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A B S T R A C T   

Fractures and caves are the main flow and storage channels for the karst geothermal reservoirs, and the water- 
rock reaction within them significantly affects the thermal performance. Most previous studies concentrated on 
the fractures, disregarding the impact of the pore water-rock reaction. The objective of this study is to explore the 
importance of pore water-rock reactions and identify the influence of various parameters when considering pore 
and fracture water-rock reactions. A 3D thermal-hydraulic-chemical coupling model considering dual media of 
pores and fractures was developed. The importance of pore water-rock reactions is demonstrated, and quanti-
tatively characterize the effect of injection temperature (Tin), injection rate (Qin), injection concentration (cin), 
and ratio of the reaction-specific surface area between pore and fracture (Ap/Af) on the thermal performance. 
Results indicate that the pore water-rock reaction drastically affects the hydraulic conductivity and pressure 
difference, even leading to an opposite trend. The influence of water-rock reaction in pores on fracture defor-
mation is regulated by Ap/Af, which augments with Ap/Af. The relative contribution of Ap/Af to production 
temperature, net thermal power, pressure difference, and hydraulic conductivity are 12.8%, 4.1%, 6.8%, and 
13.7%, respectively. This study provides a significant guide for accurate production prediction and exploitation 
of karst-based geothermal reservoirs.   

1. Introduction 

Geothermal energy is a renewable and clean energy source that has a 
significant impact on optimizing the energy structure, mitigating emis-
sions, and promoting environmental sustainability [1]. There are 
abundant geothermal resources in China, of which high-temperature 
geothermal resources are mainly distributed in the Yunnan-Tibet geo-
tropical region of southern Tibet, western Sichuan, and western Yunnan 
[2–5]. Low-temperature geothermal resources are widespread, and the 
North China Basin is particularly rich in medium-low-temperature 
geothermal resources [6]. There are abundant studies on geothermal 
resources in the Xiongan area during the next national 12th and 13th 
Five-Year Plan period, which have strongly supported the development 
and utilization of geothermal resources in the Xiongan area [7,8]. 

Geothermal reservoirs in the Xiongan area are mostly carbonate 
karst-type reservoirs, where large fractures and caverns are the main 
flow and storage channels of the reservoirs [7,8]. The production pro-
cess is a complex thermal-hydraulic-mechanical-chemical multi--
physical (THMC) field coupling process [9]. The working fluid is 

injected into the reservoir from the injection well, convective heat ex-
change with the reservoir, and then flows out from the production well. 
The stress, thermal, and chemical equilibrium of the reservoir are dis-
rupted when the working fluid is injected into the reservoir, which in-
duces stress variation and water-rock reactions, changing the 
morphology of pores and fractures and thus affecting the flow heat 
transfer processes inside the reservoir. Therefore, it is of great signifi-
cance to investigate the effects of stress changes and water-rock re-
actions on the evolution of reservoir flow channels as well as thermal 
performance. Aiming at the influence of stress changes on the evolution 
of reservoir flow channels and thermal performance, abundant 
thermal-hydraulic-mechanical (THM) coupling models have been 
developed by previous studies [10,11]. The effects of poroelasticity 
[12], thermoelasticity [13], and thermal stress [11] on the evolution of 
reservoir flow channels and thermal performance have been studied. 
However, there are fewer studies on the effects of water-rock reactions 
on the evolution of reservoir flow channels and thermal performance. 

Ontoy et al. [14] investigate the influence of injection parameters 
(injection temperature, silica concentration, pH, etc.) on amorphous 
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silica precipitation in the near-well region of the reservoir by 
THOUGHTREACT software. Xu et al. [15] explored mineral deposition 
in the area near the Nag-67 well in the Tiwi field, Philippines through 
the reaction transport model. The researcher found that amorphous 
silica precipitation occurred in a 10 m diameter area around the well, 
the porosity and permeability of the area were reduced and the pressure 
difference was increased. Rawal and Ghassemi et al. [16] proposed a 
THMC coupling model based on the finite element method (FEM) and 
boundary element method (BEM) to evaluate the effects of chemical 
reactions and stress on thermal performance. They found that the in-
jection of low-temperature undersaturated water would induce the 
dissolution of silica in the reservoir, leading to an increase in fracture 
aperture. Laurent et al. [17] established a single-fracture model and a 
fracture-pore dual-medium model to investigate the effect of water-rock 
reaction on the permeability of the Soultz fracture. The findings indicate 
that the variation of pore permeability parameters is governed by the 
dissolution and precipitation of carbonates. The dissolution reaction 
occurred near the injection wells, leading to an increase in pore 
permeability parameters. The precipitation reaction occurred near the 
generation wells, causing a decrease in pore permeability parameters. 
The reactions in the pore have a significant influence on the general 
evolution of pore permeability parameters, indicating that the 
water-rock reaction in the pore cannot be neglected. Song and Pandey 
et al. [18–20] built a thermal-hydraulic-chemical (THC) coupling model 
to explore the evolution of fracture morphology under the water-rock 
reaction in the dry hot rock. It was found that fracture dissolution oc-
curs with undersaturated injection, whereas fracture precipitation oc-
curs with oversaturated injection. The injection rate has the most effect 
on thermal performance, while injection concentration significantly al-
ters the fracture aperture. Chen et al. [21] constructed a THC coupling 
model considering multiple fractures embedded in the rock body based 
on the unified pipe network method. The influence of injection tem-
perature, solution saturation, and pressure difference on the thermal 
performance of the system is investigated based on this model. The 
researcher discovered that the reaction rate accelerated with rising in-
jection temperature. From previous studies, it can be seen that the 
water-rock reaction is known to affect the pore and fracture structure of 
the reservoir, which in turn affects the thermal performance of the 
system. 

Especially, most previous studies have focused on dry-hot-rock, 
investigating the evolution of fracture morphology with the water- 
rock reactions, as well as the influence of the variation in fracture 
morphology on the thermal performance of the system. This is because 
fractures provide the most efficient access in most reservoirs. Whereas, 
there are abundant caves and fractures in the carbonate karst thermal 
reservoirs, which increase the reaction-specific surface area (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 back-
ground of this study.) and increase the reaction rate. Therefore, the 
water-rock reaction in the developmental caves of carbonate karst 
thermal reservoirs cannot be overlooked. Moreover, the influences of 
engineering and reservoir parameters on the thermal performance ob-
tained from previous studies are distorted when considering the water- 
rock reactions in the dual medium of porous and fractured. Therefore, 
this paper establishes a thermal-hydraulic-chemical coupling model 
considering dual media of pores and fractures for the production process 
of karst-based geothermal reservoirs under water-rock action. The 
importance of water-rock reactions in the pore is demonstrated, and the 
effect of the ratio of the reaction-specific surface area between pore and 
fracture is investigated for the first time. Sensitivity evaluation is per-
formed to quantitatively characterize the effect of each engineering and 
reservoir parameter on the heat extraction performance of the karst- 
based geothermal reservoirs. The key findings provide a significant 
guide for accurate production prediction and exploitation of karst-based 
geothermal reservoirs. 

2. Model description 

2.1. Model assumptions 

This study aims to explore the importance of pore water-rock re-
actions and identify the influence of various parameters on thermal 
performance when considering the water-rock reaction in the pores and 
fracture. Reasonable assumptions are made: (1) Water is assumed to fill 
the reservoir as the working fluid. (2) This study only considers the 
water-rock reaction of carbonate rocks due to the target area being the 
Xiongan karst reservoir. (3) The variation of temperature caused by the 
reaction is ignored [22,23]. (4) The change of stress and the effect of 
stress on the porosity and fracture aperture are ignored in this study 
[24]. (5) The solutions in the reservoir are considered to be dilute so-
lutions [25]. 

2.2. Governing equations 

The thermodynamic and chemical balance inside the reservoir would 
be disturbed due to the injection of low-temperature fluid. That would 
lead to the water-rock reaction inside the reservoir, affecting the 
porosity and permeability of the reservoir, and thus affecting the ther-
mal performance of the system. The fluid is injected into the reservoir 
from the injection well, extracting the heat from the reservoir, and flows 
out from the production well. Darcy’s Law and heat transfer equations 
are adopted to describe the fluid flow and heat transfer process in res-
ervoirs in this study. The temperature and concentration variation 
caused by the injection of low-temperature fluid disrupts the thermo-
dynamic and chemical balance inside the reservoir, causing mineral 
dissolution and precipitation, which subsequently alters the pore and 
fracture structure in the reservoir. Transport equations and reaction 
kinetics equations were used to describe the mass transfer and reaction 
processes within the reservoir in this study. The control equations for the 
specific components are shown below: 

Darcy’s Law [26,27] is adopted to describe the fluid flow process 
within the reservoir, which is described by: 

Porous rock matrix: 

∂
(
φpρf

)

∂t
− ∇ ⋅

(
ρf u
)
= − Qf (1)  

u= −
kp

μf

(
∇p+ ρf g∇z

)
(2) 

Fracture: 

df
∂
(
φf ρf

)

∂t
− ∇ ⋅

(
df ρf u

)
= df Qf (3)  

u= −
kf

μf

(
∇p+ ρf g∇z

)
(4)  

where φp and φf represent the reservoir matrix porosity and fracture 
porosity, respectively. ρf (kg/m3) is the fluid density. kp and kf (m2) are 
the pore permeability and the fracture permeability. p (Pa) represents 
the fluid pressure. μf (Pa⋅s) is the fluid dynamic viscosity. The item ρfg∇z 
indicates the effect of gravity. df (m) denotes the fracture aperture. The 
parameter Qf denotes the mass transfer between the rock matrix and 
fractures. 

This study adopts the local thermal equilibrium model to control the 
heat transfer within the reservoir. The energy conservation equation is 
expressed as follows: 

Porous rock matrix： 

(
ρCp
)

eff
∂T
∂t

+ ρf Cp,f u ⋅∇T − ∇ ⋅
(
λeff∇T

)
= − Qf ,E (5) 

Fracture： 
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df
(
ρcp
)

eff
∂T
∂t

+ df ρf cp,f u∇(T) − ∇ ⋅
(
df λeff∇T

)
= df Qf ,E (6)  

where (ρcp)eff and λeff represent the effective volumetric capacity and the 
effective thermal conductivity, respectively. These are calculated by: 
(
ρCp
)

eff =(1 − φ)ρsCp,s + φρf Cp,f (7)  

λeff =(1 − φ)λs + φλf (8)  

where ρs (kg/m3), cp,s (J/(kg⋅◦C)), and λs (W/(m⋅◦C)) indicate the den-
sity, heat capacity, and thermal conductivity of the reservoir solid 
component, respectively. 

The solute transport process in the reservoir involves convection and 
diffusion, and the solute transport equation in the reservoir is presented 
below: 

Porous rock matrix: 

∂
(
φpρf ci,p

)

∂t
− Di∇

(
ρf ci,p

)
+ u ⋅∇

(
ρf ci,p

)
=φpRi

p (9) 

Fracture: 

df

[∂
(
ρf ci,f

)

∂t
− Di∇

(
ρf ci,f

)
+ u ⋅∇

(
ρf ci,f

)
]

= df Ri
f + fc (10) 

At interface: 

fC =

(

ρfci,p − Di
∂
(
ρfci,p

)

∂z

)

z=− df/2
−

(

ρfci,p − Di
∂
(
ρfci,p

)

∂z

)

z=d/2
(11)  

ci,p
⃒
⃒

z=− d/2 = ci,p
⃒
⃒

z=d/2 = ci,f (12)  

where ci,p (mol/m3) and ci,f (mol/m3) are the concentration of substance 
“i” in the pore and fracture. Di (m2/s) represents the effective diffusion 
coefficient of substance “i” in the solution. Ri,p and Ri,p (mol/(m3⋅s)) are 
the reaction rate in pore and fracture of substance “i”, respectively. fc 
represents the material transfer between matrix and fracture. 

This paper mainly focuses on the water-rock reaction in the karst 
geothermal reservoir. Consequently, only the water-rock reaction pro-
cess between carbonate rock and water is considered in this paper. Its 
chemical expression is displayed below: 

H2O(aq) ⇔ H+
(aq) + OH−

(aq) (13)  

CaCO3(s) +H+
(aq) ⇔ HCO3

−
(aq) + Ca2+

(aq) (14) 

The chemical reaction is controlled by kinetics, and the reaction rate 
for the carbonate rock (Rcaco3) is expressed as [17]: 

R(CaCO3)
p =Apk+(CaCO3)

(

1-
Q(CaCO3)

Keq(CaCO3)

)

R(CaCO3)
f =Af k+(CaCO3)

(

1 −
Q(CaCO3)

Keq(CaCO3)

)

(15)  

k+(CaCO3)
= k+(CaCO3),25◦C × exp

[
− Ea

R
⋅
(

1
T
−

1
298.15

)]

(16)  

Q(CaCO3) =
a(Ca2+) × a(HCO3

-)
a(H+)

SI =
Q(CaCO3)

Keq(CaCO3)

(17)  

log
(

Keq(CaCO3)

)
= − 850.098 − 0.1395T +

46880.82
T

+ 309.65 × log(T)

−
2659139.928

T2

(18)  

where k+(CaCO3) (mol/(m2⋅s)) represents the reaction rate constants of 
carbonate. Ap (1/m) and Af (1/m) are the specific surface areas of 
reservoir pores and fractures, respectively. 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 [28]. Ea (kJ/mol) and R (J/(mol⋅K)) are reaction activation energy 
and molar gas constant, respectively. Q(CaCO3) are ionic concentration 
product. SI represents the saturation index. a(Ca2+) (mol/m3), a(HCO3-) 
(mol/m3), and a(H+) (mol/m3) indicate the activity of calcium, bicar-
bonate and hydrogen ions, respectively. Keq(CaCO3) is the equilibrium 
constant of carbonate. Meanwhile, a positive reaction rate indicates 
dissolution reactions occur, and a negative reaction rate means precip-
itation reactions occur. 

The pore and fracture structure of the reservoir deforms in response 
to the water-rock reaction, and the deformation relationship with the 
reaction rate is shown below [18]: 

∂φp

∂t
=

RCaCO3
pMCaCO3

ρCaCO3

∂df

∂t
=

RCaCO3
f MCaCO3

ρCaCO3

(19)  

where M CaCO3 (kg/mol), and ρCaCO3 (kg/m3) represent molar masses 
and density of carbonate, respectively. 

kp = k0

(φp

φ0

)3(1-φ0

1-φp

)2

kf =
dh

2

12
(20)  

dh = dh0 + ff
(
df − df 0

)
(21)  

Ap =A0
φp

φ0

log
(
φp
)

log(φ0)
Af =

1
df

(22)  

where k0 (m2), φ0, and A0 (1/m) represent the initial permeability, initial 
porosity, and initial specific surface area of pores, respectively. dh (mm) 
and dh0 (mm) are the hydraulic apertures and initial hydraulic apertures, 
respectively. df (mm) and df0 (mm) indicate the fracture aperture and 
initial fracture aperture, respectively. ff is the coefficient describing the 
transformation of two kinds of apertures. It refers to the irregularity of 
the fracture surface irregularity, with a typical range of 0.5–1 [29]. 

2.3. Geothermal productivity index 

To reasonably characterize the thermal performance of the system, 
the production temperature Tout (◦C), net thermal power N (MW), 
Injection-production pressure difference Δp (MPa), and hydraulic con-
ductivity K (m/s) are proposed to indicate the thermal performance of 
the karst thermal reservoir. Net thermal power N (MW) is the difference 
between the output thermal power and the input thermal power, which 
is defined as: 

N =
(
QoutCp,f

out ⋅ Tout − QinCp,f
in ⋅ Tin

)
× 10− 6 (24)  

where Cp,f
out (J/(kg•K)) and Cp,f

in (J/(kg•K)) are the specific heat capacity 
for the injection and production fluid, respectively. Qout (kg/s) and Qin 
(kg/s) are production rate and injection rate, respectively. The higher 
the N, the greater the thermal performance. The injection-production 
pressure difference Δp (MPa) represents the pressure required for a 
pump to maintain H2O circulation, which is expressed by: 

Δp= pin − pout (23)  

where pin (MPa) and pout (MPa) represent the injection and production 
pressure, respectively. The hydraulic conductivity K (m/s) indicates the 
impediments to the fluid flow in the reservoir, which is expressed by: 

K =
kρf g
μf

(25)  

where k (m2) indicates the reservoir permeability. g (m/s2) is the grav-
itational acceleration. 
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3. Model solution 

3.1. Computational model 

In this study, the model is solved by COMSOL 6.0. Fig. 1 illustrates 
the computational model, which includes a 3D geothermal reservoir and 
fracture-cave developed reservoir (FCDR). The karst reservoir is mainly 
2000 m underground. The karst reservoir is located 1000–2000 m un-
derground. The geometric model is a 1000 m ✕1000 m ✕1000 m cube 
and the upper boundary is 1000 m far from the surface. The size of the 
reservoir is large enough to avoid boundary effects during production 
[30]. The FCDR is at the center of the karst reservoir and its dimensions 
are 500 m ✕500 m ✕500 m. The FCDR represents the highly permeable 
area (cave and fracture) within the reservoir and is the main spread 
range for heat extraction. Therefore, the cave and matrix in the FCDR are 
equated to a porous medium, and the connected fracture network in the 
FCDR is equated as one vertical and one horizontal fracture. The fracture 
length and height both are 500 m and the fracture is located at the center 
of the FCDR [31,32]. The initial fracture aperture is assumed as 1 mm. 
This is because the numerical simulation of the reservoir-scale triple--
porosity model is still a challenging issue [33]. Meanwhile, the porosity 
and permeability in the FCDR are higher than that of the reservoir. More 
complex caves and fractures will be considered in the further study. An 
injection well and a production well are adopted in the FCDR. The 
diameter of the well is 0.1 m, the distance between the injection and 
production well is 400 m, and the length of the open hole is 500 m. 
Table 1 lists the parameters set in the reservoir, FCDR, fracture, and 
injection-production well. 

3.2. Initial and boundary conditions 

For the reservoir area, the initial temperature and pressure increase 
linearly from the top boundary to the bottom boundary. The tempera-
ture and pressure gradient are 0.012 ◦C/m and 0.01 MPa/m. The tem-
perature and pressure at the top boundary are 60 ◦C and 14 MPa. The 
top, bottom, and side boundaries are considered to be the insulated and 
constant temperature conditions. The junction between the reservoir 
and the FCDR is set as the flux boundary. The fluid inside the reservoir 
and the FCDR tend to be in an equilibrium state and the solution is 

assumed to be neutral at the initial stage. The initial concentration of 
Ca2+ is 0.084 mol/m3 (Equilibrium) and the initial pH value is 6.54. The 
injection concentration of Ca2+ is 0.01 mol/m3 (Undersaturation) and 
the pH value is 7.52. For the FCDR area, the initial temperature and 
pressure setting are the same as for the reservoir. Chemical reactions and 
deformations occur mainly in this region. The injection well injection 
flow rate is 50 kg/s, and the production pressure is 20 Mpa. The simu-
lation time is 30 years for this study. Table 2 lists the initial and 
boundary condition parameters for the base case. 

3.3. Simulation mesh 

Fig. 2 illustrates the meshing schemes. The FCDR is the main area 
where heat transfer and chemical reactions occur, the mesh in this re-
gion is intensive. The upper boundary of this region is divided into 
28,976 sections by the free triangular mesh. Then this region is swept 
from top to bottom and divided into 289,760 sections. Finally, the free 
tetrahedral mesh method is adopted to divide the rest of the reservoir. 
Fig. 3 shows the variation of fracture aperture and porosity over 30 years 
of production under various finite mesh numbers. It can be seen that the 
fracture aperture and porosity almost stay constant when the mesh 
number exceeds 350,000. Therefore, the mesh number is conducted as 
385,405 for the succeeding simulations. 

3.4. Model validation 

There is no experimental data or field data available for verification 
of the model. Therefore, an accurate analytic solution is a feasible and 

Fig. 1. Schematic representation of the computational model.  

Table 1 
The physical properties of fracture [34–36].  

Items Values 

Density of the reservoir 2800 kg/m3 

Heat conductivity of the reservoir 3 W/(m⋅K) 
Heat capacity of the reservoir 1000 J/(kg⋅K) 
Porosity of the reservoir 0.01 
Permeability of the reservoir 1 × 10− 18 m2 

Density of the FCDR 2700 kg/m3 

Heat conductivity of the FCDR 2.8 W/(m⋅K) 
Heat capacity of the FCDR 920 J/(kg⋅K) 
Porosity of the FCDR 0.1 
Permeability of the FCDR 30 mD 
Density of the fracture 2000 kg/m3 

Heat conductivity of the fracture 2.8 W/(m⋅K) 
Heat capacity of the fracture 850 J/(kg⋅K) 
Porosity of the fracture 1 
Initial fracture aperture 0.1 mm 
Hydraulic aperture, dh0 4 × 10− 5 m 
Coefficient of fracture irregularity, ff 0.6 
Initial specific surface area of pores, A0 20000 1/m 
Geothermal gradient 0.012 (K/m) 
Wellbore diameter 0.1 m 
Diffusion coefficient, D 1 × 10− 9 m2/s 
Molar mass of carbonate 100 g/mol  

Table 2 
Initial and boundary conditions parameters for the base case [37,38].  

Items Values 

Injection temperature 20 ◦C 
Injection rate 50 kg/s 
Production pressure 20 MPa 
Temperature gradient 0.012 ◦C/m 
Pressure gradient 10000 Pa/m 
Temperature at the top of the boundary 60 ◦C 
Pressure at the top of the boundary 14 MPa 
Initial pH value 6.54 
Injection solution pH value 7.52 
Initial concentration of Ca2+ 0.084 mol/m3 

Injection concentration of Ca2+ 0.01 mol/m3  
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reliable method to validate the THC coupling model. Due to the intricate 
THC coupling mechanism, the THC coupling model can be divided into 
TH, TC, and HC for separate validation. The TH coupling model is 
verified by the analytical solution for the fluid flow and heat transfer 
problems in a 2D infinite rock matrix with a single fracture [30,34]. TC 
coupling model is verified by the previous experiment and explores the 
influence of temperature on calcium carbonate reaction [39,40]. The HC 
coupling model is validated by the analytic model depicting solute 
tracks in the prescribed underground water flow field [41]. The 
analytical solution is represented by: 

cana =
M × e

{− [(x− x0)− ut]2×(2tDyy+d2)− [(y− y0)− vt]2×(2tDxx+d2)+[(x− x0)− ut]×[(y− y0)− vt]4tDxy}
[8t2(DxxDyy − Dxy2)+2d4+4d2 t(Dxx+Dyy)]

2πne
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4t2
(
Dxx × Dyy − Dxy

2)+ d4 + 2d2t
(
Dxx + Dyy

)√ (26)  

where M (mol/m3) is the solute source. ne represents the effective 

porosity. x0 and y0 are the coordinates of the solute source, here x0 
equals − 200 m and y0 equals 200 m d (m) represents the width of the 
injection area. u (m/s) and v (m/s) indicate the horizontal and vertical 
velocity. Dxx (m2/s), Dyy (m2/s), and Dxy (m2/s) are the dispersion tensor 
xx component, dispersion tensor yy component, and dispersion tensor xy 
component, respectively. The specific procedures for each model vali-
dation are described in the previous section [20,22]. Fig. 4 illustrates the 
comparison of results between numerical and analytical solutions of the 
HC coupled model and the maximum relative error is 6.6%. Therefore, 
the THC coupling model in this paper is vitrificated to be reliable due to 
the TH, TC, and HC coupling models have all verified their reliability. 
We have also compared our results with previous research cases in our 
previous study, which resulted in the same trend of variation [18,20, 
21]. The reliability of our model is further demonstrated. 

Fig. 2. Numerical meshing schemes.  

Fig. 3. Fracture aperture and porosity over 30 years of production under various finite mesh numbers.  
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4. Results and discussions 

4.1. The comparison with considering the water-rock reaction in pores 
and without 

To explore the importance of the influence of water-rock reactions in 
pores on the pore and fracture deformation and thermal performance of 
the system. Fig. 5 illustrates the comparison of physical parameters 
between considering the water-rock reaction in pores and without after 
15 years of production. Comparing the pressure distribution for the 
different cases, the pressure of the case without the water-rock reaction 
in pores is 25.3 MPa, which is less than that of the case considering the 
water-rock reaction in pores (30.7 MPa). The temperature distribution 
of the case considering the water-rock reaction in pores is similar to that 
of the case without considering the water-rock reaction in pores. How-
ever, the low-temperature swept area of the case considering the water- 
rock reaction in pores is greater than that of the without case. 
Comparing the concentration distribution for the different cases, there is 
a significant difference between the two cases. The calcium ion con-
centration near the injection well of the case considering the water-rock 

reaction in pores is 0.087 mol/m3, which is much larger than the in-
jection concentration. However, the calcium ion concentration near the 
injection well of the case without considering the water-rock reaction in 
the pore is 0.01 mol/m3, which is equal to the injection concentration. 
This means that water-rock reactions in the pores near the injection well 
would cause the reservoir concentration to rapidly converge to the 
equilibrium concentration and at a faster reaction rate than water-rock 
reactions within the fracture. There is a significant difference in the 
distribution characteristics of fracture apertures when considering the 
water-rock reaction in the pore compared to not considering that. The 
fracture aperture at the injection well for the case of considering the 
water-rock reaction in the pore increased by 0.15% at year 15, while the 
fracture aperture at the injection well for the case of without considering 
the water-rock reaction in the pore increased by 71.48%. Further 
comparing the concentration distribution, it can be concluded that the 
water-rock reaction in the pore not only affects the variation of pore 
structure but also affects the concentration distribution in the reservoir 
(so that the concentration in the near-well region changes from the 
injected concentration to the equilibrium concentration). The variation 
of concentration would change the reaction mechanism at the fracture 

Fig. 4. The comparison of concentrations between analytical and numerical solutions results [41]: (a) at different positions, (b) along the diagonal line.  

Fig. 5. The comparison of physical parameters between considering the water-rock reaction in pores and without after 15 years of production (a) pressure, (b) 
temperature, (c) concentration, (d) fracture aperture, (e) normalized porosity. 
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(Concentration difference, temperature difference double drive to tem-
perature difference drive [22]), affecting the water-rock reaction on the 
fracture and fracture deformation. The distribution of normalized 
porosity is similar to the fracture aperture distribution. The normalized 
porosity at the injection well for the case of considering the water-rock 
reaction in the pore increased by 13.35% at year 15. The normalized 
porosity for the case without considering the water-rock reaction in the 
pore is not changed. 

Further exploring the effect of water-rock reactions in the pore on the 
thermal performance of the system. Fig. 6 shows the comparison of 
thermal performance between considering the water-rock reaction in 
pores and without. Comparing these thermal performance indexes, we 
can see whether or not considering the water-rock reaction in the pores 
has little effect on the production temperature and net thermal power. 
After 30 years of production, the production temperature and net ther-
mal power were reduced by 4.9% and 6.01% for the case considering the 
water-rock reaction in the pores, and the production temperature and 
net thermal power were reduced by 5.4% and 8.06% for the case 
without. This is due to the abundance of pore-fractures in karst reser-
voirs and the extensive thermal ripple area of the system, which has 
stable and efficient heat transfer properties. This conclusion is also 
consistent with the field results of the Soultz geothermal field [17,35]. 

On the contrary, there is a greater influence of the water-rock reaction in 
the pore on the injection-production pressure difference and hydraulic 
conductivity. The Δp increased by 66.62% for the case considering the 
water-rock reaction in the pores. whereas, the Δp decreased by 35.16% 
for the case without. The reservoir hydraulic conductivity decreased by 
31.03% for the case considering the water-rock reaction in the pores and 
increased by 16.14 times for the case without. From the above analysis, 
it can be seen that the water-rock reaction in the pore has a drastic effect 
on the reservoir hydraulic conductivity and the system 
injection-production pressure difference, even leading to an opposite 
trend. This is because the water-rock reaction in pores near the injection 
well rapidly changes the solution concentration from the injected con-
centration to the equilibrium concentration, thus changing the reaction 
mechanism at the fracture surface and affecting the reaction and 
deformation of the fracture. In summary, the water-rock reaction in the 
pores of the karst thermal reservoir should not be neglected, and it has a 
significant impact on the reservoir pore and fracture deformation and 
heat extraction performance. 

4.2. Effect of key factors 

From the above analysis, it is clear that the water-rock reaction in the 

Fig. 6. The comparison of thermal performance between considering the water-rock reaction in pores and without, (a) production temperature, (b) net thermal 
power, (c) Injection-production pressure difference, and (d) Hydraulic conductivity. 
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pores of the karst thermal reservoir has a significant impact on thermal 
performance. According to Eqs. (9)–(19), the influencing factor that 
leads to the different chemical reactions within the pores and fractures is 
the reaction-specific surface area. Therefore, it is necessary to investi-
gate the effects of the ratio of the reaction-specific surface area between 
pore and fracture (Ap/Af) and injection parameters (injection tempera-
ture, rate, and concentration) on the thermal performance of the system. 
This would be a significant guide for the production of the karst thermal 
reservoir. Table 3 lists the paraments settings for the 20 cases where the 
bold paraments indicate the base case. Separate qualitative and quan-
titative analyses will be performed to investigate the effect of each 
parameter on thermal performance. Thermal performance evaluation 
indexes follow section 2.3. 

4.2.1. The effect of injection temperature 
The saturation index and fluid thermophysical properties are sensi-

tive to the temperature. Here, the effect of injection temperature on the 
thermal performance is explored. The change in thermal performance 
index over time at different Tin is shown in Fig. 7. The production 
temperature decreases with time and the lowest production temperature 
is achieved when the injection temperature is 30 ◦C. However, the 
values of the production temperature are similar for different injection 
temperatures. The pressure difference rises with time and decreases with 
the injection temperature. This is because the fluid kinetic viscosity 
decreases with the injection temperature, thus reducing the resistance to 
flow. The net thermal power decreases with time and rapidly decreases 
with injection temperature. This will be explained in more detail below. 
The hydraulic conductivity reduces with time, which means the pre-
cipitation reactions occur in the reservoir as production proceeds, 
resulting in a decrease in reservoir permeability. The hydraulic con-
ductivity increases with the injection temperature, which suggests that 
higher injection temperatures weaken the precipitation reactions in the 
reservoir. 

Further quantitative investigation of the effect of injection temper-
ature on the thermal performance, Fig. 8 shows the variation of (a) 
production temperature and pressure difference, and (b) net thermal 
power and Hydraulic conductivity with different Tin after 30 years. The 
injection temperature has a small effect on the production temperature. 
The production temperature is reduced by 0.43% when the injection 
temperature increases from 10 ◦C to 30 ◦C, and the production tem-
perature is raised by 2.29% when the injection temperature increases 
from 30 ◦C to 50 ◦C. It can be seen that the effect of injection temper-
ature on production temperature is complex, but the effect is little and 
largely negligible. The pressure difference is decreased by 40.57% and 
the hydraulic conductivity is raised by 40.18% when the injection 
temperature increases from 10 ◦C to 50 ◦C. This means that higher in-
jection temperatures weaken the precipitation reactions, reducing the 
resistance to fluid flow in the reservoir. This is caused by the fluid dy-
namic viscosity decreasing with temperature. Meanwhile, the temper-
ature difference between the fluid and reservoir reduces with injection 
temperature, weakening the water-rock reactions in the reservoir [22]. 
The net thermal power is decreased by 72.77% when the injection 
temperature increases from 10 ◦C to 50 ◦C. This is because the pro-
duction temperature is similar for different injection temperatures, but 
the specific heat capacity for the injection solution increases with the 
injection temperature. According to Eq. (24), the net thermal power 
decreases with the injection temperature. From the above analysis, it 

can be seen that the injection temperature has a greater impact on the 
pressure difference, net thermal power, and hydraulic conductivity, and 
a little impact on the production temperature. 

4.2.2. The effect of injection rate 
The injection rate affects the flow velocity in the reservoir and affects 

the thermal performance of the system. The variation of the thermal 
performance index over time at different Qin is shown in Fig. 9. The 
production temperature decreases with time and decreases with the 
injection rates. This is because high injection rates accelerate the spread 
of the low-temperature region. The pressure difference rises with time 
and increases with the injection rate. This is due to the need to increase 
the circulating pressure with the injection rate to ensure stable pro-
duction. The net thermal power decreases with time and increases with 
the injection rate. It is the opposite of the variation of temperature with 
injected rates. The higher injection rates result in lower production 
temperatures but obtain higher net thermal power. This is due to the net 
thermal power is proportional to the injection rate. However, the degree 
of decrease in net thermal power with time increases with the injected 
rate. This means that we have to reasonably optimize the injection rate, 
not more is better. The hydraulic conductivity reduces with time and 
decreases with the injection rate. This means that the higher injection 
rates enhance the precipitation reactions and increase the resistance to 
flow in the reservoir. 

Fig. 10 quantitatively illustrates the variation of thermal perfor-
mance with different injection rates after 30 years. The production 
temperature is reduced by 10.90% when the injection rate increases 
from 30 kg/s to 70 kg/s. This means that higher injection rates accel-
erate the spread of low-temperature fluid regions thus accelerating the 
occurrence of thermal breakthrough. The pressure difference is 
increased by 154.98% whereas the hydraulic conductivity is reduced by 
20.15% when the injection temperature increases from 30 kg/s to 70 kg/ 
s. This means that more pressure is needed with the increase of injection 
rates to ensure a stable flow. Meanwhile, the higher injection rates in-
crease the low-temperature spread area and enhance the precipitation 
reactions in the reservoir [22]. The net thermal power is increased by 
94.81% when the injection temperature increases from 30 kg/s to 70 
kg/s. This is due to the positive correlation between net thermal power 
and injected rate, as shown in Eq. (24). From the above analysis, it can 
be seen that the injection rate has a greater impact on each parameter 
(production temperature, pressure difference, net thermal power, and 
hydraulic conductivity). Therefore, it is recommended to rationally 
optimize the injection rate during the production process. 

4.2.3. The effect of injection concentration 
The injection concentration affects the saturation state of the solu-

tion in the reservoir and thus determines the direction in which the 
reaction occurs. The variation of the thermal performance index over 
time at different cin is shown in Fig. 11. The production temperature 
decreases with time and increases with the injection concentration. 
However, the injection concentration has little effect on the production 
temperature, the production temperature is just increased by 0.66% 
when the injection concentration increases from 0 mol/L to 0.2 mol/L. 
This is because the water-rock reaction in the pore rapidly changes the 
solution concentration from the injected concentration to the equilib-
rium concentration, resulting in both undersaturated and oversaturated 
injections only affecting the area near the injection well. Therefore, the 
injection concentration has little effect on the production temperature in 
the case of this study. The pressure difference rises with time and in-
creases with the injection concentration. This is due to the conversion 
from undersaturated to supersaturated injection near the injection well 
with the injection concentration increases, which induces a change from 
a dissolution reaction to a precipitation reaction near the injection well 
thus leading to an increase in the pressure difference. The net thermal 
power decreases with time and increases with the injection concentra-
tion. However, the injection concentration has little effect on the net 

Table 3 
The settings of case paraments.  

Parameters Values 

Tin (Injection temperature (◦C)) 10, 20, 30, 40, 50 
Qin (Injection rate (kg/s)) 30, 40, 50, 60, 70 
cin (Injection concentration (mol/L)) 0, 0.01, 0.084, 0.1, 0.2 
Ap/Af (Ratio of Ap and Af (− )) 0.05, 0.5, 1, 2, 20  
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Fig. 7. The variation of (a) production temperature and pressure difference, and (b) net thermal power and Hydraulic conductivity with time at different Tin.  

Fig. 8. The variation of (a) production temperature and pressure difference, and (b) net thermal power and Hydraulic conductivity with different Tin after 30 years.  

Fig. 9. The variation of (a) production temperature and pressure difference, and (b) net thermal power and Hydraulic conductivity with time at different Qin.  
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thermal power, the net thermal power is increased by 1.03% when the 
injection concentration increases from 0 mol/L to 0.2 mol/L. This is due 
to the little effect of the injection concentration on the production 
temperature. The hydraulic conductivity reduces with time and de-
creases with the injection concentration. However, the hydraulic con-
ductivity is just decreased by 0.43% when the injection concentration 
increases from 0 mol/L to 0.2 mol/L. This is because the injection 
concentration only affects the area near the injection well and has little 
effect on the overall hydraulic conductivity of the reservoir. 

From the above analysis, it is clear that the injection concentration 
has little effect on production temperature and hydraulic conductivity. 
Therefore, this section focuses on quantitatively analyzing the effect of 
injection concentration on pressure difference and net thermal power. 
The variation of pressure difference and net thermal power with cin after 
30 years is illustrated in Fig. 12. The equilibrium concentration of the 
solution is 0.084 mol/L under the initial reservoir conditions. The 
pressure difference is increased by 3.01% when the injection concen-
tration rises from 0.01 mol/L to the equilibrium concentration, and the 
pressure difference is increased by 1.46% when the injection concen-
tration rises from 0.084 mol/L to 0.2 mol/L. This suggests that the 
greater the difference between solution concentration and equilibrium 
concentration, the smaller the pressure difference under the condition of 
under-saturation injection and the greater the pressure difference under 
the condition of super-saturation injection. This is due to water-rock 
reactions near the injection well, the dissolution reactions are induced 

under the undersaturated injection resulting in the pressure difference 
decrease, and the precipitation reaction occurs under the supersaturated 
injection resulting in the pressure difference increase. The net thermal 
power is increased by 1.03% when the injection concentration increases 

Fig. 10. The variation of (a) production temperature and pressure difference, and (b) net thermal power and Hydraulic conductivity with different Qin after 30 years.  

Fig. 11. The variation of (a) production temperature and pressure difference, and (b) net thermal power and Hydraulic conductivity with time at different cin.  

Fig. 12. The variation of pressure difference and net thermal power with cin 
after 30 years. 
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from 0 mol/L to 0.2 mol/L. This is due to the production temperature 
increase with injection concentration. Compared to other parameters, it 
can be seen that the injection concentration has little impact on each 
parameter (production temperature, pressure difference, net thermal 
power, and hydraulic conductivity). This is because the water-rock re-
action in the pore reduces its effect on the fracture deformation, thus 
reducing the effect on the heat thermal performance of the system. 

4.2.4. The effect of “Ap/Af” 
According to Eqs. (9)–(19), the reaction and deformation rate is 

sensitive to the reaction-specific surface area. Meanwhile, the different 
specific surface areas of pores and fractures are the key factors for their 
different reaction mechanisms. The change in the thermal performance 
index over time at different Ap/Af is illustrated in Fig. 13. The “Ap/Af” 
has little effect on the production temperature and net thermal power, 
the production temperature and net thermal power are just increased by 
0.15% and 0.24% when the “Ap/Af” increases from 0.05 to 20. Due to the 
specific surface area of pores being adjusted to change the specific sur-
face area ratio of pores and fractures in this paper, the variation of the 
“Ap/Af” mainly affects the water-rock reaction in the pores. The water- 
rock reaction in the pore affects the fracture deformation and thus af-
fects the thermal performance. However, the fluid has sufficient flow 
and heat transfer in the reservoir so that the production temperature and 
net thermal power vary little with the “Ap/Af” in this case. The pressure 
difference increases with the “Ap/Af” and is increased by 15.46% when 
the “Ap/Af” increases from 0.05 to 20. This is due to the water-rock re-
action rate in the pores increasing with the “Ap/Af”, but the water-rock 
reaction in the pore would induce the precipitation reaction in the 
fracture thus increasing the pressure difference. The relation of hy-
draulic conductivity with the “Ap/Af” also proves this view. The hy-
draulic conductivity reduces with the “Ap/Af” and is decreased by 8.86% 
when the“Ap/Af” increases from 0.05 to 20. This further proves that the 
water-rock reaction in the pore will limit the water-rock reaction in the 
fracture, thus weakening the influence of the water-rock reaction on the 
thermal performance of the system. 

From the above analysis, it is clear that the “Ap/Af” has little effect on 
production temperature and net thermal power. This section mainly 
focuses on quantitatively analyzing the effect of the “Ap/Af” on the 
pressure difference and hydraulic conductivity. Fig. 14 shows the vari-
ation of pressure difference and hydraulic conductivity in the 30th year 
with different “Ap/Af”. The change rate of the pressure difference is slow 
when the “Ap/Af” is near “1”, only 3.52%. The pressure difference is 
increased by 6.36% and 6.11% when the “Ap/Af” increases from 0.05 to 
0.5 and 2 to 20. The hydraulic conductivity is decreased by 9.79% when 

the “Ap/Af” increases from 0.05 to 0.5 and is decreased by 1.95% when 
the “Ap/Af” increases from 0.5 to 20. This means that the water-rock 
reaction in the pore has an important effect on the water-rock reaction 
and deformation in the fracture. The water-rock reaction in the pores 
becomes weaker when the “Ap/Af” is 0.5, which enhances the water-rock 
reaction in the fracture thus reducing the pressure difference and raising 
the hydraulic conductivity. The water-rock reaction in the fracture 
weakens speedily with the “Ap/Af”, even converse from a dissolution 
reaction to a precipitation reaction, thus rapidly increasing the pressure 
difference and reducing the hydraulic conductivity. From the above 
analysis, it can be seen that the “Ap/Af” has a greater impact on the 
pressure difference and hydraulic conductivity and little impact on the 
production temperature and net thermal power. The “Ap/Af” affects the 
fracture deformation mainly by affecting the reaction rate in the pore, 
and thus affects the thermal performance of the system. 

4.3. Sensitivity analysis and evaluation 

From the above analysis, there is a great influence of the injection 
temperature, injection displacement, and “Ap/Af” on the thermal per-
formance of the system. To further quantify the influence degrees of 
injection and reservoir parameters on thermal performance to specify 
the most important variables. Standard linear regression is employed to 
calculate the thermal performance of the system by increasing the value 

Fig. 13. The variation of (a) production temperature and pressure difference, and (b) net thermal power and Hydraulic conductivity with time at different “Ap/Af”.  

Fig. 14. The variation of pressure difference and net thermal power with “Ap/ 
Af” after 30 years. 
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of each key parameter by 1 unit [19]. Fig. 15 shows the comparison of 
the influence of injection and reservoir parameters on the (a) production 
temperature, (b) net thermal power, (c) pressure difference, and (d) 
hydraulic conductivity. It can be seen that the greatest impact on the 
production temperature is caused by Qin, resulting in a 16.51% 
(1–83.49%) decrease in temperature when the Qin increases by 1 unit. 
All key parameters, except for cin, significantly impact the thermal 
performance, as shown in Fig. 15. 

To quantify the relative contribution of each key parameter to the 
variation of thermal performance and identify the parameter with the 
most significant contribution. The relative contribution index is intro-
duced, which is a single relative variation ratio (calculated from Fig. 15) 
divided by the sum of the relative variation ratio. As shown in Fig. 16 
(a), the Qin contributes 64% to the variation of production temperature 
among all four key parameters. The value is obtained by dividing 
16.51% by (16.51%  + 5.30% + 0.70% + 3.30%)✕100%. Comparing 
the relative contribution index of each key parameter on thermal 

performance, it can be seen that the effect of Qin on the production 
temperature is greater than Tin greater than “Ap/Af” and greater than cin. 
The net thermal power, pressure difference, and hydraulic conductivity 
are the same as the production temperature. 

From the above analysis, it can be seen that the Qin should be the 
primary consideration during the design and exploitation of the karst 
thermal reservoir, followed by the Tin, the “Ap/Af ”, and the cin. 
Comparing the previous studies [19], the contribution rank of Qin is the 
same as the previous study. On the contrary, the contribution index of 
the cin obtained in this paper is significantly smaller than the previous 
results. This is due to the water-rock reaction in the pore causing the 
solution to change rapidly from the injected concentration to the equi-
librium concentration, thus changing the water-rock reaction mecha-
nism at the fracture surface(Concentration difference, temperature 
difference double drive to temperature difference drive). The water-rock 
reaction at the fracture surface is attenuated, thus mitigating the effect 
of injected concentration on thermal performance. 

Fig. 15. Comparison of the influence of injection and reservoir parameters on the production temperature (a), net thermal power (b), pressure difference (c), and 
hydraulic conductivity (d). 
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5. Conclusions 

In this paper, a thermal-hydraulic-chemical coupling model consid-
ering dual media of pores and fracture is developed for the production of 
karst-based geothermal reservoirs under water-rock action. The impor-
tance of water-rock reactions in the pore is demonstrated, and the effect 
of the ratio of the reaction-specific surface area between pore and 
fracture (Ap/Af) is investigated for the first time. Sensitivity evaluation is 
performed to quantitatively characterize the effect of each key param-
eter on the heat extraction performance of the karst-based geothermal 
reservoirs. The key findings provide a significant guide for accurate 
production prediction and exploitation of karst-based geothermal res-
ervoirs, which are as follows: 

The pore water-rock reaction affects the solution concentration, thus 
changing the fracture reaction mechanism, which results in a drastic 
effect on the reservoir hydraulic conductivity and pressure difference, 
even leading to an opposite trend. 

The influence of water-rock reaction in pores on fracture deforma-
tion is regulated by Ap/Af, which augments with Ap/Af. The pressure 
difference increases and hydraulic conductivity decreases with Ap/Af. 

The effect of Qin on the production temperature is greater than the Tin 
greater than Ap/Af greater than the cin. The net thermal power, pressure 
difference, and hydraulic conductivity are the same as the production 
temperature. 

The Qin should be the primary consideration during the design and 
exploitation of the system, followed by Tin, Ap/Af, and cin. The relative 
contribution of Qin to Tout, N, Δp, and hydraulic conductivity are 64%, 
57%, 67.1%, and 50.1%, respectively. 

This study demonstrates the importance of water-rock reactions in 
the pore and investigates the effect of reservoir and engineering pa-
rameters on reservoir pores and fracture deformation and thermal per-
formance. Future research should take into account the heteronomous 
properties and random fractures of karst-based geothermal reservoirs to 
build a model that is more conform to the real conditions of the 
reservoir. 
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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 
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 Prodcution 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) 
Δp Injection-production pressure difference, MPa 
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