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A B S T R A C T   

The multi-physics coupling process during the heat extraction from enhanced geothermal system, encompassing 
thermo(T)-hydro(H)-mechanical(M)-chemical(C) interactions, plays a pivotal role in changing geothermal 
reservoir characteristics. However, a comprehensive quantitative assessment of these multi-physics behaviors has 
been lacking. In this study, a novel approach was proposed to calculate the magnitude of mechanical, chemical, 
strong mechanical-chemical coupling, and weak mechanical-chemical coupling effects on the variations of 
reservoir characteristics. In particular, mechanical-chemical coupling effects are quantified for the first time. 
They are obtained by the fracture aperture difference results across five distinct coupling models (thermo-hydro, 
thermo-hydro-chemical, thermo-hydro-mechanical, partially-coupled four-field, and fully-coupled four-field 
models). The findings indicate that mechanical effects lead to an increase in fracture aperture, while chemical 
effects contribute to its reduction under underbalanced injection conditions. Strong mechanical-chemical 
coupling effects, exhibiting a negative correlation with chemical effects, conversely result in a diminished 
fracture aperture. The influences of these effects are investigated from the temporal and spatial perspectives. 
Temporally, mechanical effects dominate early production while chemical effects become prominent in later 
stages. Spatially, there mainly exists two zones when stable production: a mechanical-controlled region sur-
rounding injection wells, and a chemical-controlled area distant from the injection wells. Furthermore, sensi-
tivity analysis of injection concentration indicates its alternation changes the reservoir traits and production 
performance by modifying the magnitudes of chemical and mechanical-chemical coupling effects. This quanti-
fication of multi-physics effects offers insights into optimizing injection strategies for better geothermal devel-
opment. The approach could hold promising potential in other geo-energy scenarios like carbon and hydrogen 
storage in reservoirs.   

1. Introduction 

Geothermal energy is gaining increasing attention in response to 
escalating CO2 emissions from fossil fuels (Panwar et al., 2011; Sharmin 
et al., 2023). It remains stable and unimpeded by fluctuations in climate, 
seasons, or day and night compared to wind and solar energy (Song, X. 
et al., 2022). Therefore, it can be a pivotal load-shifting energy source on 
the path to a carbon-neutral society. Hot dry rock (HDR), a distinctive 
form of geothermal source, holds promise for power generation owing to 
its high temperatures (depths of 3–10 km with temperatures ≥180 ◦C) 

(Baria et al., 1999; Olasolo et al., 2016). Given the dense rock and low 
water content inside (Olasolo et al., 2016), the enhanced geothermal 
system (EGS) was proposed for harnessing HDR resources (Lu, 2018; 
Song, X. et al., 2022). Techniques such as hydraulic fracturing or 
shearing are employed to create fractures for the construction of an EGS 
(McClure and Horne, 2014). The fractures serve as primary channels for 
fluid flow and heat transfer (Sun et al., 2020). The intricate behaviors 
within fractures cause variations of fracture properties that may result in 
thermal breakthroughs and a low life span of the project (Prajapati et al., 
2021). Therefore, a thorough characterization of reservoir attribute 
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fluctuations becomes crucial for the adjustment of long-term geothermal 
development. 

Heat extraction in fracture channels in geothermal reservoirs is 
typically a complicated thermo-hydro-chemical-mechanical (THMC) 
coupling process as depicted in Fig. 1 (Li et al., 2022; Rathnaweera et al., 
2020; Yang et al., 2023). It demonstrates intricate interplay among fluid 
flow, heat transfer, solute transport, mechanical deformation, and 
chemical reactions. Cool fluid acquires heat from the rock media. 
Concurrently, it conveys heat and solutes from the inlet to the outlet. An 
imbalanced concentration of silica solute can instigate water-rock re-
actions. Potential mineral dissolution causes the enlargement of the 
fracture’s aperture. Conversely, mineral precipitation engenders its 
contraction. Furthermore, chemical reactions along the fracture’s sur-
face can induce alterations in its mechanical strength. In the meanwhile, 
the perturbations in temperature and pressure can induce localized 
stress shifts, thereby engendering mechanical deformation and conse-
quent modifications in the fracture’s aperture (Millington and Quirk, 
1961). The combined influences of chemical and mechanical deforma-
tion lead to alterations in fracture aperture and transmissibility dy-
namics. As a result, flow velocity, thermal convection, solute diffusion, 
and pressure dispersion can be notably impacted. This complex inter-
play within the THMC coupling process significantly shapes the 
behavior of geothermal reservoirs during thermal extraction (Taron and 
Elsworth, 2009, 2010). 

Previous studies primarily focused on multi-physics modeling for 
various aspects of EGS, encompassing production analysis (Chen et al., 
2018; Mahmoodpour et al., 2022), optimization (Cui et al., 2023; Song 
et al., 2021), seismic assessment (Anyim and Gan, 2020; Parisio et al., 
2019), and reservoir stimulation (Li et al., 2019). Most studies employed 
multi-physics modeling to predict flow and heat transfer in reservoirs, 
serving as inputs for optimization algorithms, seismic analysis, and 
fracturing modules. 

The variation of reservoir characteristics remains a prominent area of 
interest (Pan et al., 2023; Rohit et al., 2023; Zhu et al., 2023). It is crucial 
for understanding and facilitating efficient geothermal development. 
However, limited research investigated the contributions of 
multi-physics effects to reservoir characteristics and production. Ebra-
himi et al. (2022) simulated the injection into the EGS based on the THM 
model. The results showed that poroelastic effects take precedence 
during the initial stages, while thermoelastic effects come to the fore-
front during prolonged injection periods. Xu et al. (2023) focused on the 
mechanical part and presented the fracture damage characteristics and 
laws according to effective stress, von Mises stress and Tresca stress of 
rocks for long-term geothermal development. The fracture morphology 
and volume increased significantly with the increase of temperature and 
stress difference, and the temperature effect was more obvious. Ji et al. 
(2023b) found chemical reaction rate determined the fracture defor-
mation under the THC model. 

Actually, it is essential to encompass all potential physical couplings 
when analyzing reservoir characteristics. This implies the inclusion of 
the THMC model in the analysis. Salimzadeh and Nick (2019) found 
THM and C two-way coupling might redistribute the stress to achieve 
mechanical equilibrium and update aperture distribution. Rawal and 
Ghassemi (2014) highlighted the minor contribution of 
thermo-poroelastic processes relative to silica dissolution in driving 
aperture increment. Jiao et al. (2023) developed a novel pore-scale 
THMC model considering the coupling phenomena of chemical dam-
age and rock dissolution. The change of fluid pathway due to rock 
dissolution can be divided into permeation, cavity, and 
permeation-cavity. The aperture of the fracture remote from the injec-
tion point could be larger than that near the injection hole. 

Indeed, the variation of reservoir characteristics is a hot topic that 
favors in-depth knowledge and efficient geothermal development. 
However, there are rare studies for the quantitative evaluation of 
different multi-physics effects on geothermal reservoir characteristics 
variation. In our earlier work (Song G. et al., 2022b), effect ratios were 
introduced to characterize the interplay between mechanical and 
chemical effects, as well as poroelasticity and thermoelasticity, to 
delineate their influence on fracture aperture across both spatial and 
temporal dimensions. Specifically, using a single THMC model, both 
chemical aperture and mechanical aperture can be obtained separately, 
along with poroelastic stress and thermal stress. These ratios could then 
be determined. Ultimately, the spatial and temporal distributions of 
these ratios reflect the contributions of mechanical, chemical, 
thermo-mechanical (TM), and hydro-mechanical (HM) effects. It’s 
worth noting that both mechanical and chemical effects include the MC 
coupling effects in the above context. MC coupling means that the 
chemical reaction-induced deformation can cause variations of me-
chanical deformation (Salimzadeh and Nick, 2019). It has a pronounced 
impact on reservoir characteristics, particularly on fracture aperture. 
However, a single fully coupled model cannot distinguish between 
mechanical and chemical effects and their coupling. As a result, it is 
difficult to understand how the separate MC coupling, mechanical, and 
chemical actions influence reservoir characteristics and to comprehend 
the variation mechanism. The role of MC coupling remained unquanti-
fied (Izadi and Elsworth, 2015; Taron and Elsworth, 2009, 2010). 
Therefore, the concepts of multi-physics action magnitudes were pro-
posed in this work by including five different coupling models: TH, 
THM, THC, partially THMC, and fully THMC models. Using fracture 
aperture as the comparison node, set differences among these models are 
calculated to determine the absolute and relative action magnitudes of 
separate M, C, and MC coupling. 

In section 2, various coupling models—TH, THC, THM, partially 
coupled THM + C, and fully coupled THMC—are introduced for EGS 
production. The multi-physics magnitudes of mechanical, chemical, 
strong MC and weak MC coupling are defined. In section 3, distributions 
of temperature, pressure, stress, strain, solute concentration, and frac-
ture aperture are presented based on the fully coupled THMC model. 
Section 4.1 assesses fracture aperture discrepancy among the four 
coupling models. Sections 4.2 and 4.3 highlight mechanical, chemical, 
strong MC, and weak MC coupling variations over time and positions. 
Especially, variations in near-injection well zones and far-injection well 
zones are presented. Correlative coefficients between multi-physics 
couplings are provided. Section 4.4 gives an example of how to apply 
the multi-physics magnitude to analyze the influence of operation 
strategies (injection solute concentration) on multi-physics effects and 
production. 

2. Model description 

2.1. Model assumptions 

A reliable multi-physics coupling model is the premise for the anal-
ysis of reservoir characteristics. The key critical model assumptions are 

Fig. 1. Multi-physics processes in the fracture during EGS production (Song, G. 
et al., 2022b). 
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made: (1) Formation properties are homogeneous and isotropic (Shi 
et al., 2019a). (2) Fractures serve as the primary channels for flow, heat 
transfer, and solute transportation in EGS (Vik et al., 2018). An equiv-
alent fracture aperture is considered. Rock porosity and permeability 
remain constant. (3) Water is the working fluid. It maintains a fluid state 
within the temperature and pressure range (20–40 MPa and 
100–300 ◦C). (4) Local thermal equilibrium is assumed, with identical 
temperatures for rock and fluid (Cao et al., 2016). (5) Amorphous silica 
is the major chemical reaction mineral in EGS (DiPippo, 2012; Song G. 
et al., 2022c). 

2.2. THMC coupling model 

The governing equations of the thermo-hydro-mechanical-chemical 
coupling model are built considering the fluid flow, heat transfer, me-
chanical deformation, chemical reaction and solute transportation pro-
cesses. Fluid flow within the porous and fractured media follows Darcy’s 
law. Heat transfer adheres to Fourier’s law. Mechanical deformation is 
governed by elastic mechanisms, involving displacement and stress as 
dependent variables (Shi et al., 2019b). The chemical process is mainly 
controlled by SiO2-water reactions and Fick’s law (Pandey et al., 2015). 
The fracture aperture is the coupling node, which means all processes 
are coupled by indirectly or directly changing the fracture aperture 
(Chen et al., 2018). Comprehensive model equations are presented in 
Appendix A. The fully coupled THMC model can also be referred to in 
the published work (Song G. et al., 2022b). The model verifications 
against simple analytic models were provided as well. 

Fig. 2 illustrates the components of the THMC coupling model, 
encompassing four distinct physical fields and their interconnections. 
Each physical field corresponds to specific variables, including tem-
perature, pressure, stress, displacement, chemical solution concentra-
tion, and fracture aperture. There are seven coupling connections 
between each two physics fields. They are ① TH (Thermo-Hydro), ② TC 
(Thermo-Chemical), ③ HC (Hydro-Chemical), ④ TM (Thermo-Me-
chanical), ⑤ HM (Hydro-Mechanical), ⑥ Strong MC (Mechanical- 
Chemical) coupling, and ⑦ Weak MC coupling. The above crucial var-
iables are dynamically exchanged in real time within each 
interrelationship. 

The following provides a detailed description of the connections 
between various physical fields within the geothermal reservoir. 
Thermo-hydro (TH) coupling: Water properties, including viscosity 
and thermal conductivity, are sensitive to pressure and temperature 
changes. Consequently, flow resistance is altered accordingly, leading to 
an impact on thermal convection in turn. Thermo-mechanical (TM) 
coupling: Variations in local temperature from the initial state induce 
thermal stress and thermoelastic deformation, causing alterations in 

fracture aperture. Thermo-chemical (TC) coupling: The reaction rate 
constant and equilibrium concentration of chemical reactions are 
influenced by both temperature and solute concentration. This results in 
changes in fracture gapping due to chemical dissolution and precipita-
tion. Hydro-mechanical (HM) coupling: Variations in water pressure 
induce changes in effective stress, altering fracture width and perme-
ability, and consequently impacting flow velocity within the fracture 
system. Hydro-chemical (HC) coupling: Water flow within fractures 
transports solutes. It causes deviations from equilibrium concentration 
and initiates precipitation and dissolution processes. These processes 
subsequently alter the chemical aperture and fracture conductivity. 
Mechanical-chemical (MC) coupling can be classified into strong and 
weak coupling effects. Strong MC coupling involves a direct relationship 
between two fields. Chemical reaction-induced deformation triggers 
stress redistribution, altering the mechanical aperture. Weak MC 
coupling, on the other hand, operates indirectly. Stress-induced defor-
mation modifies fracture aperture and permeability, influencing 
convective heat transfer, which in turn impacts flow and temperature 
fields. Fluctuations in temperature and pressure cause variations in re-
action concentration transport and chemical reactions, thereby affecting 
reaction-induced deformation. Conversely, the chemical field indirectly 
influences stress deformation through the thermal and hydraulic fields. 
The weak MC coupling entails the interplay between stress and chemical 
fields indirectly via flow and heat transfer. 

Five essential coupling models are established accounting for various 
scenarios: TH, THC, THM, partially coupled THMC (THM + C), and fully 
coupled THMC coupling models. They are characterized by distinct 
combinations of coupling relationships and their corresponding physical 
fields: The TH model, a fundamental geothermal production model, 
comprises the thermal and hydraulic fields only with the TH coupling 
relationship. This model primarily examines fluid flow and heat transfer 
in porous media and fractures. The THC model encompasses fluid flow, 
heat transfer, chemical reactions, and solute transportation within 
geothermal reservoirs, integrating TH, HC, and TC coupling relation-
ships. Changes in fracture aperture result from chemical dissolution or 
precipitation of silica minerals. They would play a substantial role in 
shaping geothermal production characteristics. The THM Model in-
cludes fluid flow, heat transfer, and mechanical deformation during 
thermal extraction, encompassing TH, TM, and HM coupling relations. 
Fracture aperture is influenced by mechanical effects, such as poroe-
lasticity stress and thermoelasticity stress. The partially coupled THMC 
model is called as THM þ C model hereinafter. It incorporates all 
coupling processes except for strong MC coupling. It involves the indi-
rect coupling of chemical and mechanical deformation effects. The fully 
coupled THMC model integrates all essential physical fields, encom-
passing TH, TM, TC, HM, HC, and MC couplings. Notably, chemical 
deformation leads to stress and deformation redistribution within the 
reservoir. 

2.3. Multi-physics strength 

Different multi-physics coupling models involve various physical 
fields and their coupling relationships. The principle of multi-physics 
coupling intensity calculation is illustrated in Fig. 2. The TH coupling 
model only contains the coupling relationship ①, whereas the THC 
coupling model includes coupling relationships ①, ②, and ③. There-
fore, the chemical field is considered to be influenced by the combined 
effects of ② and ③ which constitute the chemical effect. The THM 
coupling model includes coupling relationships ①, ④, and ⑤. Hence, 
the mechanical effect is attributed to the combined effects of ④ and ⑤. 
The THM + C partially coupled model does not include the strong MC 
coupling effect ⑥. It encompasses the coupling relationships ①, ②, ③, 
④, ⑤ and ⑦. The THMC fully coupled model includes all coupling re-
lationships, namely, ①, ②, ③, ④, ⑤, ⑥ and ⑦. By employing the 
control variable method, the set difference of variables are obtained 
across different multi-physics coupling models. The impacts of the 

Fig. 2. The coupling among the fluid flow, heat transfer, mechanical defor-
mation and chemical reaction (Song G. et al., 2022b). 
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mechanical field (M), chemical field (C), and mechanical-chemical 
coupling (MC) on the fracture aperture are quantitatively calculated. 
The formula for calculating the absolute strength of each effect is as 
follows (Iooss and Lemaître, 2015; Pianosi et al., 2015): 

ASM = dTHM − dTH (1)  

ASC = dTHC − dTH (2)  

ASSMC = dTHMC − dTHM+C (3)  

ASWMC = dTHM+C − dTH − SM − SC (4)  

where d is an alternative variable like temperature, pressure, fracture 
aperture, etc. In this research, d represents the fracture aperture. It can 
be the average aperture of the fracture surface or the aperture at a 
specific point. ASM, ASC, ASSMC, and ASWMC represent the absolute 
strength of the mechanical effect, chemical effect, strong MC coupling, 
and weak MC coupling effect, respectively. By normalizing these four 
values, the corresponding relative strength of the effect RS is obtained 
(Iooss and Lemaître, 2015; Pianosi et al., 2015): 

RSM =
|ASM|

|ASM| + |ASC| + |ASSMC| + |ASWMC|
×100% (5)  

RSC =
|ASC|

|ASM| + |ASC| + |ASSMC| + |ASWMC|
×100% (6)  

RSSMC =
|ASSMC|

|ASM| + |ASC| + |ASSMC| + |ASWMC|
×100% (7)  

RSWMC =
|ASWMC|

|ASM| + |ASC| + |ASSMC| + |ASWMC|
×100% (8) 

Song G. et al. (2022b) introduced ratios of mechanical to chemical 
effects and poroelasticity to thermoelasticity as indicators of 
multi-physics coupling degrees. They are determined through fracture 
and stress ratios with a single THMC fully coupled model. However, the 
proposed calculation method presented here not only elucidates the 
influence of mechanical and chemical fields but also specifically high-
lights the impact of mechanical-chemical coupling on fracture charac-
teristics. This facilitates the evaluation of the relative significance of 
distinct physical fields and their correlations. 

3. Model solution 

3.1. Geometric model 

Artificial hydraulic fracturing is employed to construct EGS (McClure 
and Horne, 2014). Fracture networks are created with artificial fractures 
for the construction of the stimulated reservoir volume (SRV) (Song 
et al., 2018). This enhances reservoir permeability which is easy for flow 
and heat transfer. An ideal three-well EGS model is established based on 
previous data as presented in Fig. 3 (Song G. et al., 2022c). A detailed 
description can be found in previous research publications (Shi et al., 
2019b; Song G. et al., 2022c). It mainly comprises surrounding rock, 
SRV, fractures, one injection well, and two production wells. 
Low-temperature water is injected from the designated point, extracting 
heat and flowing to two production points. Table 1 shows the properties 
of SRV and fracture. 

Fig. 4 presents key points on natural fracture surface F at a depth of 
3400m. These points are useful in analyzing variations in fracture 
aperture and multi-physics degree. Point I is the injection site (500 m, 
500 m), while P1 (300 m, 500 m) and P2 (800 m, 500 m) are the pro-
duction points. The line P1P2 defines the inter-well connection on frac-
ture F. Points A and B represent intervals between injection and 
production wells. Points D and E are positioned on either side of the 
production well. Point D is on the side closer to the injection well, 

Fig. 3. The geometric diagram of the triple well fractured EGS (Song G. 
et al., 2022a). 

Table 1 
Properties for EGS reservoir (Lei et al., 2020; SONG et al., 2021).  

Properties SRV Fracture 

Porosity 0.0354 1 
Permeability 0.5 mD 50 D 
Density 2607 kg/m3 2000 kg/m3 

Heat capacity 754.4 J/(kg⋅K) 750 J/(kg⋅K) 
Thermal conductivity 2.51 W/(m⋅K) 2.5 W/(m⋅K) 
Storage coefficient 5 × 10− 10 1/Pa 10− 10 1/Pa 
Thermal expansion coefficient 5 × 10− 6 K− 1 5 × 10− 6 K− 1 

Biot-Willis coefficient 0.7 0.7 
Young’s modulus 44.1 GPa 44.1 GPa 
Poisson’ ratio 0.23 0.23 
Silica mass content 70% / 
Mole number of silicas per unit mass of rock 23.3 mol/kg / 
Solute diffusion coefficient 10− 9 m2/s 10− 9 m2/s 
Coefficient of fracture irregularity / 0.5 
Fracture normal stiffness / 1200 GPa/m  

Fig. 4. The distribution of typical points at the middle fracture plane F.  
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defined as the strong side, while point E is situated closer to the 
boundary, defined as the weak side. Point C illustrates the reservoir 
variations in the remote well zone. The non-uniform aperture distribu-
tion on fracture plane F is also investigated. 

3.2. Initial and boundary conditions 

Table 2 presents the initial and boundary conditions adopted for 
geothermal production. For the temperature distribution, the top of the 
geometric model at 3000 m has a 200 ◦C temperature with a 0.05 ◦C/m 
gradient. The bottom well temperature is around 200 ◦C. Adiabatic heat 
flux applies to four peripheral boundaries. The top and bottom are fixed 
temperature boundaries that match the initial temperature. Pressure at 
3000 m is 30 MPa with a 5000 Pa/m gradient. Adiabatic flow flux 
boundaries encompass the HDR. The mechanical field considers initial 
stress equilibrium. The study focuses on relative stress changes due to 
temperature and fluid pressure variations. Hot dry rock boundaries are 
supported with zero normal displacements. For component trans-
portation, the initial concentration is in equilibrium. Silica is the main 
reactive mineral. The initial average equilibrium concentration is 
0.0173 mol/kg according to equation (29) in Appendix A. For under-
balanced injection, the injection concentration at the well is 0 mol/kg. 
For overbalanced injection, the injection concentration at the well is 
0.025 mol/kg. Adiabatic component flux boundaries enclose the reser-
voir. The line element identifies the well in the model. Fractures start 
with a geometric aperture of 0.5 mm and a hydraulic aperture of 2.45 ×
10− 5 mm. The working fluid is injected at a stable injection rate of 40 
kg/s and an injection temperature of 60 ◦C. It is produced at a fixed 
pressure of 30 MPa. A 30-year EGS production is simulated as the above 
parameters. 

3.3. Model calculation 

In this study, COMSOL Multiphysics is utilized to compute the THMC 
coupling process for geothermal production simulation based on the 
finite element method (Cristea et al., 2010; Li et al., 2009; Multiphysics, 
2017). Five modules are employed for the computation. Darcy’s law 
module is utilized to solve flow processes in porous media. Within this 
module, fracture flow nodes are set up to solve flow processes within 
fractures. Well nodes are used to represent injection and production 
wells. The porous media heat transfer module is used to solve heat 
transfer within the bedrock. Fracture nodes are chosen to solve heat 
transfer within fractures, employing a line heat source boundary to 
represent injection heat sources. The solid mechanics module is 
employed to solve stress and deformation processes in the reservoir. A 
thin elastic layer is used to describe changes in fracture aperture under 
varying stress conditions. The porous media mass transfer module ad-
dresses component transport within the bedrock. Fracture nodes are 
selected to solve component transport within fractures, with component 
source terms defined from chemical reaction processes. A line mass 

source is used to describe solute injection boundaries. The boundary 
ordinary differential equation module is utilized to customarily solve the 
evolution process of fracture aperture caused by chemical reaction. 
Multiple coupling relationships like porous elasticity and thermal 
expansion are also included. Key physical variables can be transferred in 
real-time. 

Fig. 5 illustrates the computational process of the thermo-hydro- 
mechanical-chemical coupling model. Symbol i is ith time step and j 
denotes the jth iteration step. K means the coefficient matrix for the 
respective equation group and b is the nonlinear source function. Vari-
ables of p, T, c, u, v, w, and d identify the pressure, temperature solute 
concentration, displacements in x, y, and z directions, and fracture 
aperture. A segregated solver is employed to solve the coupling variables 
within a time step. The following physical equations are sequentially 
computed: flow equation, heat transfer equation, component transport 
equation, fracture aperture differential equation and solid mechanics 
equation at time ti. Each step utilizes solutions from the previous steps. 
The flow equations provide pressure Xp for the heat transfer part. For 
solute transportation questions, variables of pressure Xp and tempera-
ture XT are used for the calculation. The same variable transfer approach 
can be applied to Steps 4 and 5. Newton-Raphson iteration continues 
until the convergence of nonlinear problems. The convergence criterion 
for any dependent variable is set as a maximum relative tolerance of 
10− 4. The back-differential method is utilized for transient problems. A 
total of 120 000 meshes are adopted considering both calculation cost 
and error control. The meshes in the SRV region, as the main field for 
flow and heat transfer, are extremely fine. The detailed mesh regime can 

Table 2 
Parameters of the initial conditions for the numerical case (Song G. et al., 
2022b).  

Parameters Values 

Pressure at 3000m subsurface 30 MPa 
Pressure gradient 5000 Pa/m 
Injection rate 40 kg/s 
Production pressure 33 MPa 
Temperature at 3000m subsurface 200 ◦C 
Temperature gradient 0.05 ◦C/m 
Injection temperature 60 ◦C 
Initial concentration equilibrium at the initial temperature 
Injection concentration 0 mol/kg for undersaturation 

0.025 mol/kg for oversaturation 
Real equivalent Aperture 0.5 mm 
Initial Hydraulic aperture 2.45 × 10− 5 mm  Fig. 5. Segregated method calculation process for THMC fully coupled models.  
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be referenced in the published paper (Song G. et al., 2022a) where mesh 
independence analysis is conducted. 

3.4. Multi-physics distribution in EGS 

Key characteristics examined encompass temperature, pressure, 
stress, strain, and solute concentration. 

3.4.1. Temperature 
Fig. 6 depicts temperature distributions throughout EGS production 

at intervals of 1, 5, 10, and 20 years. The color scale ranges from blue 
(low temperature) to red (high temperature), with the minimum tem-
perature matching the injection temperature of 60 ◦C. The low- 
temperature region, resembling a cylinder, emanates from the injec-
tion wells and progressively extends toward the production wells. The 
low-temperature area has reached the production points after 3 years as 
shown in Fig. 7. Fractures serve as the main channels for thermal 
breakthrough. 

3.4.2. Pressure 
Figs. 8 and 9 illustrate the pressure distribution in reservoir and 

along the inter-well line P1P2 throughout EGS production respectively. 
The high-pressure region centers around the injection well, while a low- 
pressure area surrounds the production well. Pressure increases with 
depth, forming a cone-shaped high-pressure zone that expands over 
time. After 20 years, the maximum pressure reaches 45.6 MPa which 
occurs at the well bottom in Fig. 8. An arrow denotes flow direction and 
velocity, indicating water movement from the injection well to the 
production well. 

3.4.3. Stress and strain 
Fig. 10 illustrates the Mises stress (Shi et al., 2019b) distribution in 

the reservoir over 1, 5, 10, and 20 years. Initially, the area near the 
injection well experiences heightened stresses, reaching a peak Mises 
stress of 32.4 MPa. There is a notable temperature gradient near the 
injection well that induces significant thermal stresses. As production 
advances, this high-stress zone gradually extends towards the produc-
tion well, accompanied by declining Mises stress values. The expansion 
of the low-temperature region and the diminishing temperature gradient 
contribute to stress reduction. Moreover, chemical deformation triggers 
spatial stress redistribution (Song G. et al., 2022b), further decreasing 
Mises stress. In reality, the diffusion of the high-stress area correlates 
with the diffusion of the low-temperature region. Fractures represent 
low-stress regions, contrasting with the high-stress conditions of the 
surrounding bedrock. Fractures experience low-temperature and 
low-pressure states, while the bedrock encounters high-temperature and 
high-pressure conditions. 

Fig. 11 illustrates volumetric strain distribution maps within the 
geothermal system. They are similar to temperature distribution pat-
terns. Deformation is most pronounced near the injection well and 
gradually extends toward the production well. At the fractures- 
geothermal reservoir intersection, notable strains arise due to rapid 
fluid propagation through fractures. Fig. 12 depicts volumetric strain 
distribution along the P1P2 connection between injection and 

production wells. Generally, strain is negative and the value increases 
with time. It displays a "W" shape along P1P2. Deformations near the 
injection well are greater, peaking and then diminishing towards the 
production wells. These behaviors arise from the combined influences of 
effective stress, thermal stress and chemical effects. 

3.4.4. Solute concentration 
Fig. 13 depicts the spatial distribution of solute concentration 

following underbalanced injection (0 mol/m3). The low-concentration 
solute gradually diffuses from the injection well to the production 
well. The low-concentration region is more extensive than the low- 
temperature area within the same production timeframe. By the 20- 
year mark, it occupies nearly the entire reservoir space. Fig. 14 dis-
plays concentration distribution curves along the line P1P2. These curves 
assume a concave shape, with the low-concentration solute already 
diffusing to the production well after just 1 year. This highlights the 
higher sensitivity of solute convection compared to heat convection. 

3.4.5. Fracture aperture 
Fig. 15 shows the contour maps of fracture aperture distribution on 

plane F over 1, 5, 10, and 20 years of geothermal reservoir production. 
The high fracture aperture is highlighted in red. It forms an elliptical 
distribution pattern with the injection well at the center. This pattern is 
closely related to the low-temperature area’s shape. The red area ex-
pands over time, accompanied by progressive fracture aperture 
enlargement. The maximum fracture aperture attains 0.53 mm after 20 
years. Fig. 16 shows the distribution curves of the fracture aperture 
along the line P1P2. The maximum aperture is observed near the injec-
tion well and rapidly decreases towards the production well. It is 
attributed to the steep increase in fluid pressure and significant tem-
perature decrease near the injection well, and sharp pressure drop near 

Fig. 6. Reservoir temperature distribution after 1, 5, 10 and 20 years.  

Fig. 7. Temperature distribution along the line P1P2 between wells after 1, 3, 5, 
10 and 20 years. 

G. Song et al.                                                                                                                                                                                                                                    



Journal of Cleaner Production 434 (2024) 140070

7

the production well. With ongoing exploitation, the aperture difference 
between the injection and production well regions becomes more 
distinct. The curve gradually evolves into an "M" shape. The variation 
exhibits a slow increase followed by a rapid decrease from the injection 
well toward the production well. This can be explained by the annular 
distribution of chemical reaction rates as indicated by relevant chemical 

field variables (Chen et al., 2018; Song G. et al., 2022a). Fracture 
aperture is primarily influenced by both mechanical and chemical 
effects. 

4. Results and discussions 

4.1. Comparison of the fracture aperture among different coupling models 

In this section, the indicator of fracture aperture is selected as the 
calculation basis of multi-physical effect magnitude for the following 
reasons: a) The evolution of fracture aperture leads to changes in 
permeability, followed by alterations in flow, convective heat transfer, 
mass transfer, and stress. It is the fundamental reason for variations in 
heat extraction. b) Other production indicators of heat extraction, such 
as temperature, pressure differential, net heat power, power generation, 
and recovery rate, are indirect consequences of the evolution of fracture 
permeability. They couldn’t be regarded as reservoir features. c) Frac-
ture aperture serves as a direct indicator to differentiate the degree of 
chemical and mechanical effects, as demonstrated in equation (34). The 
aperture resulting from chemical effects is referred to as a "chemical 
aperture," while the one induced by mechanical effects is termed a 
"mechanical aperture." d) The spatial distribution of fracture aperture 
illustrates the non-uniformity of the geothermal reservoir’s character-
istics under multi-physics coupling effects. Therefore, fracture aperture 
hereinafter is employed as the main indicator. 

Fig. 17 shows the distribution of fracture aperture on plane F for 
THC, THM, THM + C, and THMC coupling models with underbalanced 
injection after 5 years. Similarly, red zones indicate a high fracture 
aperture. As for the THC model, there occurs chemical dissolution that 
causes the increase of fracture aperture. The red zone shows a circle 
shape which means its value increases and then decreases from injection 

Fig. 8. Reservoir pressure distribution after 1, 5, 10 and 20 years.  

Fig. 9. Pressure distribution along the line P1P2 between wells after 1, 3, 5, 10 
and 20 years. 

Fig. 10. Reservoir Mises stress distribution after 1, 5, 10 and 20 years.  

Fig. 11. Reservoir volumetric strain distribution after 1, 5, 10 and 20 years.  
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points to the boundary. It is determined by the chemical reaction rate. 
This phenomenon shows great agreement with previous work (Pandey 
et al., 2015). As for the THM model, the red zone is controlled by me-
chanical effects like efficient stress and thermal stress. For the THM + C 
partially coupled model, fracture aperture distribution results from the 
simple summation of THM and THC without constraints between me-
chanical and chemical behaviors. In the THMC fully coupled model, the 
fracture aperture shape closely resembles the THM case due to MC 
coupling. Thus, there is a big difference among different coupling 
models. Take the average aperture value of fracture F of different models 
and quantify its variation as Fig. 18. When underbalanced injection, the 
fracture aperture increases except for the TH model. The THMC fully 
coupled model aligns closely with THM due to MC coupling effects. THC 
and THM + C exhibit more pronounced aperture value increases. This 
kind of difference is the reference basis for the calculation of 
multi-physics strength. 

4.2. Magnitude of multi-physics effects 

To explore the comprehensive action strength of different coupling 
effects, the absolute multi-physics degree is determined by equations 
(1)–(4) with the average aperture of fracture F. Fig. 19 illustrates the 
variations in the absolute intensity of mechanical, chemical, strong MC, 
and weak MC coupling. With the undersaturated injection conditions, 
chemical strength exhibits a positive trend with a gradual increase. The 
chemical effect improves fracture aperture. This enhancement correlates 
with the reservoir’s underbalanced state which induces dissolution re-
actions. Nonetheless, the extent depends on the chemical reaction de-
gree. There shall be potential differences under balanced and 
overbalanced injection conditions. It is necessary to investigate 

outcomes from different injection concentrations. Mechanical absolute 
strength displays a progressive increase, driven by mechanical effects 
that enhance fracture aperture. However, its influence is notably lower 
than the chemical effect, indicating that mechanical effects like ther-
moelasticity and poroelasticity are less evident than the chemical re-
action in this paper’s undersaturation context. Conversely, strong MC 
coupling exhibits negative values with increasing absolute magnitude, 
reflecting a reduction in fracture aperture. This result emerges from 
chemical effects triggering mechanical stress redistribution. Regarding 
weak MC coupling strength, it remains slightly above 0, indicating a 
minor role in fracture variation under undersaturated injection. How-
ever, it remains a crucial element of the overall MC coupling and should 
not be overlooked. 

To quantify the contribution percentage of various multi-physics 
factors to the variation in fracture aperture during different produc-
tion periods, Fig. 20 displays the relative strength of different effects at 
0.3, 0.5, 5, and 10 years. At an early stage of production (0.3 years), the 
mechanical effect accounts for 46.91% of the variation in fracture 
aperture. This underscores the controlling influence of mechanical ef-
fects at the onset of geothermal production. This finding highlights the 
need to consider reservoir damage from stress during the early pro-
duction phase. Over time, the strong MC coupling and chemical effects 
gradually assume more control over the overall variation in fracture 
aperture. After 10 years, the two effects contribute 47.64% and 48.02% 
respectively, whereas the mechanical effect’s contribution diminishes to 
4.03%. This shift underscores the increasing significance of chemical 
and MC coupling effects. Thus, it is necessary to consider chemical- 
induced precipitation and scaling in later production stages. 

The multi-physics effect not only exhibits temporal variation but also 
spatial variation. Fig. 21 shows the variation of multi-physics degrees at 

Fig. 12. Volumetric strain distribution along the connection line P1P2 be-
tween wells. 

Fig. 13. Reservoir solute concentration distribution after 1, 5, 10 and 20 years.  

Fig. 14. Solute concentration distribution along the connection line P1P2 be-
tween wells. 
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point B which is at the midpoint between the injection and production 
well. The degree of mechanical effect exceeds 0, gradually increasing 
and then slowly decreasing. This pattern signifies that effective stress 
and thermal stress bolster the fracture aperture at this position. Simi-
larly, the chemical effect rises gradually and then stabilizes which in-
dicates chemical dissolution enhancing the fracture aperture. In 
contrast, the strong MC coupling degree is negative and can cause the 
reduction of the aperture at this position. It presents an opposing trend 
to the chemical effect. Meanwhile, the weak MC coupling effect slightly 
exceeds 0, modestly enhancing the fracture aperture. During stable 
production at position B, the absolute strength of M is notably higher 
than other effects. C and strong MC coupling effects exhibit near-equal 

absolute strengths with opposite effects. The former augments the 
fracture aperture whereas the latter effect diminishes it. The absolute 
strength of weak MC is marginally above 0. Furthermore, Fig. 21 dis-
plays the relative strength of the multi-physics effects on the variation of 
fracture characteristics after 15 years. The relative strengths of M, C, 
strong MC, and weak MC are 62.89%, 18.54%, 18.42%, and 0.15%, 
respectively. This observation highlights that mechanical stress holds 
sway over reservoir characteristics at point B during stable production. 

To assess the interplay among the four multi-physics strengths, 
Table 3 lists the correlation coefficient of them for point A. Remarkably, 
the correlation coefficient between strong MC and C reaches an 
impressive − 0.97. The relationship between strong MC and M yields a 
correlation coefficient of − 0.77. These results signify strong negative 
correlations at the midpoint position of A. It is inferred that different 
positions exhibit distinct correlation patterns. To provide a compre-
hensive perspective, correlation coefficients among the four effects are 
computed at typical points B, C, and D individually. Table 4 presents the 
average correlation coefficient among four effects. The value between 
strong MC and C is − 0.93452 while other coefficients are closer to 0. It is 
deduced that C triggers strong MC indeed and chemical reactions induce 
stress redistribution. 

4.3. Multi-physics effects at different positions 

Five distinct points, labeled as A, B, C, D, and E as demonstrated in 
Fig. 4, are strategically selected to assess the evolution of the absolute 
strengths of the multi-physics effects M, C, strong MC, and weak MC 
coupling. Fig. 22(a) shows the variations of the absolute mechanical 
strength. It is larger between the injection and production wells result-
ing from the combined effect of effective stress and thermal stress be-
tween wells. The closer to the injection wells, the higher the rise rate of 
the mechanical effect. Conversely, the absolute strength of M in the 
weak domain of the production well and the remote well region assumes 
a relatively diminished state. This phenomenon is attributed to the low 
values of effective stress and thermal stress. Correspondingly, Fig. 22(b) 
delineates the variations of the absolute chemical strength across 
different designated points. The magnitude of the chemical effect first 

Fig. 15. Fracture aperture distribution of F after 1, 5, 10 and 20 years.  

Fig. 16. Fracture aperture distribution along the connection line P1P2 be-
tween wells. 

Fig. 17. Fracture aperture distributions of fracture F after 5 years under TH, THM, THM + C and THMC models (left to right).  
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increases and then gradually levels off between the injection and pro-
duction wells. The closer to the injection well, the lower the chemical 
effect due to the lower temperature, where chemical reactions hardly 
occur. The strength of the chemical field gradually intensifies on the 
weak side of the production well and in the far well region. Chemical 
reactions are more active in these locations due to the high temperature 
and unbalanced chemical concentration. These significantly alter the 
aperture of fractures. Therefore, it is conceivable to discern the 
mechanical-dominant zone and the chemical-dominant zones. The 
former region aligns between the injection and production wells, 
whereas the latter zone is primarily situated within the remote well 
domain and the weak side of the production well vicinity. 

The pie diagrams Fig. 23 are drawn to represent the relative 
strengths of different coupling effects for the near-well point A and far- 
well point C after 15 years. The relative strength of the mechanical effect 
in the near-well region is 81.74%, indicating that the mechanical effect 
dominates in this area which is the mechanical-dominant zone. In 
contrast, the relative strength of the chemical field in the far-well region 
is 48.23%, indicating that the chemical effect dominates in this region 
which is a chemical-dominant zone. 

The preceding observations are compared with findings from prior 
research employing the proportion method to evaluate contributions of 
poroelasticity, thermoelasticity, and chemical effects (Song G. et al., 
2022b). The results are illustrated through the contour map distribution 
for fracture F in Fig. 24. The evolution of fracture aperture from the 
injection well towards boundaries is sequentially influenced by poroe-
lasticity, chemical, and thermoelasticity effects. Poroelasticity, gov-
erned by effective stress, predominantly manifests at boundaries. It is 
prominent initially and then gradually weakened. Thermoelasticity, 
subjected to temperature variation, prevails between injection and 
production wells. It is coinciding with low-temperature regions and 
expanding increasingly. The area of chemical effect surrounds the 
thermoelasticity-dominant zone, particularly evident at points of tem-
perature discontinuity where chemical reaction rates shift abruptly. The 
chemical effect initially contributes modestly but its influence gradually 
escalates over time. Two prevailing zones emerge when stable produc-
tion: the mechanical-dominant area, situated between injection and 
production wells, and the chemical-dominant domain, localized in the 
distant well region. Consequently, consistent conclusions are obtained 
from different computational methodologies–previous proportion 
method and the proposed multi-physics strength approach. 

Recommendations can be provided according to the above results. 
For instance, operational strategies can be implemented during the 
initial stage around the injection wells. Employing high-temperature 
and low-pressure injection can mitigate mechanical damage in the vi-
cinity of injection wells, helping to reduce the possibility of fault acti-
vation and seismic risks. The use of water jet technology (Li et al., 2010) 
is also effective for removing blockages and increasing permeability 
near injection wells. In the later stages of production, chemical clogging 
may become a concern around the production well. Utilizing swirling 
water jet technology (Zhang et al., 2023) can effectively remove scaling 
in the wellbore. High-pressure water jet applications can also help 
reduce clogging near production wells. In cases of severe scaling, a po-
tential solution is to convert production wells into injection wells. This 
approach allows the original chemical-driven areas to gradually transi-
tion into mechanical-driven areas. 

4.4. Influence of chemical injection solute concentration 

To further visually elucidate the meaning of multi-physics coupling 
effects, Figs. 25 and 26 present the influence of chemical injection solute 
concentrations on the magnitudes of M, C, strong MC, and weak MC 
coupling effects. Here, the solute concentration denotes the SiO2 content 
in the working fluid. The balanced injection concentration equals 

Fig. 18. Average fracture aperture of plane F for different coupling models: (a) variation with time; (b) average value on 30th year.  

Fig. 19. The overall magnitude variation of mechanical, chemical, strong MC 
coupling and weak MC coupling during EGS production. 
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Fig. 20. Relative magnitude of mechanical, chemical, strong MC coupling and weak MC coupling over 0.3, 0.5, 5 and 10 years.  

Fig. 21. Point B between injection and production wells: (a) variations of absolute strength with time; (b) the relative strength after 15 years.  

Table 3 
Correlation of M, C, strong MC and weak MC coupling strength for point B.  

Correlative 
coefficients 

Strong MC 
coupling 

Weak MC 
coupling 

Chemical 
(C) effect 

Mechanical 
(M) effect 

Strong MC 
coupling 

1 − 0.1712 − 0.97085 − 0.77016 

Weak MC 
coupling 

− 0.1712 1 − 0.06484 − 0.0568 

Chemical (C) 
effect 

− 0.97085 − 0.06484 1 0.763632 

Mechanical 
(M) effect 

− 0.77016 − 0.0568 0.763632 1  

Table 4 
Average correlative coefficients of M, C, strong MC coupling and weak MC 
coupling strength.  

Correlative 
coefficients 

Strong MC 
coupling 

Weak MC 
coupling 

Chemical 
(C) effect 

Mechanical 
(M) effect 

Strong MC 
coupling 

1 − 0.22824 − 0.93452 − 0.27011 

Weak MC 
coupling 

− 0.22824 1 0.063298 0.076763 

Chemical (C) 
effect 

− 0.93452 0.063298 1 0.337486 

Mechanical 
(M) effect 

− 0.27011 0.076763 0.337486 1  
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Fig. 22. Variations of physical field absolute strength with time at A, B, C, D and E: (a) mechanical field; (b) chemical field.  

Fig. 23. The relative intensity for positions (a) point A around the injection well and (b) point C far from the injection well.  

Fig. 24. The distributions of poroelasticity, thermoelasticity and chemical ef-
fect contribution ratios on fracture plane F (t = 1, 5 and 10 years). 

Fig. 25. The influence of injection concentration on the absolute magnitudes of 
mechanical and chemical effects. 
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0.0173 mol/kg which aligns with the equilibrium concentration at the 
initial temperature of 200 ◦C. 0 mol/kg signifies underbalanced injec-
tion while 20 mol/kg represents overbalanced injection in this section. 
Fig. 25 indicates variations of chemical injection show minimal impact 
on the mechanical effect. Balanced injection yields minimal chemical 
effects due to the absence of reaction trends. However, underbalanced 
injection results in an amplified chemical effect, enhancing fracture 
aperture through dissolution reactions. Conversely, overbalanced in-
jection leads to a decrease in chemical effects attributed to precipitation 
effects. This pattern arises from greater deviations from the equilibrium 
state, resulting in more pronounced alterations in effect magnitudes. 

Fig. 26 depicts the influence of injection solute concentration on the 
variation of strong MC and weak MC coupling effects. Both under- and 
over-equilibrium conditions augment the strength of strong MC. Under 
under-equilibrium conditions, dissolution reactions lead to increased 
fracture aperture and a negative degree of strong MC effect. Conversely, 
under over-equilibrium conditions, precipitation reactions result in 
decreased fracture aperture and a positive degree of strong MC. On the 
other hand, weak MC coupling remains minimally affected under both 
circumstances. It is an indirect effect that becomes ignorable when 
stronger direct constraints and coupling effects are intensified with the 
arising chemical reactions. Yet, chemical reactions are subdued under 
equilibrium injection conditions. In this case, little reaction is induced 
and the constraints from mechanical-chemical effects diminish which 
causes a reduction in strong MC coupling’s contribution to fracture 
aperture. In contrast, the indirect interaction between MC intensifies. 
The amplification of mechanical effects enhances heat transfer, which 
subsequently impacts reactant transport. In turn, reactant transport in-
fluences chemical reactions, thereby affecting heat transfer. The indirect 
interaction between M and C is bolstered. As a result, weak MC coupling 
is enhanced. 

Fig. 27 illustrates the trend of average fracture aperture variation 
with different injection concentrations. Higher injection concentrations 
correspond to lower aperture values. Chemical injection concentrations 
notably modify reservoir properties because of chemical dissolution and 
precipitation. These results can be explained and quantitated by the 
above multi-physics effect magnitude theory: the alternation of injection 
concentration mainly changes the magnitudes of chemical, strong MC 
coupling, and weak MC coupling effects. Additionally, alterations in 
fracture aperture yield variations in pressure and temperature as 
depicted in Fig. 28. Elevated injection concentrations lead to greater 
pressure differentials and temperatures. The thermal breakthrough 
could be relieved. 

The numerical results of the influence of injection concentration on 

the magnitudes of multi-physical effects and thermal response are 
summarized in Table 5 (Cao, 2023a, 2023b). The multi-physics action 
degree theory provides a quantitative framework for assessing the 
magnitudes of diverse physical and coupling effects. It offers insights 
into parameter roles during geothermal operations, clarifying dominant 
factors shaping reservoir behavior and guiding operational parameter 
decisions for desired objectives. 

5. Conclusions 

This study introduces a quantitative assessment of mechanical, 
chemical, strong MC coupling, and weak MC coupling impacts on EGS 
reservoir characteristics. The approach is derived from the fracture 
aperture difference of TH, THM, THC, THM + C, and THMC coupling 
models. The key conclusions are made as follows.  

• The variations of fracture aperture are the combined results of four 
effects. The mechanical effect increases fracture aperture, while the 
chemical effect decreases it during underbalanced injection. Strong 
MC coupling contributes to an enlarged aperture. The weak MC 
coupling effect indicates a minor influence on fracture variation. 
Strong MC coupling and chemical effects exhibit a strong negative 
correlation, where the chemical effect directly triggers strong MC 
coupling.  

• Temporally, mechanical effects dominate in the early stage while 
chemical effects dominate later. Thus, the initial concern lies in 
mechanical damage while the subsequent focus shifts to chemical 
plugging and scaling. Spatially, mechanical-driven and chemical- 
driven regions emerge during stable production. The former gov-
erns the area between injection and production wells whereas the 
latter controls regions distant from injection wells. Operators can 
manipulate operational strategies to induce directional changes in 
reservoir characteristics for both proximal and distant wells.  

• Injection solute concentration alters fracture aperture by mainly 
changing chemical, strong MC coupling, and weak MC coupling ef-
fects. Higher injection concentration leads to increased pressure 
difference and delayed thermal breakthrough. 

The multi-physics effect degree theory provides valuable insights 
into the interconnected thermos-hydro-mechanical-chemical coupling 
mechanisms. The directional adjustments of operation parameters can 
be obtained for better performance. The approach holds promise for 

Fig. 26. The influence of injection concentration on the absolute magnitudes of 
strong MC and weak MC coupling effect. 

Fig. 27. The effects of injection concentration on the average fracture aperture 
of plane F. 
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addressing multi-physics coupling issues in other geo-energy scenarios, 
like CCUS and hydrogen storage. Nonetheless, limitations arise when the 
model is applied to a real system. The reservoir model is ideal for now 
with homogeneous property distribution. Heterogeneous porosity and 
permeability distributions should be further considered where the geo-
statistics method and uncertainty quantity analysis can be conducted. 
Although a discrete fracture network is employed, the inclusion of more 
complex fractures is warranted. Regarding chemical reactions, this work 
focuses solely on the silica-water reaction, given silica’s prominence in 
Hot Dry Rock. In reality, additional reactions such as the calcite-water 
reaction should be considered due to the diverse mineral content in 
the reservoir (Ji et al., 2023a, 2023b). The mechanical-chemical 
coupling effects may vary when different chemical reactions are 
included, affecting the magnitudes of multi-physics coupling. Shear 
deformation (Cao et al., 2023) can also be considered further to improve 
the THMC fully coupled model. With the increasing complexity of the 
reservoir system, convergence issues arise and simulation computation 
should be concerned. 
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Fig. 28. The influence of injection solute concentrations on (a) pressure differential and (b) local temperature of point D around the production well.  

Table 5 
A summary of the influence of injection concentration on multi-physical effects and average fracture aperture.  

Injection concentration Absolute magnitudes and fracture aperture (t = 30 year) 

Strong MC coupling (mm) Weak MC coupling (mm) Chemical (C) effect 
(mm) 

Mechanical (M) effect 
(mm) 

Average fracture aperture (mm) 

Underbalance (0 mol/kg) − 0.10926 0.000914 0.00711 0.10927 0.50803 
Balance (0.0173 mol/kg) − 0.03989 0.04405 0.00711 − 0.00416 0.50711 
Overbalance (0.025 mol/kg) 0.05987 0.00155 0.00711 − 0.06181 0.50672  
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Nomenclature 

EGS enhanced geothermal system 
HDR hot dry rock 
MC mechanical-chemical 
SMC strong mechanical-chemical coupling 
SRV stimulated reservoir volume 
THM + C thermo-hydro-mechanical-chemical coupling without MC 
THMC thermo-hydro-mechanical-chemical fully coupled 
WMC weak mechanical-chemical coupling  

Subscripts 
0 initial value 
eff effective coefficient 
eq equilibrium 
f fluid 
m solid matrix  

Symbols 
C silica mineral content in the reservoir 
Cf fluid compressibility, Pa− 1 

Cp specific heat capacity, J/(kg⋅K) 
D solute diffusion coefficient in the matrix, m2/s 
e volume strain 
E young’s modulus, Pa 
G shear modulus, Pa 
k+ reaction rate constant, mol/(m2⋅s) 
Kd drained bulk modulus of the porous matrix, MPa 
kf permeability of the fracture, m2 

km permeability of the rock matrix, m2 

Kn normal stiffness of fracture, Pa 
M molar mass, kg/mol 
q mass rate, kg/s 
Q1 mass flux from rock matrix to fractures, kg/(m2⋅s) 
Q2 heat flux between the matrix and fracture, W/m3 

Q3 solute flux from the matrix to the fracture, mol/(m3⋅s) 
R reaction rate, mol/(m2⋅s) 
S storage coefficient, Pa− 1 

w moles of silica per unit mass of rock, mol/kg  

Greek symbols 
σ stress, Pa 
v poisson’s ratio 
αB Biot-Willis coefficient 
αT thermal expansion coefficient, K− 1 

β irregularity of fracture surface 
δij kronecker symbol 
λ heat conductivity, W/(m⋅K) 
μf fluid viscosity, Pa⋅s 
ρ density, kg/m3 

τ tortuosity factor 
φ porosity 
∇ gradient operator 
Δ difference operator  

Variables 
AS absolute strength of multi-physics effects 
dh hydraulic aperture, m 
uc chemical aperture, m 
c silica concentration in the fluid, mol/kg 
dc total aperture without mechanical aperture, m 
df total fracture real aperture, m 
p pore pressure, Pa 
RS relative strength of multi-physics effects 
T temperature, K 
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u displacement, m 
t time, s 

Appendix A 

Herein, the THMC model for geothermal production is established with the fracture aperture as the coupling node. Fig. A1 shows the coupling 
relationships among four fields. Detailed equations can be found below.

Fig. A1. The coupling relationship among hydraulic flow, heat transfer, geomechanics and chemical field.   

A. Fluid flow 

Darcy’s law describes the fluid flow in the rock matrix and fractures: 

u→= −
km

μf

(
∇p+ ρf g∇z

)
(9)  

ρf Sm
∂p
∂t

+∇ ⋅
(
ρf u→

)
= − ρf αB

δe
δt

(10)  

u→f= −
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(
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(11)  

df ρf Sf
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∂t
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= − df ρf αB
δe
δt

+ Q1 (12)  

Q1 =

(

−
ρf km

μf

(
∇np+ ρf g∇nz

)
)
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(

−
ρf km

μf

(
∇np+ ρf g∇nz

)
)

|down (13)  

where um (m/s) and uf (m/s) are the flow velocity in the matrix and fracture respectively. km (m2) and kf (m2) represent the permeability of the rock 
matrix and fracture separately. μf (Pa⋅s) is the fluid viscosity. p (Pa) is the pore pressure. ρf (kg/m3) is fluid density and t (s) is time. e is the volume 
strain which can be computed by the deformation equation hereinafter. df (m) is the fracture real aperture that denotes fracture -normal deformation. 
∇t is the gradient operator along the tangential direction of the fracture. Q1 (kg/(m2⋅s)) indicates the mass flux from rock matrix to fractures. ∇n is the 
gradient operator along the normal direction of the fracture. αB means the Biot-Willis coefficient which represents the influence of pore pressure on the 
rock stress (Biot, 1962). S (Pa− 1) is the storage coefficient that considers the fluid and rock compressibility and is expressed as: 

S=φCf + (αB − φ)
1 − αB

Kd
(14)  

where φ is the porosity and Cf (Pa− 1) is the fluid compressibility. φf and φm are porosity for fracture and matrix respectively. Kd (MPa) is the drained 
bulk modulus of the porous matrix. The fracture permeability kf (m2) can be expressed by cubic law. It is modified by introducing the transformation 
between the hydraulic opening and the real opening as follows (Witherspoon et al., 1979): 

kf =
dh

2

12
=

(
dh0 + β

(
df − df 0

))2

12
(15)  

where dh (m) is the hydraulic aperture that is used to compute the fracture conductivity. dh0 (m) and df0 (m) represent the initial hydraulic aperture 
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and initial geometric aperture respectively. β is the coefficient describing the transformation of two kinds of apertures. It denotes the irregularity of the 
fracture surface with a range generally from 0.5 to 1 (Witherspoon et al., 1979). 
B. Heat transfer 

Heat transfer in the matrix and fracture can be expressed as follows: 
(
ρCp
)

eff ,m
∂T
∂t

+ ρf Cp,f u→⋅∇T− ∇ ⋅
(
λeff ,m∇Tf

)
= 0 (16)  

df
(
ρCp
)

eff ,f
∂T
∂t

+ df ρf Cp,f u→f ⋅∇tT − ∇t ⋅
(
df λeff ,f∇tTf

)
=Q2 (17)  

Q2 =
(
ρf Cp,f ( u→ ⋅ n→)T − λeff .m∇nT

)
|upper −

(
ρf Cp,f ( u→ ⋅ n→)T − λeff ,m∇nT

)
|down (18)  

where T (K) is the temperature of rock and fluid. The second term represents the heat convection and the third term denotes the heat conduction on the 
left part of equations (9) and (10). Cp,f (J/(kg⋅K)) is the specific heat capacity of the fluid. Q2 (W/m3) means the heat flux between the matrix and 
fracture, which equals the difference between the normal heat flux from the matrix at the upper and lower fracture face. (ρCp)eff (J/(K⋅m3)) and λeff (W/ 
(m⋅K)) are the effective volumetric heat capacity and heat conductivity respectively. They can be expressed based on the volume averaging method: 
(
ρCp
)

eff =φρf Cp,f + (1 − φ)ρsCp,m (19)  

λeff =φλf + (1 − φ)λm (20)  

where ρm (kg/m3), Cp,m (J/(kg⋅K)), λf (W/(m⋅K)) and λm (W/(m⋅K)) are solid rock density, rock specific heat capacity, fluid heat conductivity and solid 
heat conductivity respectively. 

C. Mechanical deformation 

Rock deformation is expressed by the following equations: 

2Gui,jj +
2Gv

1 − 2v
uj,ji − αBpδij− 3KdαT(T − T0) + Fi= 0 (21)  

where u (m) means the rock displacement and v is Poisson’s ratio. αT (K− 1) is the thermal expansion coefficient. T0 (K) is the initial temperature. δij is 
kronecker symbol. Fi (N/m3) is the body force per unit volume. G (Pa) is the shear modulus and Kd (Pa) is the volume modulus. They can be obtained by 
young’s modulus E (Pa) and Poisson’s ratio as G = E /2(1+ν) and Kd = E /3(1 − 2ν). Volumetric strain e is expressed as follows: 

e=
σe

Kd
=
(σ1 + σ2 + σ3

3
+αBp

)/
Kd (22)  

where σe (Pa) is effective volumetric stress. σ1, σ2, and σ3 denote the first, second and third main stress respectively. 

D. Chemical solute transportation 

There occurs reactant convection and diffusion when the solute is carried by the fluid. The solute transportation in rock matrix is described as 
follows: 

∂
(
φmρf c

)

∂t
+ u→⋅∇

(
ρf c
)
− ∇ ⋅

(
Deff ,m∇

(
ρf c
))
= 0 (23)  

Deff ,m =
φm

τm
Dm,τm = φm

− 1/3 (24)  

where c (mol/kg) is silica concentration in the fluid. u→⋅∇(ρf c) indicates the convective process and − ∇ ⋅(Deff ,m∇(ρf c)) denotes the solute diffusion in 
the matrix. Deff,m (m2/s) is the effective diffusion coefficient controlled by Millington and Quirk model (Millington and Quirk, 1961). Dm (m2/s) is the 
solute diffusion coefficient in the matrix. τm is the tortuosity factor for the matrix accounts for the reduced diffusivity since the solid grains impede 
Brownian motion (Millington and Quirk, 1961). Similarly, the convection and diffusion of solute in the fracture can be written as (Pandey et al., 2014): 

d
∂
(
φf ρf c
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(
ρf c
)
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(
ρf c
))
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ρf c
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(
ρf c
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Deff ,f =
φf

τf
Df ,τf = φf

− 1/3 (27)  

where Q3 (mol/(m3⋅s)) means the solute flux from the matrix to the fracture. Deff,f ((m2/s)) denotes the effective diffusion coefficient in the fracture. R 
(mol/(m2⋅s)) represents the solute source contributed by the chemical reaction at the fracture surface. It originates from the silica reaction around the 
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interface between the matrix and fracture zone. 
E. Evolution of fracture aperture 

Total fracture aperture is the combination of mechanical and chemical aperture. Mechanical aperture is induced by matrix elastic deformation. It 
follows the effective stress principle (Guo et al., 2020). It is defined as: 

um =
σn,frac − p

kn
(28)  

where σn,frac is normal stress on the fracture plane. The stress can be obtained by elastic equations as shown in (21). Kn (Pa) and um (m) are normal 
stiffness and normal displacement. To simplify the simulation process, shear dilation is not considered here (Salimzadeh and Nick, 2019; Shi et al., 
2019b). 

Chemical aperture is induced by silica mineral dissolution or precipitation. The chemical equation is SiO2(s)+2H2O ⇔ H4SiO4 (Rimstidt and Barnes, 
1980). The reaction rate R (mol/(m2⋅s)) is (Rimstidt and Barnes, 1980; Song G. et al., 2022a): 

R= k+
(

1 −
c

ceq

)

(29)  

log10ceq= 0.3380 − 7.8890×10− 4T −
840.1

T
(30)  

log10k+= − 0.369 − 7.890×10− 4T −
3438

T
(31)  

where ceq (mol/kg) is the equilibrium concentration of amorphous silica in fluid and k+ (mol/(m2⋅s)) is the reaction rate constant. It is undersaturation 
when c is lower than ceq while it is oversaturation if c is larger than ceq. Undersaturation leads to silica dissolution while oversaturation results in silica 
precipitation. Therefore, the chemical aperture uc (m) can be obtained by: 

δdc

δt
=

R
ρsw

(32)  

uc = dc − df 0 (33)  

where dc (m) is the total aperture without consideration of mechanical aperture. w (mol/kg) is the number of moles of silica per unit mass of rock, 
which is defined as C/M. C and M (kg/mol) denote the silica mineral content in reservoir and molar mass respectively. M is 0.03 (kg/mol) for SiO2. The 
positive R means that dissolution occurs while the negative R represents that perception takes place. uc is the chemical aperture which is alternation 
caused by a chemical reaction without considering the confinement from surrounding rocks. In reality, uc should be confined by the surrounding rocks. 
Extra fracture stress should be applied to support uc. The transformation from the chemical aperture to the stress was made as Equation (34). 

σ′
n,frac =Kn × uc (34) 

The updated stress σ′
n,frac (Pa) is then employed to the next time step and input to equations (21) and (34). 

Contact aperture is also not included due to the difficulty of getting the details of the fracture surface. Hence, the equivalent aperture is employed. 
The variation of fracture is the combined action of chemical and mechanical effects. The total fracture aperture df equals the summation of chemical uc, 
mechanical um, and initial fracture width df0. 

df = df 0 + um + uc (35) 

As presented by Salimzadeh and Nick (2019), the simple mathematic summation of the chemical and mechanical aperture is referred to as loose 
coupling, denoted by THM + C. This type of coupling doesn’t contain the influence between chemical and mechanical action, which means they are 
separate. In fact, fracture surface stress can be altered due to the existence of the chemical aperture. One reason is the change in fracture surface 
bearing performance. As a result, the mechanical aperture is changed. It is necessary to introduce the coupling between the chemical and mechanical 
action. Here, uc is regarded as the input to the un. A new mechanical equilibrium is satisfied. The mechanical aperture is updated. This type of strong 
coupling model is referred to as the THMC model where the mechanochemical coupling is covered. In this case, the fracture permeability kf (m2) can 
be expressed by a modified cubic law (Witherspoon et al., 1979). The fracture is impermeable when its value is 0. 

Fig. A1 indicates the mechanical-chemical (MC) coupling. It refers to the interaction between the mechanical and chemical fields. It can be 
categorized into strong and weak coupling effects. In equation (34), the strong MC coupling where deformation induced by chemical reactions triggers 
stress redistribution that leads to changes in the mechanical aperture. Weak MC coupling operates indirectly, as illustrated by the grey lines in Fig. A1. 
Stress-induced deformation modifies fracture aperture and permeability, influencing convective heat transfer. This, in turn, impacts flow and tem-
perature fields. Fluctuations in temperature and pressure lead to variations in the transport of reaction concentrations and chemical reactions, ul-
timately affecting reaction-induced deformation. Conversely, the chemical field indirectly influences stress deformation through the thermal and 
hydraulic fields. Weak MC coupling involves the interplay between stress and chemical fields indirectly through flow and heat transfer. 
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