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a b s t r a c t

Quantitatively understanding reactive transport in matrix-fracture systems and the corresponding ef
fect on reservoir fluid  flow  and heat transfer behavior is essential for the prediction of long-term 
thermal performance in enhanced geothermal systems (EGSs). However, most previous studies on 
EGSs only considered fracture reactive transport, overlooking matrix reactive transport and its potential 
impact on fracture flow and reactive transport. In this study, we develop a thermal-hydraulic-chemical 
coupled EGS model incorporating both fracture and matrix reactive transport to comprehensively 
investigate the effect of matrix reactive transport on the long-term thermal performance of the EGS 
model. We find that matrix reactive transport intensifies exchange fluxes between fracture and matrix, 
thus weakening water-rock reactions in fracture and suppressing fracture deformation, and ultimately 
improves thermal performance. The modeling results reveal that fracture aperture increment is over
estimated by 67 times and the production lifespan is underestimated by 17 years if matrix reactive 
transport is ignored. Further dimensionless analyses indicate that the significance  of matrix reactive 
transport increases with reaction rate and declines with porosity/permeability when the Damkohler 
number (Da) is less than one (reaction-limited). In EGS and karst reservoirs, matrix reactive transport 
markedly influences heat extraction efficiency, whereas its effect is negligible in sandstone reservoirs in 
this study.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Geothermal energy, as a renewable and clean resource, plays a 
crucial role in optimizing energy structure, reducing greenhouse 
gas emissions, and advancing environmental sustainability (Wang 
et al. 2018). Most of the earth's geothermal resources are stored in 
hot dry rocks (HDRs), which are generally 3 km or deeper below 
the ground surface and characterized by high temperature and low 
permeability (Zhu et al. 2015; Lu, 2018; Anderson and Rezaie, 
2019). Enhanced Geothermal System (EGS) is a widely explored 
technique to harness geothermal energy in HDRs, which applies 
hydraulic stimulation or shear stimulation to create a hydraulically 

connected fracture network for fluid circulation and heat extrac
tion (Xu et al. 2018).

The injection of relatively cold working fluid  into an EGS 
reservoir leads to complex thermal-hydraulic-mechanical- 
chemical (THMC) coupled processes in the stimulated fracture 
networks as well as the surrounding rock formations (Li et al. 
2022; Song et al. 2024), thus changing the thermodynamic, 
stress, and chemical equilibrium within the reservoir. The induced 
stress variation and water-rock reactions further alter the porosity 
and permeability of rock formations, and consequently affect long- 
term fluid flow and heat transfer performance (Song et al. 2022a). 
Therefore, it is crucial to investigate how the induced stress 
changes (He et al. 2025a) and water-rock reactions govern the 
evolution of fluid  flow  and heat transfer behavior for accurate 
prediction of EGS productivity (He et al. 2025b). Numerous 
thermal-hydraulic-mechanical (THM) coupled models have been 
developed to analyze the effect of stress changes on fracture flow 
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behavior and long-term thermal performance (Pandey et al. 2017; 
Wang et al. 2019, 2022; Ye and Wang, 2020; Li et al. 2021; Maedo 
et al. 2021; Kang et al. 2022; He et al. 2024). Both poroelasticity 
(Wang et al. 2019, 2022; Ye and Wang, 2020; Maedo et al. 2021) 
and thermoelasticity (Pandey et al. 2017; Li et al. 2021; Kang et al. 
2022) have been demonstrated to have significant  impacts on 
fracture deformation and the underlying fluid flow-heat transport 
behavior.

To understand the effect of water-rock reactions, several 
thermal-hydraulic-chemical (THC) coupled models have been 
developed (Lyu et al. 2025). These THC models can be categorized 
into two primary groups. One group employs continuum models 
and focuses on the evolution of macroscopic porosity/permeability 
caused by water-rock reactions, as well as the corresponding effect 
on heat extraction efficiency  (Ontoy et al. 2003; Xu et al. 2004, 
2007). The other group adopts discrete fracture network models 
to analyze the evolution of fracture aperture due to water-rock 
reactions (Pandey et al. 2015; Chen et al. 2018; Song et al. 
2022b). Continuum models reduce the complexity of meshing 
and have a wide range of applications. For example, Ontoy et al. 
(2003) and Xu et al. (2004) employed the TOUGHREACT software 
to develop a THC coupled model based on continuum models and 
found that precipitation reactions occurred near the injection 
wells, reducing porosity and permeability and leading to a rapid 
increase in injection pressure. However, for enhanced geothermal 
systems, fractures serve as the primary flow  pathways. Discrete 
fracture network models can represent real fracture morphology 
and characterize fluid  flow, heat transfer and other processes in 
reservoirs more accurately than continuum models. Therefore, 
discrete fracture network (DFN) models have been widely used to 
model heat extraction from EGSs (Moslehi et al. 2025). Pandey 
et al. (2015), Song et al. (2022b), Chen et al. (2018) and Andr�e 
et al. (2006) developed THC coupled models based on DFN to 
investigate fracture aperture evolution driven by water-rock re
actions and the corresponding impact on heat extraction perfor
mance in EGSs. Their research found that undersaturated injection 
would induce dissolution reactions on fracture surfaces, leading to 
an increase in fracture aperture and a decrease in injection pres
sure. Conversely, for oversaturated injection, precipitation re
actions occur and result in a decrease in fracture aperture and an 
increase in injection pressure.

However, most previous studies on HDR reservoirs only 
considered fracture reactive transport (FRT) and ignored the po
tential effect of matrix reactive transport (MRT) (Andr�e et al. 2006; 
Pandey et al. 2015; Chen et al. 2018; Song et al. 2022b). The un
derlying implicit hypothesis is that matrix permeability is signif
icantly smaller than that of fractures, and MRT is unlikely to exert a 
remarkable effect on reservoir flow and heat transport processes. 
Our previous studies developed a THC model for karst geothermal 
reservoirs and considered the reactive transport in both matrix 
pores and fractures. The simulation results indicated that MRT 
actually significantly changed fracture deformation, thus affecting 
flow  and heat transport in fractures (Ji et al. 2024). However, it 
remains unclear how MRT affects heat extraction performance in 
geothermal reservoirs with relatively low rock porosity/perme
ability, such as HDR reservoirs. The current study aims to sys
tematically investigate the effect of MRT on fracture deformation 
and heat extraction performance in EGS reservoirs. We applied our 
previously developed pore-fracture dual-media thermal- 
hydraulic-chemical (THC) coupled model (Ji et al. 2024) to HDR 
reservoir simulations with updated geological and model param
eters. Through a series of numerical simulations, we elucidate the 
underlying mechanisms by which MRT influences fracture defor
mation and heat extraction, and demonstrate that despite the low 
permeability of the rock matrix, MRT may still exhibit an 

inescapable effect on the heat extraction efficiency of EGS reser
voirs. Furthermore, the effect of MRT on the thermal performance 
of fractured geothermal reservoirs, such as HDR, karst, and sand
stone, is investigated. We have determined the critical thresholds 
for considering MRT in each type of fractured geothermal reser
voir. The key findings  provide valuable guidance for subsequent 
modelling: (i) the trade-off between accuracy and efficiency  in 
geothermal production (MRT attenuates water-rock reactions 
within fractures, thereby influencing  heat-extraction perfor
mance. For high-fidelity EGS simulations, MRT should be explicitly 
represented. If some loss of accuracy is acceptable in exchange for 
computational efficiency, the in-fracture reaction rate can be 
adjusted based on our results to balance accuracy and efficiency); 
and (ii) approaches for fracture-network inversion (when using 
tracers for fracture-network inversion, MRT offers a mechanistic 
explanation for late-time tailing in tracer breakthrough curves, 
thereby improving inversion accuracy and interpretability).

2. Numerical model

2.1. Model assumptions

This study focuses on the effects of reactive transport in matrix 
pores on the heat extraction performance of EGS. The following 
assumptions are made: (1) The reservoir is saturated with water. 
(2) In EGS operations, we typically use groundwater or river water 
as the heat-transfer fluid  and therefore neglect salinity effects 
(Qureshi et al. 2022). Accordingly, the solutions in the reservoir are 
considered to be dilute solutions. (3) The temperature variations in 
solution caused by the endothermic and exothermic effects of 
water-rock reactions are neglected (Ji et al. 2023a, 2023b). (4) The 
mechanical effects on fractures/pores evolution and thermal per
formance are ignored (Ji et al. 2023a, 2023b). This is a limitation of 
this study, as it mainly focuses on reactive transport within the 
fractures and rock matrix. Therefore, we neglect mechanical 
coupling in this study. Future work will incorporate mechanical 
effects to further refine the model.

2.2. Governing equations

This study develops a dual pore-fracture medium model to 
investigate the influence  mechanisms of reactive transport in 
matrix pores on the heat extraction performance of EGS. The 
physical processes occurring in each medium are governed by the 
following equations. The fluid  flow  within the reservoir is gov
erned by the principle of mass conservation and Darcy's Law 
(Pruess, 2006; Cheng et al. 2016; Gao et al. 2024), represented as 
follows:

Porous rock matrix: 

∂
(

φpρf

)

∂t
− ∇ ⋅

(
ρfu
)
=Qf (1) 

u= −
kp

μf

(
∇p+ ρfg∇z

)
(2) 

Fracture: 

df

∂
(

φfρf

)

∂t
− ∇ ⋅

(
dfρfu

)
=dfQf + Q1 (3) 

u= −
kf
μf

(
∇p+ ρfg∇z

)
(4) 

Matrix-fracture interface: 
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Q1 =

(

−
ρfk
μf

(
∇np − ρfg∇nz

)
)

upper

−

(

−
ρfk
μf

(
∇np − ρfg∇nz

)
)

lower

(5) 

where φp and φf denote the reservoir matrix porosity and fracture 
porosity, %, respectively. ρf represents the fluid density, kg/m3. u 
denotes the flow velocity in the reservoir, m/s. The parameter Qf is 
the mass source flow rate, kg/(m3⋅s). μf indicates the fluid dynamic 
viscosity, Pa⋅s. p is the fluid pressure, Pa. The item ρfg∇z represents 
the effect of gravity. Q1 is the mass flux between rock matrix pores 
and fractures, kg/(m3⋅s). The terms “upper” and “lower” represent 
the upper and lower surfaces of the fracture, respectively. kp and kf 
correspond to the pore and fracture permeability, m2. df expresses 
the fracture aperture, m. Note that fracture conductivity can be 
expressed by the cubic law, which will be introduced in subse
quent sections.

In this study, the local thermal equilibrium model is adopted to 
govern heat transfer in the reservoir (Shi et al. 2023; Yang et al. 
2023). The energy conservation equation is expressed as:

Porous rock matrix: 

(
ρCp

)

eff
∂T
∂t

+ ρfCp;fu ⋅∇T − ∇ ⋅
(

λeff∇T
)
=QE (6) 

Fracture: 

df
(
ρCp

)

eff
∂T
∂t

+dfρfCp;fu∇(T) − ∇ ⋅
(

dfλeff∇T
)
= dfQE + Q2 (7) 

Matrix-fracture interface: 

Q2 =
(

ρfCp;f(u⋅n)T − λeff∇nT
)

upper

−
(

ρfCp;f(u⋅n)T − λeff∇nT
)

lower
(8) 

where T represents the fluid temperature, K. QE is an external heat 
source, W/m3. Q2 indicates the heat fluxes between the matrix and 
fractures, W/m3. It is defined  as the difference in normal heat 
fluxes from the matrix at the top and bottom surfaces of the 
fracture. Cp denotes the heat capacity, J/(kg⋅◦C). (ρCp)eff and λeff 
represent the effective volumetric heat capacity and the effective 
thermal conductivity respectively, expressed as: 
(
ρCp

)

eff =(1 − φ)ρsCp;s + φρfCp;f (9) 

λeff =(1 − φ)λs + φλf (10) 

where ρs, Cp,s, and λs indicate the density, heat capacity and ther
mal conductivity of the reservoir solid component, kg/m3, J/(kg⋅◦C) 
and W/(m⋅◦C), respectively. Cp,f and λf are the heat capacity and 
thermal conductivity of the fluid in the reservoir, J/(kg⋅◦C) and W/ 
(m⋅◦C), respectively.

The variations in temperature and solute concentration caused 
by fluid circulation further disrupt the reservoir's chemical equi
librium, leading to mineral dissolution and precipitation, which 
modify pore and fracture structures. Building on the previous 
model, we explicitly consider water-rock reactions in both the rock 
matrix and fractures, as well as the mass transfer processes be
tween them. The mass transfer and reaction processes are 
modeled using transport and reaction kinetic equations. The solute 
transport process in the reservoir involves both convection and 
diffusion, and the corresponding solute transport equation is given 
as follows:

Porous rock matrix: 

∂
(

φpρfci;p

)

∂t
− Di∇

(
ρfci;p

)
+u ⋅∇

(
ρfci;p

)
=φpRi

p (11) 

Fracture: 

df

[∂
(

ρfci;f

)

∂t
− Di∇

(
ρfci;f

)
+u ⋅∇

(
ρfci;f

)]

=dfRi
f + Q3 (12) 

Matrix-fracture interface: 

Q3 =

(

ρfci;p − Di

∂
(

ρfci;p

)

∂z

)

upper
−

(

ρfci;p − Di

∂
(

ρfci;p

)

∂z

)

lower

(13) 

ci;p
⃒
⃒
upper = ci;p

⃒
⃒
lower = ci;f (14) 

where Di indicates the effective diffusion coefficient of substance 
“i” in solution, m2/s. ci,p and ci,f denote the concentration of sub
stance “i” within pores and fractures, mol/m3. Ri

p and Ri
f correspond 

to the reaction rate in matrix pores and fractures, mol/(m3⋅s), 
respectively. Q3 represents the exchange fluxes between matrix 
pores and fractures, mol/(m2⋅s).

Hot dry rocks are predominantly composed of granite, with 
water-rock reactions primarily involving the dissolution and pre
cipitation of quartz (Ji et al. 2025). The primary objective of this 
study is to explore the competition mechanisms between reactive 
transport in matrix pores and that in fractures, as well as their 
corresponding influence  on the heat-extraction performance of 
EGS. Therefore, we consider only the principal reactive mineral 
(quartz) to clarify the core mechanisms of interest. Neglecting the 
water-rock reactions of other minerals in granite, compared with 
our earlier research (Ji et al. 2025), results in a 28.6% underesti
mation of the overall reaction rate and a 16.5% reduction in frac
ture aperture evolution. Notably, for other reservoir types, users 
can introduce feldspar, mica or even clay reactions by simply 
adding extra source terms in the same PDE weak form Eqs. 
(15)–(18). The chemical reaction formula is expressed as: 

SiO2(s) + 2H2O(l)⇔ H4SiO4(aq) (15) 

The chemical reaction is controlled by kinetics, and the reaction 
rate for quartz (R(SiO2)

) is expressed as (Andr�e et al. 2006): 

R(SiO2)
=A(SiO2)

k+
(SiO2)

℧(SiO2)
℧(i) =1 −

c(SiO2)

ceq(SiO2)

(16) 

k+
(SiO2)

= k+
(SiO2);25 ◦C × exp

[
− Ea

R
×

(
1
T
−

1
298:15

)]

(17) 

log
(

ceq(SiO2)

)
= − 43:084 − 0:00594T+

1539:697
T

+16:52×log(T)

−
189816:23

T2

(18) 

where A(SiO2)
is the specific surface area of quartz (Ji et al. 2023b), 

1/m. It refers to the total area per unit mass of minerals involved in 
the reaction, which means the area of minerals contacted per unit 
volume of H2O under the background of this study (Xu et al. 2007). 
k+
(SiO2)

denotes the reaction rate constant of quartz, mol/(m2⋅s). 

℧(SiO2)
indicates the degree of unsaturation, which represents the 

deviation of the solution concentration from its equilibrium state. 
When the ℧(SiO2)

is greater than zero, the solution is 
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undersaturated, leading to a dissolution reaction. Conversely, the 
solution is in an oversaturated state, leading to a precipitation 
reaction. Additionally, a larger absolute value of ℧(SiO2)

corre

sponds to a faster reaction rate. k+
(SiO2);25 ◦C is the reaction rate 

constant of quartz at ambient temperature, mol/(m2⋅s). Ea and R 
represent reaction activation energy and the molar gas constant, 
kJ/mol and J/(mol⋅K), respectively. ceq(SiO2)

is the equilibrium 

concentration of quartz, mol/m3.
Pores and fractures undergo deformation due to water-rock 

interactions, and the relationship between deformation and re
action rate is presented below (Pandey et al. 2015): 

∂φp

∂t
=

φpRSiO2
MSiO2

ρSiO2

∂df
∂t

=
dfRSiO2

MSiO2

ρSiO2

(19) 

where MSiO2
, and ρSiO2 

denote the molar masses and density of 
quartz, kg/mol and kg/m3, respectively. Since permeability and 
specific surface area are related to porosity and fracture aperture, 
the corresponding expressions are provided below (Song et al. 
2022b): 

kp = k0

(φp

φ0

)3(1 − φ0
1 − φp

)2
kf =

dh
2

12
(20) 

dh =dh0 + ff

(
df − df0

)
(21) 

A(SiO2)
=A0

φp

φ0

log
(
φp
)

log(φ0)
(22) 

where k0 and φ0 denote the initial permeability and porosity of the 
rock matrix pores, m2 and %, respectively. dh and dh0 represent the 
hydraulic aperture and the initial fracture hydraulic aperture of 
fractures, mm, respectively. df and df0 are the fracture aperture and 
the initial fracture aperture, mm, respectively. ff reflects the coef
ficient that describes the transformation between the two types of 
apertures (Witherspoon et al. 1979). A0 is the initial specific surface 
area of quartz, 1/m.

To effectively assess the system's thermal performance, pa
rameters such as production temperature Tout, ◦C; power genera
tion We, MW; pressure difference between the injection and 
production well Δp, MPa; and hydraulic conductivity K (K=kρfg/μf, 
m/s) are introduced to represent the thermal performance of the 
geothermal reservoir. The calculation equations for each thermal 
performance index can be found in our previous studies (Song 
et al. 2021; Ji et al. 2024; Xu et al. 2024).

3. Model setting

3.1. A field-scale matrix-fracture EGS model

To model the thermal-hydraulic-chemical coupled processes in 
EGS reservoirs, we develop a 3D field-scale EGS model based on 
the Gonghe EGS site (Lei et al. 2020), including a discrete fracture 
network region and the surrounding rock domain, as shown in 
Fig. 1. The model is sufficiently  large to minimize boundary ef
fects on subsequent numerical simulations (Song et al. 2018), with 
a dimension of 1000 m × 1000 m × 1000 m, and its top is located 
3300 m below the ground surface. At the center of the model, we 
set a 500 m cube to represent the stimulated reservoir volume 
(SRV), which encompasses hydraulic and natural fractures, rock 
matrix adjacent to the fractures, and injection/production wells. 
Since fractures in HDRs are generally densely distributed and the 
precise delineation of fracture distribution is extremely difficult, 

we simplify the SRV as a porous medium with a relatively higher 
permeability compared with the intact rock formations outside 
the SRV. Such an equivalent porous media method has been widely 
used in subsurface reservoir modeling (Pandey et al. 2015; Chen 
et al. 2018; Song et al. 2022b). We also assume a vertical and a 
horizontal fracture to connect the injection and production wells 
(Pandey et al. 2015; Chen et al. 2018; Song et al. 2022b). The two 
fractures are 500 m ✕500 m in size and are located at the center of 
the SRV (Fig. 1). The diameters of the injection and production 
wells are 0.1 m, and the distance between them is 400 m. The 
open-hole section of the two wells extends across the vertical 
fracture with a length of 500 m. Table 1 summarizes the param
eters defined  for the reservoir, SRV, the two fractures, and the 
injection/production wells. We use COMSOL Multiphysics, a 

1000 m

10
00

 m

10
00

 m

500 m

50
0 

m

D = 4300 m

D = 4050 m

Injection well

Production well

SRVFractures

Reservoir

Upper boundary

Bottom boundary

X

Y

Z
SRV: Stimulated reservoir volume

Fig. 1. The schematic representation of the field-scale matrix-fracture EGS model 
(including surrounding rock, SRV, fractures, injection and production wells).

Table 1 
The physical properties of the reservoir (Blanc et al. 2012; Wang et al. 2020; Lv et al. 
2022).

Items Values

Density of the reservoir, kg/m3 2800
Heat conductivity of the reservoir, W/(m⋅K) 3
Heat capacity of the reservoir, J/(kg⋅K) 1000
Porosity of the reservoir, % 1
Permeability of the reservoir, mD 1 × 10− 3

Density of the SRV, kg/m3 2600
Heat conductivity of the SRV, W/(m⋅K) 2.51
Heat capacity of the SRV, J/(kg⋅K) 754.4
Porosity of the SRV, % 5
Permeability of the SRV, mD 0.5
Density of the fracture, kg/m3 2000
Heat conductivity of the fracture, W/(m⋅K) 2.5
Heat capacity of the fracture, J/(kg⋅K) 750
Porosity of the fracture, % 100
Initial fracture aperture, mm 1
Hydraulic aperture dh0, m 2.45 × 10− 5

Coefficient of fracture irregularity ff 1
Initial specific surface area of pores A0, 1/m 8000
Wellbore diameter, m 0.1
Diffusion coefficient D, m2/s 1 × 10− 9

Molar mass of quartz, g/mol 60
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widely used multiphysical coupled numerical simulation platform, 
to model the THC processes in the developed model.

3.2. Initial and boundary conditions

The initial temperature and pressure increase linearly from the 
top boundary to the bottom boundary, with gradients of 0.07 ◦C/m 
and 8 kPa/m for temperature and pressure, respectively. The initial 
concentration of SiO2 is 3.41 mol/m3 and satisfies chemical equi
librium. At the top boundary, the temperature is 138 ◦C and the 
pressure is 33 MPa. The top and bottom boundaries are considered 
thermally insulated, and the side boundaries are maintained at the 
initial temperature. The injection flow rate is 30 kg/s with an in
jection temperature of 60 ◦C. The pressure at the bottom of the 

production well is maintained at 30 MPa. Note that the concen
tration of SiO2 in the injection fluid  is 0 mol/m3, indicating an 
undersaturated injection condition. Water-rock reactions occur 
within both the fractures and matrix pores, with mass exchange 
occurring between them. The simulation runs for 30 years and the 
initial and boundary condition parameters are listed in Table 2.

3.3. Simulation mesh and model validation

The geometric and physical models in this study are similar to 
those used in our previous study (Ji et al. 2024), thus the same 
meshing method is applied. The mesh in the SRV is refined because 
this region is the primary area for fluid  flow, heat transfer, and 
chemical reactions. A free triangular mesh is adopted to divide the 
upper boundary of this region, which is then swept from the upper 
to the bottom boundary, resulting in 289,760 elements. The rest of 
the reservoir (surrounding rock) is divided by a free tetrahedral 
mesh (Fig. 2). The final  mesh number is 385,405. A mesh- 
independence analysis was performed in our previous study (Ji 
et al. 2024), and therefore not repeated here.

Given the absence of experimental and field data, an accurate 
analytical solution serves as a viable and reliable method for 
model validation. Owing to the complexity of the THC coupling 
mechanism, the THC coupled model is broken down into TH and 
HC sub-models for individual validation. The TH coupled model is 
validated by an analytical solution for fluid flow and heat transfer 

in a 2D infinite rock matrix with a single fracture (Song et al. 2018; 
Ji et al. 2022), which is expressed by: 

Tf = Tr + (Tin − Tr)erfc

(
λrx
/(

ρfcp;fdf

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

uin(uint − x)λr
/(

ρscp;s
)√

)

U
(

t −
x

uin

)

(23) 

where Tf represents the fracture temperature, K; erfc denotes the 
complementary error function and U represents the unit step 
function. The subscripts “s” and “f” indicate the rock matrix and 
water, respectively. The HC coupled model is validated by an 
analytical model for solute transport in a prescribed groundwater 
flow field (Wilson and Miller, 1978), which is given as follows: 

where M denotes the solute source, mol/m3. x0 and y0 represent 
the coordinates of the solute source (− 200, 200), m. Dxx, Dyy, and 
Dxy denote the dispersion tensor xx, yy, and xy components, m2/s, 
respectively. d is the width of the injection area, m. ne is the 
effective porosity. u and v indicate the horizontal and vertical ve
locity, m/s. Fig. 3 presents a comparison of the results derived from 
the numerical and analytical solutions of the TH and HC coupled 
models. The specific  validation process is also detailed in our 
previous study (Ji et al. 2024).

Notably, this validation is limited because the TH and HC pro
cesses are validated separately. A further validation of the fully 
coupled THC model is necessary yet challenging due to the lack of 
analytical solutions and well constrained experiments. In future 
work, we will employ two complementary experimental ap
proaches to further validate our model. The first  involves core- 
scale THMC coupled-process experiments designed to observe 
variations in the hydraulic aperture of fractures within rock cores 
under varying conditions, including temperature, pore pressure, 
confining pressure, and injected-solution composition. The second 
consists of microfluidic  chamber experiments at the micro- and 
nanoscale to characterize reactive transport between fractures and 
the surrounding matrix, thereby providing direct insight into the 
interaction mechanisms that govern fracture-matrix reactive 
transport.

4. Results and discussions

4.1. Analysis of thermal performance

As aforementioned, this study primarily aims to investigate the 
effect of reactive transport in the matrix on the heat extraction 
performance of EGS and to elucidate the influence mechanisms of 
MRT. We conduct two simulations: one includes reactive transport 
in both matrix pores and fractures (MFRT), and the other only 
considers reactive transport in fractures (FRT). We compare the 
simulation results by analyzing pressure, fracture aperture, tem
perature, and concentration distributions qualitatively, as well as 
geothermal productivity indices quantitatively, aiming to 
comprehensively understand how reactive transport in matrix 
pores affects the thermal performance of EGS. The comparison of 

Table 2 
Initial and boundary conditions parameters for the base case (Wilson and Miller, 
1978; Wang et al. 2020).

Items Values

Injection temperature, ◦C 60
Injection rate, kg/s 30
Production pressure, MPa 33
Temperature gradient, ◦C/m 0.07
Pressure gradient, Pa/m 8000
Temperature at the top of the boundary, ◦C 138
Pressure at the top of the boundary, MPa 33
Initial concentration of SiO2, mol/m3 3.41
Injection concentration of SiO2, mol/m3 0

cana =
M × e

{
− [(x− x0)− ut]2×

(
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)
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(
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[
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pressure indicates that the injection pressure in the MFRT case is 
significantly higher than that in the FRT case (Fig. 4(a)), and the 
pressure disparity between the two simulations becomes 
increasingly evident as extraction progresses. The fracture aper
ture in the MFRT case remains nearly constant, while the FRT case 
shows a considerable aperture increase especially in the hori
zontal fracture (Fig. 4(b)). Such a difference between the two cases 
indicates that reactive transport in matrix pores retards fracture 

aperture evolution. The reduction in fracture aperture change can 
enhance reservoir integrity and reduce the risk of fluid  leakage, 
thereby helping maintain system integrity (Aminnaji et al. 2024).

In the MFRT case, the low-concentration region spreads uni
formly from the injection well to the production well. Conversely, 
in the FRT case, the low-concentration region swiftly reaches the 
production well in the first year (Fig. 4(d)). This is because frac
tures serve as major flow channels in HDRs, and the increase in 

Injection well

Production well

Fractures

Planform

Reservoir

SRV

Fig. 2. Numerical meshing schemes (the upper boundary of SRV is divided by a free triangular mesh and swept from the upper boundary to the bottom boundary to divide the 
SRV; the surrounding rock is divided by a free tetrahedral mesh).
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fracture aperture is greater in the FRT case (Fig. 4(b)). Therefore, 
neglecting the influence  of MRT enables the injected low- 
concentration fluid  to propagate swiftly along the fracture sur
faces and reach the production wells more quickly. This further 
confirms that there is a mutual competition between MRT and FRT, 
which can alter the concentration distribution within the reservoir 
and subsequently affect the evolution of fracture aperture (Ji et al. 
2024).

The qualitative analysis of physical field  distributions reveals 
that MRT can influence the concentration distribution within the 
reservoir, which subsequently affects the fracture aperture evo
lution and the evolution of the temperature and flow fields within 
the reservoir. To further quantitatively investigate the effect of 
MRT on thermal performance of EGS, we compare the thermal 
indices of the MFRT and FRT cases. The rate of production tem
perature decay in the MFRT case is lower than that in the FRT case. 
Over 30 years of production, the initial production temperature of 
173 ◦C gradually decreases to 152.53 ◦C (MFRT) and 142.35 ◦C 
(FRT), respectively. Thermal breakthrough is defined as a 10% drop 
in the initial production temperature (Song et al. 2021), that is, 

when the production temperature reduces to 155.7 ◦C, marking 
the occurrence of thermal breakthrough. Neglecting the MRT leads 
to an underestimation of the thermal breakthrough time 
(Fig. 5(a)). Thermal breakthrough occurs at 24.5 years after fluid 
injection starts in the MFRT case, while it decreases to 7.5 years in 
the FRT case. This is because the MRT slows down fracture surface 
deformation and weaken the preferential flow effects along the 
fractures. As a result, the temperature distribution would be more 
uniform towards the production well (Fig. 4(c)). In the MFRT case, 
the pressure difference between the injection and production 
wells increases from the initial value of 19.37 MPa–33.78 MPa over 
30 years of production. In contrast, in the FRT case, the pressure 
difference exhibits a rapid increase followed by a decrease in the 
first 10 years, and then gradually increases afterward (Fig. 5(b)). 
Neglecting the MRT results in a 45.94% underestimation of the 
pressure difference. This conclusion aligns with previous research 
findings on karst geothermal reservoirs (Ji et al. 2024).

Similar to the temperature variation in Fig. 5(a), power gener
ation decreases from 1.97 MW (initial stage) to 1.34 MW (MFRT) 
and 1.07 MW (FRT), as shown in Fig. 5(c). If the MRT is neglected, 
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Fig. 4. Comparison of (a) pressure, (b) fracture aperture, (c) temperature, and (d) concentration between the MFRT case (the left side of each image) and the FRT case (the right 
side of each image) at different times (1 a, 15 a, and 30 a).
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power generation would be underestimated by 20.15% over 30 
years of production. This is because the MRT mitigates thermal 
breakthroughs, thereby increasing power generation. The hy
draulic conductivity of the SRV between the injection and pro
duction wells exhibits opposite trends in the two cases (Fig. 5(d)). 
In the MFRT case, the hydraulic conductivity decreases from 0.29 
to 0.19 cm/s. Conversely, in the FRT case, it increases from 0.29 to 
3.89 cm/s. The above analysis indicates that the MRT has a sig
nificant effect on fracture flow and reservoir thermal performance 
during the exploitation of HDRs.

4.2. Influence mechanisms of MRT on EGS heat extraction

The analysis above highlights that the MRT significantly  in
fluences EGS heat extraction. This section aims to further explore 
the underlying mechanisms and understand how MRT affects 
fracture flow  and heat transport processes. Based on the above 
analysis, we posit that the MRT affects the reservoir's concentra
tion distribution, thereby influencing  the reaction and deforma
tion rates at the fracture surface. To confirm this hypothesis, we 
compare the degree of unsaturation in the fractures and the re
action rate at the fracture surface across the two different cases 
(Fig. 6). The distribution of the degree of unsaturation is closely 
associated with the concentration distributions. In the MFRT case, 

the high-unsaturation region spreads evenly from the injection 
well to the production well as low-concentration fluids are injec
ted (Fig. 6(a)). Meanwhile, these distribution characteristics 
closely resemble those of the temperature distribution (Fig. 4(c)). 
By contrast, in the FRT case, the high-unsaturation region rapidly 
reaches the production well within the first year (Fig. 6(a)).

The reaction rate at the fracture surfaces in the MFRT case is 
significantly smaller than that in the FRT case (Fig. 6(b)). This is 
because the reaction rate, controlled by both the reaction rate 
constant (which increases with temperature) and the degree of 
unsaturation, is positively correlated with both factors (Eq. (16)). 
In the FRT case, the velocity of solute transport within the fractures 
is higher than the velocity of temperature diffusion. Consequently, 
higher reaction rates occur at the forefront of the low-temperature 
spread area (Fig. 6(b)). This observation is in accordance with 
previous research findings (Ji et al. 2025). However, in the MFRT 
case, the reaction rates on the fracture surfaces are comparatively 
low. This is because the high-unsaturated regions coincide with 
low-temperature areas (associated with a low reaction rate con
stant), and the low-unsaturated regions (Fig. 6(a)) correspond to 
high-temperature zones (Fig. 4(c)). This indicates that the MRT 
affects the degree of unsaturation in fractures by altering the so
lute transfer process at the fracture surfaces, thus influencing both 
fracture reactions and deformation (Ji et al. 2024).
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To further validate the above statement, we quantitatively 
compare the average degree of unsaturation on the fracture sur
faces over time. In the FRT case, the degree of unsaturation reaches 
a high level in the initial production stage (Fig. 7(a)). During the 
injection of low saturation water in 30 years, the degree of unsa
turation in fractures increases from zero (initial) to 0.42 and 0.92 
for the two cases, respectively. The results of this quantitative 
analysis further corroborate the aforementioned hypothesis that 
the MRT can alter the solute concentration distribution at the 
fracture surfaces, thereby affecting their reaction and deformation 
rates. According to Eqs. (11)–(14), the interaction between the 
matrix and the fractures is reflected in the solute exchange fluxes 
between them. This suggests that the MRT likely enhances the 
exchange fluxes between matrix pores and fractures. Fig. 7(d) 
strongly supports this explanation: the solute exchange fluxes 
between matrix pores and fractures in the MFRT case is 75 times 
higher than that in the FRT case. This indicates that the MRT can 
enhance the exchange fluxes between matrix pores and fractures, 
thereby affecting the solute concentration distribution at the 
fracture surfaces.

We extracted a 100 m × 50 m × 10 m rectangular prism from 
the central region of the intersection of fractures (Fig. 8) to visually 
compare the solute mass transfer process between the fracture 
surfaces and matrix pores under the two cases. The concentration 
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distribution along the vertical profiles of the prism is presented for 
the two cases (Fig. 9). The concentration in the fractures and the 
adjacent matrix remain nearly identical in the FRT case. This in
dicates that the mass transfer between the fractures and the sur
rounding matrix pores would be minimal when solely considering 
the FRT. On the contrary, the concentration in the matrix adjacent 
to the fractures is significantly higher than that within the frac
tures in the MFRT case. This indicates that solutes from the matrix 
pores are transported into the fractures. This small-scale obser
vational analysis (Cai et al. 2025) further substantiates the above 
conclusions, which suggest that the MRT can enhance the ex
change fluxes from matrix pores to fractures, thereby influencing 
the solute concentration distribution at the fracture surfaces. The 
phenomena observed in Ling et al.’s microfluidic experiments on 
reactive transport in fractures (Ling et al. 2022) provide some 
support for our interpretation.

4.3. Analysis of exchange fluxes between fracture and matrix pores

Based on the above analysis, the MRT enhances the exchange 
fluxes between fractures and matrix pores, thereby influencing the 
solute concentration distribution at the fracture surfaces, affecting 
fracture deformation, and ultimately impacting the system's heat 
extraction performance. According to Eqs. (13) and (14), the ex
change fluxes between fractures and matrix pores is determined 
by the diffusion coefficient  and the concentration gradient be
tween fractures and matrix pores. The concentration gradient is 
affected by the reaction rate (driven by temperature and concen
tration), the mass transfer rate (determined by fluid  flow  and 
reservoir porosity/permeability characteristics), and the initial 
concentration difference. Therefore, this section explores the ef
fects of the diffusion coefficient,  reaction rate constant, matrix 
porosity and permeability, and the initial concentration on the 
exchange fluxes between fracture and matrix pores, aiming to 
identify the key factors governing the exchange fluxes. To examine 
the influence  of the aforementioned parameters, additional 

simulations are conducted by varying each parameter individually 
(Table 3). The reaction rate constants are based on reactions at 
150 ◦C and cover the order of magnitude of common mineral re
action rate constants in geothermal reservoirs (Xu et al. 2004, 
2007; Holmslykke et al. 2017). Similarly, the porosity and perme
ability values used are representative of typical geothermal res
ervoirs (Xu et al. 2004, 2007). In these cases, a porosity of 5% and 
permeability of 0.5 mD correspond to hot dry rock, a low- 
permeability reservoir. A porosity of 10% and permeability of 10 
mD are representative of karst (Ji et al. 2024), a medium- 
permeability reservoir. Meanwhile, a porosity of 20% and perme
ability of 50 mD align with sandstone, indicative of a high- 
permeability reservoir. The initial concentrations are set at 
different saturation states: 0 ceq, 0.5 ceq, ceq. Bold text indicates the 
base case.

Fig. 10 provides a visual comparison of how various factors 
affect the exchange fluxes between fractures and matrix pores. 
This is a deterministic parameter-combination simulation that 
does not include any stochastic variability. The exchange fluxes in 
the MFRT case is significantly  greater than that in the FRT case 
(Fig. 10). Meanwhile, these influencing factors affect the exchange 
fluxes to varying degrees. The exchange fluxes increases with the 
diffusion coefficient, but the variation is minimal (Fig. 10(a)). Given 
that the diffusion coefficient  represents molecular diffusion in
tensity, it is plausible to conclude that the exchange fluxes be
tween matrix pores and fractures may be convection-dominated. 
This hypothesis will be thoroughly analyzed in the subsequent 
section. Reaction rate constants exert different influences on the 
exchange fluxes in the MFRT case and the FRT case. In the MFRT 
case, the exchange fluxes initially increases and then decreases 
with the reaction rate constants, peaking at a reaction rate con
stant of 2.4 × 10− 9 mol/(m2⋅s). In the FRT case, the exchange fluxes 
increases with the reaction rate constants, and it increases 
dramatically as the reaction rate constant increases from 
2.4 ×10− 9 to 2.4 ×10− 7 mol/(m2⋅s) (Fig. 10(b)). This is attributed to 
the diverse time scales of reaction and mass transfer rates, which 
are in a complex competition with each other (Song et al. 2022b; Ji 
et al. 2025). This phenomenon will be discussed in detail in 
connection with Figs. 13(a) and 14. The exchange fluxes rapidly 
increase with increasing matrix porosity and permeability, indi
cating they are key factors affecting the exchange fluxes. This 
conclusion aligns with the phenomena observed in previous ex
periments on micro-scale fracture reaction transport (Ling et al. 
2022). The exchange fluxes increases with the initial concentra
tion, as the concentration gradient between the matrix and frac
tures grows with it. However, solute exchange between the matrix 
and fractures is advectively dominated (Fig. 11). Therefore, the 
variation is minimal, indicating that the effect of the initial con
centration difference on the exchange fluxes is quickly overtaken 
by mass transfer and reaction processes.

Based on the diffusion coefficient  analysis, exchange fluxes 
between matrix pores and fractures may be primarily driven by 
convection. The Peclet number (the ratio of convection rate to 
diffusion rate) (Blanc et al. 2012) is adopted in this study to 
quantitatively evaluate the relative strength of convection and 
diffusion for validating this conclusion. The Peclet number is given 
by Pe=uL/De, where u denotes the mean velocity, m/s; L is the 
characteristic length, m; and De is the effective diffusion coeffi
cient, m2/s. The Pe in the matrix increases with matrix porosity/ 
permeability, while that at the matrix-fracture interface falls with 
higher matrix porosity/permeability. This is because enhanced 
matrix porosity/permeability boost the mass transfer rate within 
the matrix (Fig. 11). However, under all these matrix porosity/ 
permeability conditions, the Peclet number in the matrix is less 
than one, while that at the matrix-fracture interface exceeds one. 
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Fig. 9. Concentration distribution in the matrix near the fracture and fracture over 15 
years of production. The top row features a 3D concentration distribution, while the 
bottom row presents a vertical profiles.

Table 3 
Parameter settings for different influencing  factors (Xu et al. 2004, 2007; 
Holmslykke et al. 2017; Ji et al. 2024).

Influencing factors Values

Diffusion coefficient, m2/s 1 × 10− 11, 1£10− 9, 1 × 10− 7

Reaction rate constant, mol/(m2⋅s) 2.4 × 10− 11, 2.4£10− 9, 2.4 × 10− 7

Matrix porosity and 
permeability, % and mD

5, 0.5; 10, 10; 20, 50

Initial concentration, mol/m3 0, 0.5 ceq, ceq
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This indicates that mass transfer between fractures and matrix 
pores is convection-dominated, whereas that within the matrix is 
diffusion-dominated. Thus, solute transport away from fractures is 

diffusion-dominated and reactions stabilize once local equilibrium 
is reached, whereas near fractures advective exchange accelerates 
reactions and continually alters matrix permeability (Dhamu et al. 
2024).

According to the above analysis, the extent to which various 
influencing factors affect the exchange fluxes varies between the 
MFRT case and the FRT case. Remarkably, under specific parameter 
settings, these factors act to reduce the differences in exchange 
fluxes between the two cases (Fig. 10(b) and (c)). This reduction in 
differences implies that the significance of MRT tends to decline 
under such particular parameter conditions. To quantitatively 
evaluate the effect of each influencing factor on the significance of 
MRT, the MFRT case is established as a benchmark. By comparing 
the deviation in exchange fluxes between the two cases, the sig
nificance of MRT was quantified. Take the diffusion coefficient as 
an example, when the diffusion coefficient is 1 ×10− 9 mol/(m2⋅s), 
the significance  of MRT is calculated as (9.885 − 0.132)/ 
9.885 = 98.67%.

Fig. 12 provides a visual comparison of how various factors 
affect the relative significance of MRT. Diffusion coefficients and 
initial concentrations exert relatively minimal influence  on the 
significance of MRT (Fig. 12). As the diffusion coefficient increases 
from 1 × 10− 11 to 1 × 10− 7 mol/(m2⋅s), the significance  of MRT 
correspondingly decreases from 98.66% to 98.64% (Fig. 12(a)). 
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Likewise, when the initial concentration is raised from 0 to satu
rated concentration, the significance  of MRT diminishes from 
99.77% to 98.66% (Fig. 12(d)). By contrast, reaction rate constants 
and matrix porosity and permeability significantly  influence  the 
significance  of MRT. In particular, the significance  of MRT drops 
significantly  from 98.66% to 64.90% when the reaction rate con
stants rise from 2.4 × 10− 9 to 2.4 × 10− 7 mol/(m2⋅s) (Fig. 12(b)). 
Similarly, the significance  of MRT decreases dramatically from 
98.66% to 29.85% when the matrix porosity and permeability 
change from low-permeability to high-permeability (Fig. 12(c)). 
From the above quantitative analyses, it is evident that matrix 
porosity and permeability, as well as reaction rate constants, are 
the key factors influencing the significance of MRT.

4.4. A criteria to evaluate the necessity of considering MRT in EGS 
modeling

The above analysis indicates that the significance of MRT varies 
significantly  with changes in matrix porosity/permeability and 
reaction rate constants. Different types of fractured geothermal 
reservoirs might exhibit different MRT effects on heat extraction 
performance. In general, reactive transport processes in 
geothermal reservoirs are related to reservoir porosity/perme
ability characteristics, temperature, reactive mineral types, and 
reservoir solution concentration conditions. Reservoir tempera
ture and reaction mineral type determine the mineral water-rock 
reaction rate constants, while reservoir solution concentration 
conditions determine the diffusion coefficient and solution satu
ration state. Our above analysis shows that the solution diffusion 
coefficient  and saturation state are relatively minor factors in 
determining the significance  of MRT. Thus, in this section, we 
primarily characterize different geothermal reservoir types by 
setting distinct porosity/permeability and mineral reaction rate 
constants. The common types of geothermal reservoirs are mainly 
classified  into hot dry rock, karst reservoir, and sandstones (Xu 
et al. 2004, 2007; Holmslykke et al. 2017; Ji et al. 2024), repre
senting low-permeability, medium-permeability, and high- 
permeability reservoirs respectively. The porosity and perme
ability are determined in accordance with section 4.3. Different 
types of geothermal reservoirs host different reactive minerals, 
primarily quartz, feldspar, and carbonate. The mineral water-rock 
reaction rate constants range from 10− 13 to 10− 7 mol/(m2⋅s) (Andr�e 

et al. 2006; Ji et al. 2023a). It is worth noting that the porosity, 
permeability and reaction rate constants values set in this study 
cover nearly all reservoir types encountered in current medium 
and deep geothermal extraction.

The thermal performance in the MFRT case is employed as a 
benchmark, and the difference in thermal performance between 
the two cases (MFRT and FRT cases) is used to evaluate the sig
nificance  of MRT. In low-permeability reservoir, the relative de
viations in power generation and pressure difference first increase 
and then decrease, peaking at a reaction rate constant of 
2.4 × 10− 8 mol/(m2⋅s). In contrast, in medium-permeability and 
high-permeability reservoirs, these relative deviations rise with 
the reaction rate constant. However, for the same reaction rate 
constant, the relative deviations decrease as the matrix porosity/ 
permeability increase (Fig. 13). If a 10% deviation (typical engi
neering requirements) is adopted as the threshold to determine 
whether MRT needs to be considered, then for low-permeability 
reservoirs (hot dry rock), MRT should be considered when the 
reaction rate constant is between 2.4 × 10− 10 and 2.4 × 10− 7 mol/ 
(m2⋅s). For medium-permeability reservoir (karst), MRT should be 
considered when the reaction rate constant exceeds 
2.4 × 10− 9 mol/(m2⋅s). As for high-permeability reservoirs (sand
stones), MRT can be disregarded when the reaction rate constant 
ranges from 2.4 × 10− 13 and 2.4 × 10− 7 mol/(m2⋅s).

In Fig. 13, an interesting phenomenon emerges: In low- 
permeability reservoirs, the relative deviations in thermal per
formance initially rise before falling, peaking at a reaction rate 
constant of 2.4 × 10− 8 mol/(m2⋅s). In contrast, these deviations 
show a monotonic increase in medium- and high-permeability 
reservoirs. To quantitatively explore this phenomenon, the Dam
kohler number (Menke et al. 2015; Peng et al. 2015) is employed to 
compare reaction and mass transfer rates at the matrix-fracture 
interface. Dare = k/Q3, where k denotes the reaction rate con
stant, mol/(m2⋅s); Q3 represents the exchange flux between matrix 
pores and fractures, mol/(m2⋅s). It is well known that the reaction 
rate exceeds the mass transfer rate when Dare is greater than one, 
and the effect of MRT on FRT is governed by the mass transfer 
between matrix pores and fractures. Conversely, when Dare is less 
than one, this effect is dictated by water-rock reactions within the 
matrix pores near the fractures. Comparisons of Dare values at the 
matrix-fracture interface under varying reaction rate constants 
and matrix porosity/permeability demonstrates that the Dare in
creases with reaction rate and decreases with matrix porosity/ 
permeability (Fig. 14). For low-permeability reservoirs, the Dare 
exceeds one when the reaction rate constant reaches 
2.4 × 10− 7 mol/m3. This indicates that the effect of MRT on FRT is 
governed by the mass transfer rate which is predominantly 
determined by the matrix porosity/permeability characteristics 
(Ling et al. 2022). Thus, the significance of MRT diminishes as the 
reaction rate constant increases from 2.4 × 10− 8 to 2.4 × 10− 7 mol/ 
m3 in low-permeability reservoirs. Conversely, for medium- and 
high-permeability reservoirs, the Dare is less than one when the 
reaction rate constant ranges from 2.4 × 10− 13 to 2.4 × 10− 7 mol/ 
(m2⋅s). Here, the effect of MRT on FRT is dictated by the reaction 
rate constant, meaning the significance  of MRT grows with 
increasing reaction rate constants in these reservoirs.

From the above analysis, it is evident that the effect of MRT on 
the system's heat extraction performance increases with the re
action rate and decreases with matrix porosity/permeability. 
However, if the reaction rate surpasses the mass transfer rate at 
the matrix-fracture interface, this effect will be diminished. Based 
on the results shown in Figs. 13 and 14, we conclude that when Da 
is less than or equal to one, the relative contribution of MRT in
creases progressively as the reaction rate constant increases. 
When the reaction rate approaches the mass-transfer rate at the 
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matrix-fracture interfaces, MTR must be taken into account. By 
contrast, when Da exceeds one and the reaction rate surpasses the 
mass-transfer rate, reactions are effectively confined  to fracture 
surfaces, and neglecting MTR is scientifically justified. During the 
extraction phase of conventional geothermal reservoirs, MRT must 
be considered for hot dry rocks, whose primary reacting minerals 
are quartz and feldspar, with mineral water-rock reaction rate 
constants range from 10− 13 to 10− 8 mol/(m2⋅s). For karst 
geothermal reservoirs, the primary reactive minerals are dolomite 
and carbonate, with reaction rate constants on the order of 10− 8 to 
10− 7 mol/(m2⋅s), necessitating the consideration of MRT. However, 
for highly permeable sandstone geothermal reservoirs, the pri
mary reactive minerals are carbonate and feldspar (Holmslykke 
et al. 2017), with reaction rate constants ranging from 10− 13 to 
10− 7 mol/(m2⋅s). Thus, MRT can be ignored in sandstone 
geothermal reservoirs.

5. Conclusions

In this study, the effect of MRT on fracture reactive transport 
and deformation, as well as on the system's heat-extraction per
formance, is systematically investigated using a fracture-pore 
dual-media THC coupled model. We find  that matrix and frac
ture reactive transport compete, affecting fracture evolution and 
heat-extraction performance, and we demonstrate that MRT plays 
a significant role during the exploitation of HDR geothermal res
ervoirs. We further analyze how the significance of MRT depends 
on reaction-rate constants and matrix porosity/permeability. 
Drawing on the reaction rate constants and the porosity/perme
ability characteristics of conventional geothermal reservoirs, we 
assess the significance of MRT for the heat extraction from other 
fractured geothermal reservoir types. These key findings provide 
essential guidance for both the trade-off between accuracy and 
efficiency in geothermal production and the accurate assessment 
of fracture-pore structure evolution, as follows.

1. MRT significantly  affects fracture deformation and thermal 
performance during HDR exploitation. In this study, neglecting 
MRT would underestimate the system's operational lifetime by 
17 years and the pressure differential by 45.94%.

2. MRT acts by enhancing fracture-matrix exchange flux,  which 
alters the concentration field in the fracture, thereby reducing 
the in-fracture reaction and deformation rates and ultimately 
affecting the heat-extraction performance in HDR systems.

3. Analysis of the dimensionless Damkohler number (Da, the ratio 
of reaction rate constant to fracture-matrix exchange fluxes) 
reveals that the significance of MRT increases with reaction rate 
constant when Da < 1 (reaction limited) and declines when Da 
> 1 (transport limited).

4. Based on reported reaction rate constants and the porosity and 
permeability characteristics of conventional geothermal reser
voirs, we conclude that MRT is critical for heat extraction in 
HDR and karst reservoirs but negligible in sandstone reservoirs 
in this study.

Notably, this conclusion is derived from variations in porosity, 
permeability, and reaction rate constants. Consequently, it should 
apply to other settings analogous to those considered here, such as 
pollutant transport and CO2 sequestration. Despite the encour
aging theoretical results regarding the influence of MRT on frac
ture reactive transport, deformation, and system heat-extraction 
performance, substantial work remains to be done. First, our 
model operates at the field  scale and cannot accurately resolve 
fracture-matrix mass transfer at the pore scale. Future work 
should employ pore-scale models or microfluidic experiments to 

further validate our conclusions (Cai et al. 2025). Additionally, our 
model omits stress effects (a 19.93% overestimation of the varia
tion in average fracture aperture) and other mineral-water-rock 
interactions (a 28.6% underestimation of the overall reaction rate 
and a 16.5% reduction in fracture aperture evolution), which can 
materially affect estimates of system heat-extraction performance. 
We will refine the model in future work to enable more accurate 
evaluation of EGS heat-extraction performance. Given that water- 
rock reactions govern the long-term evolution of fracture 
morphology, we will investigate the effects of various chemical 
additives on the heat-extraction process, with the aim of achieving 
balanced heat extraction and extending system operational 
lifetime.
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Nomenclature

THMC Thermal-hydraulic-mechanical-chemical
t Time, s
u Fluid velocity, m/s
k Reservoir permeability, m2

p Pressure, Pa
df Fracture aperture, m
g Gravitational acceleration, m/s2

T Temperature, ◦C
cp;f Working fluid heat capacity, J/(kg⋅◦C)
cp;s Heat capacity of the solid part in the reservoir, J/(kg⋅◦C)
Di Effective diffusion coefficient of substance “i”, m2/s
ci Concentration of substance “i”, mol/m3

Ap Specific surface areas of reservoir pores, 1/m
Af Specific surface areas of fracture, 1/m
fc Material transfer between matrix and fracture, 

dimensionless
Ri Reaction rate of substance “i”, mol/(m2⋅s)
R Molar gas constant, J/(mol⋅K)
Ea Reaction activation energy, kJ/mol
k+ Reaction rate constants of carbonate, mol/(m2⋅s)
SI Saturation index, dimensionless
ai Activity of substance “i”, mol/m3

Keq Equilibrium constant, dimensionless
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dh Hydraulic apertures, mm
dh0 Initial hydraulic apertures, mm
df0 Initial fracture aperture, mm
ff Transformation coefficient, dimensionless
Tout Production temperature, ◦C
Tin Injection temperature, ◦C
pin Injection pressure, MPa
pout Production pressure, MPa
Qin Injection rate, kg/s
Qout Production rate, kg/s
N Net thermal power, MW
K Hydraulic conductivity, m/s

Greek symbols
φ Porosity, dimensionless
μf Fluid dynamic viscosity, Pa⋅s
ρf Fluid density, kg/m3

λs Heat conductivity of the solid part in the reservoir, W/ 
(m⋅◦C)

ρs Density of solid component of the reservoir, kg/m3

λf Fluid heat conductivity, W/(m⋅K)
Ʊ Degree of unsaturation, dimensionless
Δp Injection-production pressure difference, MPa
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