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Abstract 
 
The application of horizontal well drilling coupled with the multistage fracturing technology enables 
commercial development of shale gas formations, which launches the energy revolution from 
conventional resources to unconventional resources. With the progress of understanding the nature of 
shale reservoirs, we find that some shale methane is stored as an adsorbed phase on surfaces of organic 
carbon. Meanwhile, laboratory and theoretical calculations indicate that organic-rich shale adsorbs CO2 
preferentially over CH4. Shale gas reservoirs are recently becoming the promising underground target 
for CO2 sequestration. In the paper, systematic numerical simulations will be implemented to 
investigate the feasibility of CO2 sequestration in shale gas reservoirs and quantify the associated 
uncertainties. 
 
First, a multi-continua porous medium model will be set up to present the matrix, nature fractures and 
hydraulic fractures in shale gas reservoirs. Based on this model, we will investigate a three-stage flow 
mechanism which includes convective gas flow mainly in fractures, dispersive gas transport in macro 
pores and multi-component sorption phenomenon in micro pores. To deal with this complicated three-
stage flow mechanism simultaneously, analytical apparent permeability which includes slip flow and 
Knudsen diffusion will be incorporated into a commercial simulator CMG-GEM. A Langmuir isotherm 
model is used for CH4 and the multilayer sorption gas model, a BET model, is implemented for CO2. In 
addition, a mixing rule is introduced to deal with the CH4-CO2 competitive adsorption phenomenon.  
 
In the paper, an integrated methodology is provided to investigate the CO2 sequestration process. 
Simulation results indicate that a shale gas reservoir is an ideal target for the CO2 sequestration. Even 
with the reservoir pressure maintenance due to the injection of CO2, the reservoir productivity is not 
enhanced. Hydraulic fracking which creates freeways for gas flow is the key to improve the reservoir 
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performance. The multicomponent desorption/adsorption is a very important feature in a shale gas 
reservoir, which should be fully harnessed to benefit the CO2 sequestration process. In addition, we 
cannot ignore the contribution of slip flow and diffusion to the reservoir performance. Based on the 
methodology provided in this paper, we can easily deal with the apparent permeability effect using a 
commercial simulator platform. 
 
Introduction 
 

As of August 2013, the Geological Survey of Canada estimated that Canada has approximately 4,995 
trillion cubic feet (Tcf) of shale gas in place, a large portion of which is located in the Western Sedimentary 
Basin.1 Shale gas resources can be found in British Columbia, Alberta, Saskatchewan, Manitoba, Ontario, 
Quebec, New Brunswick, Nova Scotia, the Northwest Territories, and Yukon.2 However, gas-in-place 
estimates are available for certain provinces only, as shown in the following figure. 

 
Fig. 1. Shale gas in Canada: formations and estimates of gas in place (Parliament of Canada) 

 
The U.S. Energy Information Administration estimates that 573 Tcf of Canadian shale gas is 

technically recoverable, which represents nearly 8% of the global estimated total. According to this 
assessment, Canada has the world’s fifth largest shale gas deposit, after China (1,115 Tcf), 
Argentina (802 Tcf), Algeria (707 Tcf) and the U.S. (665 Tcf).3  

Composed principally of methane (CH4), natural gas produces far fewer potentially hazardous 
pollutants than coal when combusted. It also produces 43% fewer carbon dioxide (CO2) emissions per 
unit of produced energy than coal. Used for electricity generation, a combined cycle gas turbine power 
plant can achieve typical efficiencies greater than 50%.4 These environmental factors, combined with 
changes in natural gas markets, have led to the percentage of electricity supplied by natural gas nearly 
doubling over the last 20 years in the United States, increasing from 11.9% of electricity in 1989 to 23.2% 
in 2009.5 Similar trends can be observed globally, where annual natural gas consumption is expected to 
increase from 108 Tcf in 2007 to 156 Tcf in 2035. Compared with its southern neighbor (U.S.), Canada’s 
shale gas production is still in its early stages and production activities concentrate primarily in western 
Canada. For Canada, a rise in shale gas production at home and abroad could mean unprecedented 
economic opportunities and future prosperity.6  
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With the progress of understanding the nature of shale reservoirs, we find that some shale methane is 
stored as an adsorbed phase on the surfaces of organic carbon. Meanwhile, laboratory and theoretical 
calculations indicate that organic-rich shale adsorbs CO2 preferentially over CH4. With the help of CO2 

tax and the generation of an income stream through potential enhanced recovery of shale gas which 
recoups some of the cost of capturing and sequestering CO2, shale gas reservoirs become the most 
economically promising underground target for CO2 sequestration.7,8 Moreover, with the high well density 
in shale gas fields, additional wells may not need to be drilled to implement enhanced recovery, further 
reducing the cost of sequestration. But there are many challenges to prove the viability of sequestration 
and enhanced recovery in gas shale because the performance of CO2 injection in shale reservoirs is 
influenced by several engineering parameters.9 Based on a sophisticated shale gas reservoir model which 
includes multi-continua, a three-stage flow mechanism and multi-component sorption, a systematic 
numerical simulation study will be implemented to assess the feasibility of the CO2 sequestration process 
and quantify its uncertainties.  
 
Numerical simulation methods 
 
We use CMG-GEM, the advanced general EOS compositional reservoir simulator, to model mult ip le 
hydraulic fractures and gas flow in shale reservoirs.10 In the simulation model, we assumed that gas is 
flowing into a wellbore through hydraulic fractures with considering a non-Darcy effect. We implement 
the correlation proposed by Evan and Civan to determine the non-Darcy beta factor which is used in the 
Forchheimer number.11,19,20 Local grid refinement with logarithmic spacing is employed to accurately 
simulate the detailed transient gas flow phenomenon around hydraulic fractures. A dual-permeability 
model is used to take natural fractures into consideration. The logarithmically spaced, locally refined, dual 
permeability (LS-LR-DK) methodology has been widely applied to model gas flow in hydraulica l ly 
fractured shale gas reservoirs.12, 13, 14 Grid blocks which include hydraulic fractures have a 7 × 7 × 1 local 
grid refinement. The refined blocks along the center of a parent block have a width of 2 ft. The hydraulic 
fractures are represented by these center blocks. Since a larger width (2 ft) is used for the hydraulic 
fracture, we need to convert the fracture conductivity in a 2 ft wide grid block. The effective permeability 
is calculated based on the following equation 10: 

                                                                  𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑊𝑊𝑓𝑓
𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

.                                                                    (1) 

where 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒  is the effective permeability and 𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  is the width of an inner grid block. In the present case, 
𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  is 2 ft. 𝐾𝐾𝑓𝑓  is the intrinsic permeability of fractures and 𝑊𝑊𝑓𝑓  is the width of fractures.  
Because of an increased cross-sectional area from using a larger block width, the actual velocity in the 
fractures is higher than the velocity in the blocks. Therefore, a non-Darcy correction coefficient is defined 
so that flow resistance arising from the non-Darcy effect is correctly captured: 10  

                                                      𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ( 𝐾𝐾𝑓𝑓
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

)2−𝑁𝑁1𝑔𝑔 = (𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑊𝑊𝑓𝑓

)2−𝑁𝑁1𝑔𝑔 .                                          (2) 

where 𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the non-Darcy correction factor and 𝑁𝑁1𝑔𝑔is the first coefficient in the Forchheimer equation 
for non-Darcy flow. 
 
In addition, CH4 adsorption on solid surfaces is taken into consideration in the model through 
implementing the classical Langmuir isotherm.15 The Langmuir isotherm equation with two fitting 
parameters is as follows: 
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                                                                   𝑉𝑉(𝑃𝑃) = 𝑉𝑉𝐿𝐿P
𝑃𝑃+𝑃𝑃𝐿𝐿

,                                                                 (3) 
where 𝑉𝑉(𝑃𝑃) is the gas volume of adsorption at pressure P, 𝑉𝑉𝐿𝐿  is the Langmuir volume, referred to the 
maximum adsorbed gas volume at the infinite pressure, and PL is the Langmuir pressure which represents 
the pressure corresponding to a one-half Langmuir volume.  
The multilayer sorption gas model, 16 a general BET model, is implemented for CO2. The general BET 
model with the four fitting parameters is as follows: 

𝑉𝑉(𝑃𝑃) =
𝑉𝑉𝑚𝑚𝐶𝐶 𝑃𝑃

𝑃𝑃0
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)𝑁𝑁+1

]  

where P0 is the saturation pressure of gas, Vm is the maximum adsorption gas volume when the entire 
adsorbent surface is covered with a unimolecular layer, C is a constant related to the net heat of adsorption, 
and N is the maximum number of adsorption layers. 
In the model, an extended Langmuir isotherm is implemented to model the competitive multicomponent 
adsorption and desorption process:10 

𝑤𝑤𝑖𝑖 = 𝑤𝑤𝑖𝑖 ,𝑚𝑚𝑚𝑚𝑚𝑚𝐵𝐵𝑖𝑖𝑦𝑦𝑖𝑖𝑖𝑖𝑃𝑃
1+∑ 𝐵𝐵𝑗𝑗𝑦𝑦𝑗𝑗𝑗𝑗𝑗𝑗

  

where wi is the moles of adsorbed component i per unit mass or rock, wi,max is the maximum moles of 
adsorbed component i per unit mass or rock, Bi is the parameter for Langmuir isotherm relation, P is the 
pressure, and yig is the molar fraction of adsorbed component i in the gas phase. 
 
The transport mechanism of shale gas in matrix pores devidates from the conventional Darcy flow 
equation, as shown in the following Fig. 1. 17  

 
Fig. 1. Gas flow regimes divided by Kn (Dr. J. Shi) 

 
Apparent permeability which combines slip flow and Knudsen diffusion will be incorperated into the shale 
gas reservoir model, 18 
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]  

We assume that the average radius of a nano matrix pore is 2 nm. Based on the above equation, we can 
plot the relationship between the apparent permeability and the reservoir pressure. With a decrease in the 
reservoir pressure, the apprarent permeability will increase. That is also the reseason that we can see the 
more-than-expected gas production from a shale gas reservoir.  
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Fig. 2. The relationship between the apparent permeability and the reservoir pressure 

 
Here is the ratio of the apparent permeability over the Darcy permeability, which will be integrated into 
the commercial simulator CMG-GEM to examine the effect of the transport mechanism on the CO2 
sequestration process. 

 
Fig. 3. The ratio of apparent permeability over the darcy permeability versus the pressure 

 
Reservoir model  
 

A shale reservoir is simulated by setting up a homogeneous 3D reservoir model with dimensions of 
5000𝑓𝑓𝑓𝑓× 3000𝑓𝑓𝑓𝑓 × 300𝑓𝑓𝑓𝑓, which correspond to the length, width and thickness, respectively (Fig. 4). 
A horizontal well with ten fracturing stages is simulated. The hydraulic fracture spacing and the half-
length are 450 ft and 425 ft, respectively. The spacing between the two horizontal wells is 1000 ft. The 
detailed information of the reservoir and hydraulic fractures is listed in Table 1. The adsorption data and 
relative permeability data for each domain (matrix, hydraulic fractures and natural fractures) are listed in 
Table 2. The overall production period is 30 years. First of all, well-1 and well-2 are set to produce for 
five years. Then well-2 is converted to an injection well (well-3) with the injection rate of 1×106 ft3/day. 
The injection time is 5 years.  
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                                 (a) 2D view                                                                 (b) 3D view 

Fig. 4. Shale gas reservoir model          
 
 

Table 1: Parameters used in the shale gas reservoir model 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parameter Value(s) Unit

The model dimensions 5000×3000×300 ft
Grid Top Depth 6481 ft

Pore pressure gradient 0.54 psi/ft
STG 2000000 ft3/day
BHP 300 psi

Production time 30 year
Reservoir Temperature 150 F

Initial gas saturation 0.8
Total compressibility 1.E-06 psi-1

Matrix permeability 0.0005 md
Matrix porosity 0.06

Fracture permeability 2.E-05 md
Fracture porosity 4.E-05

Fracture Conductivity 10 md*ft
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Table 2: Adsorption data and relative permeability data for different continuum   

 
 
As shown in the following figures, 99% of the injected CO2 has been sequestered successfully in the 
Barnett shale formation for one horizontal well in a 30-year period.  

 
       (a) CO2 mole fraction distribution                           (b) Cumulative CO2 injection and production 

Fig. 5. Simulation results on the CO2 sequestration for the Darcy permeability case  
 
Due to the CO2 injection, the reservoir pressure is maintained. But the final CH4 recovery is the same for 
the two cases because of the limitations of the tight formation. Meanwhile, we can observe that the 
adsorption/desorption process makes contribution to the reservoir pressure maintenance and reservoir 
productivity, which is a very important feature of a shale gas reservoir. A shale gas reservoir is an ideal 
target for the CO2 sequestration. Even with the reservoir pressure maintenance due to the injection of the 
CO2, the reservoir productivity is not enhanced. Hydraulic fracking which creates freeways for gas flow 
is the key to improve the reservoir performance. 
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(a) Cumulative CH4 production                                        (b) Average reservoir pressure 

Fig. 6. Simulation results on reservoir performance 
 
Here, we will examine the effect of the three-stage flow mechanism via integrating the analytical apparent 
permeability model into the shale gas numerical model. 

 
(a) CO2 mole fraction distribution                           (b) Cumulative CO2 injection and production 

Fig. 7. Simulation results on the CO2 sequestration for the apparent permeability case 
 
Just as in the following figure, we can observe that the apparent permeability is about 4 times bigger than 
the Darcy permeability (0.0005 md) during the 30-years production period. Due to the integration of the 
apparent permeability, the reservoir is more permeable. That is why more CO2 will be produced from the 
reservoir. Moreover, the apparent permeability is the function of the reservoir pressure. The pressure 
heterogeneity will lead to the apparent permeability heterogeneity so that we can observe that the CO2 
mole fraction distribution is not as uniform as in the Darcy permeability case. 
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Fig. 8. Apparent permeability evolution for specific reservoir location with CO2 injection 

 
There is also a big difference on the average reservoir pressure and the CH4 productivity. Due to the bigger 
apparent permeability, the pressure is easier to trasnsimit which leads to the bigger productivity. Based on 
the above analysis, the apparent permeability effect which includes slip flow and diffusion in addtion to 
the Darcy permeability is not negelible when we deal with a shale reservoir. The slip flow and diffus ion 
make lots of contribution to the reservoir performace as we can observe from the cumulative CH4 gas 
production.  

  
(a) Cumulative CH4 production                                        (b) Average reservoir pressure 

Fig. 9. Reservoir performance comparison between the apparent and darcy permeability case  
 
We can find one more interesting phenomenon with the integration of the apparent permeability model 
into the commerical simulator. Due to the injection process which leads to an increase in the reservoir 
pressure, the apparent permeability decreases with an increase in the reservoir pressure. That is why we 
can observe slightly bigger cumulative CH4 production for the case without injection. It further validates 
the point that the permeable pathway for gas flow is the key to improve the reservoir performance at this 
point compared with the reservoir pressure maintenance. 
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(a) Cumulative CH4 production                                        (b) Average reservoir pressure 

Fig. 10. Simulation results on reservoir performance for the apparent permeability case 
 
For the apparent permeability evolution, we can observe that there will be a five-year decrease for the case 
with injection. For the case without injection, after an immediate drop due to the well-2 shut-in, the 
apparent permeability will increase till the end of the simulation. That is why we can observe the above 
interesting phenomenon.   

 
Fig. 11. Apparent permeability evolution for specific reservoir location without CO2 injection 

 
Conclusion and Future Work 
 
An integrated methodology is provided to investigate the CO2 sequestration process. A shale gas reservoir 
is an ideal target for the CO2 sequestration. Even with the reservoir pressure maintenance due to the 
injection of CO2, the reservoir productivity is not enhanced. Hydraulic fracking which creates freeways 
for gas flow is the key to improve the reservoir performance. The multicomponent desorption/adsorpt ion 
is a very important feature in a shale gas reservoir, which should be fully harnessed to benefit the CO2 
sequestration process. In addition, we cannot ignore the contribution of slip flow and diffusion to the 
reservoir performance. Based on the methodology provided in this paper, we can easily deal with the 
apparent permeability effect based on a commercial simulator platform. In the near future, we will 
examine the stress-sensitivity effect on natural fractures in shale reservoirs via implementing the elastic 
geomechanics model and the Barton-Bandis model. Reservoir heterogeneity will also be taken into 
account in the future study. Moreover, different well operation schemes will be tested based on the 
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integrated shale gas reservoir model. Based on the improved reservoir understanding, some economic and 
environmental assessments associated with production efficiency and carbon sequestration will be 
conducted.  
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Nomenclature 
 
𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 : Effective permeability,mD 
𝐾𝐾𝑓𝑓 : Fracture permeability, mD 
Wf: Fracture width, ft 
Wgrid: Block width, ft 
𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Non-Darcy correction factor 
 𝑁𝑁1𝑔𝑔: First coefficient in the Forchheimer equation for non-darcy flow 
𝑉𝑉(𝑃𝑃): Gas volume of adsorption at pressure P, scf/ton  
𝑉𝑉𝐿𝐿 : Langmuir volume, scf/ton                                                                                                                                                       
𝑃𝑃: Pressure, psi                                                                                                                                                                             
𝑃𝑃𝐿𝐿: Langmuir pressure, psi                                                                                                                                                         
Vm : Maximum gas adsorption volume, scf/ton 
C : Constant related to the net heat of adsorption 
N : Maximum number of adsorption layers  
Wi : Moles of adsorbed component I per unit mass or rock, mole  
Wi, max : Maximum moles of adsorbed component i per unit mass or rock, mole  
Bi : Parameter for Langmuir isotherm relation 
yig : Molar fraction of adsorbed component i in the gas phase 
r : Pore radius, ft 
R : Universal gas constant  
M : Molar mass, lbm/mole 
Pavg : Average pressure, psi 
ρavg : Average gas density, lbm/ft3 
µ : Viscosity, cp  
𝛼𝛼: Tangential momentum accommodation coefficient 
T : Temperature, F 
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