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ABSTRACT
Shale gas has become an increasingly important source of natural gas in the United States over the
last decade. The application of two key techniques, horizontal drilling and hydraulic fracturing,
have made it possible to extract gas economically from shale. Despite this, field production data
show a rapid decline in gas flow rate after a few years of production. This drawback has focused
attention on methods to enhance shale gas recovery (ESGR). In this work, we develop dualporosity, dual-permeability finite element models to simulate multicomponent gas flow in porous
media coupled with shale deformation and sorption behavior. We use this to explore the injection
of pure CO2, pure N2, and mixtures of CO2 and N2 for enhanced recovery of shale gas. This
behavior necessarily includes the evolution sorption-induced strain by competitive adsorption and
its influence on permeability of matrix and fractures to ultimately define cumulative production
history of CH4. This also defines the pattern of stranded CH4 concentration within the matrix after
production under different injection conditions. It is shown that CO2 and N2 can each enhance shale
gas recovery, but as a result of different mechanisms. Injected CO2 has a higher affinity than CH4
and thereby desorbs CH4; this technique can increase shale gas recovery by ~20%. Injection of N2
works as an ESGR because N2 lowers the partial pressure of CH4 in shale and thereby desorbs
shale gas from the matrix for the lower absorbability of N2 with respect to CH4, which will enlarge
fractures as well as shrinking the matrix; this method can increase shale gas recovery by ~80%.
Injected mixtures of CO2 and N2 will result in shale gas recovery of between the end-member
magnitudes 20% to 80% (injection of CO2 to injection of N2). Injected mixtures with a higher N2:
CO2 ratio result in a greater recovery of shale gas.

III

Table of Contents
LIST OF FIGURES ....................................................................................................................... V
LIST OF TABLES ....................................................................................................................... VII
ACKNOWLEDGEMENTS ....................................................................................................... VIII
Chapter1 Introduction ..................................................................................................................... 1
Chapter 2. Model Development ...................................................................................................... 3
2.1 Field and constitutive equations ............................................................................................. 3
2.2 Kinetics of gas adsorption ...................................................................................................... 4
2.3 Porosity model for fracture and matrix .................................................................................. 5
2.4 Permeability model for fracture and matrix ........................................................................... 6
2.4.1 Impact of gas adsorption on permeability ....................................................................... 7
2.4.2 Impact of effective stress on permeability ...................................................................... 9
2.4.3 Ensemble effect on permeability .................................................................................... 9
2.5 Gas transport in porous media ............................................................................................. 10
Chapter 3. Model Application....................................................................................................... 12
3.1 Gas flow in shale .................................................................................................................. 12
3.2 Model Mechanism ................................................................................................................ 13
3.3 Model Description ................................................................................................................ 14
3.4 Original gas in place in the model ........................................................................................ 15
Chapter 4. Parametric Study ......................................................................................................... 17
4.1 No injection .......................................................................................................................... 17
4.2 Single gas injection .............................................................................................................. 21
4.2.1 CO2 injection ................................................................................................................ 22
4.2.2 N2 injection .................................................................................................................. 29
4.3 Binary gas injection .............................................................................................................. 36
4.3.1 CH4 cumulative production and recovery .................................................................... 36
4.3.2 CO2 sequestration ......................................................................................................... 37
Chapter 5. Conclusion ................................................................................................................... 40
References ..................................................................................................................................... 42

IV

LIST OF FIGURES
Figure 2.1 Schematic representation of shale as a dual porosity, dual permeability medium [16]. 3
Figure 2.2 Matrix interaction with sorptive deformation: (a) matrix swelling and (b) matrix
shrinkage. ........................................................................................................................................ 7
Figure.3.1 Gas flow behavior in the matrix during production [18] ............................................. 12
Figure 3.2 Model mechanisms. Input of all parameters listed on the left side allows solution for
gas concentration distribution with time. ...................................................................................... 14
Figure 3.3 Geometry of reservoir and quarter symmetry numerical simulation model................ 15
Figure 4.1 Sorption-induced strain of primary production vs. time along the diagonal AA’
(Figure 3.1). .................................................................................................................................. 19
Figure4.2 Matrix permeability ratio evolution during primary production. ................................. 19
Figure 4.3 Fracture permeability ratio evolution during primary production. .............................. 20
Figure 4.4 Cumulative CH4 production vs time for primary production. .................................... 20
Figure 4.5 The distribution of CH4 concentration in the matrix at the 10th year (1a), 20th year
(1b), and 30th year (1c) ................................................................................................................. 21
Figure 4.6 Time history of sorption-induced strain resulting from injection of CO2. Along the
transect AA’. ................................................................................................................................. 24
Figure 4.7 Evolution of matrix permeability ratio under CO2 injection. ..................................... 24
Figure 4.8 Evolution of fracture permeability ratio under CO2 injection. ................................... 25
Figure 4.9 Evolution of average fracture and matrix permeability ratio evolution with time and
for CO2 injection. ......................................................................................................................... 25
Figure 4.10 Cumulative CH4 production and recovery vs. time resulting from CO2 injection
compared with primary production. .............................................................................................. 26
Figure 4.11 CH4 concentration resulting from CO2 injection for ESGR: (1a), (1b), and (1c)
represent CH4 distribution in the matrix for injection at 4 MPa at the 10th year, 20th year, and
30th year. (2a), (2b), and (2c) represent CH4 distribution in the m matrix for injection at 8 MPa
at the 10th year, 20th year, and 30th year. .................................................................................... 28
Figure 4.12 Snapshots of sorption-induced strain with time, along the transect AA’, resulting
from the injection of N2. ............................................................................................................... 30
Figure 4.13 Snapshots of matrix permeability ratio with time, along the transect AA’, resulting
from the injection of N2. ............................................................................................................... 30
Figure 4.14 Snapshots of fracture permeability ratio with time, along the transect AA’, resulting
from the injection of N2. ............................................................................................................... 31
Figure 4.15 Evolution of average fracture and matrix permeability ratio evolution with. time for
the injection of N2. ....................................................................................................................... 32
Figure 4.16 Cumulative CH4 production and recovery with time resulting from N2 injection
relative to primary production. ..................................................................................................... 32
Figure 4.17 CH4 concentration resulting from CO2 injection for ESGR under an overpressure of
4 MPa: (1a), (1b), and (1c) represent log CH4 distribution in the matrix under 4 MPa at the 10th,
20th, and 30th year. (2a), (2b), and (2c) represent CH4 distribution in the matrix under 4 MPa at
the 10th year, 20th year, and 30th year in a best fit natural scale. ................................................... 34

V

Figure 4.18 CH4 concentration resulting from CO2 injection for ESGR under an overpressure of
8 MPa: (1a), (1b), and (1c) represent log CH4 distribution in the matrix under 8 MPa at the 10th,
20th, and 30th year. (2a), (2b), and (2c) represent CH4 distribution in the matrix under 8MPa at
the 10th year, 20th year, and 30th year in a best fit natural scale. ................................................... 35
Figure 4.19 Cumulative CH4 production versus time for mixtures of N2 and CO2 injection in
different ratios compared with primary production. ..................................................................... 36
Figure 4.20 CO2 sequestration versus time for mixtures of N2 and CO2 in different ratios. ...... 37
Figure 4.21 CO2 sequestration at injection pressures of 4MPa and 8MPa by different CO2
injection ratios. …………………………………………………………………………………………………………………………………..38

VI

LIST OF TABLES
Table 1. Input parameters of reservoir properties, Rock properties and gas properties………44

VII

ACKNOWLEDGEMENTS

First and foremost, I thank my advisor Derek Elsworth for his guidance and advice during my
graduate study to get my master’s degree. He gave me the opportunity to choose the research
topic that I am passionate about and helped me to get where I am. Derek’s wisdom, enthusiasm
for science, and great personality always inspire me, and I am truly grateful to have him as my
advisor.
I thank my committee members Shimin Liu and Eugene Morgan for taking the time to review
this manuscript and for their help in developing various elements of the thesis. I am also
grateful for the knowledge they shared in the classes I took with them.
I thank Sheng Zhi and Chaoyi Wang for their help and cooperation during my research projects.
I thank Yuzhe Cai, Yun Yang, Lina Da, and Wei Zhi for their company throughout my studies.
Lastly, I thank my parents for their unconditional love and support.

VIII

Chapter1 Introduction
Shale gas has become an increasingly important source of natural gas in the United States. In 2000,
shale gas provided only 1% of U.S. natural gas production, but this increased to 20% by 2010 [1].
The U.S. Energy Information Administration predicts that, by 2035, 46% of natural gas supply in
the United States will come from shale gas. Shale gas comes from gas shales, which are organicrich formations that are both source rock and reservoir [2]. Unlike other conventional reservoirs,
whose high permeability enables vertical wells to extract gas, the ultra-low permeability of shale
traps the source methane within the shale. Vertical wells are only able to drain gas from a small
tributary volume. This prevents vertical wells from producing sufficient gas to be economical [3].
Over the past decade, however, the application of two techniques, horizontal drilling, and hydraulic
fracturing, has made it possible to extract gas economically from shale formations at significant
depth. Their use in the Barnett Shale near Fort Worth, Texas, demonstrated that these techniques
could be key to producing trillions of cubic feet of natural gas estimated to exist in shale gas plays
throughout the United States [4]. However, field production data of shale gas wells show a rapid
decline in gas flow rate after a few years of production. This drawback has focused attention on
finding other ways to enhance shale gas recovery (ESGR).
As an unconventional reservoir, shale has significantly lower porosity and permeability than that
of conventional reservoirs but has features similar to those of coalbed reservoirs. This parallel has
resulted in the application of advanced methods used to enhance coalbed methane to shale
reservoirs. Injecting CO2 to enhance gas recovery as well as to sequester CO2 to mitigate
greenhouse gas emission is one of the methods which may be applicable [5]. In addition, the
injection of N2 may also be applicable, although little work on this is reported. It has been shown
that gas adsorption in gas shale follows the monolayer adsorption-Langmuir isotherm [6], defining
behavior at fixed temperature [7]. N2, CH4, and CO2 are preferentially adsorbed on shale in the
1

ratio 2:3:15 based on laboratory observations [6, 8]. Injecting a higher affinity gas, such as CO2,
may be a feasible method because the organic matter in shales has a large surface area and a greater
sorption affinity for CO2 than CH4 [9]. Injecting a lower affinity gas such as N2 may induce shale
matrix shrinkage and thereby increase the fracture permeability to ESGR. Injecting an optimal
mixture of N2 and CO2 may combine the advantages of each gas to maximize their impact on
ESGR.
Accurately modeling the processes of gas injection or production with so many complex coupled
behaviors such as multicomponent gas flow, competitive sorption, and shale deformation is
challenging. In previous studies, a series of single poroelastic [10] or equivalent poroelastic finite
element models [11, 12] have been developed to simulate the interactions of multiple processes
triggered by injection or production of a single gas in coal. Such models have explored dual
poroelastic response for a single gas in coal [13] and updated for binary gas flow to investigate
the impact of CO2 injection and differential deformation on CO2 injectivity under in-situ stress
conditions [14]. Subsequently, all of these models were combined and applied to shale gas
recovery by CO2 for both continuous injection and paused injection [15]. In this study, a dual
porosity, dual permeability model of multi-component gas flow incorporating adsorptive behavior
is created to represent the processes of ESGR by injecting pure CO2, pure N2, and a mixture of the
two to determine an optimal injection schedule which can maximally enhance CH4 recovery.
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Chapter 2. Model Development
The following presents the field and constitutive equations for a dual porosity, dual permeability
medium with the evolution of permeability conditioned by the swelling of organic components in
the matrix with separate relations developed for matrix and fracture.
2.1 Field and constitutive equations
The shale is conceptualized as a dual porosity, dual permeability medium as shown in Figure 2.1.
This comprises shale matrix (solid blocks in figure 2.1) and intervening fractures (spring). The
fracture spacing and fracture aperture are represented as a and b, respectively, with Kn as the
fracture stiffness.

Figure 2.1 Schematic representation of shale as a dual porosity, dual permeability medium [16].

The equations for the deformation of shale are coupled for gas flow and transport, including the
evolution of porosity and permeability as a result of these deformations. These equations are based
on the following assumptions [15]:
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(1) The shale reservoir is a homogeneous, isotropic, saturated and elastic continuum, and the
system is isothermal.
(2) Gas in this system is treated as ideal and with constant viscosity.
(3) Gas adsorption occurs only in the shale matrix.
(4) Gas flow conforms to Darcy’s Law in the fractures and Fick’s Law through the matrix.
(5) A water phase is not considered.
(6) Gas production only comes from fracture.
(7) Gas adsorption on shale follows Langmuir isotherm.
(8) Counter diffusion is not considered.
2.2 Kinetics of gas adsorption
The multicomponent gas adsorbed in the shale matrix follows the extended Langmuir sorption
isotherm as

Vk 

VL ,k*Ck * b' K

(1)

n

1   C j * b' j
j 1

where V k represents the volume adsorbed per unit mass of shale of species k, VL , k is the Langmuir
volume constant of species K, C k is the equilibrium concentration of gas in the matrix, b'K is RT/

PL, K , and PL, K is the Langmuir pressure constant for species K.
By analogy, the sorption-induced strain caused by gas species k in the matrix can be represented
as

k 

 L ,k *Ck * b' K

(2)

n

1   C j * b' j
j 1
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where  k is the sorption induced strain of species k, and  L, k is the Langmuir strain of species k.
The total sorption-induced strain  total can be represented by summing the sorption-induced strains
of every contributed gas species as
n

n

k 1

k 1

 sorption    k  

 L ,k *Ck * b' K

(3)

n

1   C j * b' j
j 1

to yield the overall strain in the medium. In this study: For matrix system, positive strain
represents extensional strain, which means matrix swell; negative strain represents
compressional strain, which means matrix shrinkage.
2.3 Porosity model for fracture and matrix
The matrix porosity induced by the sorption of a binary gas mixture can be expressed as [15]

m  m0 



1

K

b
1

a*K f K

(k 1
2

C m , k b' k
1   j 1 Cm, j*b j
2

v )

(4)

The bracketed left side describes the sorption-induced strain of the binary gas. If we change this
term to a multi-component sorption-induced strain, then this equation can be used to describe the
change in matrix porosity induced by multi-component sorption:

m  m0 



1

K

b
1

a*Kf K

(k 1
n

Cm, k b'k

1   j 1 Cm, j *b j
n

 v )
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(5)

where m is the evolving porosity in the matrix,  m 0 is the initial porosity in the matrix, K is the
matrix bulk modulus, Kf is the modified fracture stiffness (which is the product of fracture aperture
and fracture stiffness), and  v is volumetric strain.
Similarly, the fracture porosity induced by a multi-component gas can be expressed as

f
1
f 0

n
Cm, k b'k
3
(  l , k
 v )
n
3 * K f k 1
1

C
b
'
 j 1 m, j* j
f 0 
K

(6)

where  f is the evolving porosity in the fracture, and  f0 is the initial porosity in the fracture.
2.4 Permeability model for fracture and matrix
The cubic law is applied to describe the relationship between the porosity and permeability of the
matrix

Km

 ( m )3
K m0
m 0

(7)

where K m is the matrix permeability, and K m 0 is the initial matrix permeability. If we insert
Equation (5) into Equation (7), the matrix permeability in the model can be expressed as

Km

 (1 
K m0
m 0 * K

1
b
1

a*Kf K

(k 1
2

C m , k b' k
1   j 1 Cm, j*b j
2

  v ))3

(8)

Fracture permeability is affected both by sorption-induced strain and effective stress. This will be
introduced separately in sections 2.4.1 and 2.4.2.
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2.4.1 Impact of gas adsorption on permeability

A schematic of matrix interaction coupled with sorption-induced deformation is shown in Figure
2.2: for both (a) matrix swelling conditions and (b) matrix shrinkage conditions. The solid block
represents the shale matrix in the initial condition; a is the length of the matrix, which also
represents the fracture spacing for the dual-porosity, dual-permeability system; the fracture
aperture, b, is be represented by the distance between the two matrix blocks. The dashed block is
the shale matrix after sorptive deformation; a’ is the edge-length of the matrix block after
deformation; b’ is the fracture aperture after deformation, and Δb represents the change in matrix
block edge-length.

Figure 2.2 Matrix interaction with sorptive deformation: (a) matrix swelling and (b) matrix shrinkage.

The dynamic permeability for a fracture system is represented as

7

kf
b
 (1  )3
k f0
b .

(9)

If external boundaries are fixed, the swelling strain for the matrix is defined as
v 

b * a b

  sorption
s*s
a

(10)

Then b  a *  sorption
When matrix swells, fracture shrinks; for fracture system, this strain can be viewed as
compressional strain. So in the fracture system:

(11)

b  a *  sorption

(12)

 *a
kf
b
 (1  )3  (1  s )3
k f0
b
b

(13)

k f  k f 0 * (1 

s * a 3
)
b

(14)

As initial sorptive strain is non-zero, then the initial sorption-induced strain must be subtracted,
as:

a
k f  k f 0 * [1  ( s   s 0 ) * ]3
b .

(15)

k s , which is the permeability difference, is defined as
a
k s  k f  k f 0  k f 0 * [1  ( s   s 0 ) * ]3  k f 0
b

(16)
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to express the sorption-induced effect on permeability.
2.4.2 Impact of effective stress on permeability

Empirical correlations of permeability with stress can be expressed as
kf
kf0

  * e   * '

where



(17)

and  are arbitrary material-specific constants defining response.  represents the

elastic compliance of the shale. We take

kf
kf0

=1 as the initial condition and recover the value of

 by substituting all known parameters in this equation.

k f  k f 0 * * e

1
 * '
E

(18)

Equation (18) is applied in the model to correlate permeability as a function of effective stress.
Similarly, the permeability difference  k e , defined as,

ke  k f 0 * e

1
 * '
E

kf0

(19)

is used to express the influence of effective stress on permeability.
2.4.3 Ensemble effect on permeability

We combine the effects of adsorption and effective stresses on permeability as

k f  k f 0  k s  k e
1

 kf0

 * '
a
 {k f 0 * [1  ( s   s 0 ) * ]3  k f 0 }  {k f 0 * e E  k f 0 }
b
.
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(20)

After rearranging, the equation can be simplified and expressed as
1

 * '
a
k f  k f 0 * {[1  ( s   s0 ) * ]3  e E  1}
b

(21)

This is the final relation for fracture permeability.
2.5 Gas transport in porous media
The governing equation for gas transport is driven by the concentration gradient and is defined as,

c i
t

 u  ci      S i

(22)

where Ci is the gas concentration of gas component k, including both free-phase gas and
adsorbed gas. The concentration of each component in the fracture and matrix per unit volume
can be defined as

C f ,i   f * C f , K

Cm,i  m * Cm, k 

(23)

(1  m   f ) * s *Vadsortion

(24)

Mk

where u is the Darcy velocity field,  , including molecular diffusion and dispersion of
component k. This can be expressed as

f  (De,i  DD,i )C f ,i

(25)

m  ( De,i  DD,i )Cm,i

(26)

where De,i is the effective diffusive coefficient, and DD,i is the dispersion coefficient.
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S i is the source (+) or sink (-) term, representing the transmission between fracture and matrix
caused by the concentration gradient of each species. This can be rewritten based on the mass
source term as

Si  w *

K



* (C f , k * R * T ) * (C f ,i  Cm,i )

(27)

where w is the shape factor [17], which can be expressed as

w

3*
a

(28)

This defines the transfer of flux between the matrix and the fracture of component k.
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Chapter 3. Model Application
We apply this model to describe gas production and injection mechanisms in shale. This describes
modes of transport by advection and diffusion, the geometry defined by the horizontal well and
appropriate boundary conditions, and the form of the initial gas content in place. These are defined
before completing simulations for various N2 and CO2 mixtures in Chapter 4.
3.1 Gas flow in shale
Shale is characterized as a dual-porosity medium including primary porosity and secondary
porosity. The primary porosity (matrix) stores the bulk of the natural gas in both adsorbed and free
states. Due to the micron/nanometer-scale of the pores mass transport in this system is dominated
by diffusion driven by the concentration gradient of each species. The secondary porosity (fracture)
mainly provides a conduit for gas flow with little gas stored in a free state. Mass transport in the
fracture system is dominated by advection driven by total pressure gradient.

Figure.3.1 Gas flow behavior in the matrix during production [18]

Figure 3.1 shows the detailed processes of gas desorption in the matrix system, illustrating
diffusion and advection during production. When gas is produced, pressure in the fracture system
declines rapidly. Adsorbed gas desorbs and becomes free gas in the matrix system. As the gas
desorbs to a free state in the matrix, the gas concentration in the matrix increases and creates a
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concentration gradient from matrix to fracture that results in gas transfer by diffusion. Finally, gas
is transported by advection driven by the total pressure gradient in the fracture.
By analogy, when gas is injected, the increase in gas concentration will create a concentration
gradient from fracture to matrix and thereby promote diffusion. Gas diffused from the fracture
system will be in a free state in the matrix until the pressure of the species is higher than the critical
adsorption pressure.
3.2 Model Mechanisms
The overall mechanistic flow of the model is shown in Figure 3.2. The core of the solution
comprises two parts: The Darcy flow model and the diffusive (gas) transport model of chemically
distinct species in porous media. These two transport modes are solved independently as separate
but overlapping continua using COMSOL. The Darcy’s flow model is used to follow the evolution
of the reservoir pressure (total pressure) distribution over time, thereby defining the temporal
Darcy velocity field distribution; the gas transport model is used to find the distribution of
concentration of each species. The Darcy Law and gas transport models are coupled at each time
interval to describe multi-component gas transport in dual-porosity, dual-permeability media
incorporating adsorptive behavior. The Darcy transport model defines the Darcy velocity field for
gas transport model; in turn, the gas transport model updates porosity and permeability feedbacks
into the Darcy flow model. These two models consecutively update until the gas concentration
distribution of each species over time is known.
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Figure 3.2 Model mechanisms. Input of all parameters listed on the left side allows solution for gas
concentration distribution with time.

A dual-porosity, dual-permeability model is accommodated by treating the two components
(fracture and matrix) as overlapping continua that are separate continuity models linked by a mass
exchange term.
3.3 Model Description
We select a representative portion of a reservoir that is 200m long by 120m wide by 120m deep
with a horizontal drilling as shown in Figure 3.3. The well pattern is regular five-spot pattern with
one injection well in the middle and four production wells at the corner. The wellbore radius is
assumed to be 0.1m. Symmetry of flow regime in this system allows as single quadrant of the
reservoir to represent the entire reservoir. This one-quarter section can be represented by 200m by
60m by 60m block with a ¼ injection well and a ¼ production well designated by the shaded
regions in Figure 3.3. AA’ is the diagonal line of the simulated area. Production volumes are
evaluated by multiplying production from this 1m section by well length. The production well
14

produces at a bottomhole pressure of 0.1MPa. CO2 and N2 are injected either individually or as a
mixture in various ratios at different injection pressures scheduled as: (1) Withdrawal only, with
no injection (primary production), (2) injection at 4 MPa overpressure, and (3) 8 MPa overpressure
above initial reservoir pressure of 30 MPa to run for 30 years, and to investigate CH4 recovery. All
the inputs are as listed in Table 1 of the Appendix.

Figure 3.3 Geometry of reservoir and quarter symmetry numerical simulation model.

3.4 Original gas in place in the model
Shale usually contains more than 80% CH4 with other heavier hydrocarbons such as CO2 and N2
[19]. In this study, it is assumed that the shale reservoir contains three gas components: CH4
(fracture 95%; matrix 85%), CO2 (fracture 4%; matrix 14%), and N2 (fracture 1%; matrix 1%).
Original gas in place at standard temperature and pressure is defined as

Vi 

A * h * ( f * C f ,i * M i  m * Cm,i * M i )

(29)

C0,i * M i

where A is the reservoir cross area, h is the thickness of the reservoir, C f ,i is the concentration of
species i in the fracture, defined as

where Pf is fracture pressure, Cm,i is the concentration of
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species i in the matrix, defined as

Pm xm,i
where Pm is the matrix pressure, M i is the molecular
R *T

weight of species i , and C0,i is the concentration of species i at atmosphere pressure. The original
gas in place of methane is 2.2×107m3 in this model.
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Chapter 4. Parametric Study
We explore different scenarios of enhanced shale gas recovery (ESGR) in detail and compare these
outcomes with primary production (no injection case), including the injection of a single pure gas
and with injection of a mixture. CO2 and N2 are injected as pure phases to explore the principal
mechanisms of shale gas recovery. CO2 and N2 are then mixed in different ratios and injected to
discover an optimal mixture for ESGR. During this study, the evolution of sorption-induced strain
by competitive adsorption, permeability evolution of the matrix, and fracture are evaluated to
better understand the complex process interactions during ESGR. Cumulative CH4 production is
traced over time under different scenarios to compare the efficiency of different injection methods
and schedules. The pattern of CH4 concentration in the matrix under different conditions is also
evaluated to show the residual distribution of CH4 left in the shale matrix after production.
4.1 No injection
Primary production (no injection case) is the process by which the pressure difference between the
reservoir and bottomhole displaces shale gas from the reservoir into the wellbore; gas is then driven
to the surface by the difference between bottomhole pressure and wellhead pressure. In this study,
the no injection case is treated as a base case, compared with others, to visualize the different
response between the various methods. Figures 4.1 to 4.3 show how sorption-induced strain,
matrix permeability, and fracture permeability evolve gradually. In Figure 4.1, sorption-induced
strain along the transect AA’ is shown at different times (1st day ,10th year, 20th year and 30th year),
where positive represents extensional strain (matrix swelling), As CH4 is produced from the
production well (A’), reduced pressure results in desorption of CH4, which consequently induces
matrix shrinkage. Over time, the pressure continues to drop progressively along the direction
towards the production well (A’A). Continuing CH4 desorption results in increased matrix
17

shrinkage - this can explain why higher compressional strain is shown closer to the production
wellbore. Primary production will asymptote when the reservoir pressure is too low to produce,
thereby only a small change in sorption-induced strain is represented after an extended period of
production.
Matrix permeability change is characterized by the matrix permeability ratio, which is defined as
the matrix permeability divided by the initial matrix permeability. At the production well, as
previously stated, decreased pressure causes CH4 desorption and thereby matrix shrinkage. This
results in a slight decrease in matrix permeability. This implies that the matrix permeability ratio
trends similarly to the sorption-induced strain of the matrix.
The fracture permeability ratio, defined as ratio of fracture permeability to the initial permeability,
is used to describe the change in the fracture permeability. Fracture permeability, as discussed in
section 2.4, is dominated by sorption-induced strain and effective stress. At the production well,
the matrix exhibits the greatest shrinkage, which results in the dilation of fractures and improved
fracture permeability. During production, decreasing pore pressure results in an increased effective
stress, which reduces fracture permeability. Fracture permeability is finally determined by these
two competing factors, with the results shown in Figure 4.3. Fracture permeability is enhanced,
especially close to the production well; however, primary production will arrest if the pressure
difference between reservoir pressure and wellbore pressure is sufficiently reduced. This is why
other methods, such as injection of a single/binary gas are applied to ESGR.
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Figure 4.1 Sorption-induced strain of primary production vs. time along the diagonal AA’ (Figure 3.1).

Figure4.2 Matrix permeability ratio evolution during primary production.
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Figure 4.3 Fracture permeability ratio evolution during primary production.

13.5%

Figure 4.4 Cumulative CH4 production vs time for primary production.
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Figure 4.4 shows cumulative CH4 production, with a maximum of 4.8×106m3 recovered from this
particular reservoir. This primary production represents up to 13.5% of OGIP. The gradual slope
of the curve means that the production rate continues to decrease. In the first 10 years, production
recovers 12.1% of OGIP with the remaining 20 years only resulting in a further 1.4% of OGIP.

Figure 4.5 The distribution of CH4 concentration in the matrix at the 10th year (1a), 20th year (1b), and 30th
year (1c)

Figure 4.5 represents the amount of CH4 left in the matrix and its distribution. The CH4
concentration decreases rapidly due to a higher production rate in the first 10 years, apparent at
the production well. The gas concentration changes within 23 meters along the transect AA’; 61
meters beyond this radius the concentration remains the same (within 1%) as the initial condition.
The extension of this region is too small to be apparent due to low prodution in the remaining 20
years. In order to compare this concnentration distribution between the 10th, 20th and 30th years, a
dashed line has been added for reference.
4.2 Single gas injection
Pure CO2 or pure N2 are injected under overpressures of 4 MPa and 8MPa. This is to explore the
principal mechanisms of enhancement and to investigate: (1) how sorption-induced strain
evolution affects the permeability evolution of both matrix and fracture and thereby influences gas
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flow in the shale, (2) evaluate the cumulative CH4 production and recovery by CO2 or N2 gas
injection compared with primary production, and (3) the remaining CH4 concentration distribution
left in the matrix after recovery.
4.2.1 CO2 injection

The gas flow and production mechanisms operating by injecting CO2 in a shale reservoir are a
complex process. As CO2 is injected into the well, CO2 concentration increases in the fracture
around the wellbore and gradually exceeds that in the matrix. This concentration gradient from
fracture to matrix results in the diffusion of CO2 into the matrix. As CO2 is preferentially adsorbed
into the shale matrix, CO2 desorbs CH4 by replacement. The total effect of sorption is represented
by the sorption-induced strain of the matrix, as defined in Equation (2). Figure 4.6 represents the
ensemble matrix sorptive strain induced by CO2 and CH4 together from the injection well to the
production well (along AA’) over time. The matrix close to the injection well shows extensional
strain because the matrix shrinkage induced by CH4 desorption is offset by matrix swelling induced
by CO2 adsorption. Over time, the concentration of CO2 increases in the direction of the injection
well (AA’). More CH4 is desorbed by competitive adsorption of CO2 ,and results in a greater
extensional strain in the matrix as time goes by. This explains why extensional strain of the matrix
(swelling) increases at the same position over the period of study (Figure 4.6). In the same way,
increased injection pressure will result in a higher CO2 concentration and thereby a greater
extensional strain. This explains why at 8MPa injection overpressure results in a higher
concentration than at 4MPa, along the transect between the wells. The CH4 production process is
similar to the no-injection case at the production well in that they present the same trend in matrix
sorption-induced strain. Sorption-induced strain in the no-injection case at the 30th year is used as
a baseline for comparison with other methods.
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As discussed relative to Figure 4.6, extensional strain decreases along the direction of the injection
well and turns into a gradually increasing compressional strain due to the influence of the
production well. When the matrix swells, matrix permeability increases. This implies that the
matrix permeability ratio should have a similar trend to that of sorption-induced strain of the matrix.
This is verified in Figure 4.7. Fracture permeability, as discussed in section 2.4, is dominated by
sorption-induced strain and effective stress. A reduction in fracture aperture results in decreased
fracture permeability due to matrix swelling close to the injection well. By contrast, the dilation of
the fracture leads to increased fracture permeability due to matrix shrinkage close to the production
well. At a location closer to the injection well, effective stress decreases as increasing pore pressure
results in permeability reduction. By comparison, effective stress increases as decreasing pore
pressure leads to enhanced permeability. The two influencing factors, sorption-induced strain and
effective stress, have an opposite effect on fracture permeability. Fracture permeability change by
effective stress is offset by sorption-induced strain, as apparent in Figure 4.8. The overall
difference in concentrations for different gas pressures is small (Figures 4.6, 4.7, and 4.8)
indicating that pressure is not a very influential factor in the use of CO2 for ESGR.
Since permeability change is of different sense at the injection and the production wells, the overall
change in permeability must be considered – together with the spatial distribution of these
permeability changes (since flow is in series from injection to production well and this
significantly influences flow rate). The average fracture and matrix permeability change vs. time
is depicted at reservoir scale (Figure 4.9) to display the overall influence of CO2 injection; the
average matrix permeability increases during the process of CO2 ESGR. This can cause CH4 to
diffuse more readily from matrix to fracture after desorption. However, this benefit may not be
maximized due to the reduction of average fracture permeability.
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Figure 4.6 Time history of sorption-induced strain resulting from injection of CO2. Along the transect
AA’.

Figure 4.7 Evolution of matrix permeability ratio under CO2 injection.
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Figure 4.8 Evolution of fracture permeability ratio under CO2 injection.
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Figure 4.9 Evolution of average fracture and matrix permeability ratio evolution with time and for CO2
injection.

32.96%

32.38%

13.5%

Figure 4.10 Cumulative CH4 production and recovery vs. time resulting from CO2 injection compared
with primary production.

Figure 4.10 shows the cumulative CH4 production for injection of CO2 at overpressures of 4 MPa
and 8 MPa compared with the no injection scenario. CO2 injection can improve recovery by up to
~20%, but increased injection pressure is not an ideal way to improve ESGR. The assumption has
been made that if gas production comes only from the fracture, then fracture permeability is the
dominant factor in controlling CH4 production. A decrease in fracture permeability at the injection
well will impede CO2 in the fracture, although significantly more CH4 desorbs from the matrix to
the fracture. The efficiency of CH4 recovery is thereby not very effective.
Figure 4.11 shows the distribution of CH4 that remains in the matrix after CO2 injection under
overpressures of both 4 MPa and 8 MPa: (1a), (1b), and (1c) represent the CH4 distribution in the
matrix under injection at 4 MPa at the 10th year, 20th year, and 30th year. (2a), (2b), and (2c)
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represent CH4 distribution in the matrix under injection at 8 MPa at the 10th year, 20th year, and
30th year. CH4 concentration distribution has a similar trend at the production well to that for the
no injection scenario (Figure 4.5). The principal difference is that, at the injection well, there is a
CH4 decrease in the concentration gradient due to CH4 being replaced by CO2. CH4 concentration
in the matrix decreases at both the injection well and the production well, and the gradient
progresses with time (Figure 4.11). The influence of injection pressure can be observed by
comparing the color change between 4 MPa and 8 MPa overpressure scenarios in the same year:
(1a) (2a), (1b) (2b), and (1c) (2c).
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Figure 4.11 CH4 concentration resulting from CO2 injection for ESGR: (1a), (1b), and (1c) represent CH4
distribution in the matrix for injection at 4 MPa at the 10th year, 20th year, and 30th year. (2a), (2b), and
(2c) represent CH4 distribution in the matrix for injection at 8 MPa at the 10th year, 20th year, and 30th
year.
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4.2.2 N2 injection

The injection of N2 to ESGR has a very different mechanism from CO2 injection. As N2 is injected,
a high percentage of the N2 remains as free gas in the fracture due to its lower absorptivity (relative
to CH4). Diffusion is driven by the concentration gradient that is established from the fracture to
the matrix due to a higher concentration of N2 in the fracture. N2 injection lowers the partial
pressure of CH4 in the shale, which causes and increase in CH4 desorption from the shale matrix.
The matrix will shrink due to its lower absorbability of N2 with respect to CH4, thus making CH4
desorption the dominant process in contributing to matrix deformation. Figure 4.12 represents the
matrix sorption strain along the transect AA’ with time. The matrix closest to the injection well
shows a higher compressional strain due to a larger amount of CH4 desorption. Over time, the
concentration of N2 increases along AA’. More CH4 is desorbed, which results in a larger
compressional strain of the matrix, which explains why the compressional strain of the matrix
increases at the same single location in Figure 4.12. As CH4 is produced from the well, reduced
pressure results in the desorption of CH4, which induces matrix shrinkage. In fact, it is more
effective to desorb CH4 at lower pressure than by injecting N2 to lower the partial pressure of CH4.
This explains why higher compressional strain will evolve near the production well in Figure 4.5.
The distance between the solid line and dashed line shows the effect of increasing the injection
pressure from an overpressure of 4 MPa to 8 MPa. This shows that N2 injection as an agent of
ESGR is more sensitive to pressure than injection of CO2 as a similar agent.
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Figure 4.12 Snapshots of sorption-induced strain with time, along the transect AA’, resulting from the
injection of N2.

Figure 4.13 Snapshots of matrix permeability ratio with time, along the transect AA’, resulting from the
injection of N2.
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Figure 4.14 Snapshots of fracture permeability ratio with time, along the transect AA’, resulting from the
injection of N2.

As discussed previously, matrix permeability shows the same trend as sorption-induced strain of
the matrix. Matrix shrinkage during the entire process of injecting N2 reduces matrix permeability
to 5% at the injection well and 10% at the production well (Figure 4.13). The reduction in fracture
aperture results in a decrease in fracture permeability due to matrix swelling close to the injection
well. Sorption-induced strain has the same effect as effective stress in increasing fracture
permeability as a reinforcing feedback, such that fracture permeability is enhanced around the
injection well. By contrast, fracture aperture widening results in increased fracture permeability
due to matrix shrinkage close to the production well. However, an increase in effective stress as
pore pressure decreases leads to simultaneous permeability reduction, which limits the change in
fracture permeability. As apparent from Figure 4.14, fracture permeability apparently increases
during the injection of N2, which enhances CH4 recovery.
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Figure 4.15 Evolution of average fracture and matrix permeability ratio evolution with. time for the
injection of N2.

99.8%

13.5%

Figure 4.16 Cumulative CH4 production and recovery with time resulting from N2 injection relative to
primary production.
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Figure 4.15 represents the average fracture and matrix permeability change with time integrated
over the entire reservoir. Here we observe the average decrease in matrix permeability during the
process of N2 ESGR. Although this reduce the diffusion of CH4 from the matrix to the fracture
after desorption, the increment of fracture permeability can offset this negative effect.
Figure 4.16 shows the cumulative CH4 production under overpressures of 4 MPa and 8 MPa by
N2 compared with the no injection scenario. N2 injection can improve the recovery by removing
nearly all of the gas in place. Increasing the pressure can increase the production rate and therefore
shorten the total production time, but it cannot ultimately recover a greater proportion of CH4 in
place. N2 injection results in high recovery not only by desorbing CH4 but also by reducing its
partial pressure, resulting in an increased and enduring fracture permeability in the reservoir.
Figure 4.17 and Figure 4.18 show the remaining CH4 distribution in the matrix after CO2 injection
under overpressures of 4 MPa and 8 MPa. As N2 can recover CH4 very efficiently, the
concentration of CH4 remaining in the matrix changes so dramatically in the 10th 20th, and 30th
years that they are necessarily shown on different scales. (1a), (1b), and (1c) are in terms of natural
log of CH4 concentration to match in the same scale showing the overview trend of CH4
concentration change over time during production. (2a), (2b), and (2c) fit the best scale to illustrate
CH4 concentration distribution in the matrix exactly. CH4 concentration in the matrix decreases at
both the injection well and the production well, and the gradient increases as time progresses. This
is as reflected in the dramatic color change from the 10th year to the 30th year, due to effective
production by N2 injection. The influence of injection pressure is apparent between overpressures
of 4 MPa and 8 MPa over the same year: (1a), (1b), and (1c) in Figure 4.17 and Figure 4.18. In
comparison, for N2 injection for ESGR, the evolution of permeability is extremely sensitive to
pressure.
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Figure 4.17 CH4 concentration resulting from CO2 injection for ESGR under an overpressure of 4 MPa:
(1a), (1b), and (1c) represent log CH4 distribution in the matrix under 4 MPa at the 10th, 20th, and 30th
year. (2a), (2b), and (2c) represent CH4 distribution in the matrix under 4 MPa at the 10th, 20th, and 30th
year in a best fit natural scale.
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Figure 4.18 CH4 concentration resulting from CO2 injection for ESGR under an overpressure of 8 MPa:
(1a), (1b), and (1c) represent log CH4 distribution in the matrix under 8 MPa at the 10th, 20th, and 30th
year. (2a), (2b), and (2c) represent CH4 distribution in the matrix under 8 MPa at the 10th, 20th, and 30th
year in a best fit natural scale.
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4.3 Binary gas injection
The injection of CO2 induces coal swelling as well as decreasing coal permeability by CO2
adsorption [20-25]. N2 injection lowers the partial pressure of CH4 in coal, which desorbs more
CH4 from the coal matrix and results in fracture enlargement due to the shrinkage of coal as a
result of the lower absorbability to N2 relative to CH4 [26, 27]. The mechanisms involved in this
method for coalbed methane recovery may be fit to shale due to their similar properties. The logical
next step is to explore the cumulative CH4 production and CO2 sequestration that results from the
injection of a mixture of CO2 and N2 in different ratios to combine their advantages as well as to
minimize their disadvantages. The CO2 injection ratios selected are is 25%, 50%, and 75%, with
the results for injection of pure CO2 and pure N2 added for comparison.
4.3.1 CH4 cumulative production and recovery

Figure 4.19 Cumulative CH4 production versus time for mixtures of N2 and CO2 injection in different
ratios compared with primary production.

The evolution of cumulative CH4 production with time for different mixtures of N2 and CO2 and
at overpressures of both 4 MPa and 8 MPa is shown in Figure 4.19. This illustrates that, as
predicted, the injection of an increased N2 ratio relative to CO2 has a greater improvement in shale
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gas recovery. This is because N2 is more efficient in ESGR. Additionally, the injection pressure
can even more significantly add to the intrinsic shale gas recovery resulting from the lowering of
the partial pressure. By contrast, an increased injection pressure is not meaningful in ESGR driven
by CO2 since this results in greater sorption and an overriding reduction in permeability by
swelling. Beyond that, changing the injection ratio of CO2 and N2 has a more significant effect on
ESGR than increasing the injection pressure, alone; for example, injection of 50% CO2 at 4 MPa
is better than 75% CO2 at 8 MPa.
4.3.2 CO2 sequestration

Figure 4.20 CO2 sequestration versus time for mixtures of N2 and CO2 in different ratios.

The volume (STP) of CO2 sequestered with time is shown in Figure 4.20 for various mixtures of
N2 and CO2 in different ratios. At the same pressure (4 MPa or 8 MPa), a higher proportion of CO2
results in more CO2 sequestered in the reservoir compared to when the CO2 proportion is relatively
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low. As the CO2 ratio increases, an exception to this trend is apparent, showing that the
sequestration of CO2 for mixtures with 75% CO2 is actually greater than that of pure CO2 injection.
The possible reasons for this phenomenon is: As concluded in section 4.3.1, an increase in the
N2:CO2 injection ratio enhances shale gas recovery. In other words, an increase CO2: N2 ratio will
decrease the production of CH4, thereby the CH4 left in the reservoir will compete for sorption
sites with CO2 and result in less CO2 sequestered.
This may explain the special case. From these observations we can conclude that although CO2
ESGR is not sensitive to pressure, the amount of CO2 sequestered is.
To define the relationship between the CO2 injection ratio and CO2 sequestration, different CO2
injection ratios are simulated and the cumulative CO2 sequestration at 30-years is recorded in
Figure 4.21.

Figure 4.21 CO2 sequestration at injection pressures of 4MPa and 8MPa by different CO2
injection ratios.
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In this Figure, CO2 sequestration initially increases with CO2 injection ratio. However, this
increase in CO2 injection leads to less production of CH4 and thereby more CH4 is left in the
reservoir. With this CH4 competing with CO2 for the sorption sites, the sequestration of CO2
become less effective. The optimal CO2 injection ratio for CO2 sequestration as shown in the
Figure 4.21 at ~80%.
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Chapter 5. Conclusion
This study explores mechanisms of enhanced shale gas recovery suing the injection of CO2 and
N2. A finite element dual-porosity, dual-permeability model of multi-component gas flow in
porous media is coupled with shale deformation and sorption behavior. Furthermore, the injection
of both pure CO2 and N2 and as a mixture in different ratios is explored. The following conclusions
are drawn:
1. CO2 and N2 can both enhance shale gas recovery, but via different mechanisms:
(1) Injection of CO2 can increase shale gas recovery because CO2 has a higher
absorbability than CH4 and thereby desorbs CH4. This can increase the recovery by
~20% on the basis of primary recovery although it improves recovery only slightly
because CO2 adsorption results in matrix swelling which thereby decreases fracture
permeability and correspondingly impedes production. In spite of this, CO2 can be used
in ESGR where concurrent sequestration of the greenhouse gas will also occur.
(2) Injection of N2 in ESGR can also increase shale gas recovery but by a much larger
margin of ~80% because N2 can lower the partial pressure of CH4 in shale. This then
desorbs more shale gas from the matrix and induces fracture enlargement as well as
shrinkage of the shale matrix due to the lower absorbability of the shale to N2 with
respect to CH4. Although injection of N2 as an agent for ESGR has many advantages,
it cannot concurrently sequestrate CO2 to mitigate greenhouse gas emissions.
Conversely, N2 injection will emit CO2 from the reservoir to aggravate any carbon
footprint effects.
2. Injection of pure CO2 and pure N2 both have their advantages and disadvantages in ESGR.
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Injecting an optimal mixture of N2 and CO2 may combine the advantages of each gas to
maximize their positive impact and minimize their negative impact in ESGR:
(1) Injection of N2 in higher proportions relative to CO2 is more significant in improving
shale gas recovery since N2 is more efficient in ESGR.
(2) Enhanced recovery is less sensitive to pressure for CO2 injection than to N2. Therefore,
increasing injection pressure has little effect on shale gas recovery when the CO2
proportion in the injected gas is high.
(3) Increasing pressure is not the only means to achieve ESGR - instead, increasing the
N2:CO2 ratio can achieve the same goal.
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Appendix
Unit
Value
(IS)
Value
reservoir properties
L
length
200
m
656
w
width
120
m
393
D
thickness
120
m
393
T0
initial reservoir temperature
300
R
80.33
Pr0
initial reservoir pressure
30
MPa
4351
∅𝒎𝟎
Initial porosity of matrix
0.041
∅𝒇𝟎
Initial porosity of fracture
0.007
𝒌𝒎𝟎
Initial permeability of matrix
2.17E-19 𝑚2
220
𝒌𝒇𝟎
Initial permeability of fracture
2.27E-17 𝑚2
23
a
Fracture spacing
0.025
𝑚
0.082
𝒃
Initial fracture aperture
5.00E-04 𝑚
0.00164
rock properties
E
Young’s Modulus of Shale
32.75
𝐺𝑃𝑎
4750
𝑬𝑺
Young’s Modulus of shale grain
40.54
𝐺𝑃𝑎
5880
N
Poisson’s ratio of shale
0.235
𝝆𝒔
Density of shale
2.50E+03 𝑘𝑔/𝑚3
gas properties
𝝁𝑪𝑯𝟒
𝐶𝐻4 dynamic viscosity
1.15E-05 𝑃𝑎∙𝑠
0.0115
𝝁𝑪𝑶𝟐
𝐶𝑂2 dynamic viscosity
1.60E-05 𝑃𝑎∙𝑠
0.0160
𝝁N𝟐
N2 dynamic viscosity
1.75E-05 𝑃𝑎∙𝑠
0.0175
𝑷𝑳,𝑪𝑯𝟒
𝐶𝐻4 Langmuir pressure constant
6.9
𝑀𝑃𝑎
1000
𝑷𝑳,𝑪𝑶𝟐
𝐶𝑂2 Langmuir pressure constant
2.51
𝑀𝑃𝑎
365
𝑷𝑳,N𝟐
N2 Langmuir pressure constant
8
𝑀𝑃𝑎
1160
𝑽𝑳,𝑪𝑯𝟒
𝐶𝐻4 Langmuir volume constant
1.05E-03 𝑚3/𝑘𝑔
𝑽𝑳,𝑪𝑶𝟐
𝐶𝑂2 Langmuir volume constant
4.93E-03 𝑚3/𝑘𝑔
𝑽𝑳,N𝟐
N2 Langmuir volume constant
2.50E-03 𝑚3/𝑘𝑔
𝜺𝑳,𝑪𝑯𝟒
𝐶𝐻4 Langmuir volumetric strain constant 8.10E-04 𝜺𝑳,𝑪𝑶𝟐
𝐶𝑂2 Langmuir volumetric strain constant 3.60E-03 𝜺𝑳,N𝟐
N2 Langmuir volumetric strain constant
7.50E-04 Xf,CH4
CH4 gas content fraction in the fracture
0.95
Xf,CO2
CO2 gas content fraction in the fracture
0.04
Xf,N2
N2 gas content fraction in the fracture
0.01
Xm,CH4
CH4 gas content fraction in the matrix
0.85
Xm,CO2
CO2 gas content fraction in the matrix
0.14
Xm,N2
N2 gas content fraction in the matrix
0.01
Table 1 Input parameters of reservoir properties, Rock properties and gas properties
Symbol

Parameter
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Unit
(Field)

Reference

Ft
Ft
Ft
F
psi

nD
mmD
Ft
Ft

[28]
[29]
[28]
[28]

psi
psi

[30]
[6]
[30]
[31]

cp
cp
cp
psi
psi
psi

[32]
[32]
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[6]
[6]

