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The existing simulation software for geochemical reactions involving carbon dioxide (CO2) 

mostly focus on the reservoir, failing to take account of the wellbore. Considering the 

importance of temperature in geochemical reactions, this paper develops a wellbore-reservoir 

coupling geochemical simulation software for non-isothermal multiphase fluid. Based on 

TOUGHREACT v2.0, the software was programmed in Fortran in the light of the integrated 

wellbore-reservoir simulator T2Well, the conservation of momentum equation for one-

dimensional (1D) fluid, and the drift-flux model. Targeting a CO2 plume geothermal (CPG) 

project in the Songliao Basin, the author compared the wellbore-reservoir coupling model and 

the simple reservoir model in terms of water and heat transfer, mineral dissolution and 

precipitation, change in pore permeability, etc. The comparison shows that CO2 in the wellbore 

varies greatly in temperature and pressure; the injection well is much hotter at the bottom than 

at the wellhead. In the region near the injection well, the two models differed slightly despite 

the huge temperature difference; In the region near the production well, the wellbore-reservoir 

coupling model predicted slightly more violent dissolution and precipitation reactions and a 

greater CCS amount than the other model. The research findings lay the basis for the simulation 

of CO2 geological engineering. 
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1. INTRODUCTION

Carbon dioxide (CO2) capture and storage (CCS) is a 

technology aimed at reducing greenhouse gas (GHG) 

emissions [1]. To reduce the CCS cost, the CO2 capture, 

utilization and storage (CCUS) techniques were developed to 

utilize the CO2 before the CCS [2-4], namely, CO2-enhanced 

geothermal system (CO2-EGS), CO2-enhanced coal bed 

methane (CO2-ECBM) recovery, CO2-enhanced water 

recovery (CO2-EWR) and CO2-enhanced oil recovery (CO2-

EOR). 

The CO2-EGS was proposed by Brown in 2000 [5]. Atrens 

et al. predicted that the CO2-EGS would be less effective at 

energy extraction than a water-EGS for conditions used in past 

EGS trials [6]. One year later, Randolph and Saar shifted the 

focus from fractured medium to porous medium, and put 

forward the CO2 plume geothermal (CPG) technology, which 

uses CO2 to recover geothermal energy from sedimentary 

basins [7]. For CPG, many scholars studied its heat extracting 

efficiency, such as Luo et al. [8] and Xu et al. [9]. There are 

also some studies on the non- isothermal flow in CO2 

sequestration engineering such as Ruan et al. [10] and Singh 

et al. [11], their research focus wellbore and reservoir 

respectively. However, no studies mentioned above 

considered the reactive transport process and geochemical 

reaction. 

During the CPG operation, the CO2 injection causes the 

surrounding rocks to dissolve or precipitate. As a result, the 

geothermal reservoir will face changes in porosity, 

permeability and mineral composition, and thus variation in its 

original flow field. Then, the reservoir and the original 

formation water will form a water-rock-gas system, kicking 

off a series of complex geochemical reactions. The minerals 

will dissolve and precipitation in the reactions, changing the 

physical properties (e.g. porosity and permeability of the 

reservoir) [12-13]. 

Temperature is the key to geothermal reactions. It directly 

bears on the fluidity of the fluid and the geochemical reaction 

rate of minerals. In geochemical simulations, the temperature 

of the injected CO2 fluid is generally handled in two 

approaches. Some software assume that the injected CO2 fluid 

and the reservoir have the same temperature, ignoring the 

thermal change of reactions [14]. Some treat the temperature 

of the CO2 fluid on the surface as the that entering the reservoir, 

taking account of the thermal change of reactions [15]. 

However, neither of the two simulation approaches can 

accurately describe the temperature of the CO2 fluid entering 

the reservoir. 

Most of the existing geochemical simulation software only 

focus on the reservoir, failing to consider the wellbore. In 

actual physical process, the wellbore, as the passage between 

the surface and the underground, is indispensable for all 

geological engineering operations. After being injected at the 

wellhead, the low-temperature CO2 continuously picks up heat 

as it flows down along the wellbore, due to the heat transfer 

from the surrounding rocks and the conversion of gravitational 

potential energy [16]. The amount of temperature rise cannot 

be measured without calculation. Hence, the neglection of 

wellbore is bound to bring prediction errors. Considering the 

impacts of the wellbore on geochemical reactions, the 

wellbore and the reservoir should be treated as a whole in 

geochemical simulation models. 
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This paper develops a wellbore-reservoir coupling 

geochemical simulation software for non-isothermal 

multiphase fluid that can accurately predict the geochemical 

reactions in geological engineering. Based on 

TOUGHREACT v2.0 [17], the software was programmed in 

Fortran in the light of the integrated wellbore-reservoir 

simulator T2Well-ECO2N [18], the conservation of 

momentum equation for one-dimensional (1D) fluid, and the 

drift-flux model [19]. Pan et al. has studied the mixture flow 

of CO2 and water along wellbore [20-21]. ECO2N is an EoS 

module developed for CO2 disposal in saline aquifer. It can 

deal with the phase balance of CO2 and water [22]. 

 

 

2. PORGRAM DEVELOPMENT 

 

This paper attempts to develop a wellbore-reservoir 

coupling geochemical simulation software for non-isothermal 

multiphase multi-component fluid that can accurately simulate 

the geothermal reactions in the presence of CO2 and 

effectively solve geological and environmental problems 

involving one or more of the following fields: hydraulic field 

(H), temperature field (T) and chemical field (C). 

Based on the architecture of TOUGHREACT v2.0, the 

wellbore-reservoir coupling module was developed. The 

wellbore and the reservoir were treated as two separate 

subareas, and their multiphase flows were illustrated with 

different control equations. For the wellbore, the control 

equation is the Darcy’s law for multiphase flow. For the 

reservoir, the control equation is the conservation of 

momentum equation for 1D fluid.  

Since the conservation of momentum for multiphase flow is 

difficult to solve, the mixing velocity of the multiphase fluid 

was selected as the main variable for iteration. The drift-flux 

model was employed to process the mixing velocity, the drift 

velocity and the velocity of each phase. A unified Jacobian 

matrix was established for the two subareas and solved to 

couple the different fields. The H and T were fully coupled, 

while the C was partially coupled. The control equations are 

listed in the following table. 

 

Table 1. The control equations of the simulation program 

 
Description Equation 

Conservation equation for mass and energy •
V Vnn n

d
d nd dqV VM F nn n

dt

 


= +  
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
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
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3. MODEL CONSTRUCTION 

 

The developed program was applied to the geochemical 

simulation of deep plume geothermal energy. The simulation 

results were compared with those of TOUGHREACT v2.0, 

aiming to verify whether wellbore-reservoir coupling 

simulation is necessary and superior to simple reservoir 

simulation. The parameters of our model were extracted from 

Xu’s research [12]. The research data were measured from the 

Songliao Basin, northeastern China. CO2 was used to recovery 

deep geothermal energy and subjected to the CCS. 

 

3.1 Conceptual model 

 

Our simulation uses a three-dimensional 3D five-point 

model. As shown in Figure 1, the simulation site is 1,200 m 

wide, and the reservoir is 50m in thickness. Considering its 

 
 

Figure 1. Sketch map of the five-point model (upper right: 

the 1/8 simulated area) 
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symmetry, only 1/8 of the entire site was simulated. The 

simulated area was meshed nonuniformly. The meshed grids 

are denser in the near-well region. 

The physical parameters of the reservoir were mostly cited 

from Xu’s research (2014) (Table 2). In the wellbore-reservoir 

coupling model, the wellbore diameter was set to 0.2m. The 

specific parameters are given in Table 2. The heat transfer 

between the wellbore and the surrounding rocks was 

interpreted by a semi-analytical solution. 

 

Table 2. Conceptual model and physical parameters 

 
Parameters of reservoir 

Depth 

Thickness 

Porosity 

Permeability 

Rock density 

Specific heat 

Heat conductivity 

Area of whole domain 

Well distance 

3800 m 

5 m 

0.1 

1.0×10-13 m2 

2650 kg/m3 

920 J/kg/°C 

2.51 W/m/°C 

1.44 km2 

848.5 m 

Parameters of wellbore 

Diameter 

Friction coefficients 

Specific heat 

Heat conductivity 

0.2 m 

2.4×10-5 m 

1000 J/kg/°C 

2.51 W/m/°C 

 

3.2 Initial and boundary conditions 

 

The reservoir was initially saturated with formation water. 

The initial temperature and pressure of the reservoir were 

150℃ and hydrostatic pressure, respectively. For the 

wellhead, the initial pressure was atmospheric pressure. 

For the boundary conditions, the CO2 fluid was injected at 

a constant flow (8kg/s), such that the wellbore-reservoir 

coupling model and the simple reservoir model were supplied 

with the same amount of CO2. To control the pressure 

variation in the reservoir, the recovery flow rate was set to 

9kg/s in the first three years, slightly higher than the injection 

flow rate, and then lowered to the injection flow rate. 

Otherwise, if the two flow rates were the same from the very 

start, the reservoir will witness sharp pressure rise in the short 

term, for the five-point model is surrounded by zero-flow 

boundaries and the CO2 is much less dense than water. The 

operation period of the water-rock-gas system was set to 30 

years. The initial and boundary conditions are detailed in 

Table 3. 

 

Table 3. The initial and boundary conditions of our model 

 
Initial condition 

Well bottom temperature 

Well bottom pressure 

150°C 

36.7 MPa 

Boundary condition 

Injection temperature 

Injection mass rate 

Production mass rate 

20°C 

8 kg/s 

9 kg/s（1-3 yr）/8 kg/s（4-30 yr） 

 

Both relative permeability and capillary pressure play a role 

in the gas-liquid two-phase displacement of the model. The 

two factors were simulated by the van Genuchten model for 

relative permeability and capillary pressure. The specific 

parameters of the model are shown in Table 4. 

 

Table 4. The parameters of the van Genuchten model 

 
Relative permeability model 

Irreducible water saturation 

Irreducible gas saturation 

Maximum water saturation 

mVG 

0.15 

0.01 

1.00 

0.65 

Capillary pressure model 

Irreducible water saturation 

Maximum water saturation 

mVG 

Alpha 

Maximum capillary pressure 

0.03 

1.00 

0.4118 

6.08×10-5Pa-1 

6.4×107Pa 

 

3.3 Initial mineral composition 

 

The mineral composition and relevant reaction kinetic 

parameters of the reservoir are provided in Table 5. 

 

Table 5. Reaction kinetic parameters of primary and secondary minerals 

 

Mineral Volume fraction 
A 

(cm2/g) 
Parameters for kinetic rate law 

   Neutral mechanism Acid mechanism Base mechanism 

   k25(mol/m2/s) Ea(kJ/mol) k25(mol/m2/s) Ea n(H+) k25(mol/m2/s) Ea n(H+) 

Primary minerals           
Quartz 39.0 9.8 1.02×10-14 87.7       

K-feldspar 16.0 9.8 3.89×10-13 38 8.71×10-11 51.7 0.5 6.31×10-22 94.1 -0.823 
Albite 9.5 9.8 2.75×10-13 69.8 6.92×10-11 65.0 0.457 2.51×10-16 71.0 -0.572 

Anorthite 5.0 9.8 7.59×10-13 17.8 3.16×10-4 16.6 1.411    
Kaolinite 3.0 151.6 6.92×10-14 22.2 4.90×10-12 65.9 0.777 8.91×10-18 17.9 -0.472 

Illite 2.0 151.6 1.66×10-13 35.0 1.05×10-11 23.6 0.34 3.02×10-17 58.9 -0.4 

Na-smectite 2.0 151.6 1.66×10-13 35.0 1.05×10-11 23.6 0.34 3.02×10-17 58.9 -0.4 
Ca-smectite 2.0 151.6 1.66×10-13 35.0 1.05×10-11 23.6 0.34 3.02×10-17 58.9 -0.4 

Chlorite 2.0 9.8 3.02×10-13 88.0 7.76×10-12 88.0 0.50    
Annite 3.0 9.8 2.82×10-13 22.0 1.45×10-10 22.0 0.525    

Phlogopite 3.0 9.8 2.82×10-13 22.0 1.45×10-10 22.0 0.525    
Calcite 4.5 9.8 1.55×10-9 23.5 1.55×10-6 14.4 1.0    

Dolomite  9.8 2.95×10-8 52.2 6.46×10-4 36.1 0.5    
Non-reactive 9.0 9.8         

Secondary minerals           
Dawsonite  9.8 1.26×10-9 62.8 6.46×10-4 36.1 0.5    
Ankerite  9.8 1.26×10-9 62.8 6.46×10-4 36.1 0.5    
Siderite  9.8 1.26×10-9 62.8 6.46×10-4 36.1 0.5    
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4. RESULTS ANALYSIS 

 

4.1 Analysis of water and heat transfer  

 

Figure 2 describes the temperature evolution as the CO2 

fluid was injected into the well bottom, as simulated by the 

wellbore-reservoir coupling model. It can be seen that the CO2 

temperature increased from 20°C at the wellhead to nearly 

80°C at the bottom, under the combined effect of the Joule-

Thomson effect, the heat transfer with the surrounding rocks 

on the walls, and the gravitational potential energy. The 

temperature at the bottom of the production well was reduced 

by 10°C over the 30 years. 

 

 
 

Figure 2. The time-variation in temperatures of the injected 

CO2 fluid and at the bottom of the production well 

 

During the operation of the water-rock-gas system, the 

wellhead temperature and the gas saturation of the production 

well are illustrated in Figure 3. As shown in the figure, the CO2 

breakthrough occurred at about 1.5 years; thus, the gas 

saturation of the production well soared rapidly and then 

remained basically stable. In the first 1.5 years, the wellhead 

temperature gradually increased due to the surge of hot water 

from the bottom. After the CO2 breakthrough, the temperature 

gradually declined with the rise in gas saturation, until 

reaching about 80°C, under the combined effect of the Joule-

Thomson effect and the heat transfer with the walls. 

 

 
 

Figure 3. The time-variation of wellhead temperature and 

gas saturation of the production well 

 

The left part of Figure 4 describes the time-variation in 

bottom pressures of the injection well and the production well. 

It can be inferred that the pressure of the entire region surged 

up with the injection of CO2 before the breakthrough, and 

plunged rapidly after the breakthrough. Once the recovery 

flow rate was reduced to the level of the injection flow rate, 

the pressure remained basically stable until the end of the 

simulation. Throughout the system operation, the injection 

well had a higher bottom pressure than the production well, 

because the fluid flowed from the former well to the latter well. 

The right part of Figure 4 presents the time-variation in 

wellhead pressures of the injection well and the production 

well. The general trend of wellhead pressures was largely the 

same as that of bottom pressures, except that the wellhead 

pressure of the injection well stayed below that of the 

production well in the production plateau from the 3rd to the 

30th year. This is attributable to the following facts: The 

bottom pressure basically equals the sum of the wellhead 

pressure and the cumulative pressure of gravity. Since the CO2 

density varies drastically with temperature, the two wells 

differed greatly in the cumulative pressure of gravity, due to 

their huge temperature difference. 

 

 

 
 

Figure 4. The time-variation in bottom pressures (left) and 

wellhead pressures (right) of the injection well and the 

production well 

 

Figures 5 and 6 show the temperature and gas saturation of 

the reservoir after 30 years of system operation, respectively. 

There is a huge difference in temperature between the 

wellbore-reservoir coupling model and the simple reservoir 

model, owing to the series of thermodynamic processes of CO2 

in the wellbore. By the wellbore-reservoir coupling model, the 

CO2 almost reached 80 °C at the bottom. Moreover, the 

wellbore-reservoir coupling model output a higher saturation 

than the simple reservoir model. This is because the CO2 

density decreases with the growth in temperature, and the 

same amount of CO2 occupies a large space under a high 

temperature. 
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Figure 5. Distributions of reservoir temperature of the simple reservoir model (left) and the wellbore-reservoir coupling model 

(right) 

 

 
 

Figure 6. Distributions of CO2 saturation in the reservoir of the simple reservoir model (left) and the wellbore-reservoir coupling 

model (right) 

 

4.2 Analysis on mineral reactions 

 

The mineral reaction rate has a positive correlation with 

temperature. The temperature variation in the reservoir may 

induce a huge difference in geothermal reactions. After the 

CO2 injection, the geothermal reactions generally obey the 

following law: The dissolution of CO2 in water reduces the pH, 

turning the solution acidic. Then, the calcite and feldspar are 

dissolved, while quartz, clay and some carbonates are 

precipitated.  

Figure 7 presents the variation in the volume fractions of 

dawsonite, as predicted by the wellbore-reservoir coupling 

model and the simple reservoir model. Dawsonite is an 

important carbon-fixing mineral, and a key indicator of CO2 

gas reservoir. A high temperature is more favorable for the 

formation of dawsonite. As shown in Figure 7, both models 

predicted a low total volume of dawsonite, but differed greatly 

in the magnitude of volume variation.  

Ankerite is another important carbon-fixing mineral. 

Compared with dawsonite, ankerite can form easily under high 

temperature in the gas-water two-phase mixed zone near the 

production well. As shown in Figure 8, the wellbore-reservoir 

coupling model and the simple reservoir model predicted 

similar distributions of ankerite, with a slight difference in the 

gas-water interface. Moreover, the wellbore-reservoir 

coupling model estimated a higher temperature and more 

precipitation of ankerite than the other model. 

 

 

 

 
 

Figure 7. The variation in the volume fractions of dawsonite 

of the simple reservoir model (left) and the wellbore-

reservoir coupling model (right) 
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Figure 8. The variation in the volume fractions of ankerite of the simple reservoir model (left) and the wellbore-reservoir 

coupling model (right) 

 

In the geochemical reactions, the dissolved species were 

mainly feldspar minerals like potassium feldspar (Figure 9) 

and anorthite (Figure 10), and the precipitated species were 

mainly clay minerals like illite (Figure 11), sodium 

montmorillonite (Figure 12) and some carbonates (Figure 13). 

The wellbore-reservoir coupling model output similar 

dissolution and precipitation situation as the simple reservoir 

model, except a slightly more violent dissolution and 

precipitation reactions near the production well. The two 

models predicted basically the same results in the region near 

the injection well, despite the huge temperature difference. In 

this region, the water has been displacement by CO2 or 

dissolved in gaseous CO2. The pure CO2 cannot react easily 

with the rocks. 

 

 

 
 

Figure 9. The variation in the volume fractions of potassium 

feldspar of the simple reservoir model (left) and the wellbore-

reservoir coupling model (right) 

 

 

 
 

Figure 10. The variation in the volume fractions of anorthite 

of the simple reservoir model (left) and the wellbore-

reservoir coupling model (right) 
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Figure 11. The variation in the volume fractions of illite of 

the simple reservoir model (left) and the wellbore-reservoir 

coupling model (right) 

 

 

 
 

Figure 12. The variation in the volume fractions of sodium 

montmorillonite of the simple reservoir model (left) and the 

wellbore-reservoir coupling model (right) 

 

4.3 Analysis on CCS amount 

 

Figure 13 compares the CCS amounts (kg/m3) per unit 

volume of minerals in the reservoir of the wellbore-reservoir 

coupling model and the simple reservoir model. It can be seen 

that the wellbore-reservoir coupling model captured and stored 

more CO2 near the production well than the other model, 

thanks to the coexistence of gas and water and the relatively 

high temperature. 

 

 

 
 

Figure 13. The CCS amounts per unit volume of minerals in 

the reservoir of the simple reservoir model (left) and the 

wellbore-reservoir coupling model (right) 

 

As shown in Figure 14, the wellbore-reservoir coupling 

model predicted a slightly higher CCS amount than the other 

model. The possible reason is that a high temperature, a key 

parameter of geochemical reactions, speeds up the chemical 

reactions, enhancing the CCS ability.  

 

 
 

Figure 14. The time variation in the total CCS amount of 

minerals in the reservoir of the simple reservoir model (left) 

and the wellbore-reservoir coupling model (right) 

 

 

5. CONCLUSIONS 

 

The wellbore is indispensable for is all geological 

engineering operations. Without considering the wellbore, the 

simple reservoir simulation will incur a huge error, failing to 
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predict important parameters (e.g. pressure and temperature) 

of injection and production accurately.  

Temperature is a key parameter of the geochemical 

reactions involving CO2. The accurate calculation of the CO2 

temperature entering the reservoir helps to quantify the 

intensity of water-rock-gas interaction, the mineral dissolution 

and precipitation and the form of CCS. 

Targeting a CPG project in the Songliao Basin, this paper 

compares the wellbore-reservoir coupling model and the 

simple reservoir model in terms of water and heat transfer, 

mineral dissolution and precipitation, change in pore 

permeability, and the CCS of minerals.  

The comparison shows that CO2 in the wellbore varies 

greatly in temperature and pressure, due to its complex 

thermodynamic properties and flow states; the injection well 

is much hotter at the bottom than at the wellhead. 

The mineral reactions are generally the dissolution of 

feldspar and precipitation of clay and carbonates. In the region 

near the injection well, the two models differed slightly despite 

the huge temperature difference, because geothermal reactions 

cannot occur easily without enough water. The main 

difference between the two models is that: the wellbore-

reservoir coupling model predicted slightly more violent 

dissolution and precipitation reactions and a greater CCS 

amount near the production well than the other model. 

The research findings prove the necessity of the wellbore-

reservoir coupling model, laying the basis for the simulation 

of CO2 geological engineering. 
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