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ABSTRACT 
Deep saline aquifers remain a critical option for large-

scale CO2 storage to mitigate global climate change. The 
Permian saline aquifer in the Tiaohu Formation of the 
Santanghu Basin has emerged as an ideal target for CO2 
geological sequestration due to its superior storage 
conditions. This study employs the ECO2N module within 
the TOUGH2-PetraSim software to establish a numerical 
model of multiphase flow in a basalt-tuff reservoir system. 
The research reveals the fluid migration characteristics 
following CO2 injection into the saline aquifer, with a focus 
on analyzing the influence of well orientation on CO2 
plume migration, including the variation patterns of CO2 
gas saturation and solubility. Research demonstrates that 
horizontal wells enable more uniform spatial distribution 
of CO₂. 
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NONMENCLATURE 

Symbols  

M Mass accumulation 

F Mass flux 
q Source/sink 
t Time 
∇· Divergence 
∇ Gradient 
S Saturation 
X Mass fraction 
ϕ Porosity 
ρ Density (kg/m3) 
krg Relative gas permeability 
krl Relative liquid permeability 

p Pressure (Pa) 
Subscripts/superscripts  
k Component 
w Water 
l Liquid phase 
g Gas phase 
s Solid phase 
c CO₂ component 

 

1. INTRODUCTION 
The significant climate warming caused by global 

greenhouse gas emissions has become a major challenge 
of our era[1]. Carbon Capture and Storage (CCS) technology, 
as one of the most promising solutions to address 
emissions, involves separating and purifying CO₂ from 
industrial sources (e.g., power plants, refineries), 
transporting it via pipelines/ships to storage sites, and 
injecting it into geological formations for permanent 
isolation[2]. Suitable geological structures for CO₂ 
subsurface storage include depleted oil and gas reservoirs, 
deep saline aquifers, and unmineable coal seams[3][4]. 
Among these, deep saline aquifers are globally 
widespread, highly accessible, and possess enormous 
storage potential[2][5][6]. Currently, there are over 16 
planned or operational CO₂ injection projects in saline 
aquifers worldwide, encompassing both geological storage 
and CO₂-enhanced water recovery (CO₂-EWR), ranging 
from large-scale projects (>1 Mt/year) to small-scale 
integrated demonstration initiatives. Notable examples 
include Norway’s Snøhvit CO₂ Storage Project (operational 
since 2008), Algeria’s in Salah Storage Project (launched in 
2004), and China’s Shenhua CCS Demonstration 
Project[7][8][9]. The Chinese government has integrated the 
"Carbon Peak" and "Carbon Neutrality" goals into its 
ecological civilization strategy, making the advancement of 
CO₂ geological storage and utilization technologies a 
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critical pathway for future emissions reduction and energy 
security[10][11]. According to domestic and international 
studies, China’s CCUS (Carbon Capture, Utilization, and 
Storage) mitigation demand under carbon neutrality 
targets is projected to be 0.2–408 million tons by 2030, 600 
million–1.45 billion tons by 2050, and 1–1.82 billion tons 
by 2060[12]. 

Recent studies by multiple researchers indicate that 
the orientation of injection wells significantly impacts 
storage efficiency and plume migration control. While 
vertical wells have long been the conventional approach, 
horizontal wells are increasingly being adopted in 
geological storage projects due to their multiple 
advantages over vertical wells, with only marginal 
additional cost increments[13]. Horizontal wells can reduce 
bottomhole pressure, improve pressure distribution, and 
delay CO₂ plume migration toward the caprock. The 
extended reach of horizontal wells facilitates more uniform 
pressure dispersion, thereby mitigating fracturing risks and 
potential CO₂ leakage[14]. 

The Santanghu Basin is located in the northeastern 
part of Xinjiang, stretching in a NW-SE direction with a total 
area of 2.3×10⁴ km². The Malang-Tiaohu Depression within 
the basin serves as the primary exploration target for 
unconventional Permian oil reservoirs[15]. Numerical 
simulation can predict migration processes over centennial 
or even millennial timescales. Therefore, this study 
establishes a multiphase flow coupling model for CO₂ 
sequestration in saline aquifers using the ECO2N module 
of the TOUGH2-Petrasim software, focusing on revealing 
the influence of injection well orientation on the spatial-
temporal evolution patterns of CO₂ plume saturation and 
dissolution. 

2. MODEL SETUP AND SIMULATION PARAMETERS 

2.1 Model geometry 

Based on the actual stratigraphic structure of the 
Tiaohu Formation in the Santanghu Basin, this study 
established the geometric model shown in Fig. 1. In 
accordance with the key technology development project 
for CO₂ utilization under carbon neutrality goals, the 
simulation assumes an annual CO₂ injection of 1 million 
tons into the aquifer, with a simulation period set at 100 
years. This duration is sufficient to observe the migration 
patterns of the CO₂ plume and the spatial distribution of 
dissolved CO₂. 

 
Fig. 1. Three-dimensional geological model of the Tiaohu 

Formation in Santanghu Basin 

2.2 Initial conditions 

The material properties, initial reservoir conditions, 
and injection parameters used in the simulation model are 
detailed in Table 1. Both the upper and lower boundaries 
of the storage formation consist of tuff. This study employs 
experimentally measured rock sample data from well M56-
15H in the Tiaohu Formation of the Malang Sag, Santanghu 
Basin. Based on classical projects, the porosity ranges 
between 10%-35%, while permeability varies from 10 mD 
to 4000 mD[16]. Accordingly, the reservoir permeability in 
this study is set at 100 mD. Other key parameters (including 
specific heat capacity, thermal conductivity, and 
compressibility) are derived from reliable data sources 
adopted in classical simulation studies [17].According to 
drilling and pressure test results, the initial reservoir 
temperature gradient is 2.946°C/100m with a pressure 
coefficient of 1.137[18]. The initial formation conditions are 
established as fully water-saturated state. 

Table 1 Material properties, initial reservoir conditions and 
injection parameters used in the simulation model 

Formation 

Tuff density 2700 kg/m³ 
Basalt density 3000 kg/m³ 
Tuff porosity 14.2% 
Basalt porosity 16.5% 
Tuff permeability 5.92×10⁻¹⁶ m² 
Basalt permeability 9.87×10⁻¹⁴ m² 
Specific heat capacity 2.0 W/(m·K) 
Thermal conductivity 1000 J/(kg·K) 
Compressibility 4.5×10⁻¹⁰ Pa⁻¹ 
Initial Reservoir Conditions 
Initial reservoir pressure Hydrostatic 
CO₂ partial pressure 0 MPa 
Temperature gradient 2.8 °C/100m 
Salinity 0.01 (mass fraction) 
Injection Parameters 
CO₂ injection rate 13.89 kg/s 
CO₂ injection enthalpy 493 kJ/kg 
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Total CO₂ injected 100 million tons 
Injection duration 10 years 
Simulation period 100 years 

2.3 Mathematical model of CO₂-water-NaCl system 

The coupled system of partial differential equations 
governing isothermal two-phase flow in deformable 
porous media under fully saturated conditions is presented 
below: 
𝜕𝑀𝑘

𝜕𝑡
= −∇ ∙ 𝐹𝑘 + 𝑞𝑘  (1) 

where M mass accumulation (kg/m3), F mass flux 
(kg/(m2·s), q source/sink term (kg/m3·s), t time (s), ∇ 
divergence, superscript k denotes any one of the mass 
components for CO2, water, air, etc. 

Taking the water component in the fluid as an example, 
its governing equation is expressed as follows: 

𝜕

𝜕𝑡
(𝜙(𝑋𝑙

𝑤𝑆𝑙𝜌𝑙 + 𝑋𝑔
𝑤𝑆𝑔𝜌𝑔)) = −∇ ∙ {𝑋𝑙

𝑤𝜌𝑙 (−𝑘
𝑘𝑟𝑙

𝜇𝑙
(∇𝑃𝑙 −

𝜌𝑙𝑔)) + 𝑋𝑔
𝑤𝜌𝑔 (−𝑘

𝑘𝑟𝑔

𝜇𝑔
(∇𝑃𝑔 − 𝜌𝑔𝑔))} + (𝑞1

𝑤 + 𝑞𝑔
𝑤) (2) 

where, in Eq. (2), the symbols: S saturation, X mass 
fraction, ϕ porosity, ρ density (kg/m3), k permeability (m2), 
krg relative gas permeability, krl relative liquid permeability, 
P pressure (Pa), superscripts: w stands for water, 
subscripts: l liquid phase; g gas phase; s solid phase. 

 For the CO₂ component in the fluid, the governing 
equation can be expressed as: 

𝜕

𝜕𝑡
(𝜙(𝑋𝑙

𝑐𝑆𝑙𝜌𝑙 + 𝑋𝑔
𝑐𝑆𝑔𝜌𝑔)) = −∇ ∙ {𝑋𝑙

𝑐𝜌𝑙 (−𝑘
𝑘𝑟𝑙

𝜇𝑙
(∇𝑃𝑙 −

𝜌𝑙𝑔) + 𝑋𝑔
𝑐𝜌𝑔 (−𝑘

𝑘𝑟𝑔

𝜇𝑔
(∇𝑃𝑔 − 𝜌𝑔𝑔))} + (𝑞𝑙

𝑐 + 𝑞𝑔
𝑐 + 𝑞𝑠

𝑐)

 (3) 
where, superscripts: c denotes CO2. 

2.4 Parameters used in simulation 

This study utilizes the ECO2N module of the TOUGH2 
software for numerical simulations. Developed specifically 
for CO₂ geological storage in saline aquifers, this module 
provides a comprehensive description of the 
thermodynamic and thermophysical properties of the 
H₂O-NaCl-CO₂ system under specified operating 
conditions, including a temperature range of 10-110°C, 
pressures below 600 bar, and salinity levels up to halite 
saturation. Prior to conducting numerical simulations, all 
relevant parameters must be properly configured in the 
TOUGH2 software according to specific engineering 
requirements. For CO₂ geological storage applications, the 
H₂O-NaCl-CO₂ system exhibits particularly complex 
thermodynamic characteristics. The density, viscosity, and 
solubility of CO₂ in brine are all functions of pressure and 

temperature[19][20], while capillary pressure and relative 
permeability are described using the van Genuchten 
model[21]. In this study, the residual gas saturation was set 
to 0.1 and the irreducible water saturation to 0.15, serving 
as fundamental parameters for calculating relative 
permeability curves. These settings reflect the complex 
multiphase flow behavior expected during CO₂ injection 
and migration in deep saline formations, where the 
interplay of thermodynamic properties and rock-fluid 
interactions significantly influences storage efficiency and 
long-term containment security. The selected parameters 
align with experimental data and field observations from 
analogous CO₂ storage projects, ensuring physically 
realistic simulation results. 
 

3. RESULTS AND DISCUSSION 

3.1 Comparative analysis of CO₂ saturation between 
vertical and horizontal wells of equal length 

To elucidate the impact of well orientation on CO₂ 
storage efficiency, we first investigated the underlying 
mechanisms. A comparative analysis was conducted 
between horizontal wells and vertical wells, with the 
horizontal well completion depth maintained at the same 
elevation as the bottom of the vertical well. CO₂ injection 
via horizontal wells yields significantly greater lateral 
migration distances compared to vertical wells, with the 
migration distance increasing proportionally to wellbore 
length (Fig. 2 and Fig. 3)  

 
Fig. 2. CO₂ saturation contour maps in the X-Z plane over time: 
(a) Vertical well, (b) 200-m horizontal well, (c) 250-m horizontal 

well, (d) 300-m horizontal well 
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Fig. 3. CO₂ saturation contour maps in the Y-Z plane over time: 
(a) vertical well, (b) 200-m horizontal well, (c) 250-m horizontal 

well, (d) 300-m horizontal well 

The CO₂ saturation from vertical wells first reaches the 
reservoir top, with the 200-m horizontal well achieving top 
contact after 10 years, while other horizontal well 
configurations fail to reach the top within the 100-year 
simulation period (Fig. 4 and Fig. 9). Downhole monitoring 
data reveal the lowest CO₂ saturation occurs in vertical 
wells, whereas the 200-m horizontal well exhibits the 
maximum bottomhole saturation (Fig. 6 and Fig. 7). 
Notably, vertical wells demonstrate significantly higher 
top-zone CO₂ saturation (0.38) compared to horizontal 
wells. The horizontal wells show a decreasing trend in top-
zone saturation with increasing well length, a distribution 
characteristic that enhances long-term storage potential 
(Fig. 5 and Fig. 8). 

 
Fig. 4. Temporal evolution of CO₂ saturation contours in the X-Y 
plane at the reservoir top: (a) vertical well, (b) 200-m horizontal 

well, (c) 250-m horizontal well, (d) 300-m horizontal well 

 

Fig. 5. Temporal evolution of CO₂ saturation contours in the X-Y 
plane at wellhead elevation: (a) vertical well, (b) 200-m 

horizontal well, (c) 250-m horizontal well, (d) 300-m horizontal 
well 

 
Fig. 6. Temporal evolution of CO₂ saturation contours in the X-Y 

plane at well bottom depth: (a) vertical well, (b) 200-m 
horizontal well, (c) 250-m horizontal well, (d) 300-m horizontal 

well 

 
Fig. 7. Time-series line plot of CO₂ saturation at well bottom 

 
Fig. 8. Time-series line plot of CO₂ saturation at wellhead 

elevation 
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Fig. 9. Time-series line plot of CO₂ saturation at the reservoir 

top 

3.2 Comparative analysis of CO₂ solubility between 
vertical and horizontal wells of equal length 

Fig. 10 and Fig. 11 demonstrate that vertical wells 
exhibit a distinct vertical gradient distribution of CO₂ 
solubility, while horizontal wells display a more uniform 
dissolution pattern along the horizontal plane. 

 
Fig. 10. CO₂ Solubility Contour Maps in the X-Z Plane Over Time: 

(a) Vertical Well, (b) 200-m Horizontal Well, (c) 250-m 
Horizontal Well, (d) 300-m Horizontal Well 

 
Fig. 11. CO₂ solubility contour maps in the Y-Z plane over time: 
(a) Vertical well, (b) 200-m horizontal well, (c) 250-m horizontal 

well, (d) 300-m horizontal well 

Further analysis (Fig. 12 and Fig. 17) reveals that 
vertical wells achieve higher localized solubility 
enrichment at the reservoir top, with both vertical wells 
and 200-m horizontal wells reaching peak solubility values 
of 0.05 in this zone. Notably (Fig. 13 and Fig. 16), although 

horizontal wells of varying lengths show comparable 
solubility values (0.051) at the wellhead position, 
increased well length significantly enhances the spatial 
extent of CO₂ dissolution. Downhole monitoring data (Fig. 
14 and Fig. 15) indicate that while longer horizontal wells 
provide greater dissolution coverage at the well bottom, all 
four well configurations attain similar solubility 
magnitudes in this region. 

 
Fig. 12. Temporal evolution of CO₂ solubility contours in the X-Y 
plane at the reservoir top: (a) Vertical well, (b) 200-m horizontal 

well, (c) 250-m horizontal well, (d) 300-m horizontal well 

 
Fig. 13. Temporal evolution of CO₂ solubility contours in the X-Y 

plane at wellhead elevation: (a) Vertical well, (b) 200-m 
horizontal well, (c) 250-m horizontal well, (d) 300-m horizontal 

well 

 
Fig. 14. Temporal evolution of CO₂ solubility contours in the X-Y 

plane at well bottom depth: (a) Vertical well, (b) 200-m 
horizontal well, (c) 250-m horizontal well, (d) 300-m horizontal 

well 
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Fig. 15. Time-series line plot of CO₂ solubility at well bottom 

 
Fig. 16. Time-series line plot of CO₂ solubility at wellhead 

elevation 

 
Fig. 17. Time-series line plot of CO₂ solubility at the reservoir 

top 

 

4. CONCLUSIONS 
Vertical wells enable rapid CO₂ migration to the 

reservoir top with high saturation accumulation (0.38), 
while 200-m horizontal wells develop maximum 
bottomhole saturation and exhibit decreasing top-zone 
saturation with increasing well length. This 
complementary distribution pattern demonstrates: 
vertical wells are optimal for short-term rapid storage, 
whereas horizontal wells provide superior long-term 
containment stability. 

Vertical wells achieve higher CO₂ dissolution 
enrichment at the reservoir top (peak value: 0.05), while 
horizontal wells significantly expand the dissolution 

distribution range through increased wellbore length. 
However, all wells demonstrate comparable dissolution 
levels at the bottom, indicating that vertical wells are more 
conducive to localized dissolution trapping, whereas 
horizontal wells enable more uniform spatial distribution 
of CO₂. 
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