
1 
 

A. Shirbazo  et al. /Journal of Construction Materials | Special Issue 2021 

CO2 Capture and Storage Performance Simulation in Depleted 

Shale Gas Reservoirs as Sustainable Carbon Resources 
Armin Shirbazo*1, Amin Taghavinejad1,2, Saber Bagheri3 

1Department of Petroleum Engineering, Amirkabir University of Technology (Tehran Polytechnic), Tehran, Iran 
2Ahvaz Center for Petroleum Research, Ahvaz Faculty of Petroleum, Petroleum University of Technology, Ahvaz, Iran 
3Department of Petroleum Engineering, Faculty of Engineering, Islamic Azad University Central Tehran Branch 

*Corresponding author: Armin Shirbazo, Researcher, Department of Petroleum Engineering, Amirkabir University 

of Technology, Valiasr Avenue, Tehran, Iran. E: arminshirbazo@aut.ac.ir  
 

Abstract 
Underground carbon capture and sequestration (CCS) is a useful technique for separating this kind of 

greenhouse gas from atmosphere and store it under the surface of the earth. As a matter of fact, CO2 can 

be transferred to underground petroleum reservoirs which are initially contained oil and gas, or aquifers 

which are initially saturated with water. This kind of CCS takes place using an injection well which is drilled 

from surface to the target underground bedrocks. A shale gas reservoir (SGR) is a type of petroleum gas 

reservoir in which natural gas is stored in ultra-tight pores of the shale rock. In this study, a flow modeling 

analysis in SGR with a multi-stage fractured horizontal well (MSFHW) is conducted using numerical 

simulation. In this shale layer, a horizontal well is drilled and several transverse hydraulic fractures, for 

increasing the flow efficiency between the well and porous medium, are created. The studied SGR – a 

depleted reservoir acting as a macroscopic sustainable material for the CCS – is initially saturated with 

methane gas, and carbon dioxide is required to be injected for the storage. The most outstanding results 

of this study is about sensitivity analyses for SGR permeability with different conditions of gas adsorption 

and stress-dependent permeability which are from important features of SGRs. The results show a minor 

reduction in cumulative gas injection due to the effect of stress-dependent permeability in all measures for 

reservoir permeabilities. Furthermore, gas sorption shows a considerable positive correlation with CO2 

storage response in high-permeability SGR and a minor increasing effect on SGRs with lower permeability 

values. 
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Introduction 
Carbon capture and storage or carbon capture and sequestration (CCS) is the process of seizing carbon 

dioxide (CO2) formed during various fields related to the energy industry and reserving it in an isolated 

space from atmosphere such as underground in order to prevent this greenhouse gas from entering the 

atmosphere. Different CCS technologies have been introduced in recent years to capture carbon dioxide 

efficiently and store them by various facilities or methods under ground’s surface  as a sustainable resource 

of sequestrated CO2. Recent high-tech facilities have this ability to capture around 90% of the whole 

produced CO2 [1].  

Carbon dioxide emission has influenced different types of industries such as cement plants, coal power 

plants, etc. Also, carbon dioxide may decompose into oxygen and carbon nanoparticles and affect different 

materials and constructions [2]. Some industries have been benefited from using carbon capture and they 

are now being considered for fulfilment in the construction industry especially in the cement factories. The 

application in the construction industry can go further to steel manufacturing industries. This matter 

requires a high amount of investment and due to this reason CO2 capturing techniques have not shown 

remarkable development in this scheme [3]. Also, the CO2 storage after the capturing process is one of the 

difficulties encountered in the industry [4]. 

One of the methods to capture the CO2 in a proper and safe way is related to petroleum industry. As a 

matter of fact, oil and gas reservoirs, especially in their depleted forms, are good candidates for 

underground CO2 storage far away the surface of the earth via injection wells. Many researchers have 

studied on this purpose investigating various considerations and technologies for having a better control 

over CO2 storage processes [5]. Among different types of petroleum reservoirs, shale gas reservoirs (SGRs) 

which are of natural gas  unconventional resources, mostly methane (CH4), has become popular for CCS 

within recent decades [6]. Widespread nature of SGRs dimensions and also high capacity of CO2 adsorption 

in shale rocks’ surface make this kind of natural gas reservoir a favorable spot for CO2 storage [7]. 

SGRs are of unconventional reservoirs which are different with conventional petroleum reservoirs in both 

rock and fluid properties and also exploitation methods [8]. Petroleum reservoirs are porous rocks 

containing hydrocarbons plus connate water. In fact, reservoir rocks comprise rock volume and pore 

volume. To quantify amount of the pore volume in a reservoir rock, porosity degree can be defined – the 

ratio of pore volume to total volume of the porous medium (reservoir rock). Also, the ability of fluid 

conductivity in a reservoir rock is evaluated by permeability. In fact, permeability is a measure for ability of 

a porous medium for fluid flow relating fluid velocity to pressure gradient whose unit is m2 in the metric 

system or Darcy or milli-Darcy in oilfield system. Inherently, unconventional reservoirs such as SGRs have a 

low to ultra-low permeability nature compared to conventional reservoirs. In addition, most of the SGR 

rock layers are naturally fractured. Naturally fractured reservoirs (NFRs) have two distinct porous zones – 

matrix and fracture media. On the one hand, rock matrix has higher porosity than the fracture, but on the 

other hand natural fracture (NF) has a significant higher amount of permeability compared to the matrix 

medium. A schematic view of naturally fractured SGR is shown in Figure 1. This figure depicts real and dual 

porosity model naturally fractured SGR schemes. It should be noted that dual porosity model is one of the 

primary models for taking into account NFs in flow modeling of NFRs. This model considers NFs that are 

distributed in rock space uniformly surrounded by matrix blocks. Numerical simulation in this study takes 

advantage of dual porosity model for naturally fractured SGR flow modeling. 
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Figure 1 Schematic view of naturally fractured SGR rock comprising matrix and fractures containing free 

and adsorbed gas (visualized from [9]) 

 

As it is depicted in Figure 1, natural gas in shale reservoirs is in two forms – free gas (similar to conventional 

gas reservoirs) and adsorbed gas (unconventional form of natural gas on shale rock matrix grains). 

Commonly, adsorbed gas is considered in flow modeling in shale strata using Langmuir isotherm model 

[8,10] which contributes the amount of adsorbed gas to the system pressure (reservoir pressure in our 

case). The more reservoir pressure is, the more capacity for gas adsorption will be [11].  

Furthermore, petrophysical properties of shale strata are mostly stress-dependent [8]. In fact, by increasing 

effective stress on these deep underground rock layers – following production of hydrocarbons from them 

and their depletion – pore throats size will be shrunk. Consequently, porosity and permeability of them will 

be decreased [12]. Also, by implementing fluid injection into these reservoirs and decreasing net stress on 

these bedrocks and increasing pore pressure, porosity and permeability may have an increase [13]. 
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To create more permeable pathways for fluid transport in tight and shale strata, using multi-stage fractured 

horizontal wells (MSFHWs) has been a suitable option for the operators for a decade. To have an MSFHW 

in practice, a high-pressure fluid is injected to the reservoir in different stages to create a highly conductive 

path through the reservoir into the horizontal well. Taking advantage of MSFHWs for development of shale 

gas fields is an inevitability. As a matter of fact, this is the only present method for having economic recovery 

from these reservoirs [14]. In other words, not having MSFHWs in shale fields is equal to no recovery in 

these petroleum resources. In other words, hydraulic fractures (HFs) stimulate the reservoir rock to 

increase reservoir rock permeability and furtherly amount of production/injection rate. In this regard, 

reservoir rock zones in the vicinity of HFs can be called stimulated rock volume (SRV), and the reservoir 

zone far away the MSFHW is named unstimulated rock volume (USRV). 

One of the serious problems of CO2 storage in depleted gas reservoirs is the remoteness between the 

reservoir and the CO2-producing equipment. This distance between the reservoir and the equipment 

provides a space in which a number of CO2 capturing facilities can be installed connecting CO2-producing 

equipment and geological target. These capturing facilities include different types such as pre-combustion, 

post-combustion, and natural gas processing [4]. Also, some factors specify that a reservoir can be used for 

CO2 disposal or not, for instance the existence of pipelines and not being located in inopportune areas such 

as deep seas [15]. As it is pointed out by several studies [16,17], higher adsorption capacity of CO2 than the 

CH4 determines that CO2 injection in SGRs can displace CH4 in the reservoir which can call this process a 

method of enhanced gas recovery (EGR). Also, their results showed a  good chance for further geologic 

storage of CO2 in depleted SGRs as part of the EGR process. Regarding the study of Huang et al. [18], by 

considering shale formations composed of two main parts – organic and inorganic matrices, they 

demonstrated that CO2 storage capacity of SGR can be extremely decreased if dispersed distribution of 

kerogen (organic matrix) is taken into account. Also, they found total organic carbon (TOC) and CO2 

injection rate have obvious effects on the performance of CO2 injection. If kerogen is defined implicitly in 

the model, TOC and injection rate have a positive correlation with CH4 recovery and CO2 storage. Also, in 

case kerogen is explicit in the model, TOC and gas injection rate are negatively correlated with CH4 recovery 

and storage capacity of CO2.  In addition, Sun et al. [19] investigated the impact of temperature, pressure, 

humidity and different gas types on isothermal adsorption and desorption of shale gasses to validate the 

possibility of augmenting shale gas recovery by CO2 injection. They concluded that adsorption ability for 

methane rises by decreasing temperature and humidity and increasing pressure in some values. 

Furthermore, the trend of adsorption ability for different gas types is CO2 > CH4 > N2, while for their 

desorption capacity is CH4 > CO2 > N2. 

CCS in shale formations needs proper mathematical flow modeling. As reported by Schaef et al. [20], there 

is a meaningful relation between important shale rock minerals and adsorbing gasses (CH4 and CO2 (. Thus, 

reinforcement condensation of CO2 resulted by desorption on clay surface is observed under supercritical 

conditions, and a linear sorption profile appears for CH4. Also, they experimentally analyzed CO2-EGR as 

an economic chance that requires proper methane recovery. Finally, they stated that it is necessary to have 

a strategy to optimize injection rates and volumes for maximum CH4 desorption and CO2 retention at a 

field-scale level. Raza et al. [21] constructed a numerical simulation model to pay more attention to effect 

of SGRs’ residual gas on the capacity, injectivity, reservoir pressurization, and trapping mechanisms of 

storage zones. Their results showed that the efficiency of the storage is related to the quantity of residual 

gas in porous media. In other words, the best candidates for this aim are reservoirs with lower residual 

fluids. They also indicated that a direct connection is established between remaining gas and the capillary 
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trapping, while an opposite relationship stands for the stability of the injection rate, structural trapping, 

and dissolution trapping versus the storage capacity. White et al. [22] developed a novel numerical 

simulator to take into account CO2 usage and storage in partially depleted porous media, actually in deep 

saline reservoirs. They provided an applicable device for studying and realizing such processes, regarding 

the complicated coupled procedures occurred by the injection of CO2 into petroleum reservoirs. Boosari 

et al. [23] studied on CO2 storage and relating technologies providing useful recommendation with respect 

to the complex phenomena modeled mathematically. They concluded that although a shale reservoir has 

ultra-tight pore sizes, considerable amount of CO2 can be adsorbed on shale fracture surfaces. Also, some 

factors such as buoyancy, heterogeneity of shale reservoirs properties and existence of formation water 

are crucial for proper CO2 storage modeling. Lekic et al. [24] compared CO2 storage capacity concluded by 

two analytical correlations compared with total storage capacity obtained from simulation results. Their 

results verified analytical approach showing that — depending on the depth — mass of the injected CO2 is 

twice of the mass of produced CH4. 

Several research studies investigated various aspects of CCS including multiple criteria for developing a  

reliable system for this aim. Winter and Bergman [25] investigated the disposal capacity of depleted 

reservoirs gas wells in the United States. They deduced that the total underground capacity available for 

instant disposal is minor compared to the considerable amounts of annual power plant CO2 emissions. 

Aminu et al. [26] provided the fundamental scheme for development of CO2 storage by making discussion 

on some other aspects of CCS in shale gas deposits. They investigated the vital basis for storage site 

selection contained some practical and impractical points and also made a comparison between CO2 

movement during and after the injection process. They believed that different challenges and uncertainties 

associated with further development such as storage capacity and also verification and monitoring of CO2 

during and after injection should be distinguished to speed up the progress of the CO2 storage technology. 

Chen et al. [27] performed a study to evaluate the influence of some factors on carbon storage capacity. 

By using analytical modeling, they reached a solution for determining wellbore pressure, and calculated the 

required time for CO2 injection. They found that inadequate CO2 storage capacity will be available in case 

HFs conductivity is small. Also, higher CO2 storage potential can be achieved by raising the number of HF 

stages and providing higher permeability in SRV zone.  

The numerical modeling and simulation of shale reservoirs exploited by MSFHWs is differed from non-

hydraulically fractured reservoirs. Regarding some of the related works [14,28,29], defining a MSFHW in a 

numerical simulation model can be done using local grid refinement (LGR). LGR is a proper method for 

modeling HFs in which fractures are defined in the system by their explicit values for permeability and width 

as sub-grids of the original grid blocks of the model. As a matter of fact, fractures can be defined in this 

method by determining size of grid cells (describing the geometry of fractures in x, y and z directions) 

alongside a well and include all specifics of the reservoir such as porosity, permeability, heterogeneity and 

other parameters. By defining HFs in the model using LGR method for near-wellbore grids, emerged 

complexity of the fluid flow between HFs and porous media due to the flow regime change in proximity of 

HFs can be recorded [30]. The LGR method is easy to apply and can also account for different HF’s 

properties and illustrates fracture geometry explicitly to simulate the precise performance of reservoir 

productivity or injectivity [31]. However, it has some drawbacks worth mentioning. In LGR, rectangular 

fracture shape is considered in the modeling, although HFs have an elliptical shape in practice. Hence, it 

may cause some inaccuracies in the modeling and can be mitigated using some considerations like defining 

amalgamated LGRs in different layers to change the simple rectangular shape to a more real fracture shape 
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[32]. Also, small grid cell size of a model with LGR may lead to long simulation run time. Moreover, by using 

LGR, it is difficult to add or modify properties of different fractures segments through the simulation [28]. 

HFs in the numerical model of this study are defined using LGR method. 

The objective of this study is to investigate CO2 storage response via an MSFHW in a synthetic SGR. Amount 

of total CO2 injection as a measure of CO2 storage performance and its variation with shale permeability 

and its stress sensitivity, shale porosity, and also gas sorption capability of shale rock are studied in this 

work. 

 

Model Description 
A 3D numerical model is constructed for numerical calculations with finite difference method using 

commercial reservoir simulator Eclipse. Simulation study is CO2 injection into an SGR with large lateral area. 

A 5-stage MSFHW is located in the center of reservoir volume and CO2 injection takes place through it. SGR 

is considered to be naturally fractured and modeled with dual porosity model. Reservoir is initially saturated 

with low-pressure CH4, and CO2 is designed to be injected for 200 days. Ability of gas sorption is activated 

in this synthetic SGR model and two important sensitivity analyses are studied. Analyses are run for 

investigating the effect of results (total CO2 injection) sensitivity to shale permeability, shale stress-

dependent permeability, shale porosity, and shale rock gas adsorption ability. 

Numerical simulation study can be performed by defining a reservoir model with specified number of grid 

blocks. To do so, a reservoir model with rectangular horizontal shape is considered with a specific reservoir 

thickness (declared in Table 1). Total number of numerical grid blocks in which solution of the governing 

equations are obtained is 79, 19, and 11 in x, y, and z directions, respectively. Before running the simulation, 

reservoir pressure is considered equal to 800 psia, and also it is assumed that pore volume of the reservoir 

rock is saturated completely with methane gas. Also, LGR causes grid blocks in x and y directions to vary in 

size logarithmically, although grid blocks in z direction have constant size of 20 feet. The simulation fluid 

model is compositional and all needed property values for components (CO2 and CH4), such as critical 

temperature and pressure, are from [33]. In the compositional model, Peng-Robinson equation of state is 

used for fluid modeling. 

CO2 injection in this study takes place under the constant bottomhole pressure constraint. For all analyses, 

this constant value is equal to 4000 psia.  

 

Table 1 Base reservoir model data 

Property  Value 

Initial pressure 800 psia 

Reservoir temperature 160 °F 

X dimension 4926.58 ft 

Y dimension 4747 ft 

Z dimension (reservoir thickness) 220 ft 

Matrix porosity for USRV 0.06, fraction 

Matrix porosity for SRV 0.1, fraction 

Fracture porosity for USRV 0.005, fraction 
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Fracture porosity for SRV 0.01, fraction 

Matrix horizontal permeability for USRV 0.01, md 

Matrix horizontal permeability for SRV 0.1, md 

Fracture horizontal permeability for USRV 20, md 

Fracture horizontal permeability for SRV 60, md 

Matrix block size 100, ft 

Fracture-matrix transfer shape factor 0.0012, 1/ft2 

Number of hydraulic fracture stages 5 

Hydraulic fracture permeability 20000, md 

Hydraulic fracture porosity 0.3, fraction 

Matrix block size 100, ft 

Rock compressibility (at 3000 psia reference pressure) 4E-6, psia-1 

Initial CH4 composition for matrix 1, fraction 

Initial CO2 composition for matrix 0, fraction 

Langmuir volume for CH4 0.45 MSCF/ton 

Langmuir volume for CO2 0.9, MSCF/ton 

Langmuir pressure for CH4 400, psia 

Langmuir pressure for CO2 200, psia 

Bottomhole pressure 4000, psia 

 

Table 1 shows all synthetic data used for construction of the reservoir model for numerical simulation. In 

this SGR model, porosity and permeability values for shale matrix and NFs are determined in Table 1 for 

both SRV and USRV zones. Moreover, defined HFs in simulation model are narrow grid blocks created by 

LGR method with a width equal to 0.016 feet and constant permeability of 20000 md. HFs are fully 

developed in z- and y-directions. Figure 2 shows a 3D schematic of the numerical model grid blocks. Legend 

of this figure shows grid size for matrix medium varies in x direction logarithmically. On the one hand, rock 

permeabilities in x and y directions (horizontal permeabilities) are equal with each other in this reservoir 

model. On the other hand, vertical permeability (permeability in z direction) is one tenth of horizontal 

permeability for all reservoir grid blocks. 

 



8 
 

A. Shirbazo  et al. /Journal of Construction Materials | Special Issue 2021 

 

Figure 2 Schematic of base case SGR numerical model having a 5-stage MSFHW 

 

According to the Kazemi dual-porosity reservoir model [34], two important parameters are defined to 

describe inter-porosity flow (flow between matrix and fracture media) – matrix block size and shape factor. 

Shape factor determine the strength of the inter-porosity flow and is a function of the matrix block size. 

The relation between these two parameters is as [34]: 

2
m

12
σ

l
=   (1) 

Where σ is shape factor, 1/ft2, and lm is matrix block size, ft. These two parameters are defined in the model 

as shown in Table 1. 

To analyze the considered SGR as a bulk-scale sustainable material for storing CO2 under the earth’s 

surface, its stress-dependent permeability and gas sorption features are studied. As a matter of fact, it is 

supposed to see the importance of these two important features of SGRs for a CCS operation. In this 

numerical model, two important analyses are designed to be studied. In both cases, sensitivity of total CO2 

injection to permeability of the rock is analyzed. In addition, effect of presence of stress-dependent 

permeability in the first case, and effect of presence of gas adsorption in the second case are analyzed as 

well. Table 2 below demonstrates how rock properties vary for both analysis cases in this study. 

 

Table 2 Rock property values for sensitivity analyses 

Case Property  Value 

#1 Presence of stress-
dependent permeability 
phenomenon 

Permeability kbase, 0.1kbase, 10kbase 

Porosity φbase, 0.5φbase 

#2 Presence of gas adsorption 
phenomenon 

Permeability kbase, 0.1kbase, 5kbase 
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In case 1, stress-dependent permeability is modeled using cubic law of porosity variation with effective 

stress on shale layers [35]: 

 
=  
 

3

0 0

k φ

k φ
  (2) 

Where k and φ are stress-dependent permeability and porosity, respectively, and k0 and φ0 are initial values 

of permeability and porosity, respectively. 

Stress-dependent porosity is explicitly defined for the model as the following plot (Figure 3) which 

describes porosity change versus pore pressure of the SGR. 

 

Figure 3 Changing SGR porosity versus pore pressure of the numerical reservoir model 

 

As it is declared in Table 2, in the first case the sensitivity of total volume of injected CO2 is analyzed with 

respect to variation in permeability and considering that the SGR permeability being or not being stress-

dependent. Also, the results are obtained for the case with porosity values with half of base case model 

porosities.  

In case 2, effect of gas adsorption/desorption is studied during the CO2 injection to the base case SGR. 

Volume of adsorbed/desorbed gas, regarding the Langmuir model [10], is taken into account in numerical 

calculations as the following formulation: 

=
+

L

L

V P
V

P P

 
 (3) 
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Where, V is the volume of adsorbed/desorbed gas, MSCF/ton, P is system pressure, psia, VL is Langmuir 

volume of adsorbing gas, MSCF/ton, and PL is Langmuir pressure of the adsorbing gas, psia. Amounts of VL 

and PL for both CO2 and CH4 in the model are as shown in Table 1. 

Now by knowing the details of the model, results of the two designed analyses can be achieved. 

 

Results 
The most outstanding outputs of simulation study on the CO2 storage process in the synthetic SGR model 

are presented in this part. Performance of the CCS is analyzed by the amount of total injected CO2 to the 

reservoir as well as some other indicators such as reservoir pressure and reservoir gas in-place.  

Running the simulation model of CO2 storage in the SGR base case model for 200 days leads to the following 

results for total CO2 injection, total gas in-place, CO2 injection rate, and field pressure depicted in Figure 

4. This figure shows that total CO2 injection, total gas in-pace, and total field pressure increases with 

injection time (Figure 4 - a, b, and c, respectively). Also, as it is depicted in Figure 4-d, flow rate of CO2 

injection will have a decline during the injection period. Increasing trends in Figure 4 - a, b, and c are due 

to the increase in amount of CO2 injection with time. Regarding the Figure 4-d, gas injection rate cannot 

remain constant and will vary with time because of constant bottomhole pressure of injection. Also, the 

decreasing trend in Figure 4-d is because of this issue that SGR model is limited in boundaries and injection 

rate would not increase continuously. 

 

Figure 4 Base case SGR field cumulative gas injection (a), gas in-place (b), gas injection rate (c), and 

pressure (d) results 
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Figure 5 shows the result for the base case model with variation in permeability values and also sensitivity 

analysis for stress-dependent permeability. In this figure, it can be inferred that an increase in reservoir 

permeability values, for both matrix and NF media of SRV and USRV zones, increases the cumulative CO2 

injection. This sensitivity is more obvious in higher reservoir permeabilities than the low-permeability 

values. In addition, effect of stress-dependent permeability in this figure reveals that this effect in all values 

for reservoir permeabilities causes a slight decrease in cumulative gas injection. 

 

 
Figure 5 Cumulative gas injection (total volume of injected CO2) into the base case SGR with sensitivity to 

reservoir permeability and its stress dependence 

 

It should be denoted that as it is shown in Figure 3, stress-dependent and initial permeability values are 

equal at reservoir pore pressure of 4000 psia. Thus, around initial pressure of the SGR which is equal to 800 

psia, stress-dependent permeabilities are considerably lower than initial permeabilities of reservoir grid 

blocks. So, the lower cumulative CO2 injection of cases with stress-dependent permeability compared to 

base case model is due to their lower permeability values. If the SGR pressure was considerably higher than 

4000 psia, total volume of injected CO2 for stress-dependent case would be higher the base case 

cumulative CO2 injection. However, the difference between the results for stress-dependent case and base 

case are slight. 

Under more scrutiny, a similar analysis ran for the case in which its porosity values are half of that of base 

case model for both matrix and NF media of SRV and USRV zones. Result of this analysis, which is shown in 

Figure 6, expresses that decrease in total volume of injected CO2 due to permeability stress dependence 

can be more significant than the base case for a high-permeability SGR. 
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Figure 6 Cumulative gas injection (total volume of injected CO2) into the base case SGR with half porosity 

values with sensitivity to reservoir permeability and its stress dependence 

 

According to Table 3, results for both cases of stress-dependent permeabilities  (Figures 5 and 6) show that 

in case of base SGR porosity value (Figure 5), average cumulative CO2 injection for no stress-dependent 

permeability of 0.1-, 1-, and 10-time base reservoir permeability are 2.5039E+6, 1.5638E+7, and 5.7986E+7 

MSCF, respectively. Also, for this case, average cumulative CO2 injection for stress-dependent permeability 

cases of 0.1-, 1-, and 10-time base reservoir permeability are calculated as 2.2774E+6, 1.4569E+7, and 

5.4908E+7 MSCF, respectively. In fact, stress-dependent permeability model has caused approximately 

10%, 7.3%, and 5.6% reduction in total amount of CO2 injection to the reservoir, respectively, in cases of 

reservoir permeabilities 0.1-, 1-, and 10-time base reservoir permeability. In addition, same approach for 

sensitivity analysis for the reservoir with porosity half of the base reservoir porosity (Figure 6), shows 

average cumulative CO2 injection for no stress-dependent reservoir permeabilities 0.1-, 1-, and 10-time 

base reservoir permeability as 2.2062E+6, 1.4130E+7, and 5.1089E+7 MSCF, respectively. Also, for stress-

dependent permeability values 0.1-, 1-, and 10-time base reservoir permeability average cumulative CO2 

injection are 2.2062E+6, 1.4130E+7, and 5.1089E+7 MSCF, respectively. Thus, it shows that stress-

dependent permeability model causes almost 9%, 10%, and 16% decrease in average cumulative CO2 

injection to the reservoir, respectively, in cases of reservoir permeabilities 0.1-, 1-, and 10-time base 

reservoir permeability. 
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Table 3 Results for average cumulative CO2 injection to the SGR with/without stress-dependent 

permeability model 

High-porosity SGR (6%) 

Average cumulative CO2 injection k=kbase k=0.1kbase k=10kbase 

without stress dependence, MSCF 2.5039E+6 1.5638E+7 5.7986E+7 

with stress dependence, MSCF 2.2774E+6 1.4569E+7 5.4908E+7 

Reduction percentage of with/without stress dependence, % 10 7.3 5.6  
Low-porosity SGR (3%) 

Average cumulative CO2 injection k=kbase k=0.1kbase k=10kbase 

without stress dependence, MSCF 2.2062E+6 1.4130E+7 5.1089E+7  
with stress dependence, MSCF 2.2062E+6  1.4130E+7 5.1089E+7  
Reduction percentage of with/without stress dependence, % 9 10 16 

 

The second analysis of this study investigates the effect of gas adsorption on the CO2 injection results. As 

it is followed by Figure 7, same as the first analysis, effect of variation in reservoir permeability is analyzed 

for the base SGR model. Moreover, sensitivity of cumulative CO2 injection to gas adsorption is analyzed. As 

it is recognized from Figure 7, not considering gas adsorption phenomenon for each case of reservoir 

permeability values causes an underestimation in cumulative gas injection results. This underestimation is 

more considerable in high-permeability SGRs and negligible in low-permeability SGRs. 

 

 
Figure 7 Cumulative gas injection (total injected CO2 volume) into the base case SGR with sensitivity to 

reservoir permeability and presence of gas sorption phenomenon 
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Results for total injected CO2 volume sensitivity to reservoir permeability and gas sorption effect reveal 

that average cumulative CO2 injection for SGR having no sorption effect with permeability 0.1-, 1-, and 5-

time base reservoir permeability are 2.2871E+6, 1.2364E+7, 2.8650E+7 MSCF, respectively. Also, by 

considering gas adsorption/desorption ability in the reservoir, average cumulative CO2 injection for SGRs 

with permeability 0.1-, 1-, and 5-time base reservoir permeability are 2.4625E+6, 1.5595E+7, and 

4.2367E+7 MSCF, respectively. In other words, considering gas sorption in the SGR simulation model causes 

7.7%, 26%, and 48% increase in cumulative CO2 injection to reservoirs with permeability 0.1-, 1-, and 5-

time base reservoir permeability, respectively. 

 

Conclusion 

The numerical simulation study with finite difference method has been performed for a CCS operation in 

an SGR. By considering the SGR as a large-scale sustainable material for separation of CO2 from 

environment, effect of several petrophysical and geochemical features of these petroleum gas reservoirs 

are investigated in the performance of CCS in this study. Sensitivity analyses for SGR permeability 

(permeability of rock matrix and NF), stress-dependent permeability, and gas sorption leads to some 

outstanding conclusions. Overall, the results of this study can be classified as follows: 

1. The effect of stress-dependent permeability in all values for reservoir permeabilities causes a slight 

decrease in cumulative gas injection. 

2. If SGR is high-porosity (6%), the decrease in total volume of injected CO2 due to permeability stress 

dependence can be more significant than the base case for a low-permeability SGR. 

3. If SGR is low-porosity (3%), the decrease in total volume of injected CO2 due to permeability stress 

dependence can be more significant than the base case for a high-permeability SGR. 

4. An underestimation in cumulative gas injection results can be seen by not considering gas 

adsorption phenomenon for each case of reservoir permeability values. This is more considerable 

in high-permeability SGRs and negligible in low-permeability SGRs. 
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Acronyms 
 

3D 3 dimensional 
CCS Carbon capture and sequestration 
CH4 Methane 
CO2 Carbon dioxide 
EGR Enhanced gas recovery 
HF Hydraulic fractures 
kbase Base case reservoir model permeability 
LGR Local grid refinement 
MSCF Thousands standard cubic feet 
MSFHW Multi-stage fractured horizontal well 
NF Natural fracture 
NFR Naturally fractured reservoir 
SGR Shale gas reservoir 
SRV Stimulated rock volume 
TOC Total organic carbon 
USRV Unstimulated rock volume 
φbase Base case reservoir model porosity 
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