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Abstract 

The development of Enhanced Geothermal System (EGS) technology leads to the 

possibility of an extensive application of geothermal energy, which is attractive because 

of its ability to reduce CO2 emissions and dependence on traditional fossil fuels. 

Different from the conventional porous geothermal reservoirs, the EGS reservoirs are 

located several kilometers underground and formed by artificial fractured zones and 

surrounding rock matrix. Due to the higher permeability and porosity, the artificial 

fractured zones determine the fluid flow and heat transfer in EGS reservoirs. Thus, the 

representation of fractured zones is crucial to investigating the multi-physical processes 

and energy performances in EGS reservoirs. On the other hand, working fluid is another 

factor affecting the EGS reservoir performance since the fluid properties, i.e., density 

and viscosity, play a role in reservoir pressure and heat production rate. This thesis, 

based on a commercial software, COMSOL Multiphysics, and an open-source research 

software, DuMuX, employs 1) fractured zone, 2) the discrete fracture network, and 3) 

the rough singe fracture to represent the natural fractures for the investigation of 

reservoir performances using scCO2 and H2O as working fluids.  

In the first part, a three-dimensional thermal-hydraulic-mechanical (THM) coupled 

model is established with COMSOL Multiphysics. The THM model is validated with 

analytical solutions and existing published results. The effects of coupled physical 

processes among multi-fractures are investigated. The results show that the growth of 

the number and spacing of fracture zone can effectively decrease the pore pressure 

difference between injection and abstraction wells; it also increases the production 

temperature at abstraction, the service lifespan, and the heat production rate of 

geothermal reservoirs.  

Then a discrete fracture model considering variable aperture fractures is presented and 

used to investigate the influence of fracture aperture distribution on EGS reservoir 

performance. The fracture apertures are randomly distributed within the networks, but 
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constant for one single fracture. It is found that the coefficient of variation of DFN 

aperture strongly affects the performance of geothermal reservoir. The heat production 

rate and outlet temperature can be divided into three stages based on the value aperture 

variation coefficient. Furthermore, the average heat production rate is proportional to 

fracture density, but its effect is reduced by increasing the variation coefficient.   

Considering scCO2 as the alternative to H2O as EGS working fluid, the third part studies 

the possibility of using scCO2 as EGS working fluid by comparing the three specific 

EGS setups: 1) The combined scCO2-H2O-EGS; 2) scCO2-saturated EGS; and 3) H2O-

saturated EGS. The results illustrate that the EGS using scCO2 as working fluid leads 

to a much considerably heat production rate and reservoir lifespan compared to H2O. 

In addition, H2O performs worse than scCO2 at a higher injection rate due to the 

considerably shorter reservoir service period.  

Finally, the roles of preferential flow path within the heterogeneous permeability field 

played on EGS performance are investigated. It is found that the preferential flow 

pathway significantly increases the fluid flow rate, such that the breakthroughs of 

scCO2 and temperature at production well are advanced. However, a larger number of 

preferential flow leads to a worse long-term energy performance. On the other hand, 

the sequestrated scCO2 mass presents an independent, but a proportional relationship 

with the length and number of preferential flow pathways, respectively. Furthermore, 

the reservoir using scCO2 as working fluid has a better energy performance than the 

reservoir whose working fluid is H2O.  

 

 

 

 

 

 

 

  



`iii 

 

Acknowledgments 

It has been more than three years since I started my Ph.D. work, time flies and things 

happened. Along with the excitements and expectations, my Ph.D. study begins on 

18.11.2018. The sailing to doctor degree is never smooth; experiencing the non-

converge models in 2019, the Covid-19 in 2020, and the pressure from paper 

submission and revision in 2021, finally, I stand before the throne of Ph.D.  

Here, I would like to express my appreciation to my parents, supervisors, colleagues, 

and all my friends who accompany me during the challenging time.  

I would like to thank Prof. Martin Sauter for your tremendous support during my Ph.D. 

period. I am so appreciating that you could give me the opportunity to be a member of 

the faculty of applied geology, the great support for the application of scholarship, and 

constructive suggestions for my manuscripts and research.  

I am so grateful to Dr. Alexandru Tatomir for being not only a supervisor, but a friend 

during the last three years. I would express my greatest appreciation to you for your 

academic support for my research, encouragement when I am disappointed, and 

patience for my mistakes. The Covid-19 pulls people away, but you are always being 

my side when I need help.   

I would like to thank Dr. Ingrid Tomac for providing me with professional suggestions 

and information for my research. My horizons are widely broadened and my work is 

well presented based on the information you provided. 

I would like to thank all the committee members, Dr. Jannes Kordilla, Prof. Rui Hu, 

Prof. Andreas Pack, for reading my PhD thesis and attending my defense. Thank Prof. 

Dr. Tsing-Fu and Prof. Dr. Auli for their constructive suggestions on establishment of 

numerical model and discrete fracture networks. 

I am grateful for the financial support by China Scholarship Council (CSC) for my 

working and living at the University of Göttingen.  

I would be grateful for all the help and support from my colleagues and friends. Thank 

Huhao and Quan for the discussion on model development and research direction. 



`iv 

 

Thank Dr. Feng for the suggestions on PhD thesis. Thanks all my friends for the parties 

and badminton playing, we share a really happy time.  

Special appreciation to my parents and beloved. Thank my father Shenglin and my 

mother Xinwen for always believing in me for my nearly thirty-year life, and providing 

me their most selfless love, without whom I could not come to this step. Thank Miss. 

Shimin for her tremendous patience, continual encouragement, firm confidence through 

all my PhD period. Great thanks to your support, I love you! Lastly, thank Xiao Guoba, 

my cat, your gentle meow always dispels my inner irritability.  

 

 

 

  



`v 

 

Contents 

List of Figures ........................................................................................................................ viii 

List of Tables ........................................................................................................................... xii 

Chapter 1. .................................................................................................................................. 1 

Introduction ............................................................................................................................ 1 

1.1. Background ................................................................................................................... 1 

1.1.1. Enhanced Geothermal System .................................................................................... 1 

1.1.2. Simulation on EGS reservoir ...................................................................................... 3 

1.1.3. Working fluids ............................................................................................................. 5 

1.2. Research objective ......................................................................................................... 7 

1.3. Thesis structure ............................................................................................................. 7 

1.4. Reference ....................................................................................................................... 9 

Chapter 2. ................................................................................................................................ 13 

Thermo-hydro-mechanical modelling study of heat extraction and flow processes in 

enhanced geothermal systems .............................................................................................. 13 

2.1. Introduction ................................................................................................................. 14 

2.2. Mathematical model of the THM coupled processes in the EGS................................ 16 

2.3. Numerical simulation of the heat extraction ............................................................... 18 

2.3.1. Simulation strategy ................................................................................................... 18 

2.3.2. Geometry and boundary conditions .......................................................................... 19 

2.3.3. Methodology to estimate the heat production performance ...................................... 20 

2.4. Model validation and verification ............................................................................... 21 

2.4.1 Two-dimensional validation of the coupled thermal- hydraulic model ...................... 21 

2.4.2. Two-dimensional case for the thermal- hydraulic- mechanical couplings ................ 23 

2.4.3. Mesh sensitivity analysis ........................................................................................... 24 

2.4.4. Validation and verification of the three-dimensional numerical model..................... 25 

2.5. Simulation results ........................................................................................................ 26 

2.6. Conclusion ................................................................................................................... 32 

2.7. Data availability .......................................................................................................... 34 

2.8. Author contribution ..................................................................................................... 34 

2.9. Competing interests ..................................................................................................... 34 

2.10. Acknowledgements ................................................................................................... 35 

2.11. References ................................................................................................................. 35 



`vi 

 

Chapter 3. ................................................................................................................................ 38 

Study on the influence of randomly distributed fracture aperture in a fracture network on 

heat production from an enhanced geothermal system (EGS) ............................................. 38 

3.1. Introduction ................................................................................................................. 40 

3.2. Thermo- hydraulic coupled numerical model ............................................................. 43 

3.2.1. Governing equations ................................................................................................. 44 

3.2.2. Model verification ..................................................................................................... 46 

3.3. Generation of discrete fracture networks .................................................................... 48 

3.3.1. Fracture configuration ............................................................................................... 48 

3.3.2. Methodology ............................................................................................................. 49 

3.4. Numerical model ......................................................................................................... 52 

3.4.1. Modelling strategy .................................................................................................... 52 

3.4.2. Monte-Carlo method ................................................................................................. 52 

3.4.3. Model description ..................................................................................................... 52 

3.4.4. Definition of characteristic parameters ..................................................................... 55 

3.5. Results analysis ........................................................................................................... 56 

3.5.1. Effects of the number of realizations ........................................................................ 56 

3.5.2. Effects of coefficient of variation .............................................................................. 58 

3.5.3. Effect of fracture density ........................................................................................... 65 

3.5.4. Effects from fracture aperture and fracture density ................................................... 67 

3.6. Conclusion ................................................................................................................... 69 

3.7. Appendix: .................................................................................................................... 70 

3.8. Acknowledgements ..................................................................................................... 73 

3.9. References ................................................................................................................... 73 

Chapter 4. ................................................................................................................................ 77 

Assessment of EGS Performance Employing Supercritical CO2 and H2O as Working Fluids 

in a Fractured-Porous Reservoir by Two-Phase Flow Modelling ........................................ 77 

4.1. Introduction ................................................................................................................. 78 

4.2. Methodology ............................................................................................................... 81 

4.2.1. Problem definition ..................................................................................................... 81 

4.2.2. Numerical and Mathematic model ............................................................................ 84 

4.2.3. Parameters for evaluating the geothermal reservoir performance ............................. 87 

4.2.4. Initial and boundary conditions ................................................................................. 87 

4.2.4. Sensitivity analysis concerning the discretization ..................................................... 89 

4.3. Results ......................................................................................................................... 90 

4.3.1. Comparison of the geothermal reservoirs performances using working fluids scCO2 

and H2O ............................................................................................................................... 90 

4.3.2. Sensitivity analysis with respect to the impact of injection rate ............................... 96 



`vii 

 

4.3.3. Effects of final cooldown production temperature on EGS performance ............... 100 

4.6. Discussion and Conclusions ...................................................................................... 102 

4.7. Acknowledgment ...................................................................................................... 104 

4.8. References ................................................................................................................. 104 

Chapter. 5 .............................................................................................................................. 109 

Effects of Heterogeneous Fracture Permeability on the Performances of an Enhanced 

Geothermal System ............................................................................................................ 109 

Abstract ............................................................................................................................ 110 

5.1. Introduction ............................................................................................................... 110 

5.2. Methodology ............................................................................................................. 114 

5.2.1 Mathematical and numerical model ......................................................................... 114 

5.2.2 Parameters for assessing the geothermal reservoir performance ............................. 116 

5.2.3 Problem definition .................................................................................................... 117 

5.2.4 Heterogeneous distribution of fracture permeability ................................................ 120 

5.2.5 Monte Carlo Method ................................................................................................ 121 

5.3. Results ....................................................................................................................... 123 

5.3.1 Effects of standard deviation on reservoir performances ......................................... 123 

5.3.2 Effects of the correlation length on the reservoir performance ................................ 130 

5.3.3. Effects of the type of working fluid on reservoir performance ............................... 134 

5.4. Conclusion ................................................................................................................. 137 

Chapter 6. .............................................................................................................................. 143 

Conclusion and Outlook ..................................................................................................... 143 

6.1. Conclusion ................................................................................................................. 143 

6.1.1. The effects of multi-fracture zones on EGS reservoir performance ........................ 143 

6.1.2. The influences of DFNs properties on EGS reservoir performance ........................ 144 

6.1.3. The advantage of scCO2 as working fluid of EGS reservoir over H2O ................... 145 

6.1.4. The role of preferential flow path on the performance of EGS reservoir using scCO2 

as working fluid. ............................................................................................................... 145 

6.1.5. General conclusion of the thesis.............................................................................. 146 

6.2. Current research and Outlook .................................................................................... 147 

6.2.1. Current research ...................................................................................................... 147 

6.2.2. Outlook ................................................................................................................... 147 

 

  



`viii 

 

List of Figures  

Figure 1.1: Conceptual models for modeling of a fractured porous medium [29]. ................... 4 

Figure 2.1. Geometry and scenarios for the numerical simulation (Scenario 1: single fracture 

zone; Scenario 2: two parallel fracture zones with tight spacing; Scenario 3: two parallel 

fracture zones with loose spacing; Scenario 4: three parallel fracture zones). ........................ 19 

Figure 2.2. Geometry of the singe fracture TH model ............................................................ 21 

Figure 2.3. Comparison between analytical solution and numerical simulation ..................... 23 

Figure 2.4. Geometry of the thermal consolidation THM model ............................................ 23 

Figure 2.5. Comparison between analytical solution and numerical simulation ..................... 24 

Figure 2.6. (a) Sensitivity analysis with respect to finite element mesh and (b) Sensitivity 

analysis with respect to distance between fracture zone and domain boundary ...................... 25 

Figure 2.7: Pore pressure difference with time for the two numerical simulators, i.e. current 

THM model implemented in COMSOL Multiphysics and Figueiredo et al (2020) using 

TOUGH-FLAC ....................................................................................................................... 26 

Figure 2.8. Temperature distribution at 30th year for 4 scenarios. ........................................... 28 

Figure 2.9. (a)Pressure evolution over time and (b)Temperature evolution over time for the 

four modelling scenarios (the middle and side for scenario 4 indicate the fracture zones 

located in the middle part and the side parts, respectively). .................................................... 29 

Figure 2.10. Reservoir heat production rates variation with time for the four modelling 

scenarios. ................................................................................................................................. 30 

Figure 2.11. Evolution of (a) pressure difference and (b) temperature at the production well 

for different flow rates (Scenario 2). ....................................................................................... 32 

Figure 2.12. Evolution of energy production with time for three flow rates (Scenario 2). ..... 32 

Figure 3.1. Geometrical representation of the lower-dimensional fracture model used for 

validation, with the position of the fracture walls forming the aperture, 𝟐𝒅𝒇, in an equal-

dimensional model .................................................................................................................. 47 

Figure 3.2. Comparison between the analytical solution and the numerical simulation ......... 48 

Figure 3.3. Generation of discrete fracture networks followed by the simplification for 

obtaining the one used in numerical simulations. (a) the initial generated DFN; (b) eliminating 

the isolated fractures (red lines), (c) eliminating the fractures with dead ends (red lines); (d) 

remaining backbone fracture network. .................................................................................... 50 

Figure 3.4. Model concepts for a fracture aperture [36]. ......................................................... 51 

Figure 3.5. Schematic representation of the partial raster- element concept, from natural to 

modelling. ................................................................................................................................ 52 



`ix 

 

Figure 3.6. Simulated geometries of the six backbone DFNs (1000m in length × 200m in 

height). ..................................................................................................................................... 55 

Figure 3.7. Simulated average heat production rates as a function of the number of 

realizations for all six scenarios (mean aperture of 0.7mm and coefficient of variation of 1). 57 

Figure 3.8. Pore pressure distributions with 𝝈𝒓 = 0, 0.2, and 0.6 at 5th and 30th years. ........ 58 

Figure 3.9. Temperature distributions with 𝝈𝒓 = 0, 0.2, 0.6, and 1 at 5th and 30th years. ..... 59 

Figure 3.10. the variation of (a) the outlet temperature and (b) the production flow rate over 

the production time with different coefficient of variations of aperture distributions. Solid 

lines: the average results of the realizations; colored area, the standard deviation of the 

realizations. .............................................................................................................................. 60 

Figure 3.11. the variation of (a) the heat production rates and (b) the cumulative energy 

production over the production time with different coefficient of variations of aperture 

distributions. Solid lines: the average results of the realizations; colored area, the standard 

deviation of the realizations..................................................................................................... 61 

Figure 3.12. (a) Average heat production rate 𝑨𝒓 and (b) the variation of outlet temperature 

𝑽𝐓 at the end of simulation period as function of the coefficient of variation. Black points 

and line: the average of fifty realizations, blue points: the results of the realizations. ............ 62 

Figure 3.13. The relationships between the average heat production rate and coefficient of 

variation for different mean apertures (upper panels) and the relationship between the average 

heat production rate and mean aperture for different networks (lower panels) at different stage 

of coefficient of variation (low: 𝝈𝒓 < 𝟎. 𝟑, middle: 𝟎. 𝟑 < 𝝈𝒓 < 𝟎. 𝟔, and high: 𝝈𝒓 > 𝟎. 𝟔), 

(a) RG1, (b) RG2, (c) RG3. ..................................................................................................... 64 

Figure 3.14. The relationships between the variation of outlet temperature and coefficient of 

variation for different mean apertures (upper panels) and the relationship between the 

variation of outlet temperature and mean aperture for different networks (lower panels) at 

different stage of coefficient of variation (low: 𝝈𝒓 < 𝟎. 𝟐, middle: 𝟎. 𝟐 < 𝝈𝒓 < 𝟎. 𝟔, and 

high: 𝝈𝒓 > 𝟎. 𝟔), (a) RG1, (b) RG2, (c) RG3. ....................................................................... 65 

Figure 3.15. The relationships of average heat production rate with fracture density for 

different mean aperture at (a) low coefficient of variation stages, (b) middle coefficient of 

variation stage, and (c) high coefficient of variation stage. ..................................................... 66 

Figure 3.16. The relationships of average heat production rate with fracture density at three 

coefficient of variation stages when the mean aperture equals (a) 0.3 mm, (b) 0.5 mm, and (c) 

0.7 mm. .................................................................................................................................... 67 

Figure 3.17. The relationships of average heat production rate with fracture density for 

different average aperture at three coefficient of variation stages. .......................................... 69 

Figure 3.18. The relationships of average heat production rate with coefficient of variation 

and mean aperture for different discrete fracture networks, (a) RG4, (b) RG5, (c) RG6. ....... 70 



`x 

 

Figure 3.19. The relationships of the variation of outlet temperature with coefficient of 

variation and mean aperture for different discrete fracture networks, (a) RG4, (b) RG5, (c) 

RG6. ........................................................................................................................................ 71 

Figure 3.20. Mathematical model for fractured hot dry rock [41]. .......................................... 72 

Figure 3.21. Comparison between the analytical solution and the numerical simulation. ...... 72 

Figure 4.1. The generation of discrete fracture network: (a) initial fracture network; (b) the 

main fractures (white) and isolated fractures (red), and (c) the main fractures. ...................... 84 

Figure 4.2. Illustration of the boundary conditions of the proposed model and of the main 

fracture network aperture sizes (in coloured bar). ................................................................... 88 

Figure 4.3. Representation of the different grid discretization and the corresponding finite 

element numbers ...................................................................................................................... 90 

Figure 4.4. Relationship between scCO2 saturation at the production well in 30th year and 

mesh refinement (element number). ........................................................................................ 90 

Figure 4.5. Spatial distribution of scCO2 saturation after 1, 5, 10, and 20 years..................... 91 

Figure 4.6. Temperature (top) and fractures (bottom) velocity distributions among the 

combined scCO2- H2O- EGS, scCO2- saturated EGS, and H2O- saturated EGS after years 5 

and 30. ..................................................................................................................................... 93 

Figure 4.7. The relationship between (a) production temperature and (b) heat production rate 

and production time in the combined scCO2-H2O EGS, scCO2-saturated EGS, and H2O-

saturated EGS. The black dash line presents the results without considering the reservoir 

lifespan, i.e., the production still proceeds when production temperature is lower than 120 °C, 

and (c) The relationship between heat production rate ("power" in the legend) and scCO2 

saturation ("Sn" in the legend)................................................................................................. 95 

Figure 4.8. The relationship between total produced thermal energy and production time 

among combined scCO2-H2O EGS, scCO2-saturated EGS, and H2O-saturated EGS. The black 

dash line presents the results without considering the reservoir lifespan, i.e., the production 

still proceeds when the production temperature is lower than 120 °C. ................................... 96 

Figure 4.9. Relationship between (a) production temperature and (b) heat production rate and 

production rate at an injection rate of 10.71 L/s for the combined scCO2-H2O EGS, scCO2-

saturated EGS, and H2O-saturated EGS. The black dashed line presents the results without 

considering the reservoir lifespan, i.e., the production still processes when the production 

temperature is lower than 120 °C. ........................................................................................... 97 

Figure 4.10. Relationship between (a) production temperature and production time and (b) 

heat production rate and the production rate for an injection rate of 24.99 L/s for the 

combined scCO2-H2O EGS, scCO2-saturated EGS, and H2O-saturated EGS setups. The 

dashed lines present the results without considering the reservoir lifespan, i.e., the production 

still progresses even with production temperatures below 120 °C. ......................................... 98 



`xi 

 

Figure 4.11. Temperature distribution when the cold plumes first arrive in the production well 

with (a) H2O and (b) scCO2 as the working fluids for an injection rate of 24.99 L /s. ............ 99 

Figure 4.12. Relationship between total produced thermal energy and production time with 

injection rates of (a) 10.71 L/s and (b) 24.99 L/s. The black dashed line presents the results 

without considering the reservoir lifespan, i.e., production still continues even for production 

temperatures lower than 120 °C. ........................................................................................... 100 

Figure 4.13. Relationship between reservoir lifespan and injection rate with different final 

cooldown production temperature, i.e., the period before the production temperature drops to 

specific values: 120 °C, 90 °C, 60 °C, and 30 °C. ................................................................. 102 

Figure 5.1. Illustration of the modelled domain and boundary conditions ............................ 119 

Figure 5.2. Examples of fracture permeability distributions over the change of (a) standard 

deviations (correlation length is 50), and (b) correlation lengths (standard deviation is 0.5).

 ............................................................................................................................................... 121 

Figure 5.3. (a)Comparison of the Monte Carlo result (red line from Eq. (12)) and realization 

results (dashed lines) based on 150 realizations for the CL-STD combination (100, 0.3); and 

(b) sensitive analysis on cumulatively produced energy over realizations at different time 

points. .................................................................................................................................... 122 

Figure 5.4. Monte Carlo results with CL-STD combination of (100, 0.3) for: (a) temperature 

of production fluid, (b) scCO2 production rate, (c) total energy output, and (d) total 

sequestered scCO2 mass. ....................................................................................................... 123 

Figure 5.5. Example of scCO2 plume spatial distributions corresponding to different STDs at 

0.5th, 10th, and 30th year. The “Hom” presents the homogeneous permeability distribution. 

For heterogeneous permeability field, the correlation length is kept as 100. ........................ 125 

Figure 5.6. Example of scCO2 velocity distributions with different STDs at 1st, 10th, and 30th 

year. The Hom presents the homogeneous permeability distribution. The high velocity areas 

(red areas) represent the preferential flow pathway of scCO2. The correlation length for the 

heterogeneous permeability field is kept as 100. ................................................................... 125 

Figure 5.7. The variation of production scCO2 saturation over the production period with 

different STDs: (a) long-term, i.e., 30 years, production, (b) short-term, i.e., first 3 years, 

production. The “Hom” in legend presents the homogeneous case. ..................................... 127 

Figure 5.8. (a) scCO2 production rate, and (b) production temperature over production period 

with different standard deviation (“STD” in the legend, and “Hom” represents the 

homogeneous permeability field). The correlation length is kept as 100. ............................. 129 

Figure 5.9. The relationship of (a) Cumulative produced energy and (b) the total sequestered 

scCO2 mass with production period with different STD, “Hom” donates the homogeneous 

permeability field. The correlation length is kept as 100. ..................................................... 130 



`xii 

 

Figure 5.10. Example of scCO2 velocity distributions with different CLs at 1st, 10th, and 30th 

year. The high velocity areas (red areas) represent the preferential flow pathway of scCO2. 

The STD for the heterogeneous permeability field is kept as 0.3. ........................................ 131 

Figure 5.11. (a) Relationship between scCO2 saturation at production well and production 

period with different correlation length of gauss distribution; and (b) Relationship between 

scCO2 saturation at production well and correlation length at different time points. The 

standard deviation is kept as 0.3. ........................................................................................... 132 

Figure 5.12. Variation of (a) scCO2 production rate and (b) production temperature per time 

as a function of CL. The STD is kept as 0.3. ......................................................................... 133 

Figure 5.13. The variation of (a) cumulative produced energy and (b) total mass of 

sequestered scCO2 over the production period for different CL. The STD is kept as 0.3. .... 134 

Figure 5.14. Comparison of the cumulative energy produced over the entire production period 

of a geothermal reservoir using scCO2 and H2O as working fluids. The permeability is 

isotropic and homogeneous. .................................................................................................. 135 

Figure 5.15. Relationships among energy variation, STD and CL in different production 

periods for (a) scCO2-H2O combined EGS, (b) H2O-saturated EGS, (c) scCO2-H2O combined 

EGS, and (d) H2O-saturated EGS. ......................................................................................... 137 

 

List of Tables  

Table 2.1. Parameters used in models ..................................................................................... 20 

Table 2.2. Parameters for single fracture model ...................................................................... 22 

Table 2.3. Cumulative produced energy for 4 scenarios at 30th year. ..................................... 30 

Table 3.1. Parameters for the single fracture TH model validation......................................... 47 

Table 3.2. Parameters of fracture network generation ............................................................. 53 

Table 3.3. Parameters for the simulations ............................................................................... 54 

Table 3.4. Combinations of mean aperture and coefficient of variations ................................ 57 

Table 4.1. Parameters for the simulations ............................................................................... 88 

Table 4.2. Relationships between Peclet number (Pe), temperature breakthrough time, and 

heat production rate. ................................................................................................................ 93 

Table 5.1. Parameter values for modelling of the geothermal system ................................... 119 

 

 



1 

 

Chapter 1.  

Introduction  

1.1. Background 

After the third industrial revolution, the financial requirement increased with the 

economic and technological developments. According to a theoretical approximation, 

the total energy consumption worldwide is 4.0 × 1020 J [1], in which 81.3% of the 

energy is supported by the traditional fossil fuels, i.e., oil (31.6%), coal (26.9%), and 

natural gas (22.8%). The use of fossil fuels produces 34.81-billion-ton greenhouse gas 

into the atmosphere, which plays an essential role in global warming and climate 

anomalies [2]. As an alternative to fossil fuels, green energy, especially geothermal 

energy, has generally been attractive over the decades in the new century due to its low-

carbon generation and environmental friendliness [3], [4].  

Traditional geothermal energy is stored in hot water within hot wet rocks (HWR), in 

which the naturally reservoir exists with high porosity and permeability. However, such 

HWRs are rare and unevenly distributed worldwide. Nearly 98% of the geothermal 

energy is stored in hot dry rocks (HDR), in which no natural water is available [5]. The 

HDRs, whose temperatures range between 150℃ and 650℃, are widely distributed 

over the world [6]. However, the application of geothermal energy is usually restricted 

by the HDRs location. Generally, the HDRs are located in the 3-10km underground, 

where the low permeability and porosity are the main obstacle for successful 

geothermal energy extraction [7]. Thus, the application of geothermal energy is still 

challenging and requires further development.  

1.1.1. Enhanced Geothermal System 

To overcome the restriction of low permeability and porosity on the geothermal energy 

application within the HDRs, a new technology has been developed recently. It forms 
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a so-called Enhanced Geothermal System or Engineered Geothermal System (EGS) in 

underground structures [8]. The EGS is a man-made fractured reservoir where hot rocks 

are available. The most common approach for creating an EGS reservoir is by the 

injection of cold fracturing fluid into the subsurface to increase the rock permeability 

and porosity by the generation of new fractures or re-opening of the pre-existing 

fractures. The increased permeability allows the circulation of the working fluid 

through the newly formed fractured zone [9]. Then the application of the geothermal 

energy is achieved by extracting the hot working fluid heated by the surrounding hot 

rocks from the production well. 

The investigations on EGS have been generally implemented worldwide since the first 

EGS effort at Fenton Hill in the 1970s and 1980s [10]. An EGS reservoir was first 

created in Fenton Hill at a depth of approximately 2.6km underground with a 

temperature of 185℃. The experiments in Fenton Hill were sustained for approximately 

one year, and the results demonstrated that the geothermal energy could be extracted at 

a reasonable production rate from the EGS reservoir.  

Up to date, the world’s major economies, i.e., the United States, Germany, France, 

United Kingdom, Australia, and China, have been invested into the development and 

test of EGS reservoirs [11]–[18]. Australia has the largest EGS project in the world, 

whose energy production rate reached to nearly 25 MW. The successful operation of 

the EGS project in Australia proves the feasibility of extracting heat sources in the deep 

HDRs in EGS reservoirs [19].  

However, the researches on EGS reservoir are not a straightforward process. One 

primary factor restricting the development of EGS reservoirs is the induced seismicity, 

which results from the injection of working fluid into the HDRs. Depending on rock 

properties and injection pressure, the HDRs may respond with tensile failure and 

generate induced seismicity [20]. The magnitudes of induced seismicity are gradually 

lower than that of earthquakes and tremors [21]. Pohang of South Korea observed the 

maximum observed magnitude, i.e., 5.5, related to EGS projects in 2017, as a result, 

the EGS project was stopped in the following month of the event [15]. Similarly, the 
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induced seismicity also leads to the cancellation of the EGS tests in Basal of Swaziland 

in December 2009 [22]. Therefore, the currently existing EGS projects are primarily 

small-scale to avoid to the generation of induced seismicity. Besides the environmental 

problem, i.e., the induced seismicity, the high cost of the field experiments within EGS 

reservoirs is another factor affecting the EGS development. The initial investments of 

the field experiments consist of the cost for the creation of high permeable rock matrix 

and the purchasing of required fluids, which are usually ranged between several 

hundred thousand to several million euros [23]. 

The high investment and potential environmental damage caused by induced seismicity 

indicate that the conductions of field experiments on EGS reservoirs are challenging. 

As an alternative, the numerical simulations provide an additional tool for studying and 

understanding the performance of EGS reservoirs with the rapid development of 

computation technology. Recently, the mathematical models capable of handling the 

thermal, hydraulic, mechanical, and chemical (THMC) coupled processes were 

developed and implemented within different numerical simulators [24]–[27]. The 

THMC model can simulate the fluid flow, phase migration, thermal transfer, rock 

deformation, and chemical reactions in the fractured underground structures and 

becomes a solid approach to investigating the multi-physical processes in EGS 

reservoirs. For example, the Fenton Hill EGS reservoir is simulated by hydraulic-

chemical coupled model and thermal-hydraulic coupled model is employed to simulate 

the Qiabuqia EGS reservoir [10], [16].   

1.1.2. Simulation on EGS reservoir 

Different from the conventional geothermal reservoirs within porous media, EGS 

reservoirs are based on fractured rocks, where numerous fractures form the flow 

pathway of the working fluids. Compared to porous media, fractured rocks are more 

considerably heterogeneous. Thus, the conventional single-porosity models, in which 

the behaviors of the geological structures, i.e., fractures and rocks, are represented by a 

single porous media, are not available for the simulation of the EGS reservoir. The 

ability of well simulating the fractures is essential to developing numerical models for 
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EGS reservoirs. Figure 1.1 summarizes the common method to simulate the EGS 

reservoirs. The discrete fracture network (DFN) model can well present the fractures, 

but ignore the interaction between fractures and the surrounding rock matrix. In this 

case, the dual-porosity models, i.e., the discrete fracture model (DFM) and multi-

continuum model, are usually employed. The dual-porosity model assumes that a 

porous medium can be separated into two distinct pore systems, which have separate 

flow and solute transport properties and are characterized by two governing equations 

[28]. A step further, the dual-porosity models can be divided into single-dimensional 

models and multi-dimensional models.  

 

 

Figure 1.1: Conceptual models for modeling of a fractured porous medium [29]. 

 

The single-dimensional model divides the geological structure into rocks and a 

fractured zone, in which the fractured zone is in the same dimension as the rocks [30]. 

On the other hand, the multi-dimensional model employed a fracture group with a 

higher-dimensional rock, e.g., the one-dimensional (1D) fractures with two-

dimensional (2D) rocks or the 2D fractures with three-dimensional (3D) rocks. The 
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fracture group usually indicates the fracture networks [7], [24], [31], [32], or just a 

single fracture [26]. The fracture networks can well represent the natural fracture with 

a considerable computation cost. Generally, the conceptual models for the fracture 

network can be divided into two categories: 1) the parallel plate concept, the one 

commonly employed in the simulations; 2) the raster-element concept [33]. The 

limitation of the parallel plate concept is that it cannot take into account the preferential 

flow path caused by fracture roughness, while the raster-element concept is restricted 

by the computation capacity. Recently, a new concept, called the partial raster-element 

concept, has been raised, with which the two concepts are combined, i.e., preferential 

flow is considered with the acceptable computation cost [7]. A detailed description of 

the partial raster-element concept will be given in Chapter 3. On the contrary, the 

primary advantage of a single fracture is the computation cost is low. In this case, the 

simulation of high heterogeneity of fractures becomes possible. The fracture 

permeability could vary over each element within the fracture, which makes the 2D 

plane be a better representative of the natural fracture. An example that the applying 

single fracture to investigate the effects of fracture heterogeneity on reservoir 

performances is presented in Chapter 5.  

1.1.3. Working fluids 

Besides fracture properties, the working fluids also play an essential role in the 

performance of EGS reservoirs. Unlike the conventional geothermal reservoir in which 

water is the only possibility, the EGS reservoir has a high diversity of working fluids 

[34]–[38]. Due to the different fluid properties, the reservoir performances, such as the 

energy output rate, lifespan, and environmental impact, may vary considerably with 

working fluids. Currently, water is the primary working fluid for the field experiments 

in EGS reservoirs. However, since the possibility of employing other fluids was firstly 

raised by Pruess in 2006 [39], [40], the related studies have been continuously 

increasing. Supercritical carbon dioxide (scCO2), due to its physical properties and easy 

accessibility, becomes the competitive alternative to water in EGS reservoirs [41]–[43]. 

Former researches indicate that using scCO2 as working fluid leads to an up to five 
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times larger heat flow rate than employing H2O as the working fluid for a given 

geothermal reservoir [27], [34]. Furthermore, the scCO2-based reservoirs can maintain 

a more stable heat production rate and a longer service period compared to H2O-based 

reservoirs due to the low injection pressure and later thermal breakthrough time [44]. 

Additionally, the low injection pressure restricts the possibility of seismicity induced 

by working fluid injection, which decreases the environmental damage from the 

operations in EGS reservoirs.  

On the other hand, under the background of global warming, which is considered as the 

result of the over emission of CO2, using scCO2 as an EGS reservoir working fluid is 

believed to benefit in mitigating the continuously increasing temperature. The EGS 

reservoirs are usually enriched with calcite (CaCO3), anorthite (CaAl2Si2O8), kaolinite 

(Al2Si2O5(OH)4), and other minerals, which react with scCO2 during the working fluid 

circulation [45]–[47]. These geochemical reactions benefit the sequestration of scCO2 

underground. Furthermore, the mineral consumptions during geochemical reactions 

increase the reservoir porosity and permeability, which may enhance the existing 

preferential flow path or create some new paths. As a result, the production rates of 

working fluid and energy are promoted for a given injection pressure [48].  

The current numerical investigations on scCO2-based EGS reservoirs are primarily 

either the single-phase multi-dimensional model, i.e., the working fluid and the fluid 

which initially saturated the reservoir are both scCO2, or the multi-phase single-

dimensional model, i.e., the fractures and surrounding rocks are regarded as an 

equivalent continuum. As aforementioned, both the models cannot sufficiently 

represent the fluid flow, phase displacement, and thermal transfer in fractured porous 

media. The studies based on the two-phase multi-dimensional model are rare. In this 

case, a fully coupled thermal-hydraulic (TH) model with a discrete fracture network is 

established to investigate and compare the performances of EGS reservoirs using scCO2 

and H2O as working fluid, respectively in chapter 4.  

A step further, due to the buoyance force of scCO2 within H2O saturated reservoir, the 

scCO2 migration is affected by both the buoyance force and preferential flow path. Thus, 
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the preferential flow path may play a different role on scCO2-based EGS from H2O-

based EGS. The effects of preferential flow path on the performances of H2O-based 

EGS have been widely investigated, but the related research on scCO2-based EGS is 

minimal. In this case, Chapter 5 studies the role of preferential flow path played on the 

performances, i.e., cumulative produced energy and sequestrated scCO2 mass, of 

scCO2-based EGS with statistical method.  

1.2. Research objective 

The main objectives of this thesis are intended to deepen the better understanding of 

the coupled physical processes in fractured geothermal reservoirs, and provide reliable 

references and suggestions on designing, developing, and operating the EGS reservoirs.  

The main objectives are summarized as follows: 

1. Understanding the thermal-hydraulic-mechanical effects of fracture zone number and 

spacing on the overall pressure at injection and production wells and reservoir 

temperature distribution. 

2. Investigating the effects of 1) the fracture aperture distribution of discrete fracture 

networks (DFNs) and 2) DFNs densities on the EGS reservoir performance; and 

providing the suggestions for increasing the reservoir heat production rate.  

3. Identifying the ad- and disadvantages of scCO2 as the reservoir working fluid 

compared to H2O regarding the reservoir energy production rate, production 

temperature, and service period.  

4. Determination of the effects of preferential flow path within heterogeneous 

permeability field on the short-term and long-term reservoir performances, i.e., the 

cumulative produced energy and sequestrated CO2 mass. 

1.3. Thesis structure  

This doctoral thesis is structured as a monography and consists of 6 chapters, which 

contain the overall introduction, the methodology, results of the main research, and the 
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conclusions.  

Chapter 1 gives a general introduction to the research background, motivation, 

shortage of current research and the primary research objectives, and the structure of 

the thesis.  

Chapter 2 focuses on the thermal-hydraulic-mechanical (THM) effects among fracture 

zones, in which a dual-porosity single-dimensional THM model is established. The 

model is validated with analytic solutions and existing published results. The results 

from the systems of single fracture zone and multi-fracture zone are investigated and 

compared, and the sensitivity analysis on flow rate is also implemented.  

Chapter 3 investigates the effects of fracture aperture distributions and fracture density 

on the EGS reservoir performances by the Monte Carlo method, in which a discrete 

fracture model considering the variable aperture fractures is presented. The statistically 

generated fracture networks with different apertures are applied, where the partial-raster 

concept is used, i.e., fracture apertures are randomly distributed within the networks, 

but constant for one single fracture. Based on the comparison between fracture aperture 

and fracture density, suggestions on promoting reservoir energy performance are 

provided.  

Chapter 4 compares the performance of scCO2 with H2O as the EGS reservoir working 

fluid based on three specific EGS setups: 1) the combined scCO2-H2O-EGS; 2) scCO2-

saturated EGS; and 3) H2O-saturated EGS. The EGS performance is evaluated with 

fluid production temperature and the hat production rate. In addition, this chapter 

considers an advanced representation of DFN, which includes the partial-raster concept 

for the fracture aperture and allows a more realistic representation of the geothermal 

reservoir.  

Chapter 5 studies the influences of preferential flow on the performance of two-phase 

enhanced geothermal systems with heterogeneous permeability fields. It is assumed 

that the reservoir is initially saturated with H2O and the permeability follows gauss 

distribution with two controlling variables, i.e., standard deviation and correlation. 

Furthermore, the performance of the reservoir using scCO2 as working fluid is 
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compared with the reservoir whose working fluid is H2O.  

Chapter 6 summarizes the conclusions regarding to the primary objectives of the thesis 

and describes the ongoing and further researches.  
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Abstract. Enhanced Geothermal Systems (EGS) are widely used in the development 

and application of geothermal energy production. They usually consist of two deep 

boreholes (well doublet) circulation systems, with hot water being abstracted, passed 

through a heat exchanger, and reinjected into the geothermal reservoir. Recently, simple 

analytical solutions have been proposed to estimate water pressure at the abstraction 

borehole. Nevertheless, these methods do not consider the influence of complex 

geometrical fracture patterns and the effects of the coupled thermal and mechanical 

processes. In this study, we implemented a coupled thermo-hydro-mechanical (THM) 

model to simulate the processes of heat extraction, reservoir deformation, and 

groundwater flow in the fractured rock reservoir. The THM model is validated with 

analytical solutions and existing published results. The results from the systems of 

single fracture zone and multi-fracture zones are investigated and compared. It shows 

that the growth of the number and spacing of fracture zones can effectively decrease 

the pore pressure difference between injection and abstraction wells; it also increases 

the production temperature at the abstraction, the service life-spans, and heat production 

rate of the geothermal reservoirs. Furthermore, the sensitivity analysis on the flow rate 

is also implemented. It is observed that a larger flow rate leads to a higher abstraction 

temperature and heat production rate at the end of the simulation, but the pressure 

difference may become lower. 

2.1. Introduction  

The Increasing development of geothermal energy has become a central issue globally 

for its low-carbon generation and environmental friendliness (Sun et al., 2018). 

However, the exploitation of geothermal energy is widely restricted by reservoir 

structure and properties. Nearly 98% of geothermal energy is stored within the Hot Dry 

Rocks (HDRs) (Armstead et al., 1995), whose permeability and porosity are very low. 

Thus, the low permeabilities being the main obstacle for successful exploitation of the 

heat resources. 

Generally, the HDRs are located 3-10km beneath the ground level, with temperatures 
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ranging between 150 to 650℃ (Brown et al., 1995). The Enhanced Geothermal System 

(EGS) was developed to overcome the low permeability of HDR systems (Olasolo et 

al., 2015). An EGS is a man-made reservoir created in the subsurface where hot rocks 

are available, but they are insufficiently permeable for the high flow rate circulation to 

be economical. In EGS, the cold fracturing fluid is injected into the subsurface to 

increase the permeability by dilating pre-existing fractures or creating new ones. The 

increased permeability allows the fluid underground to circulate through the newly 

created fracture zones. The hot fluid is abstracted from the abstraction well; then the 

cold fluid is re-injected into the subsurface to form the circulation. Two main criteria 

need to be addressed when designing an EGS (Kaya et al., 2010; Rivera et al., 2015; 

Figueiredo et al., 2020): 1) temperature at the abstraction well: if the temperature 

decreases quickly during the operation, the lifetime of the EGS will be much restricted; 

2) the pore pressure difference between wells of injection and abstraction; if the 

pressure difference is too large, the EGS will not be cost-effective, i.e., the cost of 

injection and abstraction will be too high. Therefore, these two criteria are investigated 

in our study.  

Recently, a mathematical model capable of handling the thermal, hydraulic, and 

mechanical (THM) coupled processes was developed and implemented within different 

numerical simulators for the investigation of the performance of the geothermal 

reservoirs in EGS (e.g., Ogata et al., 2018; Pandey et al., 2018; Danko et al., 2012; Li 

et al., 2016). The THM numerical model can simulate the migration of fluid, thermal 

transfer, and matrix deformation in the fractured underground structures and become 

the suitable approach for investigating the multi-physical processes in EGS. In EGS, 

usually several artificially fracture zones are created. Usually, these fractures are 

oriented roughly parallel to each other (Lei et al., 2019). To handle the geometrical 

complexity of the fracture systems and decrease computational effort, some studies 

focus on one single fracture zone (e.g., Figueiredo et al., 2020; Knarud et al., 2015). 

However, this kind of operation ignores the influence from neighbouring fractures 

and/or fracture zones. Therefore, the heat production rates are likely to be under-or 
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over-estimated.  

The main objective of this study is to apply and test a THM numerical model capable 

of simulating the coupled THM processes occurring in an EGS. The mathematic model 

is firstly validated by the analytical solutions, then the THM model consisting of 

parallel fracture zones is validated with the model proposed by Figueiredo et al. (2020). 

The model assumes that fractures were already created or re-opened within the fracture 

zone. Commonly, more fracture zones are present in an EGS. Even though the rock 

permeability is extremely low and the fracture zones in the EGS are not hydraulically 

connected, they can influence each other through the stress distribution. Therefore, in 

this study, we investigate the THM effects induced by the fracture zone number and 

spacing on the overall pressure and temperature distributions at the injection and 

extraction wells by comparing the results successively among several sets of parallel 

fracture zones. Furthermore, a sensitivity analysis on the flow rate is also implemented 

to investigate the role of flow rate in the heat production process in EGS.  

2.2. Mathematical model of the THM coupled processes in the EGS 

The mathematical model describing the coupled THM processes involved in EGS is 

similar to those described by Sun et al. (2018) and Yao et al. (2018).  

Darcy’s law describes the fluid flow in the subsurface porous system: 

𝑢𝑤 =  −
𝑲

𝜇
(∇𝑝 − 𝜌𝒈)                         (1)                                                          

in which, 𝑲 is the permeability tensor of the porous media which is assumed to be 

homogenous and isotropic,  

𝜇 is the dynamic viscosity of water. With the mass variation of water being considered: 

𝜕𝜌𝜙

𝜕𝑡
−  ∇ ∙ 𝜌

𝑲

𝜇
(∇𝑝 − 𝜌𝒈) + 𝑄 = 0           (2) 

𝜕𝜌𝜙

𝜕𝑡
= 𝜌𝑆

𝜕𝑝

𝜕𝑡
            (3) 

In which S is storage term, here: 

𝑆 = 𝜙𝑋𝑓 + (1 − 𝜙)𝑋𝑚           (4) 

Where 𝜙 is the initial porosity assumed to be homogenously distributed, 𝑋𝑓 and 𝑋𝑚 
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are the compressibility of water and surrounding matrix respectively. 

Deformation is assumed to be elastic. The force balance equation is given with: 

∇𝜎 + 𝐹𝑣 = 0             (5) 

with 𝐹𝑣 is the external force, mainly gravity, σ is the stress tensor acting on the matrix. 

According to previous research (Rutqvist et al., 2002; 2013), the stress-induced 

mechanical porosity 𝜙𝑒𝑓𝑓 can be expressed by stationary initial porosity 𝜙 and the 

volumetric strain 𝜀𝑣: 

𝜙𝑒𝑓𝑓 = 1 − (1 − 𝜙) 𝑒𝑥𝑝(−𝜀𝑣)      (6) 

with the volumetric strain being the sum of the axial strain, according to Hook’s law 

and theory of poroelasticity:  

𝜀𝑖𝑖 =
1

𝐸
[𝜎𝑖𝑖

′ − 𝜈(𝜎𝑗𝑗
′ + 𝜎𝑘𝑘

′)]  𝑖, 𝑗, 𝑘 = 𝑥. 𝑦. 𝑧     (7) 

𝜎𝑖𝑖
′ = 𝜎𝑖𝑖 − 𝛼𝑏(𝑝 − 𝑝𝑟𝑒𝑓)                    (8) 

where 𝐸 is the elastic modulus, 𝜈 is the Poisson’s ratio, 𝜎𝑖𝑖
′ the effective stress in 

the porous medium, 𝜎𝑖𝑖  is the external stress acting on the matrix, 𝛼𝑏  is the biot-

coefficient, 𝑝 is the pore pressure and 𝑝𝑟𝑒𝑓 is the stationary reference pressure. To 

obtain the effective permeability of surrounding rocks, an empirical relationship 

between the permeability and porosity has been generally applied (Pashin et al., 1998; 

Pan et al., 2007; Li et al., 2016; Rutqvist et al., 2002):  

𝑲𝑒𝑓𝑓 = 𝑲 ∙ 𝑒𝑥𝑝 (
𝜙𝑒𝑓𝑓

𝜙
)

𝑛

       (9) 

The power-law coefficient n varies with different geological material and structure, 

usually between 3 to 25 (Rutqvist et al., 2013), in which the value 15 is widely applied 

in the researches (Rutqvist et al., 2002; 2013; Figueiredo et al., 2020).  

In the non-isothermal model, the influence of temperature variations on the strain is 

also considered, the influence mainly results from thermal expansion and contraction: 

𝜀𝑡ℎ = 𝛼(𝑇) ∙ (𝑇 − 𝑇𝑟𝑒𝑓)          (10) 

in which 𝜀𝑡ℎ is the strain caused by temperature variations, α(T) is the coefficient of 

thermal expansion, in general, the direction of thermal expansion or contraction 

depends on the property of the material. Here, all materials are assumed to be 
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homogeneous; thus α(T) is isotropic. T − 𝑇𝑟𝑒𝑓 is the temperature changes during the 

non-isothermal injection and abstraction of water. The temperature distribution and 

thermal transfer is described by the energy conservation equation: 

(𝜌𝐶𝑃𝑤)𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
− 𝜌𝐶𝑃𝑤𝑢𝑤∇𝑇 − ∇ ∙ (𝑘𝑒𝑓𝑓∇𝑇) + 𝑄 = 0   (11) 

in which, 𝐶𝑃 is the heat capacity of water, 𝑘 is the thermal conductivity, 𝑢𝑤 is Darcy 

velocity, Q is the thermal source and sink, the subscript eff stands for an average value 

of water and surrounding rocks: 

(𝜌𝐶𝑃𝑤)𝑒𝑓𝑓 = 𝜙𝜌𝑤𝐶𝑃𝑤 + (1 − 𝜙)𝜌𝑚𝐶𝑃𝑚        (12) 

𝑘𝑒𝑓𝑓 = 𝜙𝑘𝑤 + (1 − 𝜙)𝑘𝑚 + 𝑘𝑑𝑖𝑠𝑝    (13) 

where 𝜌𝑤 , 𝜌𝑚 , 𝐶𝑃𝑤 , 𝐶𝑃𝑚 , 𝑘𝑤  and 𝑘𝑚  are density, heat capacity and thermal 

conductivity of water and surrounding rocks respectively; 𝑘𝑑𝑖𝑠𝑝 is the coefficient of 

thermal dispersion 

2.3. Numerical simulation of the heat extraction  

2.3.1. Simulation strategy  

The numerical simulator COMSOL Multiphysics is employed to solve the complex 

coupled partial differential equations, which uses the finite element method for space 

discretization when solving the system of partial differential equations describing the 

coupled THM processes. The production strategies for EGS are presented in Figure 2.1. 

Four scenarios have been raised to implement the influence of the fracture structures 

on the performance of geothermal reservoirs. The blue part presents the fracture zones 

in which the cold water is injected and hot water is abstracted. Scenario 1 has one 

fracture zone located in the middle (250m above the lower boundary) of the surrounding 

rocks; scenario 2 and 3 have two parallel fracture zones, but the zone spacings are 

different; Scenario 4 has three parallel fracture zones. The total injection and abstraction 

rates are the same for the four scenarios, i.e., 12L/s (Figueiredo et al., 2020). The rates 

are assumed to be distributed evenly for the scenarios with multi fracture zones, which 

means for the scenario 2 and 3, the rate is 6 L/s and the value is 4 L/s for the scenario 

4. The heating processes within the injection and abstraction tubes and the preferentially 
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flow within the fracture zone is ignored.  

 

     

    

Figure 2.1. Geometry and scenarios for the numerical simulation (Scenario 1: 

single fracture zone; Scenario 2: two parallel fracture zones with tight spacing; 

Scenario 3: two parallel fracture zones with loose spacing; Scenario 4: three 

parallel fracture zones). 

 

2.3.2. Geometry and boundary conditions 

The simulated domain size is 1000m by 1000m by 750m, and the size of the fracture 

zones is 500m by 500m by 25m. The top of the domain is located 6000m below ground 

level. The x-coordinate axis is parallel to the fracture direction and the z-axis is vertical. 

The abstraction and injection wells are symmetrical to the centre of the modelling 

domain. The spacing between the two wells is 250m. 

Because of the low permeability of the surrounding rock matrix, it is assumed that water 
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will not enter the rock material, and all outside model boundaries are assumed tight for 

fluid flow. A static temperature distribution linearly increasing from 132 ◦C at the top 

boundary with a constant thermal gradient of 18 °C/km is assigned (Figueiredo et al., 

2020). This temperature gradient has been observed in several sites in Sweden (Ahlbom 

et al., 1995). It is also assumed that the top and bottom boundaries are at large distances 

from the fracture zones, and the temperature at the two boundaries is set constant to the 

initial temperature. The normal displacements are set to be zero for all six boundaries. 

The initial pressure distribution in the system results from a hydrostatic pressure 

gradient (9.81MPa/km) and an atmospheric pressure of 0.1 MPa at the surface. This 

results in the pressure of 63 MPa at the top and 73.4 MPa at the bottom of the domain. 

The vertical stress distribution is calculated from an overburden density of 2700 kg/m3 

and the horizontal stress is set equal to the vertical stress. Table 2.1 presents the other 

parameters used in the model. Coldwater is injected into the injection borehole with a 

temperature of 47 ℃. After being heated by the surrounding rocks, the thermal water is 

abstracted at the abstraction borehole located 250m away from the injection borehole. 

The total production time is 30 years.  

 

Table 2.1. Parameters used in models  

Parameters  Fracture zone  Surrounding rocks 

Porosity [-] 0.02 0.02 

Permeability [m2] 1e-14 1e-18 

Elastic modulus [GPa] 10  50 

Poisson’s ratio [-] 0.2 0.2 

Rocks density [kg/m3] 2700 2700 

Specific heat capacity of rock [J/(kg*K)] 790 790 

Thermal conductivity [W/(m*K)] 2.9 2.9 

Thermal expansion coefficient [1/K] 2.5e-4 2.5e-4 

 

2.3.3. Methodology to estimate the heat production performance 
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In this work, heat production rate (W) and the totoal produced energy (E) are employed 

for the judegment of the heat production performance of the aforementioned 4 scenarios. 

The formulas for W and E are as following: 

𝑊(𝑡) = ∑ 𝑊(𝑡) =  ∑ 𝑄(𝑡) ∙ 𝐶𝑝𝑤 ∙ (𝑇𝑜𝑢𝑡(𝑡) − 𝑇𝑖𝑛)𝑛
1

𝑛
1          (14)                                           

where n is the number of fracture zones, 𝑄(𝑡) is the production rate, 𝐶𝑝𝑤 is the water 

capacity and 𝑇𝑜𝑢𝑡(𝑡)  and 𝑇𝑖𝑛  are the production temperature and injection 

temperature respectively.  

With the value of total simulation time ts, the total producted energy can be described: 

E =  ∫ 𝑊
𝑡𝑠

0
(t)dt = ∫ ∑ 𝑄(𝑡) ∙ 𝐶𝑝𝑤 ∙ (𝑇𝑜𝑢𝑡(𝑡) − 𝑇𝑖𝑛)𝑛

1 𝑑𝑡
𝑡𝑠

0
       (15)                                 

2.4. Model validation and verification  

The validation of the THM model is necessary before its further application. The two-

dimensional analytical solutions considering fluid flow in single fracture zone is firstly 

employed to validate our model.  

Afterward, the THM model is applied to a realistic three-dimensional EGS system for 

which no analytical solutions are available, and it is compared with published literature 

data, i.e., Figueiredo et al., (2020). The hydro-mechanical coupled model, without 

including the thermal coupling, has been used to perform a verification benchmark with 

the academic simulator DuMuX (Zhou et al., 2020). 

2.4.1 Two-dimensional validation of the coupled thermal- hydraulic model  

 

Figure 2.2. Geometry of the singe fracture TH model 
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For the validation of the thermal-hydraulic coupling, the analytical solution proposed 

by Lauwerier et al. (1955) and Barends et al. (2010) is employed. This solution 

describes the temperature variation caused by the heat convection and conduction 

within a single fracture with a given aperture. As presented in Figure 2.2, the single 

fracture is located in the middle of the geometry, surrounded by rock matrices. The 

thickness of the rock matrices is assumed to be infinite. Heat is transferred by thermal 

conduction in the rock matrix while heat convection dominates within the fracture. 

During the heat abstraction, water is injected into the fracture with a constant flow 

velocity 𝑣𝑓  and temperature 𝑇𝑖𝑛 . The analytical solution can be described as 

following:  

𝑇𝑓 = 𝑇0 + (𝑇𝑖𝑛 + 𝑇0)𝑒𝑟𝑓𝑐 (
𝜆𝑠𝑥 (𝜌𝑤𝐶𝑝𝑤𝑑𝑓)⁄

2√𝑣𝑤(𝑣𝑤𝑡−𝑥)𝜆𝑠 (𝜌𝑠𝐶𝑝𝑠)⁄
) 𝑈 (𝑡 −

𝑥

𝑣𝑤
)      (16)                                

where 𝑇0 is the initial temperature of the system, 𝜆𝑠 is the thermal conductivity of 

the matrix rocks, 𝜌𝑤, 𝜌𝑠, 𝐶𝑝𝑤 and 𝐶𝑝𝑠 are the density and heat capacities of water 

and rock matrix respectively, 𝑑𝑓 is the fracture aperture, ‘erfc()’ is the residual error 

function and ‘U()’ is the unit step function. The detailed value of the parameters for the 

analytical solution and numerical simulation are presented in Table 2.2 

 

Table 2.2. Parameters for single fracture model 

Parameters  Value 

𝑇0   (K) 150 

𝑇𝑖𝑛   (K) 30 

𝜆𝑠   (W/m/K) 3 

𝜌𝑤   (kg/m3) 1000 

𝜌𝑠   (kg/m3) 2700 

𝑑𝑓   (mm) 0.1 

𝐶𝑓   (J/kg/K) 4200 

𝐶𝑠   (J/kg/K) 1000 

𝑣𝑤   (m/s) 0.001 
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The comparisons of numerical simulation with the analytical solution are presented in 

Figure 2.3. Figure 2.3(a) illustrates the temperature variation over time at different 

positions (x = 10m, 30m and 50m). Spatial temperature distribution at different time 

points (t = 10d, 30d and 50d) is illustrated in Figure 2.3(b).  

 

   

(a) Temperature evolution over time     (b) Temperature distribution at different potions  

Figure 2.3. Comparison between analytical solution and numerical simulation  

2.4.2. Two-dimensional case for the thermal- hydraulic- mechanical couplings 

 

Figure 2.4. Geometry of the thermal consolidation THM model 

 

In this case, the variations of pressure and temperature resulting from the thermal 

consolidation obtained with the numerical model are compared with the analytical 

solution. The thermal consolidation problem is a typical problem involving coupled 

THM effects, i.e., temperature variation, pressure dissipation, and mechanical 

deformation (Guo et al., 2020), which is the same as the THM coupling effect within 
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the fractured porous material underground. The analytical solution is proposed by 

Ghassemi et al. (2004). The geometry of the validation model is presented in Figure 

2.4. A wellbore with radius R = 0.1m is located in the middle of the reservoir with an 

initial temperature of 200℃. The reservoir is assumed to be infinite and fully saturated 

with water initially. At the beginning of the simulation, the wellbore rapidly is cooled 

and maintained at 80℃, and the simulation lasts 1 × 104𝑠. The other parameters are 

the same as Ghassemi et al. (2004). Figure 2.5 presents the comparison results. Figure 

2.5(a) and (b) illustrate the distributions of temperature and pore pressure at different 

time points. The simulation results have an excellent agreement with the results from 

the analytical solution for both the cases, which indicates the accuracy and feasibility 

of the numerical model and its implementation.  

 

                                             

 (a) Temperature distribution at different time points       (b) Pressure distribution at different 

potions  

Figure 2.5. Comparison between analytical solution and numerical simulation  

 

2.4.3. Mesh sensitivity analysis  

Scenario 1 is selected for performing a sensitivity analysis with respect to the mesh size. 

The results for the sensitivity analysis for the mesh and boundaries are presented in 

Figure 2.6(a). For our numerical model, the mesh of the fracture zone is done with 

cubical elements and for the surrounding rock matrix, tetrahedral elements. The 

elements are uniformly distributed within the whole domain. It is observed that the pore 
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pressure difference between injection and abstraction wells varies with various finite 

element grids. The pore pressure difference is 6.87 MPa when the number of elements 

is 12702. With the increase of element number, the pressure difference decreases until 

the mesh number reaches 15322. From the 15322 elements, the pressure difference 

remains approximately constant. Therefore, in this paper, a grid with 15322 elements is 

selected.  

Figueiredo et al., (2020) study focused on the EGS performance containing a single 

fracture zone. The authors did investigate the influence of fracture proximity to the 

simulation domain boundary. Since the distances between the fracture zone and domain 

boundaries vary between the different scenarios, a sensitivity analysis regarding the 

distance is performed (Figure 2.6(b)). As expected, the closer to the boundary, the 

higher the influence is observed, with a high difference between results. The pressure 

differences increase with increasing distance, and they become smaller (<0.01 MPa) 

when the distance equals 250m. Thus, the distance of 250m is further used in this work.  

  

(a)           (b) 

Figure 2.6. (a) Sensitivity analysis with respect to finite element mesh and (b) 

Sensitivity analysis with respect to distance between fracture zone and domain 

boundary 

 

2.4.4. Validation and verification of the three-dimensional numerical model 

The THM coupled processes are nonlinear and very complex; the validations based 
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only on the analytical solutions are insufficient. The comparison with the published 

THM model is necessary and the agreement between different simulators enhances the 

confidence for our numerical model. This is the purpose of performing the benchmarks 

(Zhou et al., 2020).  

The results obtained with our THM model are compared with Figueiredo et al. (2020) 

model. The simulated domain size and the parameters employed for our validation 

model are set to be the same as Figueiredo et al. (2020), i.e., 2000m ×  2000m × 

110m with a fractured zone of 1000m × 1000m × 10m located in the middle part. 

The detailed parameters are presented in Table 2.1. The finite element mesh setting is 

the same as the mesh sensitivity analysis, and there are altogether 17876 elements 

generated in the validation model. 

Figure 2.7 presents the pore pressure difference between injection and abstraction wells 

plotted versus time for the two numerical simulators. It is observed that the results are 

in very good agreement. The pore pressure difference reaches a peak after ten days of 

injection, where it remains stable and starts decreasing after approximately 1000 days 

in both models. The good agreement of the results indicates the THM model is reliable.  

 

Figure 2.7: Pore pressure difference with time for the two numerical simulators, 

i.e. current THM model implemented in COMSOL Multiphysics and Figueiredo 

et al (2020) using TOUGH-FLAC 

2.5. Simulation results   

Having the model verified with analytical solutions and published results, we studied 
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the effect of different reservoir characteristics, e.g., single fracture zone compared to 

the complex (multi-fracture) system on heat production.  

Figure 2.8 presents the temperature distribution in the 30th year for the four scenarios. 

Besides the fracture zones, a flat perpendicular to the fracture zones is also applied to 

present the heat distribution among the rock matrix. The y coordinate of the 

perpendicular plane is the same as the value of the injection well. Obviously, the low-

temperature zones mainly exist within the fracture zones, and the decrease of 

temperature is comparably lower in the surrounding rock matrix than that in fracture 

zones. This is because, within fracture zones, the heat is transferred by both thermal 

conduction and convection, while due to the lower permeability of the rock matrix, only 

thermal conduction works within the rock matrix. Additionally, with the increase of the 

fracture zone number, the vertical extent of the low-temperature zones decreases, but 

the horizontal extent increases, indicating the connection and influence from the 

neighboring fractures are enhanced.  
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Figure 2.8. Temperature distribution at 30th year for 4 scenarios.  

 

Figure 2.9(a) and (b) presents the comparison of the pore pressure difference between 

injection and abstraction wells and the abstraction temperature among different 

scenarios, respectively. It is observed that the pressure difference and production 

temperature vary with the number, spacing, and location of fracture zones. Scenario 2 

and 3 are applied for the investigation of the fracture zone spacing and scenario 4 is 

used for the fracture zone location. Since the domain is symmetric for scenarios 2, 3, 

and 4, only the results from one (the one closer to origin) side of the fracture zones are 

presented here.  

As illustrated in Figure 2.9(a), the overall tendencies for all the scenarios are the same, 

but the discrepancies are apparent. By comparing scenario 1 with scenario 2, 3 and 4, 

it can be obtained that the multi-fracture system can decrease the pore pressure 

difference due to the lower injection and abstraction rate. Comparing scenario 2 and 3, 

the fracture zone spacing has a noticeable influence on the pore pressure difference. 

The final values are 4.93 MPa and 6.06 MPa, respectively. This indicates the decrease 

in the distance between the fracture zones can effectively decrease the pore pressure 

difference. Furthermore, for the three parallel fracture zone system, it is obtained that 

the middle fracture zone has a comparably lower pressure difference (3.57MPa) than that (4.23 MPa) 

of the side fracture zone.  

The temperature evolutions are presented in Figure 2.9(b). It is observed that during 

the initial period of the simulation (approx. 500 d), the discrepancies among the 

scenarios are minimal. This is because, at the beginning of the injection, the energy 

supply from the near rock matrix is sufficient. The production temperature from 

scenario 1 firstly decreases at about 500 days. After 2000 d, the production temperatures 

start to diverge depending on the different fracture zone spacings and their locations. 

By comparing scenarios 2 with 3, the lower spacing results in a lower temperature at 

abstraction well. This is because in scenario 2, when the energy stored in the rock matrix 
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between the two fracture zones is consumed, i.e., the temperature of the rock matrix 

tends to be the same as the cold water; the rock matrix between two fracture zones can 

still provide the energy for heating the cold water in scenario 3. Therefore, from this 

time, the abstraction temperature of scenario 2 begins to be lower than that of scenario 

3. The same reason can explain the discrepancy for scenario 4; the middle fracture zone 

obtains less energy from the surrounding rock matrix, resulting in a higher drop of the 

temperature at abstraction well. Furthermore, the multi- fracture zone system extends 

the life-span of the geothermal reservoirs. Provided that the reservoir life-span is the 

period before the abstraction temperature is lower than 120℃ (Guo et al., 2016), the 

approximately life-span of scenario 1 is the shortest while the life-span of scenario 4 is 

the longest.  

 

   

(a)            (b) 

Figure 2.9. (a)Pressure evolution over time and (b)Temperature evolution over 

time for the four modelling scenarios (the middle and side for scenario 4 indicate 

the fracture zones located in the middle part and the side parts, respectively). 

 

Figure 2.10 presents the heat production rates over time for the four scenarios. It can 

be observed that for all the four scenarios, as time passes, the production rates begin to 

drop from the initial value of 4637 KW. The tendencies of the production rates are all 

similar with the production temperature at abstraction. For scenario 1, the production 

rate begins to decrease after approximately 1000 days and drops to 3544 KW at the end 

of the simulation (10000 days). For the scenario 2 and 3, the breakthrough time is 
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slightly later, at approximately 1900 days, the drop starts and finally the production 

reached 4002 kW and 4055 kW respectively. The discrepancy of the production rate for 

the two scenarios results from the different fracture spacing between the neighbouring 

fracture zones.  For scenario 4, the time for the breakthrough is the latest, at 

approximately 2400 days. After the breakthrough, the production rate gently decreases 

to 4225 kW at the end of the simulation.  

By comparing the four scenarios, it is observed that the number of the fracture zones is 

of much higher importance for the performance of the heat production in EGS. With 

the number increasing from 1 to 3, the final production rates increase from 3544 kW to 

4225 kW; the amplitude reaches to nearly 19.2%. Thus, it can be obtained that the multi-

fracture zone system can improve the reservoir heat production rate. 

 

  

Figure 2.10. Reservoir heat production rates variation with time for the four 

modelling scenarios.  

 

Table 2.3. Cumulative produced energy for 4 scenarios at 30th year.  

Scenario  1 2 3 4 

Breakthrough time (day) 1000 1900 1900 2400 

Average produced energy 

(kW) 
4.0 × 103 4.35 × 103 4.37 × 103 4.48 × 103 

 

Additionally, the breakthrough time and the cumulatively produced energies of the four 

scenarios at the 30th year are presented in Table 2.3. The breakthrough time is 
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proportional to the number of the fracture zone, which indicates the energy production 

of multi- fracture zone reservoir is more stable and enduring than the single- fracture 

zone reservoir. It is also observed that after the 30-year service time, the variations for 

different scenarios are noticeable; the maximum discrepancy is 12% from scenario 1 

and 4. Thus, it can be concluded that the multi- fracture zone system provides a more 

stable and robust energy output.   

The performance of the geothermal reservoirs for different flow rates is presented in 

Figure 2.11. Scenario 2 is employed for the investigation. It is found that the pressure 

difference has an initial shoot-up and a subsequent decrease as the simulation 

progresses. Additionally, the shoot-up and steep reduction are related to the flow rate 

because of the mechanical response of the fracture zone- matrix system. In the injection 

well, by injecting the working fluid, the overpressure becomes positive, which leads to 

an increase of permeability and then a reduction of the overpressure and the same for 

abstraction well. Meanwhile, the larger flow rate leads to a larger hydro-mechanical 

effect (a more considerable increase of permeability). Therefore, the subsequent steeper 

reduction in the pressure difference between the two wells is more evident for the larger 

flow rate. Figure 2.11(b) illustrates the evaluation of outlet temperature over time. It is 

obvious that the outlet temperature and breakthrough time have an inverse relationship 

with the flow rate, the larger the flow rate is; the higher and later the outlet temperature 

and breakthrough time are.  

 

    

(a)            (b) 

0

2

4

6

8

10

12

14

0 2000 4000 6000 8000 10000

P
re

ss
u
re

 d
iff

er
en

ce
 (

M
P

a)

Time (d)

Scenario2_24L/s

Scenario2_12L/s

Scenario2_6L/s

110

115

120

125

130

135

140

145

0 2000 4000 6000 8000 10000

P
ro

d
u
ct

io
n
 t

em
p

er
at

u
re

 (
◦C

)

Time (d)

Scenario2_24L/s

Scenario2_12L/s

Scenario2_6L/s



32 

 

Figure 2.11. Evolution of (a) pressure difference and (b) temperature at the 

production well for different flow rates (Scenario 2).  

 

Figure 2.12 presents energy production rates and their evolution over time for three 

flow rates (6, 12, and 24 l/s). It is found that the lowest flow rate has the most stable 

energy production rate. On the other hand, the largest flow rate results in a higher 

production rate at the initial injection period, which later decreases slowly. The average 

energy production rates over the whole simulation time are 7929 kW, 4354 kW, and 

2278 kW when the flow rates are 24L/s, 12L/s, and 6L/s, respectively. It shows that the 

efficiency of reservoir energy production is not strictly proportional to the flow rate, 

e.g., from 6L/s to 24L/s, the flow rate increases 300%, but the average energy 

production rate only increases 248%. Thus, the determination of flow rate is of 

importance to reach the equilibrium of the performances of energy production and 

economics.  

 

 

Figure 2.12. Evolution of energy production with time for three flow rates 

(Scenario 2).  

2.6. Conclusion 

A thermo-hydro-mechanical (THM) model for studying the cold-water injection in EGS 

was implemented in a commercial finite element software and here presented. Model 

validation and verification were conducted by comparing the model results with two 
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analytical solutions for a two-dimensional idealized domain and the comparison with 

Figueiredo et al., 2020 THM model in a three-dimensional EGS problem. The very 

good agreements among the results are a good indicator of the reliability of the 

numerical model to represent the coupled THM processes characteristic for EGS.  

Based on the single fracture zone system raised by Figueiredo et al., 2020, in this study, 

a sensitivity study is implemented to remove the interference from the mesh setting and 

the narrow distance between the fracture zone and boundaries which strongly affects 

the results of the numerical simulation. The influences of the multi-fracture zones and 

their properties on the EGS reservoir performance are also investigated. In this sense, 

four scenarios were proposed where the fluid flows through a single-fracture, two- and 

three- parallel vertical fracture zones. The pressure difference between injection and 

abstraction wells, heat production rate, and average produced energy are calculated and 

compared. These are important factors mainly for the assessment of the economics of 

the geothermal production plant. Above all, the following conclusions can be drawn:  

1. From Figure 2.9(a) and (b), it can be obtained that the temperature at the abstraction 

well is affected by the fracture zone spacing and its location, but only in a limited 

way, i.e., a lower spacing results in a lower production temperature; the abstraction 

temperature of middle fracture zone is lower than that of the side fracture zones. 

However, during the first period (approx. 2000 days), there is almost no difference 

in temperatures. On the other hand, the spacing and the locations of the fracture 

zones strongly influence the pore pressure differences. 

2. By comparing the production temperatures among the 4 scenarios in Figure 2.9(b), 

it is observed that the multi- fracture zone system can effectively extend the service 

life-span of the EGS compared with the single fracture system. The heat production 

rate and average produced energy are proportional to the number of fracture zones. 

The highest average energy production rate is obtained with scenario 4, the three- 

parallel fracture zone system, i.e., 4.48 × 103 kW over 30 years. Additionally, by 

comparing the results from scenario 2 and 3 in Figure 2.10, the conclusion that a 

larger spacing between the neighbouring fracture zones leads to a higher heat 
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production rate can be obtained.  

3. The numerical sensitivity analysis concerning the operational flow rates of the EGS 

reservoir (Fig. 2.11) showed that a larger flow rate results in higher initial pressure 

difference values, which are subsequently followed by a steeper reduction. Due to 

the hydro- mechanical effects, the pressure difference from the larger flow rate 

(24L/s) can be lower than that from the lower flow rate (12L/s). The final outlet 

temperature and the breakthrough time have an inversely proportional relationship 

with the flow rate.  

4. The relationship between flow rate and average energy production rate is not linear 

(Fig. 2.12). Higher energy production rates are obtained at higher flow rates but are 

declining faster than those at lower flow rates. 
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Abstract 

In the attempt to reduce the CO2 emissions to the atmosphere and therefore the 

dependence on fossil fuels, geothermal energy has started to receive increased scientific 

interest. With the development of the Enhanced Geothermal System (EGS) technology, 

extensive geothermal energy applications have become feasible. However, enhanced 

geothermal reservoirs are usually situated several kilometers below the ground, which 

makes their experimental investigation challenging. Therefore, numerical models 

capable of simulating thermohydraulic (TH) effects are an essential additional tool for 

analyzing geothermal reservoir efficiency. To simulate fluid migration and heat 

propagation within a fractured geothermal reservoir in EGS, discrete fracture models 

(DFMs) of the TH processes are widely used. However, the variability of aperture size 

from one fracture to another is typically ignored in these models. In this work, a discrete 

fracture model considering variable aperture fractures is presented and used to 

investigate the performance of a geothermal reservoir in EGS. The outlet temperature 

and energy production rate are used as the evaluation criteria. Statistically generated 

fracture networks with different apertures were applied. The fractures are represented 

as lower- dimensional elements. The fracture apertures are randomly distributed within 

the networks, but constant for one single fracture. The simulation results show that the 

coefficient of variation of the DFN apertures strongly affects the performance of the 

geothermal reservoir. The heat production rate and outlet temperature can be divided 

into three stages based on the value of coefficient of variation of fracture apertures. The 

higher variability results in the low heat production rate but high outlet temperature. 

The investigation on fracture density in turn indicates that the average heat production 

rate is proportional to the fracture density. However, the effect of fracture density is 

reduced with an increase of coefficient of variation. Furthermore, the comparison 

between fracture aperture and fracture density shows that, the increase in mean fracture 

aperture leads to a higher increase in average heat production rate than an increase in 

fracture density.  
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3.1. Introduction  

Geothermal energy is gradually becoming a viable energy source that has the potential 

to play an important role in decarbonizing the power generation. The geothermal energy 

is widely distributed across the world [1]. According to the theoretical calculations, the 

amount of geothermal energy stored in the underground structure above the depth of 10 

km is approximately 1.3 × 1027J  [2]. Provided that the total annual energy 

consumption world-wide is 4.07 × 1020J  [3], the current geothermal energy could 

theoretically satisfy the human energy demand for more than 200 million years [4].  

The traditional applications of geothermal energy are based on the natural hot wet rock 

(HWR). However, such HWR conditions are rare [5]. Most of the geothermal energy is 

stored 3- 10km beneath the ground level within hot dry rocks (HDR) with temperature 

ranging between 150℃ and 650℃ [6]. The low permeabilities of the HDR reservoirs 

are the main obstacle for the successful exploitation of the geothermal energy. Thus, 

the application of geothermal energy is still challenging and requires further 

development.  

A new technology has been developed to overcome the restriction of HDR reservoirs. 

It forms a so-called enhanced geothermal system (EGS) in underground structures [7]. 

The EGS is like a man-made reservoir, which is created in the subsurface where hot 

rocks are available, but they are insufficiently permeable for the high flow rate 

circulation required in order to the reservoir to be economical. The most common 

approach for creating an EGS reservoir is by the injection of cold fracturing fluid into 

the subsurface to increase the permeability by the generation of the new fractures or the 

re-opening of pre-existing fractures. Then, the extraction of geothermal energy is 

achieved by the circulation of a fluid, e.g., water. The fluid which has a temperature 

lower than the rock of the geothermal reservoir is circulated through the fractured 

system, where it heats up and is extracted at another well [8].   

Field experiments at depths of several kilometers are expensive and challenging to 

conduct. thus, numerical modelling provides an additional tool for studying and 
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understanding the performance of geothermal reservoirs. Many researchers have made 

their contribution on the development of the numerical modelling to simulate the 

application of geothermal energy within the EGS [9]–[14]. These models focus on the 

effect of the coupled multi- physical processes on fluid migration, thermal transfer, and 

rock matrix deformation in the fractured underground structures. For example, Sun et 

al. [9] developed a thermal-hydro-mechanical (THM) coupled model consisting of 

discrete fracture networks and surrounding rock matrix blocks. Their study shows that 

the THM coupled processes are very important for the investigation of the performance 

of the EGS. Gong et al. [10] proposed a three-dimensional (3D) thermo-hydraulic (TH) 

model with multiple fracturing horizontal wells to evaluate the efficiency of the heat 

extraction in EGS. The presence of multiple fractures significantly increases the fluid 

flow and heat exchange area which enhances the heat recovery ability. Guo et al. [11] 

considered the THM coupled processes on the heterogeneity of fracture aperture and 

studied the influence of aperture heterogeneity on the flow behavior of fluid within a 

single fracture system. Cao et al. [12] considered also the conservation of fluid 

momentum, into their numerical model. The 3D THM coupled model was developed 

based on the local thermal equilibrium concept and applied for the study of THM 

coupled processes on the heat transfer in EGS. Considering the obviously lower 

porosity of rock matrix compared with fractures, Xu et al. [13] simplified the equation 

of energy conservation by replacing the term heat conduction with a self- deduced term, 

which can be treated as a heat sink. Zhou et al., [14] built a 3D THM model to 

investigate the performance of geothermal reservoir with parallel fracture zones. It is 

found that a larger number of fracture zone leads to a higher heat production rate and 

longer lifespan of the geothermal reservoirs than that with lower number of fracture 

zone. 

As for the selection of working fluid in EGS, besides the water, some other fluids such 

as supercritical (sc)CO2 and (sc)N2O have also attracted the attention of researchers 

[15]. Guo et al. [16] compared the performance of EGS using water and scCO2 as 

working fluids. They present a 3D THM coupled model incorporating the discrete 
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fracture network model. Due to the low viscosity of scCO2, the heat production 

efficiency is improved with the scCO2 as the working fluid compared with water. A 

similar comparison was also made by Li et al. [17], where a 2D THM model with a 

discrete fracture network has been developed for the comparison of water with scCO2. 

It was found that the scCO2 as the working fluid can lead to a faster pressure change 

due to its physical properties. However, Cao et al.[12] found that with water as the 

working fluid, the heat production efficiency was higher. Borgia [18] proposed a two-

phase flow dual-porosity continuum numerical model to simulate the fluid migration 

and phase displacement in EGS. When the geothermal reservoir was fully saturated 

with one phase (water or scCO2), the heat production efficiency was obviously higher 

than when both fluid phases are present. Additionally, the efficiency was higher when 

scCO2 became the only phase that fully saturated the reservoir. A novel working fluid, 

scN2O, was proposed recently. Huang et al. [19] employed the scN2O as the working 

fluid and developed a 3D TH model to study the performance of the reservoir using 

scN2O in the application of geothermal energy in EGS. It was found that employing 

scN2O in EGS had many advantages, such as the higher output and a longer service 

time of the EGS reservoir. Based on an open-source simulator and research code, 

DuMuX [20], Glaeser et al. [21] investigated the migration of scCO2 in two phase model 

with discrete fracture networks. Tatomir et al. [22], [23] developed a new method called 

Multiple Interacting Continua (MINC) Method for the two phase flow in discrete 

fracture model, which can effectively reduce the computational cost.   

The structure of the geothermal reservoir is another vital factor for the simulation of 

fluid flow and heat transfer in EGS. Ma et al. [24] developed a 2D TH model with a 

leaf- like bifurcated fracture network to study the effect of the structure and properties 

of fracture networks on the heat extraction performance in EGS. Pandey et al [25] 

studied the influence of fracture alteration on the heat production through the single 

fracture THM model. A similar single fracture layer THM model was also proposed by 

Guo et al. [16]. They developed a 3D THM model with a 2D fracture layer to study the 

heterogeneity of the fractures on the heat production efficiency and the service life of 
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EGS. Huang et al. [26] developed an equivalent continuum 3D TH model considering 

the heterogeneous permeability and porosity. Li et al. [17] developed a 3D rough-walled 

discrete fracture model integrating the THM coupled processes to simulate the mass 

and heat transfer in a geothermal reservoir. They focus on the study of the influence of 

fracture roughness on the performance of EGS.  

Although many studies have been conducted for the investigation of THM processes in 

EGS, only a few consider the effect of the variability of fracture apertures and related 

properties of the DFNs. This knowledge gap still needs to be addressed. In this paper, 

a coupled TH model with discrete fracture network is developed. Fracture networks 

with varying apertures are employed to investigate the influence of aperture distribution 

on heat production of the geothermal reservoirs. The discrete fracture network (DFN) 

is generated based on the properties of crystalline rocks to present the complexity of 

the natural underground structure of an EGS reservoir. The so-called partial raster- 

element concept and probability density function (PDF) are employed to describe the 

distribution of fracture apertures. Fracture density is applied to present the connectivity 

and conductivity of the generated DFNs. Different DFNs are generated to investigate 

the effect of DFN density and aperture distribution on the heat production performance 

in the EGS.  

3.2. Thermo- hydraulic coupled numerical model  

In the following part, a thermal- hydraulic coupled numerical model is presented for 

simulating the processes of the movement of fluid and transfer of heat in a fracture 

network. The following assumptions are made for the formulation of the mathematical 

model:  

(i) The simulated reservoir consists of the discrete fracture network (DFN) and 

surrounding rock matrix. The rock matrix is described by the continuum porous media. 

The physical properties of the rock matrix are uniform and isotropic.  

(ii) The fractures are represented as lower-dimensional entities, i.e., the rock matrix is 

2D while the DFN is 1D. Fracture aperture varies between different fractures but it is 
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constant within an individual sub- fracture.  

(iii) The fractured porous EGS reservoir is fully saturated with the working fluid (in our 

case water) before the simulation starts.  

(iv) The working fluid is water, and the water in the reservoir does not vaporize and can 

be considered as liquid during the whole simulation.  

(v) The heat transfer between the discrete fracture network and rock matrix is achieved 

by the processes of heat convection and conduction.  

(vi) The small displacement caused by the variations of pore pressure and temperature 

is ignored, and the permeability and porosity are kept constant during the simulation 

both in the fracture and matrix domains.  

(vii) The fractures are already created or re-opened before the simulation starts and no 

new fractures are created during the simulation.  

3.2.1. Governing equations  

Based on the aforementioned assumptions, the governing equations for the fractured 

porous geothermal system can be concluded as following.  

The fluid flow in the rock matrix can be described by the mass conservation equation: 

𝜕(𝜌𝑤𝜙𝑚)

𝜕𝑡
+ ∇ ∙ (𝜌𝑤𝐯𝑚) + 𝑄𝑚 = 0                          (1) 

where 𝜌𝑤  is the density of water, 𝜙𝑚  is the porosity of rock matrix, 𝑡  is the 

simulation time, 𝑄𝑚  is the source and sink in the rock matrix and 𝑣𝑚  is the flow 

velocity in the rock matrix. According to the assumption, the movement of the fluid can 

be described by Darcy’s law:  

𝐯𝐦 = −𝐊̿𝐦
𝟏

𝜇𝑚
∇ ∙ (𝑝𝑤 + 𝜌𝑤𝐠)                            (2) 

where 𝐊̿𝐦 is the intrinsic permeability tensor of rock matrix which is assumed to be 

isotropic in this work, 𝜇𝑤 is the water viscosity, 𝑝𝑤 is the pore pressure and the 𝐠 is 

the gravitational acceleration.  

The governing equation for the flow in the DFN is different than that of the rock matrix, 

and can be described as follows: 
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𝑑𝑓
𝜕(𝜌𝑤𝜙𝑓)

𝜕𝑡
+ ∇ ∙ (𝜌𝑤𝐯𝐟𝑑𝑓) + 𝑄𝑓 = 0                      (3) 

where 𝜙𝑓 is the porosity of the fracture, 𝑄𝑓 is the source or sink term in the fracture, 

𝐯𝐟 is the flow velocity within the fractures, which can also be described by the Darcy’s 

law: 

𝐯𝐟 = −𝐊̿𝐟
1

𝜇𝑤
∇ ∙ (𝑝𝑤 + 𝜌𝑤𝐠)                            (4) 

where the 𝐊̿𝐟  is the intrinsic permeability of each fracture in the discrete fracture 

network which follows the cubic law as follows: 

𝐊̿𝐟 =
(𝑑𝑓)2

12𝑓
                                   (5) 

where 𝑑𝑓 is the fracture aperture, 𝑓 is the fracture roughness which is set to be 1 for 

all the fractures  

In geothermal reservoirs, the transfer of heat through the DFN is achieved by heat 

convection while conduction is the main process for heat transfer between the DFN and 

the rock matrix. In this work, the theory of local thermal equilibrium is introduced, 

which assumes that in the unit computational element, the thermal properties of fluid, 

fracture, and rock matrix are the same and can be represented by the effective values. 

The effective heat capacity and thermal conductivity are the weighted average of the 

values from water and surrounding rocks respectively [27].  

(𝜌𝐶𝑝)eff = 𝜙(𝜌𝑤𝐶𝑝𝑤) + (1 − 𝜙)(𝜌𝑚𝐶𝑝𝑚)                  (6) 

𝜆eff = 𝜙𝜆𝑤 + (1 − 𝜙)𝜆𝑚                        (7) 

where 𝜙 is porosity, (𝜌𝐶𝑝)eff is the effective heat capacity, 𝐶𝑝𝑤 and 𝐶𝑝𝑚 are the 

heat capacity of water and surrounding rock respective, 𝜌𝑚 is the rock density, 𝜆eff 

is the effective thermal conductivity, 𝜆𝑤  and 𝜆𝑚  are the thermal conductivities of 

water and surrounding rocks respectively. Based on the law of energy conservation the 

heat transfer in the rock matrix can be described as following: 

(𝜌𝐶𝑝)eff
𝜕𝑇

𝜕𝑡
+ 𝐶𝑝𝑤𝐯𝐦∇𝑇 − ∇ ∙ (𝜆eff∇𝑇) + 𝑞ℎ,𝑚 = 0               (8) 

where T is the temperature, 𝑞ℎ,𝑚 is the source and sink of heat in the rock matrix. 

Similarly, the energy conservational equation for the DFN can be described as 
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following: 

𝑑𝑓(𝜌𝐶𝑝)eff
𝜕𝑇

𝜕𝑡
+ 𝑑𝑓𝐶𝑝𝑤𝐯𝐟∇𝑇 − ∇ ∙ (𝑑𝑓𝜆eff∇𝑇) + 𝑞ℎ,𝑓 = 0             (9) 

During the migration of cold working fluid, the variation of temperature can cause the 

change of fluid properties, which are affecting the flow velocity and pore pressure. 

Inversely, the change on flow velocity and pore pressure can also influence the heat 

transfer process. Therefore, the relationships between the properties of working fluid 

and temperature are very important.  

The physical properties of the working fluid, i.e., water, such as the density, 𝜌𝑤(kg/s), 

viscosity, 𝜇𝑤(Pa ∙ s), heat capacity, 𝐶𝑝𝑤(J/kg/K), and thermal conductivity, 𝜆𝑤(W/

m/K), are the functions of temperature, T(K). Since the range of reservoir pressure is 

limited, i.e., 62.4 MPa to 64.8 MPa, the influence of pressure on water properties is 

ignored. The relations can be described as following [16]: 

𝜌𝑤 = 838.5 + 1.4𝑇 − 3 × 10−3𝑇2 + 3.7 × 10−7𝑇3               (10) 

𝜇𝑤 = 1.38 − 0.02𝑇 − 1.36 × 10−4𝑇2 − 4.66 × 10−7𝑇3 + 8.9 × 10−10𝑇4 

+9.08 × 10−13𝑇5 + 3.85 × 10−16𝑇6, 𝑇 ∈ [273.15, 413.15]           (11) 

𝜇𝑤 = 0.004 − 2.1 × 10−5𝑇 − 3.9 × 10−8𝑇2 − 2.4 × 10−11𝑇3, 𝑇 ∈ [413.15, 553.15]  

(12) 

𝐶𝑝𝑤 = 12010 − 80𝑇 + 0.3𝑇2 − 5.4 × 10−4𝑇3 + 3.6 × 10−7𝑇4          (13) 

𝜆𝑤 = −0.87 + 0.009𝑇 − 1.6 × 10−5𝑇2 + 7.9 × 10−9𝑇3             (14) 

3.2.2. Model verification 

The verification of the accuracy of the developed TH model is necessary before its 

further application. For this, the analytic solution proposed by Lauwerier et al. [28] and 

Barends et al. [29] is applied. This solution describes the temperature variation within 

a single fracture with a given aperture. As illustrated in Figure 1, the 2D fracture located 

in the middle of the domain is represented by a lower- dimensional (1D) fracture. The 

distance between the two fracture walls, i.e., fracture aperture, is 2𝑑𝑓. The thickness of 

the rock matrix is assumed to be infinite. The heat convection is ignored within the rock 

matrix. Water is injected into the fracture with a constant flow velocity 𝐯𝑓  and 
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temperature 𝑇𝑖𝑛 from the left side. The analytic solution can be described as following:  

𝑇𝑓 = 𝑇0 + (𝑇𝑖𝑛 + 𝑇0)𝑒𝑟𝑓𝑐 (
𝜆𝑚𝑥 (𝜌𝑤𝐶𝑝𝑤𝑑𝑓)⁄

2√𝐯𝑤(𝐯𝑤𝑡−𝑥)𝜆𝑚 (𝜌𝑚𝐶𝑝𝑚)⁄
) 𝑈 (𝑡 −

𝑥

𝑣𝑤
)            (15) 

where 𝑇0 is the initial temperature of the system, 𝜆𝑚 is the thermal conductivity of 

the matrix rocks, 𝜌𝑤, 𝜌𝑚, 𝐶𝑤 and 𝐶𝑚 are the density and heat capacities of water 

and matrix rock respectively, 𝑑𝑓 is the fracture aperture, ‘erfc()’ is the complementary 

error function and ‘U()’ is the unit step function. The values of the parameters for the 

analytic solution and numerical simulation are presented in Table 3.1 

 

 

Figure 3.1. Geometrical representation of the lower-dimensional fracture model 

used for validation, with the position of the fracture walls forming the aperture, 

𝟐𝒅𝒇, in an equal-dimensional model  

 

Table 3.1. Parameters for the single fracture TH model validation  

Parameters  Value 

𝑇0   (℃) 150 

𝑇𝑖𝑛   (℃K) 30 

𝜆𝑚   (W/m/K) 3 

𝜌𝑤   (kg/m3) 1000 

𝜌𝑚   (kg/m3) 2700 

𝑑𝑓   (mm) 0.1 
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𝐶𝑓   (J/kg/K) 4200 

𝐶𝑠   (J/kg/K) 1000 

𝑣𝑤   (m/s) 0.001 

 

The comparisons between the numerical model and the analytical solution are presented 

in Figure 3.2. Figure 3.2(a) illustrates the temperature variation over injection time at 

different positions within the fracture (x = 10m, 30m and 50m). Temperature 

distribution at different times (t = 10d, 30d, and 50d) is illustrated in Figure 3.2(b). The 

good agreement between the analytical solution and numerical simulation results is an 

indication that the numerical model is accurate. The small discrepancies may result 

from the assumptions that the infinite thickness and length of the geometry in the 

analytic solution while the geometry of simulated domain is 100m × 10m (Length × 

thickness). 

 

 

Figure 3.2. Comparison between the analytical solution and the numerical 

simulation  

3.3. Generation of discrete fracture networks  

3.3.1. Fracture configuration  

The performances of geothermal reservoirs are highly related to the properties of DFNs 
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due to higher permeabilities. Thus, the generation of DFNs is very important and the 

generated DFNs should represent the natural geological structures as well as possible.  

Generally, the EGS are applied in crystalline rocks. We conducted a literature review 

of the DFN parameters of crystalline rocks, summarizing works performed over several 

decades [30]–[32]. For example, the fracture orientations can be well presented by 

approximately 10° and 80°[33], and the fracture trace length can be described by the 

distributions of exponential, log-normal, and power-law [34]. In this work, the power- 

law distribution is employed for the fracture trace lengths.  

𝑓(𝑥) =  
𝑎−1

𝑥𝑚𝑖𝑛
(

𝑥𝑚𝑖𝑛

𝑥
)𝑎                             (16) 

where x is fracture length, 𝑥𝑚𝑖𝑛  is the lowest fracture length, a is the power law 

exponent, which usually ranges between 1.5 and 3.5, in this work, a = 2 is selected.  

3.3.2. Methodology  

In this section, the generation of DFNs is presented. The left and right boundaries are 

set to be the injection and production boundaries while the top and bottom boundaries 

are closed for fluid flow. The detailed steps are summarized in Figure 3.3(a) to (d). 

Figure 3.3(a) illustrates the original generated fracture network. Altogether 165 

fractures are generated. In Figure 3.3(b), the fractures presented in red are isolated 

fractures. They are not connected with the left hand-side (i.e., injection) or right (i.e., 

abstraction) boundaries and are not contributing to the fluid flow and heat transfer. 

Similarly, the fractures represented with red lines in Figure 3.3(c) are connected only 

to one boundary, resulting in the dead ends for the flow pathways, in which the heat 

cannot be effectively transferred. Thus, these kinds of fractures can be eliminated, as 

they do not influence the result. Figure 3.3(d) shows the final generated DFN, the 

fractures left are called backbone fractures, which form the main flow pathway for the 

transportation of the working fluid and heat. The fracture density is calculated based on 

the generated backbone DFNs. In this work, the fracture density (𝜌21) is defined as the 

ratio of the total fracture length to the domain area [35].  
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Figure 3.3. Generation of discrete fracture networks followed by the simplification 

for obtaining the one used in numerical simulations. (a) the initial generated DFN; 

(b) eliminating the isolated fractures (red lines), (c) eliminating the fractures with 

dead ends (red lines); (d) remaining backbone fracture network.  

 

Fracture aperture is another important factor that needs to be addressed. Generally, the 

conceptual models for the fracture aperture are divided into two categories: 1) the 

parallel plate concept; 2) raster- element concept, as presented in Figure 3.4. The 

limitation of the parallel plate concept is that it cannot take into account the preferential 

flow path caused by fracture roughness, while the raster- element concept is restricted 

by the computational capacity [36]. In this work, we use an approach in between. For 

example, as presented in Figure 3.5, three fractures are mutually intersected and form 

a simple fracture network, generating 9 sub- fractures altogether, of which the apertures 
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for each sub- fracture are independent and can be different.  

Several researches have demonstrated that fracture apertures are typically followed by 

the normal distribution or gamma distribution in a given stress field [37]–[39]. In this 

study, the normal distribution is selected to describe the aperture distribution of sub- 

fractures. 

𝑁(𝑑𝑓) =
1

𝜎√2𝜋
𝑒−

1

2
(

𝑑𝑓−𝜇

𝜎
)2

                         (17) 

where 𝑑𝑓 presents the fracture aperture, 𝑁(𝑑𝑓) is the probability density of the sub- 

fracture with the aperture of 𝑑𝑓, 𝜇 and 𝜎 are the mean and standard deviation of the 

DFNs apertures, respectively. The term “coefficient of variation (𝜎𝑟) ” is introduced 

and defined as the ratio of standard deviation (𝜎) to mean aperture (𝜇) as presented 

following. 

𝜎𝑟 =
𝜎

𝜇
                                (18) 

The coefficient of variation combines the two variables for normal distribution and 

avoids the error from the application of single 𝜎. For example, provided that the 𝜎 = 

0.1, for the 𝜇 = 0.3 and 0.7, the degrees of coefficient of variation of fracture apertures 

are not identical.  

 

 

Figure 3.4. Model concepts for a fracture aperture [36].  

 

       



52 

 

Figure 3.5. Schematic representation of the partial raster- element concept, from 

natural to modelling.   

3.4. Numerical model   

3.4.1. Modelling strategy  

The main objective of this work is to investigate the influence of the properties of 

backbone DFNs on the performance of geothermal reservoirs. The key properties of the 

backbone DFN are the fracture density and fracture aperture distribution, and of the 

reservoir performance are the outlet temperature and average heat production rate over 

the production period. The influences from aperture distribution are studied by 

comparing the simulation results with different coefficient of variations and mean 

apertures (the zero- coefficient of variation presents that all fractures have the same 

aperture). Then the effects from the fracture density are investigated based on the 

various fracture density among the six scenarios. Finally, the roles of aperture 

distribution and fracture density on the performance of geothermal reservoirs are 

compared, and the suggestions for improving the average heat production rate are 

provided.  

3.4.2. Monte-Carlo method 

In this paper, six scenarios with different backbone DFNs are generated (Figure 3.6 

and Table 3.2). For each scenario, twenty-five different combinations of average 

fracture aperture and coefficient of variation are applied. Within every combination, the 

fracture apertures are randomly distributed, forming different realizations, of which the 

statistic properties (mean fracture aperture and coefficient of variation) are the same. 

Monte- Carlo method is applied such that for each combination, a large number of 

realizations is simulated to assure that the simulation results reach to a statistical 

equilibrium. 

3.4.3. Model description  

The simulation model is implemented with the commercial software COMSOL 
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Multiphysics and based on finite element method. In this work, the two-dimensional 

(2D) simulated area is 1000m × 200m. The depth of the simulated reservoir is assumed 

to be located from 6400m to 6600m underground. Three sets of fracture configurations 

are employed to generate the discrete fracture networks (DFN). The properties of the 

DFN are referenced from the previous publications [29]- [33] and the detailed values 

are presented in Table 3.2.  

The generation of backbone DFN is based on the methodology given above and 

properties representative of crystalline rocks. The simulated fracture density ranges 

between 0.0121 m/m2 and 0.054 m/m2. The detailed parameters and fracture densities 

are summarized in Table 3.2.  

 

Table 3.2. Parameters of fracture network generation 

Scenarios  1 2 3 4 5 6 

Fracture densities 0.0223 0.0392 0.054 0.0121 0.032 0.0256 

DFNs Set1 Set2 Set3 

Dip angle (°) [29] [30] 10 75 80 

Fracture trace length  Power- law distribution (a = 2) 

Min (m) [31] – [33] 100 40 60 

Max (m) [31] – [33] 528 100 300 

Fracture number   100 50 25 

 

The initial pressure distribution in the system results from a hydrostatic pressure 

gradient (9.81MPa/km) and an atmospheric pressure of 0.1 MPa at the surface. This 

results in the pressure of 62.9 MPa at top of the domain. A static temperature 

distribution linearly increasing from 200 ◦C at the top boundary with a thermal gradient 

of 18 °C/km is assigned [40].  

Water is injected into the reservoir from the left boundary with the temperature of 20 °C 

and is abstracted from the right boundary. The given pressure on the top of the left 

boundary of the domain is set to 64.4 MPa and the pressure on the top of the right 
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boundary of the domain is 62.4 MPa [17]. The total simulation period is 30 years. The 

fundamental parameters for the models come from Li et al. [17] and are summarized in 

Table 3.3.  

 

Table 3.3. Parameters for the simulations 

Parameters value 

Density of rocks (kg/m3) 2700 

Density of water (kg/m3) Eq. 10 

Viscosity of water (Pa∙s) Eq. 11-12 

Porosity of fractures (-) 0.2 

Porosity of rock matrix (-) 0.01 

Permeability of rock matrix (m2) 1 × 10−18 

Permeability of fractures (m2) Eq. 5 

Thermal conductivity of rocks (W/m/K) 2 

Thermal conductivity of water (W/m/K) Eq. 14 

Heat capacity of rocks (J/kg/K) 2000 

Heat capacity of water (J/kg/K) Eq. 13 
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Figure 3.6. Simulated geometries of the six backbone DFNs (1000m in length × 

200m in height).  

 

3.4.4. Definition of characteristic parameters  

Some key performance indicators are introduced for the assessment of the effect of the 

aperture distribution on the performance of heat production in the geothermal reservoir: 

(i) Outlet temperature (𝑇o) is the production temperature at production well, which is 

the average temperature of fractures and rock matrix [9] [10] [17]: 

𝑇o =
∑ 𝐮f𝑑𝑓𝑇𝑓+∫ 𝐪m𝑇𝑚𝑑𝑦

∑ 𝐮f𝑑𝑓+∫ 𝐪m𝑑𝑦
                          (19)   

where 𝑑𝑓  is the fracture aperture, 𝐮f , 𝐪m , 𝑇𝑓 , and 𝑇𝑚  are the flux from fracture, 

flux from matrix, fracture temperature and matrix temperature at production boundary, 

respectively. 

 (ii) Variation of the average final outlet temperature (𝑉𝑇) is the difference between the 

outlet temperature at the beginning and the end of the production period: 

𝑉𝑇 =
𝑇fo−𝑇bo

𝑇bo
× 100%                         (19) 
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where 𝑉𝑇  is the temperature variation, 𝑇fo  and 𝑇bo  are the average outlet 

temperature at the end and beginning of the production period.  

(iii) Heat production rate (P):  

𝑃(𝑡) = ∫ 𝜌𝑤𝐶𝑤𝐯𝐰(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)𝐿𝑧𝑑𝑙
𝐿

0
                   (20) 

where 𝐿 is the length of the abstraction boundary, 𝑇𝑜𝑢𝑡 is the outlet temperature, 

𝐿𝑧 is the effective thickness of the domain, which is equal to 1m.  

(iv) Average heat production rate (𝐴𝑟) is the average of the heat production rate over 

the whole production period: 

𝐴𝑟 =
1

𝑡𝑒𝑛𝑑
∫ 𝑃(𝑡)𝑑𝑡

𝑡𝑒𝑛𝑑

0
                       (21) 

where 𝑡𝑒𝑛𝑑 is the production time.  

 

3.5. Results analysis   

3.5.1. Effects of the number of realizations 

Due to the low fracture density of backbone DFN, the results of Monte Carlo method 

can vary greatly. Thus, it is necessary to investigate the result variations for all the 

scenarios. Figure 3.7 presents the relationships between average heat production rates 

and the number of realizations for the six scenarios. In this case, the average aperture 

is 0.7mm while the coefficient of variation is 1. It is observed that for all the six 

scenarios, the average heat production rates are stabilizing at a constant level with the 

increase of the realization numbers. Fifty realizations are sufficient to reach the 

statistical convergence. Furthermore, as with the decrease of the coefficient of variation, 

the convergence takes place at fewer number of realizations , fifty realizations were 

deemed to be sufficient even for the cases of lower coefficient of variation values (i.e., 

𝜎𝑟 < 1) Based on this, for each mean aperture – coefficient of variation combination 

fifty, realizations were simulated. In total, altogether 7500 realizations were run for the 

six backbone DFNs, for the altogether twenty-five parameter combinations (Table 3.4), 

with fifty realizations for each combination. 
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Figure 3.7. Simulated average heat production rates as a function of the number 

of realizations for all six scenarios (mean aperture of 0.7mm and coefficient of 

variation of 1).  

 

In the following sections, the results present the performance of the geothermal 

reservoirs using different geometries of the generated backbone DFNs. Please note the 

word “backbone” is going to be omitted from here onwards. The investigation on the 

effect of the coefficient of variation are illustrated firstly. Then, the influences from 

fracture density are displayed. Finally, the roles of fracture properties on EGS 

performance are analyzed.  

 

Table 3.4. Combinations of mean aperture and coefficient of variations 

Mean aperture (mm) Coefficient of variations 

0.3 0.33, 0.67, 1 

0.4 0.25, 0.5, 0.75, 1 

0.5 0.2, 0.4, 0.6, 0.8, 1 

0.6 0.167, 0.33, 0.5, 0.67, 0.83, 1 

0.7 0.14, 0.28, 0.43, 0.57, 0.71, 0.86, 1 
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3.5.2. Effects of coefficient of variation 

This section investigates the influences of the coefficient of variation on the outlet 

temperature and average heat production rate. Figure 3.8 and 3.9 give the examples of 

the distributions of the over- pressure (i.e., the difference between pore pressure and 

initial pressure) and temperature for different coefficient of variations (𝜎𝑟 = 0, 0.2, and 

0.6) at 5th and 30th years.  

Due to the higher permeability and lower storage of the fractures, the pressure 

distribution has a strong correlation with the coefficient of variation. As presented in 

Figure 3.8, the variation of pore pressure is mainly reflected within the DFN at the 5th 

year, the over – pressure generally decreases from left boundary to right boundary. Then, 

the pore pressures generally penetrate into the rock matrix with the production 

processing. The over- pressure distributions with 𝜎𝑟 = 0 , and 0.2 are very similar. 

However, with the growth of the 𝜎𝑟, the discrepancy appears. For example, the pressure 

gradients become more significant at the case with 𝜎𝑟 equals to 0.6, compared with 

case with 𝜎𝑟 equals to 0 and 0.2. 

 

Figure 3.8. Pore pressure distributions with 𝝈𝒓 = 0, 0.2, and 0.6 at 5th and 30th 

years.   

 

Figure 3.9 presents the corresponding temperature distribution for 𝜎𝑟 = 0, 0.2, and 0.6 
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at 5th year and 30th year. It is observed that the DFN forms the main flow path of the 

thermal fluid due to its higher permeability. The heat propagation pathways for the 

different values of 𝜎𝑟  are similar, but the heat propagation efficiency is strongly 

affected by the coefficient of variation. With the increase of coefficient of variation, the 

heat transfer efficiencies are reduced.  

 

Figure 3.9. Temperature distributions with 𝝈𝒓 = 0, 0.2, 0.6, and 1 at 5th and 30th 

years.  

 

Next, comparisons of the outlet temperature, production flow rate, average heat 

extraction rate, and the cumulative energy generation are illustrated for scenario 4, the 

average aperture of 0.5 mm and the coefficient of variation ranges between 0 to 1.  

Figure 3.10 presents the variation of (a) the outlet temperature and (b) the production 

flow rate plotted over the production time for different coefficient of variations (0.2, 

0.4, and 0.8). The solid lines are the mean values from Monte Carlo method, while the 

colored areas present the standard deviation of the realizations (𝜎𝑐 = 𝜇 ± 𝜎) . It is 

observed that the 𝑇fos  remain constant before the breakthrough arrives. After the 

breakthrough, the temperatures have a nearly linear reduction until the end of the 

simulations. The discrepancies over the coefficient of variation are apparent. The outlet 

temperature decreases with the growth of the coefficient of variation, which results 
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from that the flow rate over the system is affected by the variation of fracture aperture, 

impeding the movement of cold fluid. On the other hand, the colored areas become 

wider as the coefficient of variation increases, indicating the variation of production 

temperature increases with the enlargement of coefficient of variation. Besides, the case 

of 𝜎𝑟 = 0.2  has a very small colored area, which confirms the system with low 

variation coefficient (𝜎𝑟 ) of fracture aperture has the similar performance with the 

homogeneous system.  

As presented in Figure 3.10(b), the reduction of production flow rate over production 

time results from the propagation of the front of cold working fluid. The lower 

temperature increases the flow resistance (e.g., viscosity), and decrease the flow rate. A 

similar result has been obtained by Gong et al., (2020). On the other hand, the 

production flow rate is reduced with the increase of the coefficient of variation, which 

further proves the reduction on production temperature results from the decrease of the 

flow rate. The colored areas are consistent with the observations in Figure 3.10(a), and 

are not discussed further.  

 

 

Figure 3.10. the variation of (a) the outlet temperature and (b) the production flow 

rate over the production time with different coefficient of variations of aperture 

distributions. Solid lines: the average results of the realizations; colored area, the 

standard deviation of the realizations.  

 

Figure 3.11 presents the variation of (a) the heat production rates and (b) the cumulative 



61 

 

energy production over the production time for different coefficients of variations. It is 

observed that the overall tendencies of the heat production rate are similar for all values 

of coefficient of variations, i.e., the reduction of heat production rate generally becomes 

slower as the production proceed. Additionally, the curves of heat production rate are 

similar with those of production flow rate, indicating the production flow rate 

dominates the heat production rate (i.e., the variations of fluid density and heat capacity 

can be negligible). Furthermore, there is a reduction in heat production rates with the 

growth of coefficient of variation. The lower flow rate caused by the higher coefficient 

of variation is the reason for the phenomenon.  

The cumulative produced energy in EGS are significantly affected by the coefficient of 

variations of aperture distribution. As presented in Figure 3.11(b), the total produced 

energy from the system with 𝜎𝑟 = 0.8 is approximately 200 kJ, while the value from 

the system with 𝜎𝑟 = 0  is three times larger, reaching 800 kJ at the end of the 

production period (30th year). 

 

Figure 3.11. the variation of (a) the heat production rates and (b) the cumulative 

energy production over the production time with different coefficient of variations 

of aperture distributions. Solid lines: the average results of the realizations; 

colored area, the standard deviation of the realizations. 

 

Figure 3.12 shows the variation of the average of (a) heat production rate (𝐴𝑟) and (b) 

outlet temperature (𝑉T) at the end of simulation of fifty realizations over the coefficient 

of variation. The blue hollow circles present the results from the Monte Carlo 
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realizations. There are apparently more results below the result of the homogeneous 

system than above it for both the 𝐴𝑟  and 𝑉T , which indicates that the aperture 

distribution of DFN tends to impede flow channeling and reduce the heat production 

rate as well as the change of outlet temperature. Occasionally, the system with 

distributed fracture aperture performs better than the homogeneous system. In this case, 

the low apertures mainly located at the branch fractures while the apertures of the main 

flow pathway are high, resulting in a more considerable flow rate, then the larger 𝐴𝑟 

and 𝑉T. Furthermore, with the growth of the coefficient of variation, the average 𝐴𝑟 

of Monte Carlo realizations firstly has a slight reduction which is followed by a sharp 

decrease; finally, the value tends to be stable, keeping at a nearly constant level.  

The 𝑉T for the six cases are presented in Figure 3.12(b). It is observed that the 𝑉T 

has the similar tendency as the 𝐴𝑟. It is observed that average 𝑉T has a sharp reduction 

with low coefficient of variation, while when the coefficient of variation is considerable, 

the value varies at a limited range.  

 

Figure 3.12. (a) Average heat production rate 𝑨𝒓 and (b) the variation of outlet 

temperature 𝑽𝐓 at the end of simulation period as function of the coefficient of 

variation. Black points and line: the average of fifty realizations, blue points: the 

results of the realizations.  

 

Figure 3.13 presents the average heat production rata (𝐴𝑟) over coefficient of variation 

for the 25 combinations of the mean value (𝜇) and coefficient of variation (𝜎𝑟) for each 
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scenario with Monte Carlo method. Only the results from RG1, RG2, and RG3 are 

presented; the results for the other geometries are presented in the appendix. The 𝜇 

ranges between 0.3 mm and 0.7 mm and 𝜎𝑟  ranges from 0 to 1. The S- shape 

relationship between 𝐴𝑟 and 𝜎𝑟 is observed for all the scenarios. With the increase of 

𝜎𝑟, 𝐴𝑟 firstly enters the lower 𝜎𝑟 stage at the range of 𝜎𝑟 < 0.3, in which there is a 

slight reduction in 𝐴𝑟 . Then the 𝐴𝑟  comes to the middle 𝜎𝑟  stage when the 𝜎𝑟 

ranges between approximately 0.3 to 0.6, where the 𝐴𝑟 has a considerable decrease. 

Finally, the 𝐴𝑟 keeps at a nearly constant level when 𝜎𝑟 is larger than approximately 

0.6 (i.e., high 𝜎𝑟 stage). The existence of the three 𝜎𝑟 stages in the three scenarios 

indicates that, the relationships between 𝐴𝑟 and 𝜎𝑟 are independent of the geometries 

with different DFNs.  

Additionally, if the average heat production rate (𝐴𝑟) at the three stages are compared, 

it is obtained that the 𝐴𝑟 have solid linear relationships with the mean apertures at all 

three 𝜎𝑟  stages, as presented in Figure 3.13. With the increase of coefficient of 

variation, the slopes of 𝐴𝑟 - 𝜇 curves have a slight reduction, indicating the growths 

of 𝐴𝑟 through the enlargement of mean aperture generally decrease with the increase 

of coefficient of variation.  
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Figure 3.13. The relationships between the average heat production rate and 

coefficient of variation for different mean apertures (upper panels) and the 

relationship between the average heat production rate and mean aperture for 

different networks (lower panels) at different stage of coefficient of variation (low: 

𝝈𝒓 < 𝟎. 𝟑, middle: 𝟎. 𝟑 < 𝝈𝒓 < 𝟎. 𝟔, and high: 𝝈𝒓 > 𝟎. 𝟔), (a) RG1, (b) RG2, (c) 

RG3.  

 

The effects of coefficient of variation on the variation of outlet temperature at 30th year 

(𝑉T) for scenarios 1, 2, and 3 are presented in Figure 3.14. The S- shape relationships 

between 𝑉T and coefficient of variation are observed for all the mean apertures ranged 

between 0.3 and 0.7 mm. Unlike 𝐴𝑟 , the ranges of low 𝜎𝑟  stages for 𝑉T  are very 

limited (approximately ranged from 0 to 0.2), indicating the outlet temperatures are 

more likely to be affected by the low value of coefficient of variation. Figure 3.14 also 

presents the 𝑉T over mean fracture apertures at different 𝜎𝑟 stages for scenario 1, 2, 

and 3. It is obtained that the 𝑉Ts have solid linear relationships with the average fracture 
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aperture (𝜇) at all three 𝜎𝑟 stages. On the other hand, the slopes of the 𝑉T – 𝜇 curves 

decrease with the growth of coefficient of variation, indicating the enlargement of 

average aperture has smaller effects on the outlet temperature in the reservoirs with 

high coefficient of variation compared with the lower one.  

 

 

Figure 3.14. The relationships between the variation of outlet temperature and 

coefficient of variation for different mean apertures (upper panels) and the 

relationship between the variation of outlet temperature and mean aperture for 

different networks (lower panels) at different stage of coefficient of variation (low: 

𝝈𝒓 < 𝟎. 𝟐, middle: 𝟎. 𝟐 < 𝝈𝒓 < 𝟎. 𝟔, and high: 𝝈𝒓 > 𝟎. 𝟔), (a) RG1, (b) RG2, (c) 

RG3.  

 

3.5.3. Effect of fracture density  

In this section, the effects of fracture densities (𝜌21) on the average heat production 

rate (𝐴𝑟) are presented and investigated. Figure 3.15 presents the 𝐴𝑟 over 𝜌21 with 



66 

 

different mean apertures at the three 𝜎𝑟 stages. It is observed that for all the mean 

apertures, the 𝐴𝑟 has solid linear relationships with fracture density at the low and 

middle coefficient of variation stages with the correlation coefficients 𝑅2 = 0.9726 

and 𝑅2 = 0.9512 , respectively. However, for the high coefficient of variation, the 

linear correlation between 𝐴𝑟 and 𝜌21 is comparably weak; the average correlation 

coefficient is only 0.7197. This is because higher coefficient of variation leads to more 

considerable complexity and randomness of the geothermal systems, resulting in the 

more enormous discrepancies. The slope of 𝐴𝑟  - 𝜌21  curve increases with the 

enlargement of mean aperture for all the three 𝜎𝑟 stages, which means the influence 

from 𝜌21 is more considerable at the larger mean aperture. At the low 𝜎𝑟 stage, with 

the enlargement of 𝜌21, the 𝐴𝑟 with 𝜇 = 0.7 increases by 72.09 kW, from 34.74 kW 

to 106.83 kW while the growth of 𝐴𝑟 with 𝜇 = 0.3 is only 35.14 kW, from 12.76 kW 

to 47.9 kW. For the middle 𝜎𝑟 stage, the increases from 𝜇 = 0.7 and 0.3 are 51 kW 

and 20.53 kW, respectively.  

 

 

Figure 3.15. The relationships of average heat production rate with fracture 

density for different mean aperture at (a) low coefficient of variation stages, (b) 

middle coefficient of variation stage, and (c) high coefficient of variation stage.  

 

Figure 3.16 presents the relationships between the 𝐴𝑟  and 𝜌21  at three 𝜎𝑟  stages 

when 𝜇 = 0.3, 0.5, and 0.7, respectively. It is observed that the influences from 𝜌21 

on 𝐴𝑟  are more considerable at the low 𝜎𝑟  stage for all the mean apertures. The 
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slopes of the 𝐴𝑟 - 𝜌21 curves are 687.87, 1034.2, and 1437.4 respectively with 𝜇 =

0.3, 0.5, and 0.7 at low 𝜎𝑟 stage. On this other hand, the slopes are 141.67, 420.1, and 

718.37 for the high 𝜎𝑟 stage. The discrepancy can be explained by the permeability of 

the new created fracture with the growth of fracture density. At the low 𝜎𝑟 stage, the 

apertures and permeability of the newly created fractures are very close to the pre- 

existing fractures. In contrast, at the high 𝜎𝑟   stage, the permeability of the newly 

created fracture is more likely lower than the mean- aperture fracture, considering the 

cubic law of fracture permeability.  

 

 

Figure 3.16. The relationships of average heat production rate with fracture 

density at three coefficient of variation stages when the mean aperture equals (a) 

0.3 mm, (b) 0.5 mm, and (c) 0.7 mm. 

 

3.5.4. Effects from fracture aperture and fracture density 

The individual effects from the fracture aperture and fracture density on average heat 

production rates have been presented before. Next, the influences from the two 

parameters are combined and discussed in this section.  

Since the ranges of fracture density and aperture coefficient of variation have a 

considerable discrepancy, i.e., 0.0121 1/m to 0.054 1/m for fracture density and 0.3 to 

0.7 for coefficient of variation, in order to facilitate the comparison, the magnification 

method and a dimensionless parameter named magnification factor (𝑓𝑚) are applied. 
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Based on the magnification method, a value of fracture aperture and fracture density 

are selected as the base value; then the magnification factors are calculated by the ratios 

of proposed values of fracture aperture and density to the base values. With the 

magnification factors, the comparison between fracture aperture and density becomes 

possible.  

Figure 3.17 presents the comparison of the effects from fracture aperture and density 

on average heat production rates at low, middle, and high 𝜎𝑟 stages. RG4 is selected 

as the base geometry with the fracture density of 0.0121 1/m; thus the magnificent 

factor for fracture density ranges from 1 to 4.96 (obtained by RG1, with the density of 

0.06 1/m). On the other hand, the mean aperture of 0.3 mm is selected as the base value, 

leading to the range of magnificent factor for fracture aperture is 1 to 2.33 (obtained by 

the average aperture of 0.7 mm). It is observed that at low and middle 𝜎𝑟 stages, the 

𝐴𝑟 have solid linear relationships with magnificent factors. The slopes of the 𝐴𝑟 − 𝑓𝑚 

curves are 16.41 and 8.32 for fracture aperture and density at low 𝜎𝑟  stage, which 

means that provided that the magnificent factors becomes double as the base value, 𝐴𝑟 

would increase approximately 16.41 kW from the aperture while the growth from 

fracture density is nearly 8.32 kW. On the other hand, the slopes of 𝐴𝑟  − 𝑓𝑚 curves 

are 13.82 and 5.02 at the middle 𝜎𝑟 stage, and 11.23 and 1.71 at the high 𝜎𝑟 stage for 

fracture aperture and density, respectively. The higher slopes from fracture aperture 

indicate that the increase of fracture aperture is much more beneficial for the 

improvement of average heat production rate, especially at the high 𝜎𝑟 stage.  
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Figure 3.17. The relationships of average heat production rate with fracture 

density for different average aperture at three coefficient of variation stages.   

3.6. Conclusion   

In this study, a two-dimensional model for simulating thermal- hydraulic (TH) coupled 

processes in discrete fracture networks (DFN) is presented for studying fluid flow and 

heat transport in geothermal reservoirs. The discrete fracture model uses a lower-

dimensional representation of the fracture elements. First, the proposed numerical 

model is validated by comparing the results with an analytical solution. The comparison 

indicates that the proposed model can well simulate the thermal- hydraulic processes in 

a lower-dimensional single horizontal fracture domain. The model is then applied to 

investigate the effects of the characteristics of the DFNs on the performance of 

geothermal reservoirs in EGS. The DFNs employed in this work are the backbone 

DFNs, from which the isolated fractures and the fractures with dead end are eliminated. 

The following conclusion can be obtained: 

(1) The coefficient of variation of fracture apertures plays a critical role in evaluating 

the performance of a geothermal reservoir. The performance can be divided into three 

stages depending on the coefficient of variation: at the low (lower than 0.2) and high 

(higher than 0.6) coefficient of variation stages, the average heat production rates keep 

at a nearly constant level, while at the middle coefficient of variation stage (between 

0.2 and 0.6), the average heat production rates have a sharp reduction.  

(2) The increase of the average heat production rate with the average fracture aperture 

is highly related to the coefficient of variation. The high coefficient of variation inhibits 

the effects from average fracture aperture, resulting in the lower growth of average heat 

production rate compared with the low coefficient of variation.  

(3) The average heat production rate (𝐴𝑟) has a linear relationship with the fracture 

density (𝜌21). Their relationship is proportional to the average fracture aperture: the 

higher average fracture aperture leads to a more considerable growth rate of the average 

heat production rate. Additionally, their relationship is also related to the coefficient of 
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variation. The slopes of 𝐴𝑟 −  𝜌21 curves are inversely proportional to the coefficient 

of variation.  

(4) The increase of heat production rate of an existing geothermal reservoir with the 

discrete fracture network can be achieved by the enlargement of fracture density or 

aperture. Provided that the base value of aperture is 0.3 mm and of density is 0.0121 

1/m, the performance from enlarging DFN aperture is obviously better than creating 

new fractures.  

3.7. Appendix:  

1. The data of average heat production and outlet temperature for RG(4), RG(5), and 

RG(6).     

 

 

Figure 3.18. The relationships of average heat production rate with coefficient of 

variation and mean aperture for different discrete fracture networks, (a) RG4, (b) 
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RG5, (c) RG6.  

 

 

Figure 3.19. The relationships of the variation of outlet temperature with 

coefficient of variation and mean aperture for different discrete fracture networks, 

(a) RG4, (b) RG5, (c) RG6.  

 

2. Model verification against another analytic solution proposed by Gringarten et al 

[41]. 

The analytic solution describes the heat extraction from multiple fractures in the hot 

rock system. As presented in Figure 3.20, the parallel fractures locate between the rock 

matrix. The cold water is injected from the bottom of the fractures, and abstract from 

the fracture top. It is assumed the thickness of the fracture is 2𝑑𝑓  and the spacing 

between the fractures is 160m. The domain height and width are set to be 1km, and the 

length are assumed to be infinite. The heat radiation is negligible in this analytic 

solution. The detailed parameters can be found in Gringarten et al. (1975). 
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Figure 3.20. Mathematical model for fractured hot dry rock [41]. 

 

Figure 3.21 presents the results from the analytic solution and numerical simulation. It 

can be obtained that the model result has a very good agreement with the analytic 

solution which indicate the results from the numerical model is accurate. The 

discrepancy at the end of the simulation may come from the pre-assumption of the 

analytic solution, i.e., the length of the analytic solution is infinite while the value in 

the model is set to be 1km.  

 

 

Figure 3.21. Comparison between the analytical solution and the numerical 



73 

 

simulation. 
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Abstract 

With the development of Enhanced Geothermal Systems (EGS) technology, geothermal 

energy became considerably more feasible worldwide. In the effort to reduce 

atmospheric emissions of greenhouse gases, supercritical carbon dioxide (scCO2) 

emerged as an appealing working fluid alternative to water. A lower-dimensional 

numerical model for non-isothermal two-phase flow in fractured porous media is 

implemented in the open-source software DuMuX to simulate the multiphase fluid flow 

and heat transport in an EGS reservoir. This paper compares the performances of three 

specific EGS setups: 1) the combined scCO2-H2O-EGS; 2) scCO2- saturated EGS; and 

3) H2O- saturated EGS. Results show that the heat production rate of the combined 

scCO2-H2O EGS is higher than that of scCO2- and of the H2O- saturated EGS. 

Furthermore, the spatial temperature distributions in the mixed scCO2- H2O-EGS and 

scCO2-saturated EGS are similar but differ considerably from the H2O- saturated EGS. 

The injection rate increase leads to improved performance of the reservoirs employing 

scCO2 as a working fluid. The improved performance is due to an increase in the total 

produced geothermal energy, while the reservoir lifespan remains unchanged. In 

contrast, H2O-EGS show a reduction in the total produced geothermal energy due to a 

significant decrease in the reservoir lifespan. 

4.1. Introduction  

This paper evaluates the advantages of supercritical carbon dioxide (scCO2) over H2O 

as a working fluid for geothermal energy extraction in porous, fractured Enhanced 

Geothermal Systems (EGS) over a reservoir lifespan. A better understanding of the 

multiphase flow and transport processes in fractured reservoirs is essential for the 

decision-making and planning of the EGS employing scCO2 as a working fluid. Thus, 

using scCO2 as a working fluid in an EGS becomes potentially attractive.  

EGS can utilize the geothermal energy stored in the deep hot rock formations, 

addressing some of the current environmental challenges, such as reducing greenhouse 

gas emissions and the energy transition from fossil fuels [1], [2]. Generally, EGS reside 
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at depths between 3 km and 10 km [3], where rock mass temperatures exceed 150 °C 

[4]. A low-temperature working fluid circulates through the hot rock matrix of the 

geothermal reservoir, heats up, and transports thermal energy to a production well [5]. 

EGS can theoretically be placed at any location because of the rock permeability 

enhancement via hydraulic fracturing or reopening of existing fractures by hydro-

shearing [6].  

To date, the performances of EGS using water (H2O) and supercritical carbon dioxide 

(scCO2) as working fluids are widely investigated [7]. Because field experiments at the 

depths of several kilometers are costly to set up and operate, numerical models are 

frequently used and remain a preferred method to investigate EGS performance to date. 

After Pruess et al. (2006) first pointed at the possibility of employing scCO2 as a 

working fluid for EGS [8], [9], the development of numerical models for the EGS heat 

extraction using the scCO2 as working fluid ramped up significantly [10]–[13]. 

However, most existing models assume that the fluid that geothermal reservoirs are 

initially saturated with is identical to the working fluid. For example, Guo et al. [14] 

applied the commercial software COMSOL Multiphysics to build a three-dimensional 

(3D) coupled thermo-hydro-mechanical (THM) model with a discrete fracture network 

(DFN). They found that scCO2-saturated EGS generates more energy than H2O-

saturated EGS for the same production conditions. Li et al. [15] developed a two-

dimensional (2D) rough-walled discrete fracture network model that includes the 

coupled THM processes to investigate the heat production using scCO2 as the working 

fluid. They found that the heat production rate of H2O-saturated EGS is more significant 

than that of scCO2-saturated EGS for the short-term period, but less considerable for 

the long-term production. This is because the lower heat capacity of scCO2 delays the 

breakthrough of the cold plume, which leads to a higher production temperature 

compared to H2O-saturated EGS. Based on a 3D numerical model, Wang et al. [16] 

investigated mass losses when using scCO2 and H2O as working fluids in reservoirs 

saturated with identical fluids, respectively. The fluid loss rate of scCO2-saturated EGS 

depends on the permeability and the initial temperature of the geothermal reservoir. At 
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high average reservoir permeability and high initial temperatures, the fluid loss rate of 

scCO2-saturated EGS is much higher than that of H2O-saturated EGS. In contrast, the 

fluid loss rate is lower at low average reservoir permeability and low initial temperature.  

Besides the scCO2-saturated EGS and H2O-saturated EGS, several studies explored 

combined scCO2-H2O systems, where geothermal reservoirs are assumed to be initially 

fully saturated with H2O while the injected working fluid is scCO2 [7]. Different from 

the Carbon-dioxide Geothermal Plume (CGP) technology, in which the existing natural 

fractures are applied, the scCO2-H2O EGS is a man-made fractured permeable 

reservoir, which is located several kilometers underground. For example, Borgia et al. 

[17], [18] proposed a two-phase flow dual-porosity continuum numerical model with 

TOUGH2 to simulate the phase displacement and heat flow and transport in EGS. 

Findings show that the most crucial benefit of the combined scCO2-H2O EGS is that 

the actual heat flow rate from a given reservoir could be up to five times larger than the 

heat flow rate achievable with water as a working fluid. However, in the combined 

scCO2-H2O EGS, scCO2 partially recovers during the production phase because of the 

buoyancy and capillary trapping. Nevertheless, when most scCO2 recovers, at least 10% 

of the pore volume remains filled with residual, capillary trapped scCO2. Liao et al. [19] 

presented a continuum anisotropic permeability model to simulate the combined 

scCO2-H2O EGS using the same simulator as Borgia et al. The simulations show that 

the geothermal reservoir can maintain a relatively stable heat production with scCO2 as 

a working fluid because of the low injection pressure. On the other hand, the final 

cooldown temperature of the production fluid plays an essential role in evaluating EGS 

performance. For example, Guo et al. defined the reservoir lifespan as when the 

production temperature decreases from the initial temperature to 120℃ [20]. 

Similarly, Su et al. proposed 150℃ for the reservoir lifespan [21]. However, a lower 

fluid temperature is still widely accepted for operating purposes. For example, 

municipal district heating uses fluid temperatures lower than 80℃ [22], [23]. 

Meanwhile, the reservoir lifespan and the heat production rate are also controlled by 

the injection rate [4], [24]–[26]. 
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Although EGS with scCO2 working fluid has already been investigated, previous 

studies focused on either single-phase flow systems with fractures or two-phase flow 

system without fractures. Specifically, the considered working fluid is the same as the 

initial fluid in the fully saturated domain in the single-phase flow system. At the same 

time, the equivalent continuum models lack the representation of the fractures as 

discrete elements [27]–[29]. The studies on combined scCO2-H2O EGS simulating the 

two-phase flow system in discrete fracture networks are rare. The simulation of EGS 

should contain both fractures and matrix to represent the natural enhanced geothermal 

reservoirs in EGS as much as possible [27]–[29]. Thus, this study uses a fully coupled 

thermal-hydraulic (T-H) model with a discrete fracture network to simulate the phase 

displacement and heat transfer in an enhanced geothermal reservoir. The newly studied 

combined scCO2-H2O EGS is compared with the two similar types of enhanced 

geothermal reservoirs, i.e., scCO2-saturated EGS and H2O-saturated EGS. 

Furthermore, this study considers an advanced representation of discrete fracture 

networks, including the partial-raster concept for fracture aperture [30]. This study 

assumes randomly distributed fracture apertures, following the normal distribution, 

allowing a more realistic representation of the geothermal reservoir [30]. The EGS 

performance is evaluated based on standard variables such as the fluid production 

temperature and the heat production rate. In addition, this work addresses a gap in the 

literature by investigating the impacts of the final cooldown temperatures lower than 

120 ℃ and the variable injection rates on the EGS performance. 

4.2. Methodology 

4.2.1. Problem definition 

A fully coupled, non-isothermal two-phase flow discrete fracture model TH model is 

implemented in DuMuX [31], [32], an open-source simulator for solving flow and 

transport problems in porous media. The model investigates fluid flow, phase 

displacement, and heat transport in a fractured porous georeservoir under the following 

assumptions:  
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•The simulated EGS reservoir consists of a porous rock matrix and a DFN. A continuum 

porous medium represents the rock matrix with homogeneous and isotropic 

permeability and porosity. The porosity of the rock matrix is constant during the 

simulation, while the permeability varies with effective pore pressure and temperature 

changes.  

•The fractures are represented as lower-dimensional entities, i.e., the rock matrix is two-

dimensional while the DFN is one-dimensional. Fracture aperture varies between 

different fractures, but it is constant within an individual fracture. The cubic law model 

governs fracture permeability.  

•As the temperatures in the reservoir are lower than 220℃, and the pore pressures are 

higher than 20 MPa, over the entire simulation, the working fluids in the reservoir do 

not change phase, i.e., water remains liquid, the scCO2 supercritical. [33]. Convection 

and conduction govern the heat exchange between water and rock matrix. 

•The fractures are assumed to be created or reopened before the beginning of the 

simulation. Therefore. there are no new fractures created during the simulation. 

•The geochemical reaction between scCO2 and minerals may reach to equilibrium at 

the initial production period, for the long-term production, the geochemical reactions 

have minimal effects on reservoir performances. Thus, this work ignores the reactions 

between scCO2 and minerals. 

The numerical models, i.e., multi-domain 2pmodel, are implemented in the open-

source software, DuMuX. In the model of the combined scCO2-H2O EGS, the 

geothermal reservoir is initially fully saturated with H2O, while the injected working 

fluid is scCO2. In the CO2-saturated EGS and the H2O-saturated EGS, the initially 

saturated fluids and the injected working fluids are the same and are scCO2, and H2O, 

respectively. The geothermal reservoir is located at 6000 m underground, whose size is 

1000 m × 100 m with an effective width of 1 m. 

As a fracture network is essential for EGS, the DFN needs to represent the natural 
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geological structure. In that sense, a (geo)statistical fracture generator can distribute 

fractures in the DFN model. Previous publications [40]–[44] proposed a configuration 

of three fracture sets, with fracture orientations of 10°, 95°, and 170° for crystalline 

rocks. The fracture traces range between 100 m and 500 m in length. The partial-raster 

concept varies fracture apertures, following a normal distribution [30], [43], [45]. 

Specifically, the mean value of fracture aperture is 1 mm with the standard deviation of 

0.5. Figure 1 presents the fracture network simplifying process from the statistically 

generated fracture network. Firstly, 51 fractures are generated, as presented in Figure 

1(a). In Figure 1(b), the fractures presented in red are isolated fractures, which are not 

connected to both the left and right boundaries of the simulated reservoir. They affect 

the reservoir performance only at initial production period, i.e., before the phase 

breakthrough at production well, approximately 5 days, but have minimal influence for 

the long-period production, i.e., 30 years. On the other hand, the isolated fractures 

increase the numerical instability and require a higher computational capacity. Thus, 

the isolated fractures are removed, and only the fracture network connecting the left 

and right boundaries is kept. Zhou et al. and Gong et al. [30], [46] described a method 

to obtain the simplified fracture network in detail.  
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Figure 4.1. The generation of discrete fracture network: (a) initial fracture 

network; (b) the main fractures (white) and isolated fractures (red), and (c) the 

main fractures.  

 

4.2.2. Numerical and Mathematic model 

This work considers the flow of two immiscible fluids. The mass balance equation of 

the fluid phase α in a porous medium is: 

ϕ
∂(ρα𝑆𝛼)

𝜕𝑡
+ ∇ ∙ (ρα𝐯α) + 𝑞α = 0, α ∈ {w, n}              (1) 

where ϕ is the porosity of rock matrix which remains constant, ρα is the density of 

phase α, 𝑡 is time, 𝑆𝛼 is the phase saturation, 𝐯𝛂 is the fluid phase flow velocity, 

and 𝑞𝛼 is the mass source, the subscript α denotes the phase index, w and n refer to 

the wetting and non-wetting phases. Darcy's law expresses the fluid phase flow velocity 

through the rock mass:  

𝐯𝛂 = −
𝑘𝑟α

μα
𝐊(∇𝑝α + ρα𝐠)                       (2) 

where 𝐊 is the intrinsic permeability tensor of the rock matrix, which is assumed to be 
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isotropic in this work, μα  is the fluid phase dynamic viscosity, 𝑘𝑟𝛼  is the relative 

permeability, 𝑝𝛼  is the phase pressure, and 𝐠  is the gravitational acceleration. The 

phase saturation and pressure satisfied the relationships: 

𝑆𝑛 + 𝑆𝑤 = 1                           (3a) 

𝑝𝑛 = 𝑝𝑤 + 𝑝𝑐                          (3b) 

in which the 𝑝𝑐 is the capillary pressure. The capillary pressure relationship with water 

saturation can be described by the van Genuchten equation [34]: 

𝑆𝑤𝑒 = 𝑆𝑤𝑟 +
1

[1+(𝑝𝑐 𝑝𝑒)⁄ 𝑛
]1−1/𝑛                     (3c) 

krw = Swe
1/2

(1 − (1 − Swe
1/m

)m)2                   (3d) 

krnw = (1 − Swe)1/2(1 − Swe
1/m

)2m                 (3e) 

where 𝑝𝑒 is the air entry pressure, n is an index of the pore-size distribution, and 𝑆𝑤𝑟 

is the residual wetting-phase saturation, m is the function of n, i.e., m = 1-1/n. 

All constituents within a representative elementary volume, i.e., the wetting, non-

wetting, and porous media, are in local thermal equilibrium. The thermal energy 

balance equations are: 

ϕ ∑
∂ρα𝑆α𝑢α

∂𝑡α + (1 − ϕ)
∂ρ𝑠𝑐𝑠𝑇

∂𝑡
+ ∇ ∙ (∑ ραℎ𝛼𝐯α −α λ∇𝑇) = 𝑞ℎ          (4) 

where 𝑇  is the temperature, 𝑢α  and ℎα  are phase-specific internal energies and 

enthalpies, ρ𝑠 and 𝑐𝑠 are the density and the heat capacity of rock matrix, λ is the 

thermal conductivity coefficient of the rock matrix, and 𝑞ℎ  is the heat flux at the 

source point.  

Temporal discretization uses the implicit Euler scheme. For solving the non-linear 

system of equations, the Newton-Raphson method is applied together with the direct 

solver UMFPack [35].  

The fractures within the rock matrix can strongly influence fluid flow and heat transport 

because fracture hydraulic properties can be orders of magnitude higher than that of the 

surrounding rock matrix [36]. Similar with rock matrix, the following equations 

represent the fluid flow, phase displacement, and the heat transfer in discrete fracture 

network: 



86 

 

𝑎ϕf
∂(ρα,fSα,f)

∂𝑡
− 𝑎∇ ∙ (ρα,f

krα,f

μα,f
𝐊f(∇𝑝α,f + ρα,f𝐠)) = 𝑞α,f−m        (5) 

𝑎ϕf ∑
∂ρα,f𝑆α,f𝑢α,f

∂𝑡α,f + 𝑎(1 − ϕf)
∂𝜌s,f𝑐s,f𝑇f

∂𝑡
+ 𝑎∇ ∙ (∑ ρα,fℎα,f𝐯α,f −α,f λf∇𝑇f) = 𝑞h,f−m 

(6) 

where a is the fracture aperture, 𝑞α,f−m and 𝑞h,f−m are the mass and energy transfers 

between fracture and surrounding rocks, and 𝐊𝑓 is the fractures permeability, which 

can be described by cubic law based on previous publications [20], [30]: 

𝐊𝑓 =
𝑎2

12
                              (7) 

A detailed description of the numerical model, discretization methods, and mass 

and energy transfers between fracture and surrounding rocks can be found in Gläser et 

al., 2017 and 2019 [36], [37]. The model assumes that the local thermal equilibrium can 

be applied in each representative elementary volume. Therefore, the temperatures of 

fluid and matrix are the same in the respective representative elementary volumes. The 

pore pressure is the effective pore pressure, an average of wetting and non-wetting 

phase pressure. Rutqvist et al. [38] used the normal fracture stiffness 𝑘𝑛 to describe 

the relationship between the aperture variation and change of effective stress. In this 

work, the model assumes that the change of effective stress is equal to the change in 

pore pressure. Thus, the variation of fracture aperture can be written as following: 

∆𝑎𝑝 =
∂𝑝𝑒

𝑘𝑛
                            (8)  

where 𝑝𝑒 is the effective pressure, i.e., 𝑝𝑒 = ∑ 𝑆𝛼𝑝𝛼. On the other hand, the fracture 

aperture variation with the change of temperature is: 

∆𝑎𝑇 = 𝑎 ∙ 𝛼𝑇∆𝑇                         (9) 

where 𝛼𝑇 is the effective thermal expansion coefficient and can be defined as α𝑇 =

∑ Si ∙ α𝑖 , the α𝑖  is the phase i (i = n, w) thermal expansion coefficient. The total 

aperture change is the summation of changes from pressure and temperature: 

∆𝑎 =  ∆𝑎𝑇 + ∆𝑎𝑝                       (10) 
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4.2.3. Parameters for evaluating the geothermal reservoir performance  

This section presents the parameters and criteria for the evaluation of the performance 

of the simulated geothermal reservoir [4], [14], [30], [39]. The parameters include the 

production temperature, heat production rate, total production rate, reservoir lifespan, 

and energy efficiency, which are defined as follows: 

(i) Production temperature (𝑇o [℃]) is calculated according to: 

𝑇o =
∑ qf𝑇f+∫ qs𝑇sdy

∑ qf+∫ qsdy
                       (11) 

where qf [m/s] and qs [m/s] are the fluxes from fractures and matrix, respectively.  

(ii) Heat production rate (P(t) [kW]):  

P(t) = QfCp,eff(𝑇o − 𝑇in) + QsCp,eff(𝑇o − 𝑇in)          (12) 

where Qf  [kg/s] and Qs  [kg/s] are the production fluid flux from fractures and 

matrix, respectively. The total production flux equals the injection rate, i.e., Qin =

Qs + Qf.  Cpeff  [kJ/kg/℃] is the heat capacity of the produced fluid, for the 

combined CO2-H2O EGS, Cp,eff = ∑ SαCp,α (α = n, w). 

(iii) Total production rate (Etotal [kJ]): 

Etotal = ∫ P(t)dt
𝑡𝑒𝑛𝑑

0
                    (13) 

Where 𝑡𝑒𝑛𝑑 [year] is the production period. 

(iv) The reservoir lifespan  

The reservoir lifespan is the time [years] when the production temperature decreases 

from the initial temperature to the final cooldown production temperature (Tend). In 

sections 3.1 and 3.2, 𝑇end = 120 °C , while in section 3.3, the 𝑇end =

120 ℃, 90 ℃, 60 ℃, and 30 ℃ are investigated.  

4.2.4. Initial and boundary conditions  

The initial pressure distribution in the simulated geothermal reservoir results from 

the hydrostatic pressure (9.81 MPa/km) and the atmospheric pressure (0.1 MPa). The 

initial temperature of the system increases linearly from 191.15 °C at the top of the 

reservoir with a constant thermal gradient of 0.03 °C/m. The working fluid is injected 
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from the left side of the boundary with the injection temperature 𝑇𝑖𝑛 = 30 °C. The 

Working fluid with a flow rate of 3.57 L/s is injected and produced from the left and 

right boundaries. The volume rate, instead of the mass rate, is employed to ensure a fair 

comparison among the three EGS setups. To be specifically, the volume rate is not 

affected by the varying phase saturations, and can be kept constant during the entire 

production period. The injection and production areas are between 25 m and 75 m on 

the left and right boundaries. In contrast, the remaining right boundary areas remain at 

initial conditions, i.e., the boundary pressure is the same as the initial reservoir pressure. 

The top and bottom are no-flow boundaries, as presented in Figure 4.2, in which the 

color-coded fractures present the various apertures of the DFN. The brine (H2O) and 

scCO2 physical properties are obtained from the International Association for the 

Properties of Water and Steam (IAPWS) [47] and Span and Wagner (1996) [48]. The 

parameters employed in this work are based on the former publications [36], [37], and 

summarized in Table 4.1. 

 

 

Figure 4.2. Illustration of the boundary conditions of the proposed model and of 

the main fracture network aperture sizes (in coloured bar).  

 

Table 4.1. Parameters for the simulations 

Parameters value 

Density of rock matrix (kg/m3) 2700 

Porosity of fractures (-) 0.85 

Porosity of rock matrix (-) 0.01 
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Permeability of rock matrix (m2) 1 × 10−15 

Thermal conductivity of rocks (W/m/℃) 2.8 

Heat capacity of rocks (J/kg/℃) 790 

Brine salinity (-) 0.1 

Air enter pressure of fracture (Pa)  1000  

Van Genuchten coefficient n of fracture (-)  3 

Air enter pressure of rocks (Pa)  10000  

Van Genuchten coefficient n of rocks (-)  3 

Residual wetting phase saturation (-) 0 

Normal stiffness (GPa/m) 500 

Thermal expansion coefficient (brine) (1/℃) 10-4 

Thermal expansion coefficient (scCO2) (1/℃) 10-5 

 

4.2.4. Sensitivity analysis concerning the discretization 

For the study domain containing the simplified DFN, a conforming finite element mesh 

is generated with Gmsh, a finite element mesh generator with built-in pre-and post-

processing facilities [49]. The mesh is generated and checked automatically within the 

software. The finite element number plays an essential role in the accuracy of the 

simulation results. Thus, the sensitivity analysis tests the numerical solution's accuracy 

and determines the optimal mesh size. Figure 4.3 illustrates the finite element meshes 

used in the sensitivity analysis. Figure 4.4 shows the analysis curve of scCO2 saturation 

at the production well plotted for the grids. By increasing the element number, the 

scCO2 saturation at a production well in the 30th year grows until reaching a constant 

level. For example, when the element number increases to 8776, the scCO2 saturation 

is 0.598; then, the saturation remains at the level of approximately 0.6. Therefore, 

considering the available computational capacity, the grid with 8776 elements is 

selected to guarantee the accuracy of the numerical simulation.  
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Figure 4.3. Representation of the different grid discretization and the 

corresponding finite element numbers 

 

 

Figure 4.4. Relationship between scCO2 saturation at the production well in 30th 

year and mesh refinement (element number). 

4.3. Results  

4.3.1. Comparison of the geothermal reservoirs performances using working fluids 

scCO2 and H2O  

This section compares reservoir production temperatures and heat production rates with 

scCO2 and water as working fluids. In addition, the discrepancy between the combined 

scCO2-H2O EGS and the scCO2- saturated EGS is presented. Figure 4.5 shows the 
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saturation distribution of scCO2 in the 1st, 5th, 10th, and 30th years for the combined 

scCO2-H2O EGS, where scCO2 is injected into the reservoir initially saturated with H2O. 

The fractures are the primary scCO2 flow paths. Thus, the fractures' saturation is much 

higher than in the surrounding rock matrix in the 1st year. As the production progresses, 

more injected scCO2 enters the rock matrix from the fractures. Furthermore, the 

buoyancy begins to dominate the scCO2 transport mechanism, resulting in a 

predominately upward migration that is visible later.  

 

 

Figure 4.5. Spatial distribution of scCO2 saturation after 1, 5, 10, and 20 years.  

 

Figure 4.6 compares the temperature distributions among the three considered reservoir 

scenarios after years 5 and 30. For the combined scCO2-H2O EGS, the scCO2 is injected 

into a fully H2O saturated reservoir, while in the scCO2-saturated EGS and H2O-

saturated EGS, injected and saturation fluids are the same. It can be observed from the 

temperature distribution of H2O-saturated EGS in the 5th year that fractures represent 

preferential paths for fluid flow and heat transport. The temperature in fractures is 

significantly lower than that in the surrounding rock matrix. The temperature 

distribution of the combined scCO2-H2O EGS is very similar to that of the scCO2-

saturated EGS but considerably different than that of H2O-saturated EGS. The cold 

temperature fluid primarily accumulates near the injection well when employing the 

scCO2 as the working fluid, while in other areas, the temperature remains unchanged 

during the 30-year production. When applying H2O as working fluid, the temperature 

of the cold water has a much wider distribution due to the higher density and high heat 

capacity of H2O compared to scCO2 under reservoir pressure and temperature. The 
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same injection rate takes more thermal energy to heat cold H2O than scCO2. Thus, the 

temperature of the H2O-saturated EGS rock matrix changes more rapidly than that of 

the scCO2-saturated EGS and of the combined scCO2-H2O EGS. The lower part of 

Figure 4.6 presents the flow velocities within the fractures among the three reservoirs. 

The flow velocity of the combined scCO2-H2O EGS is similar to that of scCO2 saturated 

EGS but slightly lower than that of H2O saturated EGS. On the other hand, H2O has a 

significantly larger density and heat capacity than scCO2, resulting in a higher Peclet 

number (Pe) of H2O saturated EGS according to Eq. 18: 

Pe = vρCpD/k                         (18) 

where Pe is the Peclet number, v is the average flow velocity among the fractures, Cp 

is heat capacity, D is the characteristic length, which is assumed to be the fracture 

aperture in this work, k is the thermal conductivity. The Peclet number reflects whether 

the heat convection or conduction dominates the heat transfer in the enhanced 

geothermal reservoirs, indicating why the temperature distributions among the three 

kinds of EGS are different. The relationships among the Pe, output temperature, and 

heat production rate of the three types of enhanced geothermal reservoirs are 

summarised in Table 4.2. It is observed that Pe of H2O- saturated EGS is much larger 

than these of scCO2- saturated EGS and combined scCO2- H2O EGS. The higher Pe 

presents the heat convection dominates over heat conduction. Thus, the heat is 

transported faster in H2O- saturation EGS than in the reservoirs using scCO2 as working 

fluid, resulting in the shorter temperature breakthrough time of H2O- saturated EGS.  

Furthermore, the fluid volume within the rock matrix is very small due to the porosity 

of 0.01. Thus, the pore fluid can only provide minimal thermal energy for heating the 

cold working fluid, while the rock matrix supplies most. Therefore, the influence of the 

fluid which initially saturates the rocks on heat transfer can be ignored, as the combined 

CO2-H2O – EGS and CO2 saturated- EGS result in similar temperature distribution.  
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Figure 4.6. Temperature (top) and fractures (bottom) velocity distributions among 

the combined scCO2- H2O- EGS, scCO2- saturated EGS, and H2O- saturated 

EGS after years 5 and 30. 

 

Table 4.2. Relationships between Peclet number (Pe), temperature breakthrough 

time, and heat production rate. 

EGS types 
Pe Output Temperature (℃) Temperature BT 

time (years) 5th 30th 5th  30th 

combine scCO2 and H2O 9.14 9.22 191.15 191.15 30 

scCO2 saturated 9.14 9.22 191.15 191.15 30 

H2O saturated 81.3 82.5 183.03 100.12 2.8 

 

Figure 4.7 presents (a) the production temperature evolution versus the production time 

and (b) the heat production rate versus the production time for the combined scCO2-

H2O EGS, scCO2-saturated EGS, and H2O-saturated EGS. The production temperatures 

of the combined scCO2-H2O EGS and the scCO2-saturated EGS remain unchanged 

because the cold plumes have not arrived at the production well at the end of 30- year 

production, as presented in Figure 4.6. Conversely, the production temperature of the 
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H2O-saturated EGS has a reduction after the initial stable period. The reservoir lifespan 

ends when the production temperature decreases from the initial temperature to 120 °C. 

Therefore, the scCO2 reservoirs have a lifespan much longer than 30 years. 

On the other hand, the H2O saturated EGS lifespan is approximately 20 years. Figure 

4.7(b) shows that the heat production rate of scCO2 saturated EGS is much lower than 

that of combined scCO2-H2O EGS and H2O saturated EGS. The lower scCO2 heat 

production rate results from the lower heat capacity of scCO2 than that of H2O. For the 

combined scCO2-H2O EGS, before the scCO2 plume reaches the production well, all 

the produced fluid is H2O. Thus, the heat production rate of the combined scCO2-H2O 

EGS is the same as H2O-saturated EGS at the early stage. Then, because of the 

breakthrough of scCO2 at the production well, when the saturation of scCO2 at the 

production boundary starts to increase, the heat production rate of the combined scCO2- 

H2O EGS begins to drop presented in Figure 4.7(c). On the other hand, the reduction 

of the heat production rate of H2O-saturated EGS results from the decrease of the 

production temperature.  

 

(a)  (b)   
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(c)  

Figure 4.7. The relationship between (a) production temperature and (b) heat 

production rate and production time in the combined scCO2-H2O EGS, scCO2-

saturated EGS, and H2O-saturated EGS. The black dash line presents the results 

without considering the reservoir lifespan, i.e., the production still proceeds when 

production temperature is lower than 120 °C, and (c) The relationship between 

heat production rate ("power" in the legend) and scCO2 saturation ("Sn" in the 

legend). 

 

Figure 4.8 illustrates the relationship between the total produced thermal energy and 

production time. The black dash line presents the total produced thermal energy without 

considering the reservoir lifespan. The scCO2- saturated EGS yields the lowest total 

thermal energy produced, while the H2O-saturated EGS has the highest thermal energy. 

The total produced thermal energy of the combined scCO2-H2O EGS is between the 

scCO2 saturated EGS and H2O saturated EGS. However, considering the reservoir 

lifespan of H2O saturated EGS, the total produced geothermal energy from the 

combined scCO2-H2O EGS generally approaches and finally exceeds that of H2O-

saturated EGS at the approximately 30th year. Thus, although the H2O-saturated EGS 

has the most prominent thermal energy output at the beginning of the production, the 

short lifespan restricts the sustainable application and development of the H2O-

saturated EGS. 
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Figure 4.8. The relationship between total produced thermal energy and 

production time among combined scCO2-H2O EGS, scCO2-saturated EGS, and 

H2O-saturated EGS. The black dash line presents the results without considering 

the reservoir lifespan, i.e., the production still proceeds when the production 

temperature is lower than 120 °C. 

 

4.3.2. Sensitivity analysis with respect to the impact of injection rate  

This section investigates the reservoir performance for different injection rates, and 

presents the simulation results with 10.71 L/s and 24.99 L/s. Since the lifespans of the 

reservoirs using scCO2 as the working fluid are larger than 30 years when the injection 

rate is 3.57 L/s, only the injection rates higher than 3.57 L/s are investigated.  

Figure 4.9 presents the relationship between (a) production temperature and production 

time and (b) heat production rate and production time with the injection rate of 10.71 

L/s between the combined scCO2-H2O, scCO2-saturated, and H2O-saturated EGS. 

Similar to the simulation results presented in Figure 4.7(a), the production 

temperatures of the combined scCO2-H2O EGS and scCO2-saturated EGS remain 

constant during the 30-year production, while the H2O-saturated EGS drop sharply 

from the beginning of the production. Considering the definition of reservoir lifespan, 

the service time of the H2O-saturated EGS is only approximately four years at the 

injection rate of 10.71 L/s, which is considerably shorter than that of the combined 
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scCO2-H2O and scCO2-saturated EGS. On the other hand, due to the production 

temperature drop of H2O-saturated EGS, its heat production rate also sharply reduces 

after the beginning of production. However, the heat production rate of the combined 

scCO2-H2O EGS remains constant after the initial decrease and exceeds that of the H2O-

saturated EGS at approximately year 6. Furthermore, the heat production rate of the 

H2O-saturated EGS decreases even further than that of the scCO2-saturated EGS, which 

indicates using scCO2 as the working fluid shows better performance at a higher 

injection rate than H2O.  

 

(a)  (b)  

Figure 4.9. Relationship between (a) production temperature and (b) heat 

production rate and production rate at an injection rate of 10.71 L/s for the 

combined scCO2-H2O EGS, scCO2-saturated EGS, and H2O-saturated EGS. The 

black dashed line presents the results without considering the reservoir lifespan, 

i.e., the production still processes when the production temperature is lower than 

120 °C. 

 

Figure 4.10 presents the relationship between (a) production temperature and 

production time and (b) the heat production rate and production time with the injection 

rate of 24.99 L/s for the combined scCO2-H2O EGS, scCO2-saturated EGS, and H2O-

saturated EGS. The combined scCO2-H2O EGS production temperatures and scCO2-

saturated EGS drop drastically in year 29, decreasing from 190 °C to 61 °C. Compared 
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to the production temperature of H2O-saturated EGS, the variations of production 

temperature of scCO2-saturated H2O-saturated EGS and scCO2-saturated EGS are 

much more abrupt. The discrepancy between scCO2 and H2O can be explained in 

Figure 4.11, which shows temperature distributions for the first arrival of the cold 

plume at the production well. When the H2O cold plume reaches the production well, 

the rock matrix temperature near fractures is high, and H2O heats up by the surrounding 

rock matrix. In contrast, when the scCO2 cold plume arrives in the production well, the 

rock matrix near the fractures has already been cooled down, and the fracture fluid only 

received limited energy from the rock matrix. Thus, the production temperature shows 

a sharp drop at the breakthrough.  

Figure 4.10(b) shows that at the injection rate of 24.99 L/s, the heat production rate of 

H2O-saturated EGS rapidly decreases with time. In contrast, heat production rates of 

the combined scCO2-H2O EGS and scCO2-saturated EGS remain constant during 

nearly the whole production period of 30 years. At the end of the simulation, the heat 

production rate of the combined scCO2-H2O EGS and scCO2-saturated EGS show sharp 

drops resulting from decreases in production temperatures.  

 

(a)  (b)  

Figure 4.10. Relationship between (a) production temperature and production 

time and (b) heat production rate and the production rate for an injection rate of 

24.99 L/s for the combined scCO2-H2O EGS, scCO2-saturated EGS, and H2O-

saturated EGS setups. The dashed lines present the results without considering 
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the reservoir lifespan, i.e., the production still progresses even with production 

temperatures below 120 °C. 

 

 

Figure 4.11. Temperature distribution when the cold plumes first arrive in the 

production well with (a) H2O and (b) scCO2 as the working fluids for an injection 

rate of 24.99 L /s. 

 

Figure 4.12 presents the relationship between total produced thermal energy and 

production time for an injection rate of (a) 10.71 L/s and (b) 24.99 L/s. The scCO2 

working fluid leads to a much-improved performance compared with H2O at high 

injection rates. The combined scCO2-H2O EGS and scCO2-saturated EGS provide 

geothermal energy during the whole production period continuously and stably, while 

the heat production rate of the H2O-saturated EGS generally decreases with continued 

production. Furthermore, for an injection rate of 10.71 L/s, concerning the total 

produced geothermal energy, the H2O-saturated EGS still exceeds in performance 

compared to scCO2-saturated EGS. In contrast, the total produced geothermal energy 

of the combined scCO2-H2O EGS exceeded that of H2O-saturated EGS at 

approximately year 16. However, with the injection rate of 24.99 L/s, the better 

performance of H2O-saturated EGS on scCO2-saturated EGS ceases. The total 

geothermal energy produced by the scCO2-saturated EGS and the combined scCO2-

H2O EGS exceeded the energy produced by the H2O-saturated EGS at approximately 

(a) 

(b) 

460 

300 
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year 19 and the start of production, i.e., year 5, respectively. Considering the reservoir 

lifespan, the lower performance of H2O-saturated EGS is more prominent. With the 

injection rates of 10.71 L/s and 24.99 L/s, the H2O- saturated EGS has the lowest total 

produced energy compared to the combined scCO2-H2O EGS and scCO2-saturated EGS.  

 

(a)  (b)  

Figure 4.12. Relationship between total produced thermal energy and production 

time with injection rates of (a) 10.71 L/s and (b) 24.99 L/s. The black dashed line 

presents the results without considering the reservoir lifespan, i.e., production still 

continues even for production temperatures lower than 120 °C. 

 

4.3.3. Effects of final cooldown production temperature on EGS performance 

This work defines reservoir lifespan as the time for production temperature to decrease 

from 190 °C to 120 °C. Still, the geothermal energy from the produced fluid at 

temperatures lower than 120 ℃ can be exploited in district heating or binary 

powerplants [22], [23]. Thus, this section investigates the influence of the final 

cooldown production temperature on reservoir performance.  

Figure 4.13 illustrates the relationship between (a) total produced thermal energy and 

injection rates of working fluids with different final cooldown production temperatures. 

The combined scCO2-H2O EGS and scCO2-saturated EGS lifespans are nearly 

independent of the injection rate at higher injection rates. On the other hand, due to the 
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earlier cold plume breakthrough time at a higher injection rate, the reservoir lifespan of 

H2O saturated EGS shows a sharp decrease with the increasing injection rate in cases 

where the final cooldown production temperature is higher than the injection 

temperature. The reservoir lifespan and total produced energy of scCO2-saturated EGS 

and combined scCO2- H2O EGS remain unchanged with different final cooldown 

production temperatures, and their temperature development is not shown. 

Figure 4.13(b) shows that the total thermal energy produced by combined scCO2-H2O 

EGS and scCO2-saturated EGS increases considerably with increasing injection rate. In 

contrast, the output energy of H2O saturated EGS depends on the final cooldown 

production temperature. For example, with the increasing injection rate, the final 

cooldown production temperature of 30 ℃ leads to a continuous increase in the total 

output energy. Still, the value of 120 ℃ results in an opposite performance, i.e., the 

total output energy presents a reduction with the increasing injection rate. For an 

injection rate of 3.57 L/s, the total produced thermal energy of H2O-saturated EGS 

reduces from approximately 2.36 × 1010 kJ to 1.84 × 1010 kJ. On the other hand, 

the reductions of the total produced thermal energy for injection rates of 10.71 L/s and 

24.99 L/s range from 3.28 × 1010 kJ to 1.15 × 1010 kJ and from 3.73× 1010 kJ to 

0.757 × 1010  kJ. Furthermore, the total thermal energy produced by the combined 

scCO2-H2O EGS and scCO2-saturated EGS is considerably higher than that of H2O-

saturated EGS for an injection rate of 24.99 L/s, which indicates that reservoir 

performance applying scCO2 as the working fluid is to be preferred compared to 

employing H2O as working fluid at a high injection rate.  
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(a)  (b)  

 

Figure 4.13. Relationship between reservoir lifespan and injection rate with 

different final cooldown production temperature, i.e., the period before the 

production temperature drops to specific values: 120 °C, 90 °C, 60 °C, and 30 °C. 

4.6. Discussion and Conclusions   

This study uses a lower-dimensional numerical model for non-isothermal two-phase 

flow in fractured porous media to simulate the fluid flow, phase displacement, and heat 

transport in EGS. The numerical model is implemented in the open-source simulator, 

DuMuX. 

Brine (H2O) and supercritical carbon dioxide (scCO2) serve as working fluids for the 

heat circulation within the geothermal reservoirs. With these two working fluids, three 

types of EGSs are evaluated: 1) scCO2-saturated EGS, where the fluid in the initially 

saturated reservoir and the injected working fluid are both scCO2; 2) H2O-saturated 

EGS, where the fluid in the initial saturated reservoir and the injected working fluid are 

both H2O; 3) the combined scCO2-H2O EGS, where the fluid in the initially saturated 

reservoir is H2O while the injected working fluid is scCO2. Comparing the three types 

of EGS, the following conclusions can be drawn: 

1. Temperature distributions of the combined scCO2-H2O EGS and scCO2-saturated 

EGS are very similar but differ significantly from H2O-saturated EGS. The cold plume 
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in the H2O-saturated EGS migrates much faster than that of the combined scCO2- H2O 

EGS and scCO2-saturated EGS. This is because the heat capacity of H2O is 

approximately four times higher than that of scCO2; for the same injection rate, the cold 

fluid of H2O-saturated EGS needs considerably more geothermal energy to be heated 

to the same temperature compared to that of the combined scCO2-H2O EGS and scCO2-

saturated EGS.  

2. For an injection rate of 3.57L/s, the production temperature of the reservoirs that use 

scCO2 as the working fluid keeps at a constant level during the 30-year heat production, 

while the production temperature of the reservoir using H2O as the working fluid starts 

to decrease from approximately year five onwards. Furthermore, the total produced 

thermal energy of scCO2-saturated EGS is the lowest, while the H2O-saturated EGS has 

the highest total produced thermal energy over the 30-year production period.  

3. The injection rate highly affects heat production rates and production temperatures. 

With higher injection rates (10.71 L/s and 24.99 L/s), the total produced thermal energy 

and lifespan of H2O-saturated EGS display sharp drops because of the decrease in 

production temperature. On the other hand, the reservoirs with scCO2 as working fluid 

perform better at higher injection rates; the total produced geothermal energy shows a 

considerable increase while the reservoir lifespans are kept nearly unchanged.  

4. The decrease in production temperature of the reservoirs with scCO2 as working fluid 

is considerably more significant than that of H2O-saturated EGS before the thermal 

breakthrough. In the combined scCO2-H2O EGS and scCO2-saturated EGS, the rock 

matrix temperature adjacent to the fractures has already cooled down when the cold 

plume arrives at the production well, resulting in the cold fluid not being effectively 

heated. In contrast, the rock matrix still displays higher temperatures when the 

production temperature decreases. Thus, the reduction in the production temperature of 

H2O-saturated EGS is much gentler. 

In conclusion, the combined scCO2-H2O EGS shows the best performance among the 

three EGSs. At low injection rates, the combined scCO2-H2O EGS produces 

considerably more geothermal energy than reservoirs saturated by scCO2. On the other 
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hand, the combined scCO2-H2O has a longer reservoir lifespan than the H2O-saturated 

EGS. The combined scCO2-H2O EGS performs better at higher injection rates than 

H2O-saturated EGS and CO2-saturated EGS. Specifically, compared to H2O-saturated 

EGS, the combined scCO2-H2O EGS shows considerably higher heat production rates 

and a longer reservoir lifespan. On the other hand, the reservoir lifespans of the 

combined scCO2-H2O EGS and scCO2-saturated EGS are the same, but the heat 

production rate of the combined scCO2-H2O EGS is much higher than that of scCO2-

saturated EGS.  

 

Nomenclature 

Governing Equations n VG coefficient 

ϕ porosity 𝐠 Gravity 

α phase index ρ𝑠 Rock density 

𝑆𝛼 Saturation ρα Phase density 

Swe Effective saturation 𝑐𝑠 Rock heat capacity 

Swr Residual saturation ℎ𝛼 Phase enthalpies 

𝐊 Permeability 𝛼𝑇 Thermal expansion coefficient 

𝑘𝑟α Relative permeability λ Thermal conductivity of rocks 

𝑞α Flux source and sink 𝑎 Fracture aperture 

𝑞ℎ Energy source and sink   

𝐯α Fluid velocity  Performance  

μα Fluid viscosity  𝑇o Production temperature 

pα Phase pressure  Qf Flux from fracture 

pc Capillary pressure  Qs Flux from rock matrix 

pe Air entry pressure  P(t) Heat production rate 

m VG coefficient Etotal Cumulative produced energy 
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Abstract 

With the development of Enhanced Geothermal System (EGS) technology, the 

application of deep geothermal energy has become increasingly attractive. An EGS 

reservoir is usually formed by a single fracture or a fracture network in which 

preferential flow plays an essential role in reservoir performance. Considering the 

buoyancy force of the scCO2 within the H2O saturated reservoir, the effects of 

heterogeneous permeability may be very different in the two-phase system compared 

to a single-phase system. This work is employing Monte Carlo method to investigate 

the influence of a heterogeneous permeability field on the performance of the EGS 

reservoir with a single fracture. The results show that the preferential flow pathway 

generated by the heterogeneous permeability significantly increases the scCO2 velocity 

toward the production well during the initial production period, such that the 

breakthroughs of scCO2 and temperature at production well are advanced. However, 

preferential flow pathways lead to a worse long-term energy performance. On the other 

hand, the total sequestered scCO2 mass presents a slight reduction within the 

heterogeneous permeability field compared to the homogeneous field. Furthermore, the 

reservoir using scCO2 as working fluid has a much better energy performance than the 

reservoir whose working fluid is H2O.  

 

5.1. Introduction 

Geothermal energy is becoming increasingly attractive with the development of the new 
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technology of Enhanced Geothermal System (EGS). According to the theoretical 

calculation, the current geothermal energy estimated could provide more than 200-

million-year support for human civilization’s energy demand [1]–[4]. An EGS is 

created in crystalline formations by generating new fractures or enhancing the existing 

the natural fractures [5], [6]. Thus, the working fluid within EGS reservoirs circulates 

through a single fracture or through a fracture network. Due to the considerable 

differences between fractures and the surrounding rock matrix, in which the fracture 

has a significant higher permeability than rock matrix, the fractures form the primary 

flow pathway for the working fluid movement, which determine the EGS reservoir 

performance, such as the production temperature and energy production rate. Therefore, 

understanding how fracture properties impact the working fluid flow is of key 

importance.  

Variations in the distribution of fracture apertures (which in practice correspond to 

variations in fracture permeabilities) are ubiquitous in natural fracture networks [7], [8]. 

Generally, preferential flow pathways are formed by the connection of higher 

permeability regions within the single fracture, in which the working fluid circulation 

time is shorter. As a result, the heating time for the cold working fluid is shorter and the 

temperature presents an earlier breakthrough in the production well. On the other hand, 

the heat production rate also varies under the combined effects of fluid flow rate and 

production temperature.  

Many researchers have made contributions to the investigation of fracture heterogeneity. 

Zhou et al. (2022) proposed a novel concept, i.e., partial-raster element, to simulate the 
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aperture distribution of the fracture networks with different fracture densities. The 

results of numerical simulations using Monte Carlo method indicate that a 

heterogeneous aperture field leads to a reduction in the average heat production rate 

and the production temperature over a long-term period (i.e., 30 years). On the other 

hand, increased mean apertures of the existing fractures have a more substantial effect 

on increasing reservoir heat production rate than creating new fractures [5]. Based on 

the high-temperature reservoir in the Guide basin, Zhang et al. (2021) established a 

three-dimensional thermal-hydraulic-mechanical coupled model to explore the 

influence of reservoir heterogeneity on the extraction ability. It was found that the 

reservoir specific heat capacity variation has a negligible impact on reservoir 

performance, while the spatially heterogeneous permeability field has much more 

significant effects due to the creation of preferential flow path in unevenly distributed 

permeability field [9]. Fox et al. (2015) generated a heterogeneous aperture field and 

obtained that when the fracture network field has a low standard deviation, the average 

aperture has more considerable effects on reservoir energy performance compared to 

the high value of aperture standard deviation. On the other hand, provided that the 

injection rate is fixed, the reservoir with a larger number of fractures performs better 

because the dispersed flow rate within each fracture delays the temperature 

breakthrough extending the reservoir lifespan [10].  

However, up to now, most studies on reservoir preferential flow pathway investigated 

primarily water-based EGS. The study on the EGS with other working fluids, e.g., 

supercritical carbon dioxide (scCO2), is rare. Since 2006, when employing scCO2 as 
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EGS working fluid was firstly proposed, the possibility of CO2-based EGS has been 

widely discussed [11]–[15]. scCO2 shows several advantages over H2O as a reservoir 

working fluid: 1) the lower viscosity requires lower pressure to circulate scCO2 within 

EGS reservoir; and 2) the sequestered scCO2 benefits the reduction of greenhouse gas 

in the atmosphere. The studies on CO2-based EGS usually ignore the fracture 

heterogeneity, i.e., the aperture/permeability is assumed to be homogeneously 

distributed in the fracture network. For example, using TOUGH2 numerical simulator 

for a two-phase flow model, Borgia et al. [13], [16] concluded that the actual heat flow 

rate of combined scCO2-H2O EGS could be up to five times larger than the heat flow 

rate achievable with water as a working fluid. Nevertheless, they did not consider the 

heterogeneity of fracture aperture and permeability.  

Because of the existing buoyancy force of the scCO2 within a H2O saturated EGS 

reservoirs, the scCO2 migration direction is not only determined by preferential flow 

pathways but also by the buoyancy force. In this case, combined effects of the buoyancy 

force and preferential flow pathways on the reservoir performance need to be further 

investigated.  

This study, based on an the open-source research software, DuMuX, develops a two-

dimensional (2D) two-phase thermal-hydraulic (2pTH) model to investigate the 

influences of preferential flow pathways within heterogeneous permeability field on the 

EGS reservoir performances, i.e., the production scCO2 saturation, production 

temperature, cumulative produced energy, and sequestered scCO2 mass. The EGS 

reservoir is formed by a single vertical fracture, and the permeability is randomly 
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distributed over the fracture following a Gaussian distribution. The geo-statistical R 

package, Gstat, is employed to generate the permeability field. The correlation length 

(CL) and standard deviation (STD) of the Gaussian distribution are the primary 

variables controlling permeability distribution and are being investigated in this study. 

Furthermore, the Monte Carlo method is applied to ensure the simulation results reach 

to statistical equilibrium over one hundred and fifty realizations for each CL-STD 

combination. Finally, the performances of the reservoirs using scCO2 and H2O as 

working fluids are compared. 

 

5.2. Methodology 

5.2.1 Mathematical and numerical model 

The two-phase flow model with fully coupled hydraulic-thermal processes, which 

describes the flow of scCO2 and H2O in the EGS reservoir, is implemented in an open-

source research simulator, DuMuX, which focus on the transport problems in fractured 

porous media. This work assumes the 1) water and scCO2 are immiscible and water 

does not evaporate during the whole production period; and 2) parameters for water 

retention curve and relative permeability are independent of the fracture permeability.  

The mass balance equation of the fluid phase α in a fractured porous medium is: 

 Φ
∂(ρα𝑆𝛼)

𝜕𝑡
+ ∇ ∙ (ρα𝐯α) + 𝑞α = 0, α ∈ {w, n} (1) 

where ϕ is the porosity of rock matrix which remains constant, ρα is the density of 

phase α, 𝑡 is time, 𝑆𝛼 is the phase saturation, 𝐯𝛂 is the fluid phase flow velocity, 
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and 𝑞𝛼 is the source or sink term, the subscript α denotes the phase index, w and n 

refer to the wetting, i.e., water, and non-wetting phases, i.e., scCO2. Darcy's law 

expresses the fluid phase flow velocity through the porous media:  

 𝐯𝛂 = −
𝑘𝑟α

μα
𝐊̿(∇𝑝α + ρα𝐠)  (2) 

where 𝐊̿  is the intrinsic permeability tensor of the rock matrix, the heterogeneous 

permeability field is employed in this work and a detailed description is given in section 

2.3, μα is the fluid phase dynamic viscosity, 𝑘𝑟𝛼 is the relative permeability, 𝑝𝛼 is 

the phase pressure, and 𝐠 is the gravitational acceleration. The phase saturation and 

pressure satisfied the relationships: 

 𝑆𝑛 + 𝑆𝑤 = 1  (3) 

 𝑝𝑛 = 𝑝𝑤 + 𝑝𝑐  (4) 

in which the 𝑝𝑐 is the capillary pressure. The capillary pressure relationship with water saturation can 

be described by the van Genuchten equation [17]: 

 𝑆𝑤𝑒 = 𝑆𝑤𝑟 +
1

[1+(𝑝𝑐 𝑝𝑒)⁄ 𝑛
]1−1/𝑛   (5) 

where 𝑝𝑒 is the air entry pressure, n is an index of the pore-size distribution, and 𝑆𝑤𝑟 

is the residual wetting-phase saturation. 

In a representative elementary volume is assumed local thermodynamic equilibrium. 

The thermal energy balance equations is written as: 

 ϕ ∑
∂ρα𝑆α𝑢α

∂𝑡α + (1 − ϕ)
∂ρ𝑠𝑐𝑠𝑇

∂𝑡
+ ∇ ∙ (∑ ραℎ𝛼𝐯α −α λ∇𝑇) = 𝑞ℎ  (6) 

where 𝑇  is the temperature, 𝑢α  and ℎα  are phase-specific internal energies and 

enthalpies, ρ𝑠 and 𝑐𝑠 are the density and the heat capacity of rock matrix, and 𝑞ℎ is 
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the heat flux at the source point.  

The space is discretized by a cell-centered finite volume method employing the two-

point flux approach and the temporal discretization uses the implicit Euler scheme [18]. 

For solving the non-linear system of equations, the Newton-Raphson method is applied 

together with the direct solver UMFPack [19].  

5.2.2 Parameters for assessing the geothermal reservoir performance  

The performances of the simulated geothermal reservoir are evaluated with production 

temperature, production scCO2 saturation, heat production rate, and sequestered scCO2 

mass, which are defined as following [5], [20]–[22]: 

(i) Production temperature (𝑇out [℃]) is calculated according to: 

 𝑇out =
∑ Tout,i

np
𝑖=1

np
 (7) 

where Tout,i [K] is the temperature of production element i, np is the number of 

elements in the production well.  

(ii) Production scCO2 saturation (Sn [1]): 

 Sn =
VscCO2

VH2O+VscCO2

 (8) 

where VscCO2
 is the volume of output scCO2, VH2O is the volume of output H2O. 

 (iii) Cumulative produced energy (Ec [MW]): 

 Ec = ∫ ∑ M𝛼𝛼 Eα
tend

0
 (9) 

where Eα  is the enthalpy of phase α , tend  is the production time, M𝛼  is the 

production rate of phase 𝛼, which can be calculated as: 
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 Mα(t) = ∫ vα dA  (10) 

where vα is the flow velocity of phase α and A is the production area.  

(iv) Sequestered scCO2 mass (Mco2  
[Mt]): 

 Mco2
= ∑ Sn,i

nt
1 Velement   (11) 

where Velement is the element volume, nt is total number of elements in the domain.  

(v) Monte Carlo results: in this work, all the reservoir performances are deal with 

Monte Carlo method. The detailed description is in section 2.4.  

 Rmc(t) =
∑ Rmc,i(t)nr

1

nr
  (12) 

where Rmc(t) is the reservoir performance calculated by Monte Carlo method, Rmc,i(t) is the reservoir 

performance of realization i at time check point, nr is the number of realizations. The reservoir 

performances include Sn, 𝑇out, M𝛼, Ec, and Mco2
. 

(vi) Energy variation (VE) is calculated as follows: 

 VE =
(EHet−EHom)

EHom
× 100   (13) 

where EHet  and EHom  are the energy output from the cases with hetero- and 

homogeneous permeability fields, respectively.  

5.2.3 Problem definition 

The geothermal reservoir consists of a vertical distributed conductive fracture, whose 

permeability is significantly higher than the surrounding rock matrix. Therefore, the 

system is assumed to be a two-dimensional (2D) domain, which is located 2500m 

underground with a domain size of 600m × 100m . H2O is initially saturating the 

geothermal reservoir before the injection of scCO2. The scCO2 is injected into the 

reservoir from the left boundary ranging between 0m and 20m, and produced from the 
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right boundary ranging between 80m and 100m. The injection temperature is kept at 

30 °C. The overpressure at the injection well and production well are set as 0.1 MPa. 

Except for the areas of injection and production, which is set as Dirichlet boundary, the 

remaining boundaries are closed to heat and fluid flow as presented in Figure 5.1. To 

avoid the boundary effects, i.e., the fixed non-wetting phase saturation and production 

pressure, the data of production area is collected from the observation line, which is 

located 20m away from the right boundary.  

The initial pressure distribution in the simulated geothermal reservoir results from the 

hydrostatic pressure (9.81 MPa/km) and the atmospheric pressure (0.1 MPa). The 

reservoir thermal gradient is 0.03°C/m with a temperature of 141.15 °C at the top of 

reservoir. The physical properties of H2O and scCO2 are obtained from the International 

Association for the Properties of Water and Steam (IAPWS) [23] and Span and Wagner 

(1996) [24]. The primary parameters employed are summarized in Table 5.1. 
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Figure 5.1. Illustration of the modelled domain and boundary conditions   

 

Table 5.1. Parameter values for modelling of the geothermal system 

Parameters value 

Rock density (kg/m3)  2700 

Permeability of rock matrix (m2)  1 × 10−12 

Porosity (-) 0.3 

Heat capacity of rocks (J/kg/℃)  790 

Thermal conductivity of rocks (W/m/℃) 2.8 

Thermal expansion coefficient (brine) (1/℃)  10−4 
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Thermal expansion coefficient (scCO2) (1/℃) 10−5 

Van Genuchten coefficient n (-)   3 

Residual wetting phase saturation (-)  0 

Air entry pressure (Pa)   1000 

Initial brine salinity (-)  0.2 

5.2.4 Heterogeneous distribution of fracture permeability 

The fracture permeability can be statistically represented by a randomly distributed 

permeability field, e.g.,[25]–[27] and follows gamma or Gauss distribution with a 

given stress field (see [5], [27]–[29]). In this study, the R package Gstat, is employed 

to generate the heterogeneous permeability distribution [30], [31]. Gauss distribution 

is employed to describe the distributions of fracture aperture and permeability. The 

correlation length and standard deviation of the permeability are the primary 

variables determining the permeability distributions. The correlation length is defined 

as the distance within which the semi-variance, i.e., the statistical variance minus the 

permeability covariance, changes significantly with the distance variation between 

two locations [27]. As presented in Figure 5.2, the fracture permeability shows a 

broader range with a higher standard deviation, while the area with a similar 

permeability becomes larger under a more significant correlation length. In fractured 

porous media, the scCO2 movement is significantly related to fracture permeability; 

and scCO2 prefers to flow toward the high permeable area. Therefore, the different 

permeability distributions result in various preferential flow pathway of scCO2 within 

H2O.  
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Figure 5.2. Examples of fracture permeability distributions over the change of (a) 

standard deviations (correlation length is 50), and (b) correlation lengths 

(standard deviation is 0.5).  

 

5.2.5 Monte Carlo Method 

Since the correlation length (CL) and the standard deviation (STD) determine the 

distribution of fracture permeability, different combinations of correlation lengths CL, 

and standard deviations STD, are investigated. Within each combination, the reservoir 

permeabilities are randomly distributed, forming various realizations, of which the 

statistic properties, i.e., correlation length, standard deviation, and average permeability 

are the same. Monte Carlo method is applied such that a significant number of 

realizations (i.e., at least 150) is simulated to obtain the statistical equilibrium of each 

combination, removing the serendipity from the random distribution. Figure 5.3 

presents the relationship between cumulatively produced energy (Ec) and the number 

of realizations. The realization number is 150, and the CL-STD combination is (100, 

0.3). The blue dashed lines represent the results from the MC realizations, while the 

solid red line is the MC result, which is calculated based on Eq.(12). It is observed that 
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the results of the different realizations vary significantly with the heterogeneous 

permeability distributions, but tend to converge with the increasing realization numbers.  

(a)  (b)  

Figure 5.3. (a)Comparison of the Monte Carlo result (red line from Eq. (12)) and 

realization results (dashed lines) based on 150 realizations for the CL-STD 

combination (100, 0.3); and (b) sensitive analysis on cumulatively produced energy 

over realizations at different time points.  

 

The average Ec becomes stable when the realization number grows to approximately 

one hundred and fifty. Thus, the realization number of 150 is selected for each CL-STD 

combination, and the reservoir performances are believed to reach statistical 

equilibrium with such a number of realizations. The Monte Carlo results with the CL-

STD combination of (100, 0.3) for the other reservoir performances, i.e., temperature 

of production fluid (Tout, Eq. (7) ), production scCO2 saturation (S𝑛, Eq. (8) ), scCO2 

production rate (Mn, Eq. (10)), and total sequestered scCO2 mass (Mco2
, Eq. (11)), are 

presented in Figure 5.4. 
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(a)  (b)  

(c)  (d)  

Figure 5.4. Monte Carlo results with CL-STD combination of (100, 0.3) for: (a) 

temperature of production fluid, (b) scCO2 production rate, (c) total energy output, 

and (d) total sequestered scCO2 mass.  

 

5.3. Results 

5.3.1 Effects of standard deviation on reservoir performances 

The section presents the influence of standard deviation (STD) of heterogeneous 
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permeability distribution on the geothermal reservoir performances, i.e., the production 

scCO2 saturation, production temperature, cumulative output energy, and sequestered 

CO2 mass. The correlation length (CL) and the mean permeability (μK) are kept as 100 

and 5 × 10−12 m2.  

Figure 5.5 shows an example of scCO2 distribution at different times for the 

homogeneous permeability distribution and the heterogeneous permeability 

realizations with STD =  0.3  and 0.7 , respectively. It can be observed that the 

realizations with different STD s  have a similar scCO2 distribution because the 

buoyancy force dominates the fluid flow and phase displacement (i.e., H2O being 

displaced by the scCO2). On the other hand, the unevenly distributed fluid flow across 

the fracture also matters. Higher STD leads to the creation of more flow pathways and 

disconnections in the scCO2 plume, which have larger deviations from the 

homogeneous case.  

The scCO2 velocity distributions are summarized in Figure 5.6. Since scCO2 has a 

higher flow velocity in the preferential flow pathway, here we use the scCO2 velocity 

distribution to represent the scCO2 preferential flow pathway. It is observed that during 

the initial production period, the buoyancy force dominates the scCO2 movement, and 

the scCO2 movement path and the preferential flow are comparably centralized. On the 

other hand, as shown in the middle and right parts of Figure 5.6, the unevenly 

distributed permeability leads to a significant deviation between the heterogeneous and 

homogenous cases. For example, the cases with STD = 0.3 and 0.7 , the scCO2 

distributed areas below the production well are obviously larger than that of the 
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homogeneous case. Furthermore, the case with higher STD has a larger number of 

preferential flow pathways, and the pathways prefer to be inside of the plume, instead 

of the plume edge. 

 

 

Figure 5.5. Example of scCO2 plume spatial distributions corresponding to 

different STDs at 0.5th, 10th, and 30th year. The “Hom” presents the 

homogeneous permeability distribution. For heterogeneous permeability field, the 

correlation length is kept as 100.  

 

 

Figure 5.6. Example of scCO2 velocity distributions with different STDs at 1st, 

10th, and 30th year. The Hom presents the homogeneous permeability distribution. 

The high velocity areas (red areas) represent the preferential flow pathway of 

scCO2. The correlation length for the heterogeneous permeability field is kept as 
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100.  

 

Next, the role played by the heterogeneous permeability distribution on the geothermal 

reservoir performance is investigated. Figure 5.7 presents the variation of production 

scCO2 saturation (Sn) with different STD over different production period: (a) long-

term, i.e., 30 years, relationship, and (b) short-term, i.e., first 3 years, relationship. It is 

observed that the influences of heterogeneous permeability are minimal on the 

production scCO2 production for the long-term production. The Sns  are nearly 

identical for the homogeneous case and heterogeneous cases after the 10-year 

production. However, for the short-term production, the role of the unevenly distributed 

permeability on Sn  is comparably significant. As presented in Figure 5.7(b), the 

existing of preferential flow leads to an earlier breakthrough time of scCO2 at 

production well for the heterogeneous cases. Furthermore, the production scCO2 

saturation presents a proportional relationship with the standard deviation (STD) of 

permeability distribution. The possible explanation is the higher STD leads to a more 

considerable number of preferential flows, which enhance the movement of scCO2 

toward the production well at the initial production period.  

 



127 

 

 

Figure 5.7. The variation of production scCO2 saturation over the production 

period with different STDs: (a) long-term, i.e., 30 years, production, (b) short-term, 

i.e., first 3 years, production. The “Hom” in legend presents the homogeneous case.  

 

Next, the scCO2 production rate and the production temperature over production period 

for different standard deviations are investigated (see, Figure 5.8). It is observed that 

before the exceeding point, ca. 8th year, the heterogeneous permeability fields show 

higher scCO2 flow velocities. This is because during the initial production period, the 

buoyancy forces dominate the scCO2 flow and the plume moves fast toward the top of 

the reservoir. In this stage, the scCO2 movement path is fixed and the preferential flow 

generated by the unevenly distributed permeability enhances the movement of scCO2 

toward the production well. As a result, the scCO2 breakthrough time is earlier and 

scCO2 flow rate is higher in heterogeneous cases than that in the homogeneous case. 

However, As the scCO2 injection continues, the scCO2 flow rate becomes lower than 

that in the homogeneous case. The possible reason is that the preferential flow leads to 
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considerably wider scCO2 distributions than the homogeneous case, which may 

increase the scCO2 movement path between the injection well and production well, 

reducing the scCO2 production rate.  

It is observed from Figure 5.8(b) that the heterogeneous permeability distribution leads 

to a later temperature breakthrough time than in the homogeneous permeability case. 

This is because the preferential flow paths can accelerate the cold scCO2 movement 

toward the production well, decreasing the time the scCO2 and the surrounding rock 

matrix are in contact. Thus, the cold scCO2 cannot be adequately heated during the 

period traveling to the production well compared to the homogeneous case, resulting in 

the earlier arrival of the cooling front at the production well. On the other hand, the 

wider scCO2 distribution caused by the preferential flow pathway means that the cold 

scCO2 can be heated by a larger rock area, which retards the temperature drop at the 

production well. Thus, the Tout from homogeneous permeability field becomes lower 

than the other cases after approximately 28-year heat production. 
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 (a)  (b)  

Figure 5.8. (a) scCO2 production rate, and (b) production temperature over 

production period with different standard deviation (“STD” in the legend, and 

“Hom” represents the homogeneous permeability field). The correlation length is 

kept as 100.  

 

Figure 5.9 presents (a) cumulative produced energy (Ec) and (b) sequestered scCO2 

mass over production period with various STD. Since the scCO2 production rate 

dominates the reservoir energy production rate, the Ec presents the same tendency as 

the scCO2 production rate, i.e., the Ec  is proportional to the STD of permeability 

distribution for the very initial production period (the homogeneous permeability is 

regarded as STD= 0), but shows an inversely proportional relationship with STD for 

the long-term production. It is observed in Figure 5.9(b) that the total sequestered 

scCO2 mass presents an inversely proportional relationship with the standard deviation 

of heterogeneous permeability field. This can be explained by that as the scCO2 flow 

rate increases, the residence time of scCO2 in the porous media is reduced, as well as, 
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the amount of the trapped scCO2.  

(a)  (b)  

Figure 5.9. The relationship of (a) Cumulative produced energy and (b) the total 

sequestered scCO2 mass with production period with different STD, “Hom” 

donates the homogeneous permeability field. The correlation length is kept as 100. 

 

5.3.2 Effects of the correlation length on the reservoir performance  

The section presents the influence of correlation length (CL) of heterogeneous 

permeability distribution on the geothermal reservoir performance. The standard 

deviation (STD) and the mean permeability (μK) are kept as 0.3 and 5 × 10−12 m2. 

The relationships between the performances from homogeneous and heterogeneous 

permeability fields are consistent with the results in the former section, and are not 

furtherly discussed here.  

Figure 5.10 illustrates the distributions of preferential flow path, which is presented by 

scCO2 velocity. Compared to standard deviation, the enlargement of correlation length 

does not significantly increase the number of preferential flow path, but the length is 
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obviously prolonged. As presented in the middle part of Figure 5.10 (10th year), the 

areas with high scCO2 velocity are disjointed for the case with CL = 50 and 100, while 

the areas for the case with CL = 200 are nearly connecting injection and production 

wells. On the other hand, the scCO2 movement is considerably enhanced by the longer 

preferential flow path. At the end of the first year, the scCO2 plume for the case with 

CL = 200 is going to arrive the production well. However, the that for the cases with 

lower CL only reach to half of the geothermal reservoir.  

 

 

Figure 5.10. Example of scCO2 velocity distributions with different CLs at 1st, 

10th, and 30th year. The high velocity areas (red areas) represent the preferential 

flow pathway of scCO2. The STD for the heterogeneous permeability field is kept 

as 0.3. 

 

Figure 5.11 presents the variation of the production scCO2 saturation (Sn ) over the 

production period with different correlation lengths (CLs) of heterogeneous 

permeability distribution for (a) long-term, i.e., 30 years, production, and (b) short-term, 

i.e., first 3 years, production. It is observed that the long-term Sn-CL relationship is 

identical with standard deviation, in which the effects of CL on Sn are minimal for the 
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long-term production. Moreover, the Sn is also proportional to the CL during the initial 

production period, in which the scCO2 breakthrough time shows an inversely 

proportional relationship with CL, as presented in Figure 5.11(b). The possible reason 

is presented in Figure 5.10, i.e., the scCO2 flow rate is furtherly accelerated by the 

longer preferential flow, which is due to the larger CL, compared to the homogeneous 

case and cases with lower CL.  

 

 

Figure 5.11. (a) Relationship between scCO2 saturation at production well and 

production period with different correlation length of gauss distribution; and (b) 

Relationship between scCO2 saturation at production well and correlation length 

at different time points. The standard deviation is kept as 0.3.  

 

Figure 5.12 presents the relationships of (a) scCO2 production rate and (b) production 

temperature with production period with CL = 25, 50, 100, and 200, in which the 

proportional relationship between scCO2 production rate and CL can be observed. The 

scCO2 production rate of the case with CL = 200 is largest and closest to the 
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homogeneous case for the long-term production, which corresponds to the definition of 

the correlation length, i.e., within the correlation length, the permeability is nearly 

unchanged. A step further, the ranked scCO2 production rates result in the proportional 

relationship between production temperature and CL as presented in Figure 5.12(b). 

The production temperatures maintain the same order until the end of the simulation.  

 

 (a)  (b)  

Figure 5.12. Variation of (a) scCO2 production rate and (b) production 

temperature per time as a function of CL. The STD is kept as 0.3. 

 

Figure 5.13 presents the relationship of (a) cumulative produced energy (Ec) and (b) 

the total sequestered scCO2 mass with production period with different correlation 

lengths (CLs) It is observed in Figure 5.13(a) that the case with CL = 200 has the largest 

Ec, while that of the case with CL = 25 is the lowest during the entire production period. 

The reason is discussed before, and not presented in this section. In contrast to the 

standard deviation (STD), CL shows to have little influence on the amount of 
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sequestered scCO2 (Mco2
) over the production period (Figure 5.13(b)).  

 

(a)  (b)  

Figure 5.13. The variation of (a) cumulative produced energy and (b) total mass of 

sequestered scCO2 over the production period for different CL. The STD is kept 

as 0.3. 

 

5.3.3. Effects of the type of working fluid on reservoir performance  

In this section, the performances of the reservoir using scCO2, i.e., scCO2-H2O 

combined EGS, and H2O, i.e., H2O-saturated EGS, as working fluids are investigated 

and compared. Here, except the working fluid, the other parameters and boundary 

conditions are kept exactly the same for the two kinds of reservoirs, as presented in 

Table 5.1 and Figure 5.1.  

Figure 5.14 compares the cumulative produced energy of the two geothermal reservoirs 

having a homogeneous permeability, i.e., 5 × 10−12 m2. It is observed that with the 

same injection and production pressures, the scCO2 reservoir produces much more 
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considerable energy, i.e., nearly three times larger, than H2O reservoir. This is because 

scCO2 has lower viscosity and density than that of H2O, i.e., ca. 31.8 × 10−6 Pa ∙ s 

and 327 kg/m3 for scCO2 compared to 140 × 10−6 Pa ∙ s and 881 kg/m3 for H2O. 

According to Eq. (2), scCO2 has a larger flow rate, and as a result, a better energy 

performance than H2O.  

 

 

Figure 5.14. Comparison of the cumulative energy produced over the entire 

production period of a geothermal reservoir using scCO2 and H2O as working 

fluids. The permeability is isotropic and homogeneous.  

 

Figure 5.15 depicts the energy variations in homogeneous and heterogeneous 

permeability fields with different standard deviations (STD) and correlation lengths 

(CL). The energy variations (VE, see Eq. (13)) in the 1st year, 10th year, 15th year, and 

30th year are presented. It is observed that the standard deviation and correlation length 

of the permeability field have the same effects on reservoir energy performance 
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between the two-phase scCO2-H2O combined EGS and the single-phase H2O-saturated 

EGS, i.e., the reservoir performs worse with increasing standard deviation and 

decreasing correlation length. The same observation has been obtained in Zhou et al., 

2022 using the model with a discrete fracture network [5]. On the other hand, it should 

be noted that for the CO2-H2O combined EGS, the influences of standard deviation and 

correlation length significantly vary with production proceeding, but their effects in 

H2O-saturated EGS are irrelevant on production period. For long-term production, the 

energy variations ( VE ) between the cases with homogeneous and heterogeneous 

permeability fields become much more considerable. For example, provided that the 

standard deviation is 0.7 and the correlation length is 100, in the first year, the maximum 

VE  is around -5%, but in the 30th year, VE  reaches to -30%, which indicates the 

unevenly distributed permeability leads to a more inferior reservoir energy performance 

for the long-term production. The relationship between VE and production period can 

be explained by that in two-phase scCO2-H2O combined EGS, the scCO2 distribution 

enlarges with the production period. In this case, a larger number of preferential flow 

path is involved into scCO2 movement, which prevents scCO2 to flow toward the 

production well. On the other hand, in H2O-saturated EGS, without the engagement of 

buoyance force, the flow direction is fixed during the initial production period, and is 

nearly unchanged with the production proceeding. Thus, the VE in H2O-saturated EGS 

is independent of production period.  
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(a)  (b)  

(c)  (d)  

Figure 5.15. Relationships among energy variation, STD and CL in different 

production periods for (a) scCO2-H2O combined EGS, (b) H2O-saturated EGS, (c) 

scCO2-H2O combined EGS, and (d) H2O-saturated EGS.  

 

5.4. Conclusion 

In this work, a two-phase two-dimensional thermal-hydraulic (TM) coupled model with 

heterogeneous permeability field is implemented using the open-source software, 
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DuMuX. The influences of preferential flow pathways existing in heterogeneous 

permeability fields on the geothermal reservoir performances, i.e., the scCO2 saturation 

at production well, production temperature, cumulative produced energy, and the 

sequestered scCO2 mass, are investigated. The correlation length (CL) and standard 

deviation of permeability distribution (STD) are the two variables under investigation. 

The Monte Carlo method is applied to avoid the interference from the randomly 

generated heterogeneous permeability distribution. For each CL-STD combination, one 

hundred and fifty realizations are generated and simulated to ensure the reservoir 

performances reach statistical equilibrium. Based on the simulation results, the 

following conclusions can be obtained: 

1. The unevenly distributed permeability generated preferential flow has limited 

influence on scCO2 movement. The shapes of scCO2 distributions are similar between 

homogeneous case and heterogeneous cases, and the long-term production The scCO2 

saturation (Sn) is independent on the heterogeneous permeability field. However, for 

the short-term production, Sn is proportional to the standard deviation and correlation 

length of permeability distribution.  

2. The unevenly distributed permeability enhanced the energy production rate during 

the initial production period, but it leads to a reduction of the reservoir energy 

performance for the long-term production. Moreover, the long-term cumulatively 

produced energy and the total sequestered scCO2 mass both present the inversely 

proportional relationship with standard deviation of the heterogeneous permeability 

field.   
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3. The longer correlation length results in a more considerable output energy during the 

entire production period. However, the reservoir performance in terms of scCO2 

sequestration is independent of the correlation length.  

4. Under the same injection and production pressure, using H2O as working fluid leads 

to a much lower output energy, i.e., only approximately 25%, compared to the reservoir 

using scCO2 as working fluid. Furthermore, the influences of standard deviation and 

correlation length vary with the production proceeding for the reservoir using scCO2 as 

working fluid. On the other hand, for the reservoir whose working fluid is H2O, the 

influences are independent of the production period.  

5. The heterogeneous aperture distribution of the conducting fracture results in 

considerably and slightly inferior reservoir performance in terms of energy output and 

scCO2 sequestration. Thus, if possible, an unevenly distributed fracture permeability 

should be avoided during the creation of geothermal reservoir.  
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Chapter 6.  

Conclusion and Outlook 

6.1. Conclusion  

The development of the enhanced geothermal system (EGS) makes geothermal energy 

one of the renewable energy having the potential to solve the global energy shortage 

and global warming. Improved understanding of fluid flow and heat transfer within 

discrete fracture networks helps to design the EGS reservoirs to obtain a higher energy 

performance. The simulation of fluid flow within an EGS reservoir is considerably 

complex due to the complicated multiphase system and high heterogeneity of fracture 

networks. The reliability of the numerical method depends on the appropriate 

representation of the fractured zones and fracture network within rocks.  

The doctor’s thesis, based on the numerical simulations, is structured to six chapters. in 

which chapters 2, 3, 4, and 5 are the primary research for the doctoral thesis. In chapter 

2, the thermal-hydraulic-mechanical effects among different fracture zones are 

investigated. In chapter 3, a novel representation of the discrete fracture network is 

proposed, and the effects of aperture distribution on EGS reservoir performance are 

studied. In chapter 4, the possibility of using scCO2 as working fluid for EGS reservoir 

is addressed, and three different EGS setups are raised and compared. In Chapter 5, 

provided that the scCO2 is the working fluid, the roles of geochemical reactions 

between scCO2 and minerals and water evaporation played on EGS reservoir 

performance are discussed.  

The primary conclusions can be summarized as follows: 

6.1.1. The effects of multi-fracture zones on EGS reservoir performance 

1. The production temperature is affected by fracture zone spacing and location, but 

only in a limited water, i.e., a lower spacing result in a lower production temperature. 

The production temperature of middle fracture zone is lower than that of side fracture 
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zones. However, during the first period (approx. 2000d), there is almost no difference 

in temperatures.  

2. The multi-fracture zone system can effectively extend the service lifespan of the EGS 

compared to the single fracture system. The heat production rate and average produced 

energy are proportional to the number of fracture zones. Additionally, a lager spacing 

between the neighbouring fracture zones leads to a higher heat production rate.  

3. A larger flow rate results in higher initial pressure difference values, which are 

subsequently followed by a steeper reduction. Due to the hydraulic-mechanical effects, 

the pressure difference from a larger flow rate can be lower than that from a lower flow 

rate. The final production temperature and breakthrough time have an inversely 

proportional relationship with the flow rate.  

6.1.2. The influences of DFNs properties on EGS reservoir performance 

1. The variation coefficient of fracture aperture plays a critical role in evaluating the 

performance of a geothermal reservoir. The performance can be divided into three 

stages depending on the variation coefficient: at the low and high variation coefficient 

stage, the average heat production rates keep at a nearly constant level, while at middle 

variation coefficient stage, the average heat production rates sharply reduce. 

2. The increase of average heat production rate with the average fracture aperture is 

highly related to the variation coefficient. The high variation coefficient inhibits the 

effects from average fracture aperture, resulting in the lower growth of average hat 

production rate compared to the low variation coefficient.  

3. The average heat production rate (𝐴𝑟) has a linear relationship with fracture density 

(𝜌21). Their relationship is proportional to average fracture aperture: the higher average 

fracture aperture leads to a more considerable growth rate of the average heat 

production rate. Additionally, their relationship is also related to the variation 

coefficient. The slopes of 𝐴𝑟 -𝜌21  curves are inversely proportional to the variation 

coefficient.  

4. The increase heat production rate of an existing geothermal reservoir with the discrete 

fracture network can be achieved by the enlargement of fracture density or aperture. 
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Provided that the base value of aperture is 0.3 mm and of density is 0.0121 1/m, the 

performance from enlarging DFN aperture is obviously better than creating new 

fractures.  

6.1.3. The advantage of scCO2 as working fluid of EGS reservoir over H2O 

1. The EGS using scCO2 as working fluid significantly differ from that using H2O as 

working fluid. The cold plume in H2O-saturated EGS migrates much faster than the 

scCO2 based EGS.  

2. With a given injection rate, the production temperature of the EGS reservoirs using 

scCO2 as working fluid keeps at a constant level during the 30-year heat production, 

while the production temperature of the H2O saturated EGS starts to decrease from 

approximately year five onwards. 

3. The injection rate highly affects heat production rates and production temperatures. 

With a higher injection rate, the total produced thermal energy and lifespan of H2O 

saturated EGS display sharp drops because of the decrease in production temperature. 

On the other hand, the reservoirs with scCO2 as working fluid perform better at higher 

injection rates; the total produced geothermal energy shows a considerable increase 

while the reservoir lifespan are kept nearly unchanged.  

4. The decrease in production temperature of the reservoirs with scCO2 as working fluid 

is considerably more significant than that of H2O-saturated EGS before the thermal 

breakthrough. 

6.1.4. The role of preferential flow path on the performance of EGS reservoir using 

scCO2 as working fluid.  

1. The flow channeling induced growth in fluid mass flow rate leads to the linear 

reductions of production scCO2 saturation with the CL and σK. On the other hand, the 

production temperature has an earlier breakthrough time compared to the homogeneous 

cases, whose permeability is isotropic and homogeneous.  

2. During the initial production period, buoyance determines the fluid flow, and the 

fluid flow rate is proportional to both CL and σK. However, as the production continues, 
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the buoyance effect diminishes, and partial scCO2 starts to congregate beneath the 

production well, which cannot be effectively extracted. Thus, the scCO2 production rate 

has a reduction with the wider scCO2 distribution, i.e., the larger σK, which decreases 

the heat production rate as well as the cumulative produced energy.  

3. the larger CL only extends the preferential flow pathway and increases the scCO2 

production rate. As a result, the cumulative produced energy shows a proportional 

relationship with CL during the entire production rate. 

4. The scCO2 distribution plays a role in the sequestrated scCO2 mass. The larger σK 

leads to the more sequestrated mass of scCO2, but it presents an irrelevance with the 

CL. 

5. The reservoir using scCO2 as working fluid performs better than that whose working 

fluid is H2O. In H2O-saturated EGS, the flow rate reaches equilibrium in a very short 

time. Thus, the energy variation between the case with homo- and heterogeneous 

permeability fields is independent of the production period.  

6.1.5. General conclusion of the thesis 

The performances of EGS reservoirs are highly dependent on the properties of the 

fractures. Generally, the larger fracture zone area and the fracture density can 

significantly promote the geothermal reservoir energy production ability. On the other 

hand, the heterogeneity of fracture apertures also plays a critical role in the EGS 

reservoir heat production rate. Provided that the apertures follow the normal 

distribution, with the increase of aperture standard deviation, the reservoir heat 

production rate initially reduces, then stables at a nearly constant level. Compared to 

increasing the fracture zone or fracture density, the enlargement of the fracture aperture 

is a more effective method to promote the EGS reservoir energy performance for an 

existing EGS reservoir.  

The employment of scCO2 as EGS working fluid presents many strengths over H2O, 

including the higher energy production rate, high production temperature, and later 

temperature breakthrough time. Another advantage is that during the working 

circulation, part of the scCO2 is sequestrated in the reservoir, which is a benefit to 
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inhibiting the tendency of global warming. In addition, the existence of the preferential 

flow pathway within the heterogeneous permeability field enhances the scCO2 

migration toward to the production well, which increase the scCO2 flow rates and the 

reservoir energy performance. However, because the extraction area of production well 

is limited, a more considerable number of preferential flow pathways leads to a wider 

scCO2 distribution, such that the scCO2 production rate is reduced, leading to a worse 

reservoir energy performance.  

6.2. Current research and Outlook 

6.2.1. Current research 

The current work investigates the effects of the fracture aperture variation caused by 

the changes in pore pressure and temperature on the performance of the fractured 

porous geothermal reservoir. The two-phase single-dimensional model is applied to 

investigate the thermal-hydraulic-mechanical (THM) coupled effects with the Monte 

Carlo method. The THM model is simplified based on the former benchmark 

conclusion, i.e., only the fracture displacement is considered while the strain of the 

surrounding rock matrix is neglected. The influence of the preferential flow pathway 

within the heterogeneous permeability on the THM effects is also studied based on the 

open-source software Gstat.  

6.2.2. Outlook 

One of the primary purposes of numerical modelling is to simulate the multi-physical 

processes in the fractured porous media and provide reliable predictions and 

suggestions for the EGS design. However, due to the complexity and high heterogeneity 

of fracture networks, the accuracy of the current numerical simulations is unsatisfactory. 

Thus, finding a reliable method to predict the performance of EGS reservoirs is the 

purpose of further research. 

The development of computer technology makes the statistical scale simulations of 

physical processes underground possible. Based on the published results and the current 
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work, the variables at injection well and production well, i.e., fluid flux, pressure, 

temperature, phase saturation, breakthrough time of temperature and phase, are related 

to the underground structures. The further work is going to look for the relationships 

among the variables by statistical method with the following steps:  

1. Developing the two-phase three-dimensional (3D) numerical model with discrete 

fracture network, which considers the fracture aperture distribution and fracture surface 

roughness, and using the Monte Carlo method to investigate the effects of fracture 

network randomness on the EGS performances.  

 

2. Employing statistical methods to look for the relationships among the variables at 

the injection well, observation wells, and the production well, and find the empirical 

equations to predict the EGS performances.  

 

3. Combining the laboratory-scale experiments and field-scale experiments to verify 

the conclusions of numerical investigations.  

 


