrix permeability promotes the matrix 

conductivity for fluid flow, and thus improves the heat extraction rate in the rock matrix. On 

the other hand, the heat transfer between the rock matrix and the circulating fluid is more 

efficient since the injected fluid enters deep into the rock formation. Therefore, the outlet 

fluid temperature maintains a higher value at the end of the simulation, and the thermal 

breakthrough time is also extended. It is demonstrated that the heat production is promising 

when the matrix stimulation is performed to effectively enhance the matrix conductivity. 
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Fig. 8.15 The outlet fluid temperature and the net heat extraction rate influenced by the 

minimum horizontal stress 

8.6 Simulations with different stimulation strategies 

The fracture arrangement in hydraulic stimulation affects heat production. Simulations using 

different hydraulic fracture numbers and spacing are performed in this section. Reservoir 

geometries and the physical properties of the fluid, rock and proppants in simulations can be 

found in Section 8.4. 
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Fig. 8.16 The outlet fluid temperature and the net heat extraction rate influenced by the 

permeability of the rock matrix 

8.6.1 Hydraulic fracture number 

The fracture spacing of two adjacent hydraulic fractures is maintained at 50 m. Parallel 

hydraulic fractures with identical sizes and geometries are created along the horizontal 

wellbores. The fluid temperature distributions for three cases (fracture numbers of 1, 5, and 

9) of thermal breakthrough are plotted in Fig. 8.17. With a single hydraulic fracture generated 

in the reservoir model, the low fluid temperature extends a hundred meters far into the rock 

matrix from the injection point. The swept volume for the fluid circulation increases greatly 

as the hydraulic fracture number increases. However, the low temperature region controlled 

by each fracture diminishes, as shown in Fig. 8.17. The outlet fluid temperature along the 

production well drops faster since the fluid flow in each fracture promotes heat conduction 

and heat convection. 

The thermal breakthrough time for each case is calculated and plotted in Fig. 8.18(a). It is 

illustrated that bT  decreases with increasing hydraulic fracture numbers. The enhanced fluid 

circulation with high flowrate promotes the heat transfer. The thermal breakthrough time 
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drops rapidly when the number of hydraulic fractures increases from one to two. Even though 

the net heat extraction rate increases because of the higher outlet flowrate, the accumulated 

thermal energy still drops since the production time is greatly diminished, as shown in Fig. 

8.18(b). However, a relatively small decrease in the thermal breakthrough time occurs when 

the number of hydraulic fractures is larger than three. Then, the accumulated thermal energy 

continuously increases. The lowest value for accumulated thermal energy is obtained when 

the hydraulic fracture number is two. It is demonstrated that the hydraulic fracture number 

should be carefully arranged by considering both the effective production time and the total 

energy productivity. 

   

 

Fracture Number = 1 Fracture Number = 5 Fracture Number = 9 

Fig. 8.17 The distribution of fluid temperature at different fracture numbers 
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(a) The thermal breakthrough time 
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(b) The net heat extraction rate and the accumulated thermal energy 

Fig. 8.18 The efficiency of geothermal development influenced by the hydraulic fracture 

number 

   

 

Fracture spacing = 25 m Fracture spacing = 75 m Fracture spacing = 125 m 

Fig. 8.19 The distribution of fluid temperature at different fracture spacings 

8.6.2 Hydraulic fracture spacing 

Here, fracture spacings ranging from 25 m to 125 m are employed in the simulations while 

the fracture number is kept at five. Fig. 8.19 shows the fluid temperature distribution for 

different cases (fracture spacings of 25 m, 75 m, and 125 m) when thermal breakthrough is 

reached. It is indicated that the swept volume of the fluid circulation system is enlarged when 

the fracture spacing increases. The influence of adjacent fractures on the flow behaviour in 

each single fracture lessens. Therefore, the outlet fluid temperature drops slowly, and the 

thermal breakthrough time increases, as shown in Fig. 8.20(a). Further, both the net heat 
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extraction rate and the accumulated thermal energy increase with increasing fracture spacing 

(see Fig. 8.20(b)). Note that the costs for the horizontal well drilling and completion should 

be considered when enlarging the fracture spacing, even if larger fracture spacing improves 

the efficiency of geothermal development. 
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(b) The net heat extraction rate and the accumulated thermal energy 

Fig. 8.20 The efficiency of geothermal development influenced by hydraulic fracture 

spacing 
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8.7 Conclusion 

This study explores the effects of proppants and hydraulic fracture arrangement on the 

efficiency of geothermal development. A combined FEM-D-UPM numerical method is 

developed to characterize the thermo-hydro-mechanical coupled process in a fractured 

reservoir. The proppant embedment model is incorporated to approach the evolution of the 

fracture conductivity. The results for heat production with different proppant distribution 

densities along the hydraulic fractures are compared. Lower values of proppant distribution 

density contribute to longer thermal breakthrough time and much higher accumulated thermal 

energy. However, a bottom limit for the net heat extraction rate based on the power 

production design should be considered to optimize the proppant distribution. Increasing 

Young’s modulus for rock or decreasing the minimum horizontal stress results in a drop of 

outlet fluid temperature and the growth of the net heat extraction rate. Increases in two 

evaluation indexes ( G  and bT ) for geothermal development are obtained when the matrix 

permeability is enhanced, demonstrating that matrix stimulation greatly promotes heat 

production. In the design of stimulation strategies, it is concluded that increasing propped 

hydraulic fracture spacing improves the efficiency of geothermal development. Increasing the 

number of hydraulic fractures improves G  and bT , but the accumulated thermal energy drops 

first and then increases continuously. The costs for horizontal well drilling and completion 

should be considered when designing hydraulic fracturing. 
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Chapter 9.  Optimizing Heat Mining Strategies in a 

Geothermal Reservoir at Groß Schönebeck 

9.1 Introduction 

This chapter aims at optimizing heat mining strategies in a fractured geothermal reservoir by 

incorporating material compressibility and fracture deformation. Applications of the DFNs-

based methods in numerous practical designs have been attempted for the development of 

EGSs. A long-term prediction of the geothermal reservoir performance in Rosemanowes was 

carried out using a three-dimensional deterministic fracture network approach (Kolditz and 

Clauser, 1998). The thermo-hydro coupled model was incorporated with data collected from 

the field to evaluate thermal drawdown. An OpenGeoSys (OGS) project was then developed 

for modelling thermo-hydro-mechanical-chemical (T-H-M-C) interactions in fractured rocks 

(Kolditz et al., 2012). This simulation tool was applied to heat mining in Groß Schönebeck 

(Germany) (Blöcher et al., 2015). A workflow for the economic estimation and design 

optimization of the geothermal reservoir performance in Soultz-sous-Forets was proposed by 

Held et al. (2014). The influence of the observed faults and fractures on the geothermal 

reservoir management was investigated using the finite element program FRACTure. Xu et 

al. (2015) introduced an equivalent pipe network (EPN) to model the heat extraction from the 

Habanero reservoir in the Cooper Basin. Fractures were represented as connected pipes that 

provide hydraulic conductivity for the fluid circulation in the geothermal system. However, 

this approach eliminated the contribution of the rock matrix. The multi-physical coupled 

processes at the same reservoir site were also simulated by Sun et al. (2017) using the 

commercial software COMSOL Multiphysics. Although the random distribution of multiple 

fractures was considered, the numerical analysis was limited to a two-dimensional model. 
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The dual unified pipe network method (D-UPM) is used in this chapter for practical designs 

of geothermal development. With this method, the compressibility of both fluids and solids is 

considered in a fractured geothermal reservoir. The fracture deformation model is 

incorporated into the pressure diffusion equations and the local thermal non-equilibrium 

(LTNE)-based energy equations. Model verification is performed by comparing the 

temperature field with the results obtained from COMSOL. The influence of the fracture 

deformation on the distribution of fluid temperature is investigated using a near-wellbore 

model. Case studies are performed for a geothermal reservoir at Groß Schönebeck. Based on 

the previous doublet system established for geothermal development, several strategies for 

the arrangement of a third well and hydraulic fractures are designed for the current reservoir 

model. Different scenarios of thermo-hydro circulation are simulated and compared with the 

outlet fluid temperature drawdown, thermal breakthrough time, and the net heat extraction 

rate. This study provides a numerical way to optimize the geothermal development strategy in 

terms of its economic benefits. 

9.2 Mathematical model and numerical discretization 

In the current mathematical model for geothermal development, single-phase fluid flow is 

assumed, and Darcy’s law is applied for the water circulation in both the rock matrix and 

fractures. The fluid and solid temperatures are different based on a concept of local thermal 

non-equilibrium. The heat transfer effect is controlled by the heat transfer coefficient. Both 

heat convection and conduction processes are considered for the heat transmission in the 

fractured rock mass. Nevertheless, the thermal dispersion, thermal radiation, chemical 

reaction, and gravity effects are ignored. 

The fluid circulation in the geothermal reservoir satisfies mass conservation for both the rock 

matrix and fractures. The transient state form for this governing equation in fractured rocks is 
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presented as Equation (2.1) in Chapter 2. Considering the compressibility of both the fluid 

and solid, material compressibility coefficients are introduced to characterize the variation in 

the physical properties with evolution of the pressure field. In this case, the pressure diffusion 

equations for both the rock matrix and fractures can be derived, as shown in Section 2.2. In 

the LTNE framework for heat transmission, the governing equations (Equations (2.23) – 

(2.25)) for the energy balance are individually presented for the fluid and solid phases. 

The alteration of local apertures along the fracture is incorporated based on the fracture 

deformation model (See Section 2.4.2). The exponential deformation law is more realistic 

and is employed in current simulations. The aperture updating process and the fluid pressure 

field are solved by the Newton-Raphson iteration method, followed by calculating the fluid 

and solid temperatures according to discretized forms obtained from D-UPM. The iteration 

terminates when the results including fluid pressure, fracture aperture, fluid and solid 

temperature converge according to a given tolerance. The entire process of geothermal 

development is completed once the total simulation time is reached. 

9.3 Model verification 

In this section, the current numerical model is verified using a cuboid block with dimensions 

of 10 m × 10 m × 2 m, as shown in Fig. 9.1(a). Two intersecting rectangular fractures are 

embedded in this block and discretized as triangular elements in the preprocessing stage. The 

rock matrix is then discretized as unstructured tetrahedral elements based on the conforming 

mesh technique. The fluid is injected from the y-z plane at x = 0 m at a constant pressure and 

temperature along the x direction and flows out at x = 10 m at a constant pressure. The rest of 

the boundaries are impermeable and thermally insulated. The physical properties of the fluid 

and the fractured rock mass are listed in Table 9.1. Notably, the assumption of a local thermal 

equilibrium is made in this verification. Both the fluid and solid temperature in the model at t 
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= 0 are equal to the initial model temperature T0. The fracture deformation model is 

considered in the current D-UPM framework, and the total simulation time is 20 days. 

Table 9.1 Parameters for model verification 

Parameter Symbol Unit Value 

Injection fluid temperature Tfin K 370 

Initial model temperature T0 K 470 

Injection fluid pressure Pin MPa 30 

Outlet fluid pressure Pout MPa 20 

Initial formation pressure Pa MPa 20 

Initial fluid density ρf0 kg/m3 1000 

Fluid viscosity μ Pa·s 0.001 

Fluid thermal conductivity λf J/(m·K·s) 0.6 

Fluid heat capacity cf J/(kg·K) 4180 

Rock matrix porosity ϕm  0.2 

Rock intrinsic permeability km
 m2 1×10-15 

Rock thermal conductivity λs J/(m·K·s) 2.1 

Rock heat capacity cs J/(kg·K) 1000 

Fracture porosity ϕf  1 

Fracture aperture e μm 50 

 

The change in fluid temperature is calculated and plotted in Fig. 9.1. The fluid temperature 

fields at 10 days, 15 days and 20 days are represented. The injection region of the model 

features a low fluid temperature, and the overall temperature decreases as the simulation 

continues. The cooling effect in the fractures is greater than that in the rock matrix when the 

low-temperature front approaches the intersecting fractures during the injection process. 

Fractures with a much higher permeability attract the injected fluid, and the heat convection 

effect is intensified with a higher fluid flow velocity. 
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(a) Model geometry with intersecting fractures (b) t = 10 days  

  

 

(c) t = 15 days (d) t = 20 days  

Fig. 9.1 Distribution of fluid temperature at different simulation times 

The fluid temperature along a central line parallel to the x axis in this three-dimensional 

fractured rock mass is compared with the corresponding results obtained from COMSOL. As 

shown in Fig. 9.2, the fluid temperature gradually drops with time. In each simulation time, 

the influence of fractures on the temperature distribution is addressed according to the change 

in temperature curves in the region near x = 5 m, where the intersection of the two fractures is 

located. The results obtained from the D-UPM and COMSOL at different simulation times 
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closely agree, demonstrating the reliability of the current numerical method in the simulation 

of geothermal development. 
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Fig. 9.2 Comparison between D-UPM results and COMSOL results 

9.4 Simulations with fracture deformation 

This section aims to investigate the influence of fracture deformation on temperature 

distribution during water circulation in a geothermal reservoir. A near-wellbore model with 

dimensions of 50 m (x) × 50 m (y) × 20 m (z) is considered in the current simulation. A 

square fracture with a side length of 30 m is horizontally placed in the centre of the reservoir, 

intersecting the vertical injection well, as shown in Fig. 9.3. The initial fracture aperture is 

300 μm. The compressibility factors for fluid and solid are 5 × 10-4 MPa-1 and 1 × 10-5 MPa-1, 

respectively. Other parameters are given in Table 9.1. The initial reservoir fluid pressure is 20 

MPa, and the injection pressure in the wellbore is 30 MPa. The surrounding boundaries are 

outflow boundaries with constant fluid pressures. The top and bottom boundaries are 

impermeable and thermally insulated. 
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We first assign β to three different values (1 × 10-7 Pa-1, 2 × 10-7 Pa-1, and 4 × 10-7 Pa-1), 

while the normal stress is set to 35 MPa in each case. The change in the fracture aperture with 

increasing fluid pressure is characterized in Fig. 9.4(a) based on the exponential deformation 

model. The fracture aperture increases with the fluid pressure inside the fracture. The 

maximum aperture is obtained when the fluid pressure equals the normal stress. Fig. 9.4(a) 

also shows that the fracture aperture decreases with the increase in β at the same fluid 

pressure. The fluid temperatures are collected from the wellbore centre to the side boundary 

along the fracture plane after simulating 60 days. The results for the fluid temperature 

distribution in each case are plotted in Fig. 9.4(b). The case with a constant fracture aperture 

features the lowest fluid temperature along the fracture plane. The large constant fracture 

aperture guarantees rapid fluid flow and strong heat convection throughout the simulation, 

contributing to the cooling effect in the near-fracture region. However, the fracture fluid 

temperature remains high when a large β is used. In the case of β = 4 × 10-7 Pa-1, the fracture 

possesses the lowest aperture and transports a relatively small volume of injected fluid with a 

constant pressure differential. The fluid temperature along the fracture plane is the highest in 

this case compared with those of other cases. 

 

Fig. 9.3 Schematic of the one-well injection model embedded with a horizontal square 

fracture 
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(a) Change in fracture aperture with fluid pressure 
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(b) Distribution of fluid temperature 

Fig. 9.4 The influence of β on the change in aperture and the distribution of fluid 

temperature 

The influence of the fracture-normal stress σn on the change in aperture and the distribution 

of fluid temperature is also investigated. β is set to 1 × 10-7 Pa-1, and four cases with different 
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values of σn (35 MPa, 45 MPa, 55 MPa and 65 MPa) are discussed. Fig. 9.5(a) shows that the 

fracture aperture decreases with the increase in the fracture-normal stress. The aperture is 

enlarged if the fluid pressure increases. The smallest aperture is obtained in the case of σn = 

65 MPa, and the rate of increase in the aperture is relatively low. According to the results of 

the fluid temperature distribution shown in Fig. 9.5(b), the fluid temperature in the fracture 

drops as the fracture-normal stress decreases. This result can be explained by the small 

fracture aperture in the case with high σn, which contributes to the weakened fluid transport 

and heat transmission. 
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(b) Distribution of fluid temperature 

Fig. 9.5 The influence of the fracture-normal stress σn on the change in aperture and the 

distribution of fluid temperature 

9.5 Case study 

9.5.1 Site description 

This section represents the geothermal development modelling for a geothermal reservoir at 

Groß Schönebeck in the North German Basin. It has determined that the target geothermal 

reservoir with an average temperature of 150 ℃ resides at 3830-4250 m true vertical depth 

subsea (Luo et al., 2014; Blöcher et al., 2016). Volcanic rocks and siliciclastic rocks, 

classified as two separate rock units, are subdivided into six segments from bottom to top 

(rock properties are shown in Table 9.2) (Blöcher et al., 2010). These geothermal reservoir 

rocks are crosscut by major faults and minor faults randomly distributed in the formation. 

Mechanical properties are interpreted from the three-dimensional structural modelling 

performed on this reservoir. It is estimated that the in-situ stresses are 100 MPa for the 

overburden stress, 55 MPa for the minimum horizontal stress, and 90 MPa for the maximum 
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horizontal stress (Blöcher et al., 2010). The maximum horizontal stress direction is 

approximately 18º. The initial pore pressure of the geothermal reservoir is 43.8 MPa. 

Previous work has further demonstrated that major faults possess much lower permeability 

than minor faults, which act as passageways for hydraulic transmission at this site (Blöcher et 

al., 2015). 

In the primary stage of geothermal development at Groß Schönebeck, an abandoned gas 

exploration well was reopened as an injection well (EGrSk 3/90). A directional well was then 

drilled and served as a production well (Gt GrSk 4/05). This doublet-well system for the 

water circulation was completed in 2007 (Blöcher et al., 2016). Reservoir stimulations, 

including hydraulic fracturing and matrix acidizing, were also performed to enhance the 

hydraulic conductivity and heat mining efficiency. As shown in Fig. 9.6, three man-made 

fractures were generated along the production well, while one large fracture formed at the 

vertical injection well; these stimulation treatments were termed “multi-frac” (Blöcher et al., 

2016). These generated hydraulic fractures are mainly tensile and oriented parallel to the 

maximum horizontal stress direction (Blöcher et al., 2015). 

 

Fig. 9.6 Schematic of the geological model with a doublet system in the Groß 

Schönebeck geothermal reservoir 

x
y

z

Hydraulic fractures

Faults
Production well

Injection well



189 

Table 9.2 Physical properties of the different rock units 

Unit 
Thickness, 

m 

Permeability, 

m2 
Porosity 

Thermal conductivity, 

J/(m·K·s) 

Rock heat capacity, 

J/(kg·K) 

I 159 4.9×10-17 0.01 1.91 920 

IIA 30 3.2×10-16 0.03 1.94 920 

IIB 55 6.4×10-16 0.08 3.10 920 

IIC 52 1.3×10-15 0.15 3.18 920 

III 36 9.9×10-17 0.001 3.00 1000 

IV 100 9.9×10-17 0.005 2.31 1000 

 

9.5.2 Horizontal well design 

Previous studies evaluating the production potential indicated that the efficient utilization of 

geothermal resources was limited at Groß Schönebeck due to the low value of the 

productivity index, even though the sustainability of the production temperature could be 

achieved with this doublet-well system. To enhance geothermal productivity while 

maintaining a long production lifecycle, several development strategies are designed and 

analysed numerically. A third horizontal well is drilled in the region between the previous 

two wells in the following simulations. Parallel hydraulic fractures are generated along this 

horizontal well. The effects of the well locations and the arrangement of the fractures on the 

efficiency of geothermal development are compared. Two large faults, expected to have great 

influences on the circulation, are considered in the current simulation (yellow planes shown 

in Fig. 9.6). The dimensions of the geologic model are 1000 m (x) × 1000 m (y) × 420 m (z). 

The fracture properties, including their locations and dimensions, are taken from Blöcher et 

al. (2016). The induced fracture aperture is 0.228 mm. The normal stresses acting on the 

fractures are obtained using the coordinate transformation and the in-situ stress information. 

The fracture slip caused by the shear stress is ignored here. Other fluid and formation 

properties can be found in Table 9.1. 
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The previous developing strategy (the doublet system) is defined as Strategy 1, and the other 

five strategies are defined sequentially from Strategy 2 to Strategy 6, as shown in Fig. 9.7. In 

Strategy 2, the horizontal well locates in units III and IV, which have extremely low 

permeabilities and porosities. Three parallel fractures with the same dimensions are generated 

with the equal spacing (40 m). The fracture arrangement in Strategy 3 is the same as that in 

Strategy 2, except the location of the horizontal well is designed in units IIB and IIC, which 

have much higher permeabilities. Two additional hydraulic fractures are generated between 

the previous two wells in Strategy 4, to investigate the effects of the number of fractures on 

the heat mining efficiency. Fractures with larger dimensions are considered in Strategy 5. 

Notably, the fracture spacing is not the same in this case, with one fracture designed closer to 

the vertical well. In the Strategy 6, only two large hydraulic fractures are represented near the 

deviated well. However, the horizontal well extends farther to intersect the large fracture 

along the vertical well. In the abovementioned novel strategies, the horizontal well serves as 

the production well, while the other two existing wells serve as the injection wells. 

   

Strategy 2 Strategy 3 Strategy 4 

   

Strategy 5 Strategy 6  

Fig. 9.7 Strategies of the horizontal well design 

The initial reservoir temperature in all cases is 420 K (Blöcher et al., 2016). Constant 

injection and production pressures (50 MPa and 35 MPa, respectively) are assigned in the 

Injection well
Injection well

Production well

Injection well
Injection well

Production well

Injection well
Injection well

Production well

Injection well
Injection well

Production well

Injection well
Injection well

Production well
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operation scenarios. The injection temperature is 343 K. The top and bottom boundaries of 

the reservoir are considered closed boundaries. The remaining boundaries are considered 

open boundaries with constant pore pressures of 43.8 MPa. The hydraulic fracture apertures 

do not change due to the existence of proppants. However, the fault apertures are varied 

based on the fracture deformation model. Furthermore, thermal breakthrough is defined as a 

drop in produced fluid temperature from 420 K to 400 K. The total simulation time is 60 

years for the new design strategies and 100 years for the previous doublet system. 

9.5.3 Results for different strategies 

The evolution of the fluid temperature field for each strategy is calculated for the duration of 

the simulation. Fig. 9.8 is an example of the simulated results for Strategy 1 and Strategy 6 

for different simulation times (10 years, 30 years, and 60 years). In Strategy 1, with the 

doublet system, the low-temperature fluid injected into the vertical well extends along the 

large hydraulic fracture and enters the formation. As the injection continues steadily, the 

fault, which has a much higher permeability than that of the rock matrix, acts as a 

passageway connecting the injection and production wells. Lower fluid temperature extends 

rapidly to the deviated well along the fault, due to the movement of the cool fluid from the 

injection wellbore. As shown in Fig. 9.8, the low-temperature front quickly moves towards 

the fractures located at the production well during the period from 30 years to 60 years. The 

isothermal surface of 373 K is also plotted in the temperature field. The isothermal surface 

expands with time and is stretched when reaching the fault plane. However, the injected fluid 

will not circulate for such a long distance in the formation in Strategy 6, since a horizontal 

well with hydraulic fractures is established between the two previously drilled wells. In this 

case, the low temperature is mainly concentrated near these two injection wells; however, the 

isothermal surface of 373 K reaches the production well much faster (shown in Fig. 9.8). Two 

circulating systems can be observed according to the fluid temperature distribution. One is 
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generated by the deviated well and the two fractures along the horizontal well, while the other 

is formed in the large fracture plane that intersects the vertical well. 

Strategy 1 Strategy 6 

  

(a) 10 years 

  

(b) 30 years 

  

(c) 60 years 

 Fluid temperature, K 

Fig. 9.8 The distribution of fluid temperature in different years (the 373 K isothermal 

surface is also plotted) 

Fig. 9.9 represents the outlet fluid temperature calculated along the production well for each 

strategy. A minor decrease in the outlet fluid temperature is observed in Strategy 1 during the 

whole simulation. With the introduction of the horizontal well with hydraulic fractures, the 

outlet fluid temperature drawdown is notable in Strategy 2 to Strategy 6. In Strategy 2, the 
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outlet fluid temperature drops more slowly due to the position of the horizontal well. The 

generated hydraulic fractures are mainly located in the rock unit with extremely low 

permeability and porosity, resulting in less intense water circulation. The cool fluid, 

travelling at a slow speed, has enough time to be heated before being produced from the 

production well. The temperature drawdown curves of Strategy 3 and Strategy 4 nearly 

coincide, suggesting that the increase in the number of hydraulic fractures along the 

horizontal well in the geothermal reservoir has a minor impact on the produced fluid 

temperature throughout the simulation.  

However, the increase in fracture dimensions along the horizontal well near the fractured area 

of the deviated well contributes to a more rapid temperature drawdown, as observed by 

comparing the results obtained from Strategy 3 and Strategy 5. Fractures with larger 

dimensions increase the conductivity between the horizontal well and the deviated well. The 

fluid circulation efficiency is greater in this fracture-dominated system. As mentioned above, 

two circulating systems exist in Strategy 6. The horizontal well is drilled across the “multi-

frac” region of the vertical well, greatly improving the heat transmission along the large 

fracture. Therefore, the outlet fluid temperature drops even faster in this case than those in the 

other cases. 

The heat mining efficiency in the current study is evaluated by the net heat extraction rate G 

(see Equation (5.1)). A density-pressure-enthalpy relationship for water is employed, and the 

reference state of zero enthalpy at (Tf, P) = (293 K, 10 MPa) is assumed. 
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Fig. 9.9 Outlet fluid temperature in different years 

The net heat extraction rates for each strategy at different simulation times are obtained and 

represented in Fig. 9.10. The net heat extraction rate results for Strategy 1 and Strategy 2 tend 

to be constant and low throughout the simulation, since both cases feature rock matrix-

dominated heat transmission with slow fluid flow rates. The averaged net heat extraction rate 

in Strategy 1 is 6.8 MW, while that in Strategy 2 is only 0.8 MW, which is much lower. The 

fluid conductivity is diminished when the horizontal well is drilled in the unit with the lowest 

permeability. Thus, the flow rate obtained at the production well is very low in the situation 

with a constant production pressure differential. On the other hand, the outlet fluid 

temperature drops more quickly, since the distance between the injection and production 

wells is shortened. The low value of the water mass flow rate and the relatively low produced 

fluid temperature contribute to the extremely low net heat extraction rate in Strategy 2. The 

results of the net heat extraction rate from Strategy 3 to Strategy 5, which include the 

horizontal well in the formation with a high permeability, are higher than the former two 

strategies. The net heat extraction rate drops during the initial stage for these three cases but 
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then tends stabilize. As shown in Fig. 9.10, both Strategy 4 and Strategy 5 feature higher net 

extraction rates than that of Strategy 3, demonstrating that either increasing the number of 

fractures or the fracture dimensions along the horizontal well can promote the heat extraction 

efficiency. The highest net extraction rate can be obtained in Strategy 6. The presence of two 

fracture-dominated fluid circulation systems results in an obvious increase in the mass flow 

rate, accelerating the heat transmission during heat production. The net extraction rate 

remains high in Strategy 6, even after 60 years of production, despite the relatively rapid 

outlet fluid temperature drawdown observed. 
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Fig. 9.10 The net heat extraction rate in different years 

The results of all five strategies for several parameters are summarized in Table 9.3 for 

comparison. The flow rate in the steady state is the lowest for Strategy 2, followed by that of 

Strategy 1. A great improvement in the produced flow rate can be achieved by drilling the 

horizontal well in the formation with high permeability and porosity (as in Strategy 3 to 

Strategy 6). Additionally, hydraulic connectivity is increased by the interconnection of 

fractures and natural faults; this enhanced circulation decreases the outlet fluid temperature 
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and thus reduces the thermal breakthrough time. The thermal breakthrough time is less than 

one year for Strategy 6, where two fracture-dominated circulation systems exist. In the 

comparison of the accumulated thermal energy after 60 years of production, the previous 

doublet system produces a relatively low total energy (1.29 × 1016 J). However, the lowest 

result is obtained with Strategy 2, with only 1.59 × 1015 J produced. Strategy 3 to Strategy 6, 

with a higher produced mass flow rate throughout the simulation, develop much more 

thermal energy within the 60 years. Notably, 2.18 × 1016 J is obtained in Strategy 6, 1.7 times 

that in Strategy 1. Therefore, it is concluded that the introduction of a third well between the 

two older wells in the Groß Schönebeck geothermal reservoir can conditionally improve the 

efficiency of heat mining. First, the horizontal well should be drilled in the unit with a high 

permeability. A high fluid flow rate in the rock matrix can be guaranteed in this case. Second, 

the fracture connectivity dominates the enhancement of the geothermal extraction. The 

generation of fracture networks between the production and injection wells by both hydraulic 

fractures and natural faults can greatly improve the produced heat energy. Nevertheless, the 

increase in the fluid flow rate also shortens the thermal breakthrough time. Thus, the issue of 

sustainable utilization of geothermal energy should be considered in practical design, 

including the well arrangement and stimulation processes. 

Table 9.3 Simulation results for different operation strategies 

Strategy 

number 

Flow rate in steady 

state, m3/s 

Thermal breakthrough 

time, years 

Outlet fluid 

temperature after 

60 years, K 

Accumulated 

thermal energy after 

60 years, J 

1 0.0126 >100 416.78 1.29×1016 

2 0.0017 50.32 396.08 1.59×1015 

3 0.0216 7.32 376.13 1.68×1016 

4 0.0245 6.82 375.32 1.88×1016 

5 0.0255 3.11 369.05 1.80×1016 

6 0.0336 0.65 364.48 2.18×1016 
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9.6 Conclusion 

The three-dimensional thermo-hydro coupled process in geothermal development is solved in 

a pipe network system. Based on the concept of discrete fracture networks, discontinuities 

including fractures and faults are explicitly represented in the rock mass. The material 

compressibility and the fracture deformation are considered in the current LTNE assumption. 

The numerical model based on D-UPM is verified by a comparison with the results obtained 

from COMSOL. The fracture deformation impacts the fluid temperature distribution in the 

near-fracture region. A high value of β or fracture-normal stress reduces fracture aperture and 

maintains a relatively high-temperature fluid. A case study is performed for the geothermal 

development at Groß Schönebeck. A horizontal well and hydraulic fractures are designed 

based on the previous doublet system. Six strategies for the arrangement of the wellbore 

location and hydraulic stimulation are proposed and simulated. The results show that Strategy 

6 obtains the highest accumulated energy (2.18 × 1016J) after 60 years of production. 

However, the thermal breakthrough time is less than one year for this strategy. Strategy 2 

features a very low accumulated energy (1.59 × 1015J), which is even lower than Strategy 1 

where a third wellbore is not introduced. The thermal breakthrough time in Strategy 1 reaches 

the highest value of more than 100 years. Relatively high fluid flow rates in the steady state 

(larger than 0.02 m3/s) are achieved in Strategy 3 to Strategy 6, where fracture-connected 

systems are generated. It is demonstrated the heat mining efficiency can be improved if a new 

wellbore is designed in the high-permeability formation and the discontinuities maintain high 

hydraulic connectivity for fluid circulation. 
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Chapter 10.  Conclusions and Future Work 

10.1 Conclusions 

This thesis presents a systematic study to approach the mechanism of multi-phase multi-

physical coupled process in geothermal development with explicit fracture networks in a 

numerical way. Based on simulated results and detailed analyses, following conclusions are 

obtained: 

A single-phase thermo-hydro coupled model is first developed to simulate the thermo-hydro 

circulating process in EGS. The local thermal non-equilibrium (LTNE) model is introduced 

to separate the fluid and solid temperatures. Two energy balance equations are incorporated 

and connected by a heat transfer term. The three-dimensional T-H coupled solution for a 

fractured porous medium can be solved in the UPM framework where fractures and matrix 

are discretized as equivalent pipes. The numerical model is verified by comparing with the 

analytical solution and performing convergence tests in respect of different time steps and 

total grid numbers. A case study is carried out by introducing randomly distributed fractures 

into a three-dimensional rock mass. The solid temperature and the fluid temperature are 

different in the domain, especially in the region near fractures. Lower fluid temperature is 

remarkably observed in fractures with high connectivity, while the distribution of solid 

temperature is comparatively more continuous in different simulation time, which conforms 

to the practical situation and demonstrates the necessity to incorporate the LTNE model into 

the T-H coupled simulation. 

A two-phase and thermo-hydro coupled model is then developed to simulate the heat mining 

in scCO2-based EGS considering complex fracture networks. A sequential implicit time 

scheme is used to solve discretized forms with high computational efficiency. The current 
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model is verified against analytical results for the classic Buckley-Leverett problem. 

Sensitivity analyses are carried out with respect to the capillary parameter and pure CO2 

injection rate using a doublet system horizontally embedded with one large fracture. It is 

illustrated that the capillary contrast poses great influences on the distribution of the CO2 

saturation and the fluid temperature. The increase of the injection flow rate promotes the 

produced CO2 saturation in each time step and accelerates the temperature drawdown in the 

production well. The complex fracture networks are considered in the simulation. The results 

indicate that the promising potential of heat extraction can be achieved using pure CO2 as 

working fluid instead of cooled water. Analyzing the effects of the initial reservoir CO2 

saturation demonstrates that increasing the reservoir CO2 saturation before heat excavation 

can improve the heat production. Furthermore, increasing both the matrix permeability and 

the fracture aperture enhances the performance of the heat extraction and the CO2 

sequestration. The geothermal development influenced by the buoyancy effect is further 

analyzed by incorporating the gravity term. Results indicate that both higher CO2 storage 

volume and net heat extraction rate are achieved when the buoyancy effect is considered in 

the same operation condition. 

The influence of rough-walled fractures embedded in the rock mass is investigated using the 

T-H coupled model. The channeling effect and the heterogeneous temperature field are 

simulated by precisely describing the aperture distribution along the fracture surface. The 

simulated results in a core-scale model indicate that the equivalent hydraulic aperture (EHA) 

decreases as the standard deviation of the log-normal distribution model for apertures 

becomes large, which intensifies the degree of the fracture roughness. Either increasing the 

flow rate or the fracture roughness promotes the value of EHTC. This conclusion is in 

consistent with the previous experimental findings. In the REV-scale model embedded with 

rough-walled fracture networks, simulated results indicate that rough-walled fractures with 
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lower permeability reduce the flow rate and slow down the cooling process of the rock mass 

in the condition with the same mechanical aperture, and thus the thermal breakthrough time is 

relatively longer. In the situation with the same fracture roughness information, the increase 

of the mechanical aperture facilitates the decrease rate of the outlet temperature. Furthermore, 

it is also demonstrated that constant values of the heat transfer coefficient recommended in 

previous studies underestimate the final outlet fluid temperature in the simulation of 

geothermal development with rough-walled fracture networks. Thus, the EHTC proposed in 

the current study is essential and should be employed in the engineering analysis. 

A thermo-hydro-chemical coupled model is developed to investigate the chemical effect in 

the process of heat mining. The temperature dependent reaction kinetics of silica is 

incorporated to describe the precipitation/dissolution effects on the alteration of the fracture 

aperture. Fracture networks are introduced into a case study with the doublet system. The 

simulated results with different injection strategies indicate that the over-saturated inlet silica 

solution with higher temperature promotes the precipitation effect in fractures, while the 

chemical dissolution is intensified in the under-saturated condition with the same injection 

fluid temperature. The alteration of fracture aperture is not uniform in the three-dimensional 

system. Particularly, the rapid increase or reduction is observed in some distance away from 

the injection well. This distribution pattern is in consistent with the previous study (Pandey et 

al., 2015). The larger value of production pressure differential promotes the decrease rate of 

outlet fluid temperature in either saturated situation, and tends to maintain the fracture 

aperture as the initial value. For the simulations with varying initial fracture apertures, the 

effect of chemical precipitation/dissolution on the distribution of overall fluid temperature is 

weakened with larger initial fracture aperture. The analysis of decrease or increase of the 

flow rate in different saturated situations indicates that the fracture aperture has limited 

influence on the alteration of flow rate controlled by the silica chemical effect. 
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A combined numerical method FEM-D-UPM is developed to characterize the thermo-hydro-

mechanical coupled process in a fractured reservoir. The reliability of this combined method 

is demonstrated in the verification and convergence tests. The proppant embedment model is 

incorporated to approach the evolution of the fracture conductivity. Results of the heat 

production in cases with different proppant distribution density along the hydraulic fractures 

are compared. Lower value of proppant distribution density contributes to longer thermal 

breakthrough time and much higher accumulated thermal energy. However, a bottom limit 

for the net heat extraction rate based on the power production design should be considered to 

optimize the proppant distribution. In the design of stimulation strategies, it is concluded that 

the increase of propped hydraulic fracture spacing contributes to higher efficiency of 

geothermal development. Increase the number of hydraulic fractures improves the net heat 

extraction rate and the thermal breakthrough time, but the accumulated thermal energy drops 

first and then increases continuously. The costs for the horizontal well drilling and 

completion should be considered in the design of hydraulic fracturing. 

Optimization for the geothermal development at a practical field (Groß Schönebeck) is 

conducted based on the current numerical model. A horizontal well and hydraulic fractures 

are designed based on the previous doublet system. Six strategies for the arrangement of the 

wellbore location and hydraulic stimulation are proposed and simulated. The results show 

that Strategy 6 can obtain the highest accumulated energy after 60 years of production. 

However, the thermal breakthrough time is less than one year for this strategy. Strategy 2 

features a very low accumulated energy, which is even lower than Strategy 1 where a third 

wellbore is not introduced. It is demonstrated that improvement of the heat mining efficiency 

can be achieved if a new wellbore is designed in the high-permeability formation and the 

discontinuities maintain high hydraulic connectivity for fluid circulation. 
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10.2 Future work 

Considering limitations in the current studies, future work is recommended as below: 

Even though the current developed mesh generation tool is capable to deal with the multiple 

flat fractures embedded in three-dimensional porous media, fracture geometries are extremely 

complex with the properties of rough walls and tortuosity in nature. A more advanced mesh 

generation method is required to discretize the rough-walled fracture networks. 

The wellbore fluid flow in both production and injection wells should be considered in the 

evaluation of the geothermal development efficiency. A wellbore-reservoir coupled model is 

required to be established to complete the whole thermo-hydro circulating system. 

Non-Darcy fluid flow in fractures is demonstrated in previous studies and should be 

discussed and incorporated to develop a more powerful simulation tool. 

Proppants injected into the hydraulic fractures are not evenly distributed along fracture 

surfaces generally. Analytical or numerical solutions for the uneven distribution of proppants 

are needed to analyze the evolution of the fracture conductivity and the temperature field 

considering the proppant embedment. 

The influences of the mechanical behavior and the CO2-water-rock interactions should be 

further considered in the two-phase and thermo-hydro coupled model for the simulation of 

geothermal development in CO2-based EGS. 

Both fracture and fluid properties pose impacts on the heat transfer coefficient. More detailed 

investigations based on numerical and analytical analyses should be performed to obtain the 

effective heat transfer coefficient for the rough-walled fractures injected with carbon dioxide. 
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