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Abstract 

 

 The saline aquifer is the most reliable place where anthropogenic carbon dioxide gas storage has 

shown a promising future. This paper evaluates and predicts the capacities of different carbon 

dioxide storage trapping mechanisms in storing carbon dioxide gas in low porosity and 

permeability deep saline aquifers by using commercial reservoir simulator software i.e., Computer 

modeling group (CMG). Four carbon dioxide storage trapping modeled and simulated were: 

structural or stratigraphic trapping mechanisms, residual trapping mechanisms, solubility trapping 

mechanisms, and mineral trapping mechanisms. Carbon dioxide gas was injected into a deep saline 

aquifer for 15 years, followed by 833 years of post-injection. To reflect the real field reality and 

have a reasonable approximation of the amount of carbon dioxide which can be stored in an 

aquifer, this paper included water vaporization effects which occur during carbon dioxide injection 

and water injection operations so as to optimize residual and solubility trapping mechanisms as 

the most important trapping mechanisms. Furthermore, the effects of different important 

parameters such as salinity, vertical to horizontal permeability ratio, injection rate, bottom hole 

pressure, and temperature on each carbon dioxide trapping mechanism were analyzed. Results 

revealed that each carbon dioxide trapping mechanism has a different capacity for storing carbon 

dioxide and could be either affected linearly or non-linearly with various parameters. Higher 

aquifer temperatures are not recommended for carbon dioxide storage because most of the carbon 

dioxide gas is stored as free gas, which increases the risk of leakage in case of mechanical failure 

or imbalance. Excess salinity is the only factor that reduces aquifer storage capacity. Furthermore, 

it was found that an aquifer with a lower vertical to horizontal permeability ratio is recommended 

for carbon dioxide storage because it increases carbon dioxide stored in an immobile phase, which 

avoids risk leakages i.e., There was an increase of 43.2% and a decrease of 16.84% for minimum 

and maximum vertical to horizontal permeability (kv/kh) ratios, respectively, compared to the base 

for residual trapping mechanisms. Also, there was a decrease of carbon dioxide dissolved by 19% 

at maximum kv/kh ratios and an increase of 58% at minimum kv/kh ratios, compared to the base 

case. Further, there was an increase of carbon dioxide trapped by 96.4% and dissolved by 97% 

when water was injected at a higher rate compared to the base case (no water injection). Thus, a 
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high injection rate is suggested to enhance residual and solubility trapping mechanisms. It is 

recommended that the carbon dioxide injection rate and bottom hole pressure be kept at optimal 

levels to avoid mechanical failure due to aquifer pressures building up, which can increase the risk 

of leakages and must be monitored and controlled at the surface using pressure gauges or sensor 

technology.  

 

Key words: Deep saline aquifer; Trapping mechanisms; Low porosity and permeability; Carbon 

dioxide sequestration. 

1. Introduction 

 In recent years, there has been a massive increase in the emissions of carbon dioxide and 

greenhouse gases (GHGs) in the atmosphere due to major developments in heavy industries like 

cement industries, which release (2.4 GtCO2), chemical industries (1.4 GtCO2), iron and steel 

industries (2.6 GtCO2), power and transportation industries per year etc. The increase of these 

gases in the atmosphere has caused global warming and unpredicted climatic changes. Between 

2017 and 2018, there was a 2.7% (37.1 Gt) increase in carbon in the atmosphere as a result of fossil 

fuel use [1-5]. Currently, CO2 levels in the atmosphere are more than 412 parts per million (ppm) 

and still rising. Carbon Capture, Utilization, and Storage (CCUS) is the key technology that, if 

implemented on a large scale globally, has the potential to reduce carbon dioxide and greenhouse 

gases emissions in the atmosphere to achieve the primary mitigation strategy for Paris climate 

summit agreement to achieve net zero greenhouse gas (GHG) emissions by 2050 and a maximum 

global temperature increase of 1.5 degrees Celsius[6-9]. CCUS entails capture carbon from 

different sources and either store it in depleted hydrocarbons reservoirs/saline aquifers or 

supplying it for other uses in other production industries such as raw materials and converting it 

into value-added products such as polymers, building materials, chemicals and synthetic fuels, 

using it directly in soft drinks, and in carbon dioxide enhanced oil recovery (CO2-EOR) etc. as 

summarized in Fig. 1. Instead, the majority of the carbon dioxide gases are released into the 

atmosphere, limiting the Paris climate summit agreement to reach net zero GHG emissions [6, 10-

13]. There are various technologies which are employed in capturing carbon dioxide from different 

sources as explained by Hong [12] and summarized in Fig. 2[14, 15].Geological options for carbon 

dioxide storage have different capacity storage and associated risks as shown in Table 1[16, 

17].Deep saline aquifer is the most  preferred and used option for carbon dioxide storage as 

reported by the European Zero Emission Platform (ZEP) as summarized in Fig. 3 [17, 18].It has 

capacity of storing carbon dioxide gases up to 10,000 Gt globally. The aquifer characteristics that 

are suitable for carbon dioxide are summarized in Table 2. 

 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Energy Resources Technology. Received September 16, 2022;
Accepted manuscript posted December 31, 2022. doi:10.1115/1.4056612
Copyright © 2023 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/energyresources/article-pdf/doi/10.1115/1.4056612/6970135/jert-22-1690.pdf by C

hina U
niversity O

f G
eosciences, G

R
AN

T M
W

AKIPU
N

D
A on 04 January 2023



 

Fig. 1 Geological storage options for  CO2  [19]. 

 

Table 1 Different carbon dioxide options, capacities and their associated risks in USA [16, 17]. 

Storage options Capacity (Gt-CO2) Storage integrity  Environmental risk 

Depleted oil and gas fields 25-30 High Low 

Active oil wells (EOR) Low High Low 

Enhanced coal-bed methane 5-10 Medium Medium 

Deep aquifers 1-150 Medium Medium 

Ocean (global) 1000-10,000 Medium High 

Carbonate storage 

(No transport) 

Very high Highest High 
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Fig. 2. Various carbon capture technologies[12]. 
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Fig. 3. Different magnitude of carbon dioxide storage methods around the World modified from 

[17]. 

Table 2: Important characteristics of suitable aquifer for carbon dioxide storage [20]. 

 Positive indicators Cautionary indicators 

Reservoir efficacy 

Static storage capacity Estimated effective storage 

capacity much larger than total 

amount of CO2 to be injected 

Estimated effective storage capacity 

similar to total amount of CO2 to be 

injected 

Dynamic storage capacity Predicted injection-induced 

pressures well below levels 

likely to induce geomechanical 

damage to reservoir or caprock 

Injection-induced pressures approach 

geochemical instability limits 

Reservoir properties 

Depth > 1000 m < 2500 m <800 m > 2500 m 
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Reservoir thickness (net) > 50 m < 20 m 

Porosity > 20 % < 10 % 

Permeability > 500 mD < 200 mD 

Salinity > 100 gl-1 > 30 gl-1 

Stratigraphy Uniform Complex lateral variation and complex 

connectivity of reservoir facies 

Caprock efficacy 

Lateral continuity Stratigraphically uniform, small 

or no faults 

 

Thickness > 100 m < 20 m 

Capillary entry pressure Much greater than maximum 

predicted injection induced 

pressure increase 

Similar to maximum predicted injection-

induced pressure increase 

 

 

 Several researchers conducted numerical modeling and simulations on carbon dioxide 

storage performance and capacity in deep saline aquifers by taking into account various carbon 

dioxide storage mechanisms combined with other conditions to reflect real-life field life and 

analyzing some important parameters affecting the storage process. Li et al. [21] analyzed the 

Ordos basin performance on carbon dioxide storage capacity by considering hysteresis effects. The 

results revealed that the simulated results at least matched the historical data. Furthermore, 

Okamoto et al. [22] did a sensitivity analysis on parameters affecting mineralization trapping 

mechanisms in carbon dioxide storage. It was revealed that reactive surface area and mineral 

components are important parameters in mineralization trapping mechanisms and might be 

obtained from laboratory experiments. Zhao et al. [23] conducted a sensitivity analysis on carbon 

dioxide storage in an aquifer by considering various parameters such as vertical to horizontal 

permeability ratio, salinity, and residual gas saturation. They did not include hysteresis and 

mineralization trapping mechanisms. The results revealed that the vertical to horizontal 

permeability ratio has great effects on carbon dioxide plume movement and amount stored. Lower 

values of the vertical to horizontal permeability ratio influence more carbon dioxide to dissolve in 

brine. Kumar et al. [24] did a numerical simulation to quantify most of the trapping mechanisms 

to store carbon dioxide in a saline aquifer. Three trapping mechanisms were analyzed: residual, 

solubility, and mineralization trapping mechanisms with the influence of residual gas saturation in 

the aquifer. Results revealed that residual gas saturation has a great influence on carbon dioxide 

stored in the aquifer. Further, Orsini et al. [25] conducted numerical modelling and simulation on 

carbon dioxide storage in an Italian reservoir near the coast. It was found that 69 and 79% of carbon 

dioxide injected were stored after 1000 and 2000 years, respectively, through a solubility trapping 
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mechanism. Residual trapping stored 9 and 6% of carbon dioxide injected after 1000 and 2000 

years, respectively. Furthermore, the model revealed that 30 Mtons of carbon dioxide will be stored 

over 20 years of injection  with a 38-bar buildup of carbon dioxide injected predicted after stopping 

injection operation. Khan et al. [26] did a numerical simulation of carbon dioxide storage in an 

aquifer by considering structural, hysteresis, solubility, and mineralization trapping mechanisms. 

The results revealed that the hysteresis trapping mechanism is very important in the modeling and 

simulation of geological carbon dioxide projects. Mo and Akervoll [27] analyzed geological 

storage capacity of an aquifer to store carbon dioxide by considering residual and solubility 

trapping mechanisms. The results revealed that solubility trapping mechanisms stored more carbon 

dioxide and an increase in vertical to horizontal permeability ratio decreased the carbon dioxide 

trapped. Ozah et al. [28] did numerical simulation on the carbon dioxide storage capacity of an 

aquifer in three trapping mechanisms: residual, solubility, and mineralization. The results revealed 

that the mineralization trapping mechanism took a long time to start storing carbon dioxide and 

stores a lower amount of carbon dioxide gas than the results revealed. However, it is the most 

stable form in which carbon dioxide is stored. Raza et al. [29] did a numerical simulation by 

observing the effects of injection rate and calcium carbonate precipitates on structural, residual, 

and solubility storage trapping mechanisms. The results showed that increasing the injection rate 

increased the amount of carbon dioxide stored in all trapping mechanisms, both with and without 

calcium carbonate precipitates. It was added that an optimal rate should be obtained to avoid 

carbon dioxide leakage risks. Additionally, Akai et al. [30]  did numerical simulations on carbon 

dioxide trapping mechanisms and process activeness by using Sleipner datasets. It was revealed 

that structural trapping mechanisms dominated during carbon dioxide injection. After injection 

stopped, residual trapping started to increase. After 100 years of post-injection solubility trapping 

started to dominate, and after 1000 years of carbon dioxide simulation, mass diffusion in brine 

became dominant. Al-Khdheeawi et al. [31] analyzed salinity effects on residual and dissolved 

trapping mechanisms on carbon dioxide storage capacity and plume migration in an aquifer. 

Results revealed that an increase in salinity decreased carbon dioxide dissolved and trapped. 

Furthermore, an increase in salinity increases the mobility of carbon dioxide gas. Al-Khdheeawi 

et al. [32] simulated the impact of water alternating carbon dioxide (WACO2) on different trapping 

mechanisms such as structural, residual, and solubility on storing carbon dioxide gas. The results 

revealed that reduction of WACO2 decreased mobility and vertical migration of the carbon dioxide 

plume. Furthermore, lower WACO2 increases the carbon dioxide stored in solubility and residual 

trapping mechanisms. Similarly, free gas stored decreased with decreasing WACO2.Raza et al. 

[33] did a numerical simulation by observing the effects of temperature and precipitation on 

structural, residual, and solubility storage trapping mechanisms. Temperature increases resulted in 

an increase in free gas, while residual and dissolved gas decreased with and without precipitation.  

 Apart from that, Nghiem et al. [34] did numerical modelling and simulation of carbon 

dioxide sequestration by considering four trapping mechanisms, which are structural trapping 

mechanisms, residual trapping mechanisms, solubility trapping mechanisms, and mineral trapping 

mechanisms. Also, they included water injection effects so as to optimize residual and solubility 

trapping mechanisms. Nghiem et al. [35] conducted simulations on carbon dioxide storage by 

considering all four trapping mechanisms, water vaporization effects, and thermal effects in their 

models. However, no study has been conducted that includes four trapping mechanisms, 

optimization of residual and solubility trapping mechanisms, water vaporization effects, and 

thermal effects in the modeling and simulation of carbon dioxide storage in deep saline aquifers. 

Hence, to reflect the real field life, four trapping mechanisms, optimization of residual and 
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solubility trapping mechanisms, water vaporization effects, and thermal effects have been taken 

into account during modeling and simulation in low porosity and permeability field in Shenhua 

CCUS, and this study should be adopted around the world as a reference point for reflecting the 

reality in carbon dioxide storage projects for areas having the same geological nature and 

geographical locations. Furthermore, the effects of various key parameters in carbon dioxide 

storage projects, such as vertical to horizontal permeability ratio, bottomhole pressure, salinity, 

injection rate, and temperature, on each of the trapping mechanisms have been studied. A part from 

that carbon dioxide stored in the form of aqueous ions has been reported in this paper. 

 

1.1 Carbon dioxide (CO2) storage trapping mechanisms 

 

 There are several active projects around the world that are storing CO2 in geological sites 

to reduce greenhouse gas emissions, particularly in developed countries. The injected CO2 may be 

in different phases, such as gas-like, liquid-like, or supercritical. The injected soluble CO2 migrates 

from the injection well with the local water velocity. It has been researched that CO2 is trapped in 

four main forms or mechanisms. The physical trapping mechanism that involves carbon dioxide 

being stored in an anticline that is sealed with caprock (impermeable rock), as shown in Fig. 4(a), 

is known as structural or stratigraphic trapping mechanisms. In this trapping mechanism, CO2 gas 

rises above the top after failing to be dissolved and trapped in pore spaces. It is the dominant 

trapping mechanism [19, 36]. Another CO2 trapping mechanism is the residual trapping 

mechanism, which is also a physical CO2 trapping mechanism that depends on the movement of 

CO2 and aqueous phase through hysteresis/capillary forces in which carbon dioxide is trapped and 

stored in pore spaces after displacing the wetting phase (brine) and then the displaced brine fluid 

returns to pore spaces to seal the CO2 trapped and become immobile as shown in Fig. 4 (b).A 

residual trapping mechanism has been reported as the fastest trapping mechanism with time[37-

39]. Also, solubility trapping, which is a chemical CO2 trapping mechanism which stores CO2 as 

a soluble component in brine. In this trapping mechanism, carbon dioxide is injected dissolved in 

brine to form a higher density and more stable fluid than brine, as shown in Fig. 4 (c)[40, 41]. 

Lastly, is the mineral trapping mechanism, which is a geochemical trapping CO2 mechanism in 

which CO2 dissolves in brine and surrounding rocks and precipitates to form minerals Fig. 4 (d). 

CO2 is converted into carbonate minerals like calcite, dolomite, siderite, etc. This carbon dioxide 

storage mechanisms take hundreds to thousands of years to be observed [19, 39, 42-44]. The 

different CO2 trapping mechanisms evolutions to store carbon dioxide depends highly on the local 

conditions of a particular area. To estimate storage capacity of each trapping mechanisms depends 

on the time scale at which mechanisms evolved (become active)[11]. Estimated evolution time 

scale of different CO2 trapping mechanisms in a deep saline aquifer is shown in Fig. 5. 
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Fig. 4 Carbon dioxide trapping mechanisms[45]. 

 

 

Fig.5 Time at which different carbon dioxide trapping mechanism come into effects during 

injection and post injection[11, 46]. 
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1.2 Uncertainty of CO2 trapping mechanisms 

 

 There are several uncertainties about CO2 trapping mechanisms during CO2 storage. In 

structural trapping mechanisms, the possible uncertainty is the high risk of leakage if the caprock 

fails because CO2 is stored as free gas. In a residual gas trapping mechanism, the leakage risk is 

low because CO2 is stored in pore spaces. In the solubility trapping mechanism, the leakage risk 

is low because CO2 is dissolved in brine to form a soluble component. However, in this trapping 

mechanisms, there is a high risk of CO2 migration. In a mineral trapping mechanism, the leakage 

risk is very low because CO2 reacts with pore water and rocks to form carbonate minerals. This is 

the safest storage process, but it moves very slowly compared to others and is more uncertain in 

prediction. These four trapping mechanisms for storage security are shown in Fig. 6[39]. 

 

 

 

                     Fig. 6 Carbon dioxide trapping mechanisms storage stability modified from [34, 47]. 
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2. Methodology  

2.1 Case study 

 

China is in the initial stages of carbon storage. However, they have developed carbon capture 

technology[48]. The Shenhua deep saline aquifer is one of the main and most promising Chinese 

aquifer projects launched in May 2011. This project is a guideline for all future projects that will 

be constructed in the same area [48, 49]. As shown in Fig. 7(a), the Shenhua carbon capture and 

storage (CCS) facility is located in the eastern part of the Ordos basin, north of the Yishan slope. 

It is a special area isolated for geological carbon storage in China. It is characterized by Triassic 

and Permian sandstone formations with a deep saline aquifer. The Shenhua deep saline aquifer has 

five reservoir formations which are Shanxi, Liujiagou, Shihezi, Majiagou, and Shiqianfeng with a 

sedimentary thickness of 1500 m from the Ordovician to Lower Triassic era [50, 51]. It has low 

porosity and permeability, which means slow groundwater movement. The slow ground movement 

made it ideal for carbon dioxide storage[52]. The permeability ranges from 0.02 to 6.8 mD and the 

porosity ranges from 6 to 12.9% after core sample analysis. Because their target is to store 

approximately 100,000 metric tons per year, low porosity and permeability were not favorable. 

This made them to fracture the formation so as to meet injection target. The stratigraphic column 

is shown in Fig. 7 (b). 
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Fig. 7 Modified a) Field location of Shenhua deep saline aquifer marked with red box   b) Strat 

igraphic column of Ordos basin[53]. 

 

2.2 Model description and set up 

 A 3D homogeneous carbon dioxide sequestration model with a total grid block of 

1,000,000 with a dimension of 100 ×50×20 in x, y and z directions was built in by using the input 

data as shown in Table 3. Fig. 8 shows the 3D aquifer base case model. 2D porosity and 

permeability distributions are shown in Figs. 9 (a) and (b), respectively. In this study, a commercial 

reservoir simulator software, computer modelling group CMG 2021 version, was used to build and 

simulate the model. Builder, CMG-GEM, and Winprop were used. Builder was used to build a 

model. Winprop was used to build a compositional fluid model as an input for GEM. The data 

used to build the compositional fluid model in Winprop is shown in Table 4. GEM was used to 

simulate the whole model. GEM, which is a compositional, chemical, and unconventional leading 

equation of state reservoir simulation modelling software, GEM has integrated equations which 
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enable us to model and simulate carbon dioxide flow and storage in the reservoir as well as enhance 

oil recovery processes, especially secondary and tertiary oil recovery techniques. It handles the 

miscible and immiscible injection processes, including physical and chemical reactions of multiple 

component systems [16, 54-56]. 

 

Table 3 Input data used to build the model. 

Name of parameter Value  

Reservoir grid dimensions 100 ×50×20 

Reservoir permeability 0.02 to 6.8 mD 

Reservoir porosity  6 to 12.9% 

Reservoir temperature 56.03 to 63.83 °C 

Injection temperature 50 °C 

Salinity 0.1% =100000ppm 

Rock compressibility 4.5 × 10-10 1/kPa 

Rock density 2600 kg/m3 

Reference depth 1699 to 1990 m 

Thickness 123 m 

Dip angle  0 

 

Table 4 Compositional fluid model data inputs 

No. Component Mole fraction PC (atm) TC(K) Acentric factor MW SG 

1 CO2 3 72.8 304.2 0.225 44.01 0.818 

2 CH4 1 45.4 190.6 0.008 16.043 0.3 

3 H2O 2 217.6 647.3 0.344 18.015 1 
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Fig. 8 3D CO2 sequestration grid base case model. 

 

 

          a) 
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             b) 

 

Fig. 9 a) Porosity distribution (fraction) b) Permeability distribution (mD) 

 

  Rock and relative permeability data are very important in building and simulating the 

model. Water-gas relative permeability data in the modeling of carbon dioxide storage helps with 

guiding fluid movements in the reservoir. Because the wellbore is surrounded by water, relative 

permeability helps in easing the injection process. In this paper, gas water-gas relative permeability 

curves were estimated by using Corey [57] correlations  as shown in Fig .10. In this study, the 

injector well was located at the middle of the reservoir with perforation located at (50,25,16-20) 

in x, y, and z directions. The carbon dioxide gas was injected at a maximum injection rate of 10,000 

m3/day with a maximum bottom hole pressure of 44,500 kPa at standard temperature and pressure. 

The gas was injected in a supercritical state for 15 years, followed by 833 years of post-injection. 

The water injector well was located 100m above the carbon dioxide injector well. 
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Fig. 10 Water-gas relative permeability curve. 

 

 

2.3 Governing equations 

 

2.3.1 Equation of state (EOS) 

 

 EOS is used in compositional reservoir simulations. EOS is an accurate and powerful 

means to model complicated phase and flow behaviors common in the displacement of oil and gas 

in petroleum reservoirs. CMG-GEM adopted this idea for CO2 sequestration modelling. The 

advantage of the EOS expression over other oil and gas PVT models is that it combines simple 

expressions for thermodynamic properties and phase equilibrium relationships of interest with high 

accuracy in prediction. Mass and momentum conservation equations govern the entire process of 

modeling and simulating carbon dioxide transport and multiphase flow in porous media. Darcy’s 
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laws, which integrate mass and momentum conservation, have been employed to model and 

simulate the carbon dioxide storage in an aquifer. Darcy's law is depicted in Eq. 1 as a partial 

differential equation[16, 58, 59]. 

       

.
K

K KM
F q

t


= − +


                                                                                                                                                                              (1) 

 

Where M, F, K stands for mass buildup in Kg/m3, F is mass flux in kg/m2s, and q is source or 

sink in kg/m3s. 

In aquifer which contain water component the Eq. 1 can be expressed in form of Eq. 2. 

 

( ) ( ) ( ) ( ).
rgw w w w w wrl

l l l g g g l l l l g g g g l g

l g

kk
X S X S X k P g X k P g q q

t
      

 

      + = − −  − + −  − + +           

         

(2) 

 

Where   is porosity, w

lX is mass fraction of component w in liquid phase, S is saturation of liquid 

phase, k is permeability is pressure, w stands for water, ρ is density, g stands for gas, krg is relative 

permeability of gas, µ is viscosity. 

Then the governing equations for carbon dioxide multiphase flow component system is written as: 

( ) ( ) ( ) ( ).
rgC C C C C C Crl

l l l g g g l l l l g g g g l g s

l g

kk
X S X S X k P g X k P g q q q

t
      

 

      + = − −  − + −  − + + +           

 

 (3) 

Here C stands for carbon dioxide. 

 

2.3.2 Hysteresis effects modeling 

 

Hysteresis effects is very important to be taken into account during carbon dioxide modelling and 

simulation. It takes into account the wettability and capillary effects of an immobile trapped gas 

into pore spaces [34] . There are several established models established to take into account this 

residual gas trapped in pore spaces[60].The Land model was used to model two-phase hysteresis 

effects in this paper. Hysteresis effects are illustrated in the relative permeability curve in Fig. 11. 

From the figures, it shows that the gas relative permeability trails the drainage curve (black 

colored) when gas saturation increases. When gas saturation reverses its course (decreases), for 
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instance at point 𝑆𝑔𝑖
∗  at drainage curve, then the relative permeability curve trails the imbibition 

curve (red curve). The residual gas saturation for a certain gas saturation (𝑆𝑔𝑖
∗ ) is given in Eq. 4 

[24, 61]. 

( )
*

* *

*1

gi

gt gi

gi

S
S S

CS
=

+
                                                                                                                    (4) 

The lands model coefficient is given by Eq. 5. 

,max ,max

1 1

gt g

C
S S

= −                                                                                                                    (5) 

Where Sgt,max and Sg,max  represent maximum trapped gas saturation and maximum gas saturation 

that should be reached. 

 

 

 

Fig. 11 Lands model gas relative permeability curve ,redrawn from [34]. 
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2.3.3 CO2 solubility modeling in brine 

 

 Carbon dioxide solubility depends on pressure, temperature, surface area and contact area with 

brine. The solubility of carbon dioxide in the brine is modeled by different equation of state (EOS) 

models [62]. In this paper, Peng-Robinson EOS was used to estimate pressure, density, and 

temperature of reservoir fluids and brine density, carbon dioxide solubility, and brine  viscosity 

[63]. Because the dissolution rate is very fast, the carbon dioxide gas and brine are assumed to be 

in thermodynamic equilibrium. The equation for thermodynamic equilibrium is the equality of 

fugacities [16, 64]: 

0, 1,2....,i ig iw gg f f i n= − = = ,                                                                                                     (6) 

Where fig is fugacity of component i in the gas phase (CO2) which is calculated from Peng-

Robinson EOS, fiw is fugacity of component i in the aqueous phase (brine) which is calculated by 

using Henrys law that establishes the proportionality of components fugacity to its concentration: 

*i i if x H=                                                                                                                                     (7) 

Where xi is concentration and Hi is Henry constant. Henry constant is a function of pressure, 

temperature and salinity. So, the increase in pressure causes the solubility to increase whereas 

increase in temperature and salinity causes decrease in solubility(reference). 

2.3.4 Mineralization modeling in CO2 sequestration 

 

Fast reversible aqueous reactions are modeled with chemical equilibrium reactions. The governing 

equation is the equality between activity products and chemical equilibrium constant (Keq) as 

expressed in Eqs. 8 and 9. The rate law for mineral dissolution and precipitation is governed by a 

mineral reaction rate model known as the Transition State Theory (TST) model, as illustrated in 

Eq. 10 [65-70]. 

3

2( ) 2

.
( )

.
aq

H HCO

eq

CO H O

a a
K T

a a

+ −

=                                                                                                                    (8) 

 

Where a is activity which is also a measure of concentration.  

𝑟𝛽 = �̂�𝛽𝑘𝛽 (1 −
𝑄𝛽

𝐾𝑒𝑞,𝛽
) , 𝛽 = 1,2, … , 𝑅𝑚𝑛                                                                                     (9)                               

 And  

�̂�𝑗 = �̂�𝑗
0.

𝑁𝑗

𝑁𝑗
0                                                                                                                                  (10) 

Where Q is activity product, 𝐾𝑒𝑞 is mineral chemical equilibrium constant, A is mineral reactive 

surface area, Q/Keq  is saturation index which controls the direction of the mineral reaction, when 
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is greater than one means precipitation and less than one means dissolution, and K is rate constant 

of the mineral reaction[65-70].Rate constant of the mineral reaction is a function temperature as 

expressed in Eq. 11. The rate constants of reaction are usually reported in the literature at a 

reference temperature (298.15K or 25°C)[65-70]. 

0

0

1 1
exp aE

k k
R T T

  
= − −  

  
                                                                                                                                                              (11) 

 

 Where k is reaction rate at a certain temperature, k0 is reference temperature reaction rate, E is 

mineral reaction activation energy, and R is universal gas constant[65-70].In this paper the GEM-

GHG aqueous reactions and mineral species used are shown in Tables 5 and 6. 

Table 5 GEM-GHG aqueous reaction selected 

Aqueous species reactions 

CO2(aq) +  H2O  = H+ + HCO3
- 

HCO3
- + H+  = HCO3

-         

OH-  +  H+ = H2O 

 

Table 6 GEM-GHG mineral species reaction selected 

Mineral reactions Reactive 

surface areas 

Log10(Rate 

constant) 

at Tref 

Activation energy Reference 

temperature 

Unit m2/m3 mol/m2s J/mol deg C 

Anorthite +8.0 H+ = 4.0 H2O + 

Ca++ + 2.0 Al+++ 

88 -12 67830 25 

Kaolinite + 6.0 H+ = 5.0 H2O + 2.0 

Al+++ + 2.0 SiO2(aq) 

88 -8.79588 41870 25 

Calcite + H+  = Ca++  +  HCO3
- 17600 -13 62760 25 

 

 

2.3.5 Water vaporization effects during gas injection 

 

Zuluaga and Lake [71] expressed how to model vaporization effects during gas injection. It was 

reported that vaporization depends on temperature and pressure and that it increases as temperature 

increases with a decrease in pressure. The higher pressure drop and increase in temperature with 

depth cause water vaporization near the wellbore, which leads to salt precipitation, which in turn 

causes a reduction in porosity and permeability [72, 73]. To take into account water vaporization 

effects, which occur during gas injection and that in turn affect the gas injectivity around the 

wellbore. Thermodynamic equilibrium to water component application is modelled and considered 

by Eq. 12 in this study. 
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2 , 2 ,g aqH O H Of f=                                                         (12) 

 Where  𝐟𝐇𝟐𝐎,𝐠  is calculated from cubic EOS and  𝐟𝐇𝟐𝐎,𝐚𝐪 is calculated by Eq. 13.  

2 , 2 , 2 ,
.

aq aq aqH O H O H Of y f=                                                                                            (13) 

2

2 2

2

.exp
S
H O

p
H OS

H O H O

p

v
f f dp

RT

 
 =
 
 
                                                                                                          (14) 

 

Where  𝑓𝐻2𝑂
𝑆   is fugacity of water at saturation pressure and temperature and  𝑝𝐻2𝑂

𝑆    is saturation pressure 

of water. 

 

2.3.6 Modeling temperature effects 

 

When carbon dioxide is injected into the deep saline aquifer, it cools lower than the formation 

temperature even if it is heated at the surface, due to Joule-Thomson cooling effects. Furthermore, 

water vaporization effects around the wellbore may cause the temperature of carbon dioxide to 

drop from 1 to 20C[74]. The temperature difference between injected carbon dioxide and 

surrounding rocks can cause casing failure. In addition to that, this temperature difference between 

injected carbon dioxide and the formation can cause thermal stress changes to the surrounding 

rocks, which may induce fissures or fractures in the caprocks that may lead to carbon dioxide 

leakage. Furthermore, if there is a cycling injection and shut-in process in the storage site, cooling 

and heating of surrounding rocks and casing can occur, and this may cause carbon dioxide leakages 

through caprock, casing, and abandoned wells [75, 76]. To take into account thermal effects is 

modeled by using Eq. 16 [35]. 

( ) ( ) ( ) ( )

1 1 1 1

1 1 0 1 01 1 0, ,
R R R R

n n n n n n n n

g g g aq aq aq c loss k k k k k k k k

k k k

n n n n

R RC C

V
T H T H T Q H q S U S U

t

V
T T T T k g aq

t  

    

 

+ + + +

+ + +

    
  +  +  + + − − −    

     

 − − − − − = =
  

  
          (16) 

 

Where  T represents temperature, H is Henry law constant,   is potential,  stands for the total 

thermal conductivity , lossQ is heat loss, q is rate, V is  grid block volume, t  is change in time,   

is porosity, ρ represent density, S is saturation,U is molar internal energy .For subscripts g 

represents gas, aq stands for aqueous phase, c is rocks and fluids, k is phase, C is Lands coefficient 

,R is universal gas constant,   is mass density. 
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2.3.7 Acceleration of residual and solubility trapping mechanisms 

 

Residual gas and solubility trapping mechanisms are the two most important carbon dioxide 

storage trapping mechanisms because carbon dioxide is stored in an immobile phase in pore spaces 

and as a solution in brine, respectively. It has been reported that water injection or water alternating 

gas (WAG) during carbon dioxide sequestration accelerates residual and solubility trapping 

mechanisms due to hysteresis effects and dissolution effects. For lower permeability aquifers, it is 

recommended to add water injector above carbon dioxide injector, whereas for higher permeability 

aquifers, it is recommended to add water injector separately with carbon dioxide injector [43]. The 

mechanism behind this process is that when water is injected with carbon dioxide, carbon dioxide 

moves upward and water moves down after forming a water-carbon mixture in an aquifer. This 

accelerates more carbon dioxide to be trapped and dissolved in water [43, 77].In the case of WAG 

operation, it is recommended that the mobility ratio should be kept at less than one in order to 

control carbon dioxide plume migration and avoid viscous fingering effects. Also, when the 

mobility ratio is less than one, it reduces upward migration of carbon dioxide gas and increases 

carbon dioxide dissolution, which in turn increases carbon dioxide trapped in pore spaces and 

dissolved in brine. Mobility ratio is the ratio of the mobility of non-wetting fluid to the mobility 

of wetting fluid, expressed as a in Eq. 17 [78-80].  

2

2 2 22

.

.

rCO

rCO

ww w rw

CO CO CO rw

kk
M

k k

 

  
= = =                                                                                                                                             (17) 

 

Where w  and 
2CO are mobility of water and carbon dioxide, w  and rwk are viscosity and 

relative permeability of water, 
2CO and 

2rCO
k  are viscosity and relative permeability of carbon 

dioxide, respectively. 

 3. Results and discussions 

 

During 15 years of injection, most of the injected carbon dioxide gas is stored as free gas, which 

migrates to the top of the aquifer (Fig. 12a) due to buoyancy effects and the density difference 

between pure carbon dioxide and dissolved carbon dioxide in the brine which falls down the 

aquifer. After stopping injection, the pressure difference exists between the top of the aquifer and 

other areas, and this pressure difference causes the free gas to fall down and start to migrate 

horizontally and get dissolved in brine, trapped in pore spaces, with others stored in mineral form. 

As the post injection period increases, the carbon dioxide plumes continue to migrate horizontally 

as shown in Fig. 12 (b-d). 

 

 

 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Energy Resources Technology. Received September 16, 2022;
Accepted manuscript posted December 31, 2022. doi:10.1115/1.4056612
Copyright © 2023 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/energyresources/article-pdf/doi/10.1115/1.4056612/6970135/jert-22-1690.pdf by C

hina U
niversity O

f G
eosciences, G

R
AN

T M
W

AKIPU
N

D
A on 04 January 2023



 

Fig. 12 Carbon dioxide mole fraction distribution a) During 15 years of injection b)100 years of 

post-injection c)500 years of post-injection d) 833 years of post-injection. 

 

3.1 CO2 stored in different forms of trapping mechanisms  

 

After 15 years of carbon dioxide injection and 833 of post injection, the carbon dioxide gas storage 

capacity for different carbon dioxide storage trapping mechanisms is shown in Fig. 13. It shows 

that supercritical and trapped carbon dioxide reach their maximum during injection and then start 

to decrease in post injection process, whereas aqueous, mineral, and dissolved carbon dioxide 

increase slowly from the start of injection to the post injection process. The cumulative carbon 

dioxide stored during 15 years of injection and 833 of post injection for different forms of carbon 

dioxide storage mechanisms is shown in Tables 6 and 7, respectively.  During the first 15 years of 

carbon dioxide injection, supercritical accounts for 58.35% of the carbon dioxide injected, 

followed by trapped 29.79%, dissolved 10.25%, aqueous ions 1.46%, and 0.15% mineral forms. 

     

a)                                                                                                    b) 

 

     

c)                                                                                                      d) 
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During post injection, most carbon dioxide was stored in a supercritical state by 33.3%, followed 

by dissolved 32.2%, trapped 31.05%, aqueous 2.01%, and 1.44% mineral forms.  

 

 

 

Fig.13 CO2  stored in different forms of trapping mechanisms. 

Table 6 Field cumulative carbon dioxide injection after 15 years of injection 

Supercritical 

CO2 (×1010) 

(mol) 

Trapped  

CO2 (×1010)  

(mol) 

Dissolved 

CO2 (×109)  

(mol) 

Aqueous 

CO2 (×109)  

(mol) 

Mineral 

CO2 (×108) 

(mol) 

Total CO2  

(×1010)  

(mol) 

4.093 2.090 7.187 1.024 -1.099 7.015 
 

Negative (-) sign show that CO2 injected were dissolved in brine and rock surface before precipitating to form 

minerals. 

Table 7 Field cumulative carbon dioxide injection after 833 years of post-injection 

Supercritical 

CO2 (×1011)  

(mol) 

Trapped  

CO2 (×1011)  

(mol) 

Dissolved 

CO2 (×1011)  

(mol) 

Aqueous 

CO2 (×1010)  

(mol) 

Mineral 

CO2 (×1010)  

(mol) 

Total CO2  

(×1012)  

 (mol) 

6.29 5.866 6.082 3.778 2.72 1.889 
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3.2 Effects of injection rate in CO2 sequestration 
 

The carbon dioxide injection rate is very important in determining the amount and efficiency of 

geological sites to store carbon dioxide. Injection rate is controlled by injection pressure and must 

be controlled not to reach maximum pressure buildup, which can cause damage and leakage of cap 

rock that may lead to the escape of carbon dioxide to the atmosphere. When the injection rate is 

increased, it results in the fast migration of carbon dioxide plume within geological formations by 

invading new and large areas of an aquifer, which causes capillary forces to trap more carbon 

dioxide gas and brine to dissolve more carbon dioxide. In this study, different injection rates were 

tested and their results were examined. As shown in Figs. 14, carbon dioxide stored in all forms 

of storage mechanisms, increased with increasing injection rate and decreased with decreasing 

injection rate, as shown in Figs. 14. It is recommended to inject carbon dioxide gas at an optimal 

injection rate to avoid caprock breakdown, which can result in carbon dioxide gas leakage to the 

surface. 

 

Fig. 14 Cumulative carbon dioxide stored at different injection rate. 
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3.3 Effects of bottomhole pressure in CO2 sequestration 

 

In this study, the base bottomhole pressure was 44500 kPa. Different bottomhole pressures were 

tested to observe their effects on CO2 storage in aquifers by either increasing or decreasing by 25% 

from the base case. From Fig. 15, it was revealed that as the bottomhole pressure increased, the 

amount of carbon dioxide stored also increased for all forms of carbon dioxide storage trapping 

mechanisms. As the bottomhole pressure decreased, the amount of carbon dioxide stored 

decreased. Specifically, the increase in bottom hole pressure increases the interaction between 

brine and carbon dioxide gas molecules as well as the lateral movement of carbon dioxide stored 

in the aquifer. Even if the bottomhole pressure increase showed a positive relationship in all types 

of storage mechanisms, monitoring and controlling bottomhole pressure remains a very important 

task in CO2 storage projects because excess bottomhole pressure can result in reservoir pressure 

buildup that can lead to cap rock leakage, which may result in the escape of CO2 to the surface, 

especially for gas stored as free gas. 
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Fig. 15 Effects of bottomhole pressure in different carbon dioxide storage mechanisms 

 

3.4 Effects of aquifer temperature in CO2 sequestration 

 

Aquifer temperatures vary from one aquifer to another depending on different factors such as 

depositional history, geothermal gradient, geographical location, etc. Aquifer temperature is a very 

important factor to be taken into account before starting a carbon dioxide storage project. Different 

aquifers store different amounts of carbon dioxide. High temperatures increase salt precipitation 

and the rate of reaction. However, high temperatures result in an increase in the relative 

permeability of carbon dioxide, which might compensate for the permeability reduced due to 

precipitation of salt. On the other hand, high aquifer temperatures reduce carbon dioxide 

dissolution, thus reducing aquifer capacity storage. The temperature of the aquifer on CO2 

sequestration was examined. Different temperatures were tested to determine the amount of CO2 

stored in the aquifer in various forms by either increasing or decreasing by 25%. When the aquifer 

temperature is higher than the injected carbon dioxide, most of the gas is stored as free gas in 

caprocks. Because at high temperatures the density of free gas decreases and buoyancy effects 

dominate, most of the carbon dioxide gas plume moves beyond vertically to the upper layers of 

the formation, increasing the leakage risk as shown in Fig. 16. Similarly, for mineral trapping 

mechanisms, it stores more carbon dioxide gas at higher temperatures because of increased 

chemical reactions and precipitation, although it needs hundreds to thousands of years to take 

place. Aside from that, higher aquifer temperature has a negative impact on residual, solubility, 

and aqueous ions trapping mechanisms, i.e., higher aquifer temperature implies less carbon dioxide 

stored in pore spaces, dissolved in brine, and in aqueous ions form, as illustrated in Fig. 16. This 

is due to the fact that high temperatures accelerate precipitation and reduce solubility rate, both of 

which reduce porosity and dissolution. This shows that aquifers with high temperatures are not 

recommended for carbon dioxide storage projects because most of the gas will be stored in 

caprocks, which can lead to fractures formation due to thermal expansion and contraction of rocks 

after carbon dioxide injection, hence carbon dioxide leakage risk increases. Furthermore, higher 

temperatures reduce the efficiency of most stable trapping mechanisms where carbon dioxide is 

stored in an immobile phase, i.e., residual and solubility. On the other hand, for mineral trapping 

mechanisms to become active, it will take a short time to take place for higher temperature aquifers 

when compared to low temperature aquifers. 
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Fig. 16 Cumulative carbon dioxide stored at different aquifer temperatures. 

 

3.5 Effects of kv/kh  ratio in CO2 sequestration 

 

In this study, variations of vertical to horizontal permeability (kv/kh ) ratio were simulated and 

analyzed in this study in different  CO2 trapping mechanisms. The base case  kv/kh  ratio was 1.The 

minimum  kv/kh  value was set to be 0.1 and the maximum value was 2.Either increasing or 

decreasing  kv/kh  ratio from base case has shown a directly proportionality to supercritical, and 

aqueous, mineral  carbon dioxide forms of storage trapping mechanisms because there is an 

increase of vertical CO2  migration in vertical migration and CO2   not get more  rooms of contacts 

with brine. On the other hand, trapped and dissolved mechanisms have shown an inversely 

proportionality in carbon dioxide storage capacity. i.e, decrease in kv/kh ratio led to increase in 

carbon dioxide dissolved and trapped. This is because less carbon dioxide gas migrates in a vertical 

direction, thus getting more room to contact the brine and dissolve. Furthermore, lower values 

of  the kv/kh  ratio cause lateral movements of carbon dioxide, which cause more carbon dioxide to 

be trapped in more pore spaces . At minimum and maximum kv/kh  ratios, the amount of carbon 
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dioxide stored was 5.112 × 1011 mol and  8.892 × 1011 mol, respectively, compared to the base 

case of 6.430 × 1011 mol at a supercritical state. There was a decrease of 20.5% at the minimum 

kv/kh  ratio and an increase of 38.3% at the maximum kv/kh  ratio of carbon dioxide stored in a 

supercritical state. Also, the amount of carbon dioxide trapped was 8.402 × 1011 mol and 4.878 × 

1011 mol at minimum and maximum kv/kh  ratios, respectively. There was an increase of 43.2% 

and a decrease of 16.84% for minimum and maximum kv/kh  ratios, respectively, compared to the 

base case. Further, there was a decrease of carbon dioxide dissolved by 19% kv/kh  ratios at 

maximum kv/kh  ratios and an increase of 58% at minimum kv/kh  ratios , compared to the base 

case. Furthermore, there was an increase of carbon dioxide stored in an aqueous state by 5.9% and 

a decrease of 20.9% at maximum and minimum kv/kh  ratios, respectively. Apart from that, carbon 

dioxide stored in mineral forms increased by 3.8% and decreased by 29.7% at maximum and 

minimum kv/kh  ratios , respectively, when compared to the base case. Table 8 summarizes the 

(kv/kh) ratio effects on carbon dioxide stored in various forms of carbon dioxide storage 

mechanisms.   

 

Table 8. kv/kh  ratio effects for  CO2  storage trapping mechanisms, for 833 years of post-injection 

kv/kh  ratio Super-critical 

CO2 (×1011) 

(mol) 

Trapped 

CO2 (×1011) 

(mol) 

Dissolved 

CO2 (×1011) 

(mol) 

Aqueous 

CO2 (×1010) 

(mol) 

Mineral 

CO2 (×1010) 

(mol) 

0.1 5.112 8.402 9.498 2.988 1.855 

0.2 5.298 7.886 8.501 3.209 2.121 

0.3 5.468 7.449 8.460 3.339 2.285 

0.4 5.590 7.192 7.584 3.424 2.375 

0.5 5.876 6.935 7.102 3.509 2.464 

0.6 5.964 6.734 6.874 3.575 2.528 

0.7 6.060 6.468 6.408 3.630 2.564 

0.8 6.123 6.368 6.279 3.670 2.600  

0.9 6.189 6.196 6.083 3.712 2.628 

1 (Base) 6.430 5.866 6.010 3.778 2.639 

1.1 6.433 5.860 5.858 3.793 2.675 

1.2 6.559 5.823 5.737 3.838 2.677 

1.3 6.690 5.684 5.618 3.850 2.696 

1.4 7.261 5.452 5.489 3.858 2.682 

1.5 7.498 5.423 5.093 3.876 2.704 

2 8.992 4.878 4.871 4.000 2.739 
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3.6 Effects of salinity in CO2 sequestration 

 

Salinity was increased and decreased by 50% from the base case. An increase in salinity led to 

decreased dissolution of gas into brine. As shown in Fig. 17(a), this resulted in an increase in 

carbon dioxide stored in a supercritical state. Also, because the salinity increase reduces the 

porosity and permeability of the aquifer, the migration of carbon dioxide is reduced due to clogging 

of pore throats by salts. This leads to a decrease of carbon dioxide trapped as shown in Fig. 17 (b). 

On the other hand, because of less dissolution of carbon dioxide into brine, less carbon dioxide is 

stored in aqueous form when salinity increases, as shown in Fig. 17 (c). Similarly, because more 

salinity reduces carbon dioxide dissolution in brine, less carbon dioxide is dissolved as shown in 

Fig. 17 (d). Furthermore, because an increase in salinity reduces the rate of reaction due to less 

precipitation, the carbon dioxide stored in mineral form is also reduced, as shown in Fig. 17 (e). 

In general, an increase in salinity decreases the amount of carbon dioxide stored in an aquifer. 
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Fig. 17 Effects of salinity in different carbon dioxide storage mechanisms 

3.7 Optimization of residual and solubility trapping mechanisms 

 

Because residual and solubility are the most important trapping mechanisms in carbon dioxide 

storage in a deep saline aquifer, and they have been optimized in this study by injecting water 

above the carbon dioxide injector [43]. The water injection rates tested were 1000 and 2000 

m3/day. It was observed that more carbon dioxide was trapped at a higher injection rate (2000 

m3/day) than at a lower injection rate (1000 m3/day) as shown in Fig. 18. There was an increase of 

carbon dioxide trapped by 96.4% when water was injected at a higher rate compared to the base 

case (no water injection). Similarly, more carbon dioxide was stored in solubility trapping 

mechanisms when water was injected at a higher injection rate (2000 m3/day) than at a lower 

injection rate (1000 m3/day) as shown in Fig. 18. There was an increase in carbon dioxide dissolved 

by 97% when water was injected at a higher rate compared to the base case (no water injection). 

However, it has been reported that WAG injection with a small WAG ratio is preferred over 

continuous water injection to enhance residual and solubility trapping mechanisms, as reported by 

[81] because it reduces leakage risk. But the findings of this study suggest to inject water at a 

higher rate. 
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Fig. 18 Cumulative carbon dioxide stored at different water injection rate. 

4. Conclusions 

 

 Geological carbon dioxide sequestration in aquifers is the main reliable and effective 

strategy to mitigate global warming effects. However, all the challenges, such as caprock leakage, 

pressure buildup, earth quake occurrence, crevices during carbon dioxide and post injection, need 

to be monitored and controlled for a long period of time to avoid carbon dioxide leakage to the 

surface. In this paper, all the carbon dioxide storage mechanisms, vaporization effects, and residual 

and solubility trapping optimization were modeled and simulated in a low porosity and 

permeability deep saline aquifer so as to analyze its capacity for storing carbon dioxide gas. Other 

findings of this paper are outlined below: 

- There was an increase of carbon dioxide trapped by 96.4% and dissolved by 97% when water 

was injected at a higher rate compared to the base case (no water injection). Thus, a high injection 

rate is suggested to enhance residual and solubility trapping mechanisms.  

- Vertical to horizontal permeability (kv/kh ) ratio has a great influence on carbon dioxide storage 

in deep saline aquifers and carbon dioxide plume migration. Because residual and solubility 

trapping mechanisms are the most stable in which carbon dioxide is stored in immobile phase as 

injection starts, hence deep saline aquifer with low kv/kh  ratios is recommended and preferred for 

safe carbon dioxide storage to avoid risk leakages.  

- An increase in salinity increases the amount of carbon dioxide stored as free gas because of less 

dissolution in the brine. However, other forms of carbon dioxide storage, such as residual, 

dissolved, aqueous, and mineral, are affected inversely by an increase in salinity. Deep saline 

aquifers with high salinity are not preferred for carbon dioxide storage projects because there is a 

high risk of carbon dioxide leakage when carbon dioxide is stored in mobile phase (free gas). 

- At higher temperatures, less carbon dioxide gas is stored in immobile phase. Hence, higher 

aquifer temperatures are not recommended for carbon dioxide sequestration. However, the aquifer 

temperature must be at least as high as the carbon dioxide vaporization temperature (31.05°C).  

- An increase in carbon dioxide injection rate increased the amount of carbon dioxide stored in all 

carbon dioxide storage mechanisms except mineral trapping mechanisms because it takes many 

years to form minerals after reaction. However, it is recommended that pressure buildup must be 

controlled and monitored at the well head to avoid caprock breakdown and formation damage.  

- Similarly, an increase in bottomhole pressure increased carbon dioxide stored in all forms of 

carbon dioxide storage trapping mechanisms. However, bottomhole pressure needs to be 

controlled and monitored to avoid carbon dioxide leakage risks in case there is a mechanical failure 

in caprocks due to pressure buildup during injection. 

 This study revealed that low porosity and permeability deep aquifers can store plenty of 

carbon dioxide gas and should be used as a benchmark for all deep saline aquifers (formations) 

with low porosity and permeability properties in the Shenhua carbon capture and storage site in 

the Ordos basin or in another place having similar geological characteristics around the world. 
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