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a b s t r a c t

Shale gas has become an increasingly important source of natural gas (CH4) in the United States over the
last decade. Due to its unconventional characteristics, injecting carbondioxide (CO2) to enhance shale gas
recovery (ESGR) is a potentially feasible method to increase gas-yield while both affording a sink for CO2

and in reducing the potential for induced seismicity. However, understanding of this issue is limited with
few pilot field studies proposed. This study examines CO2-ESGR to better understand its feasibility and
effectiveness. We explore the roles of important coupled phenomena activated during gas substitution
especially vigorous feedbacks between sorptive behavior and permeability evolution. Permeability and
porosity evolution models developed for sorptive fractured coal are adapted to the component charac-
teristics of gas shales. These adapted models are used to probe the optimization of CO2-ESGR for injection
of CO2 at overpressures of 0 MPa, 4 MPa and 8 MPa to investigate magnitudes of elevated CH4 production,
CO2 storage rate and capacity, and of CO2 early-breakthrough and permeability evolution in the reservoir.
For the injection pressures selected, CH4 production was enhanced by 2.3%, 14.3%, 28.5%, respectively,
over the case where CO2 is not injected. Distinctly different evolutions are noted for permeability in both
fractures and matrix due to different dominating mechanisms. Fracture permeability increased by ~1/3
for the injection scenarios due to the dominant influence of CH4 de-sorption over CO2 sorption. CO2

sequestration capacity was only of the order of 104 m3 when supercritical for a net recovery of CH4 of
108 m3. We investigated the potential of optimal CO2-pulsed injection to enhance CH4 production (ab-
solute mass recovered)-without the undesirable effects of CO2 early-breakthrough and also minimum
cost on CO2 injection. This utilizes the competitive sorptive behavior between CH4 and CO2, can also
reduce the potential for induced seismicity hence the entire system can be near net neutrality in terms of
its carbon and seismic footprint.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Shale gas is providing the United States with a locally produced
and secure source of natural gas that both improves energy security
and has provided a renaissance in manufacturing. It has become an
important source of natural gas in the US in the last decade. Annual
natural-gas production from shale-gas is ~1.0 Tscf coming from
more than 40,000 shale gas wells completed in 5 primary basins
(Jenkins et al., 2008). However, shale gas extraction has experi-
enced a variety of technical difficulties due to its unconventional
attributes. Numerical simulation is a powerful tool that can inte-
grate core, log, and well testing data to describe and quantify
reservoir behavior by evaluating the effects of variations in key
parameters. Such models can incorporate unique components such
as anisotropy and heterogeneity as well as the contributions of free
gas and sorbed gas, and be used to evaluate the effects of various
development strategies including well spacing, well pattern, hy-
draulic fracturing design and water/gas flooding rate/schedule.
Once the model is constructed, it can be updated with production
data, reservoir pressures, and production bottomhole pressures
obtained on a regular basis to better understand and predict future
reservoir performance (Jenkins et al., 2008). Over the past decade,
improved practices of reservoir stimulation and production have
made gas shale a viable energy resource. Enhancing gas recovery
through the injection of carbondioxide (CO2) however is yet to be
tested in the field (Hussen et al., 2012). Hence, further under-
standing the behavior of gas shale reservoirs and of methods to
enhance its recovery remains important.

It is apparent that gas shale has the capacity to permanently
store a considerable amount of gas. This is trapped both in adsorbed
state within finely dispersed organic matter (i.e., kerogen) and also
in free state within a nanoporous substrate comprising micropores
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Fig. 1. Idealization of a fracture system (Warren and Root, 1963).
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(<2 nm) and mesopores (2e50 nm). Storage in organic-rich shale
has the advantage that the organic matter acts as molecular sieve,
allowing CO2, with linear molecular geometry, to accumulate in
small pores where other naturally occurring gases such as methane
(CH4) cannot access. Additionally, the energy of molec-
ulareinteractions between the organics and CO2 molecules is
different, leading to a preferential and enhanced adsorption of CO2

relative to CH4. Thus the affinity of shale to CO2 is partly due to steric
and thermodynamic effects similar to those of coals that have been
considered for enhanced coalbed-methane recovery (Kang et al.,
2011).

As an unconventional reservoir, the porosity and permeability of
shales are significantly lower than that of conventional reservoirs
but have features that are similar to coalbed reservoirs (Shi and
Durucan, 2010; Soeder, 2011; Wang et al., 2012). These features
include matrix-dominated storage, fracture-dominated transport
and sorption as a significant component of the overall gas budget.
The significant sorption potential of gas shales makes them a viable
medium for the sequestration of CO2.

Naturally fractured reservoirs such as shales and coalbeds have
been traditionally modeled using the dual porosity concept
(Warren and Root, 1963). Gas is physically adsorbed to the surface
of the porous shale structure and is transported by diffusion (Fig. 1).
Fractures provide high permeability but low storage pathways to
access the low permeability but high storagemedium of thematrix.
Gas desorbs from the pores and is transported by Fickian diffusion
to the fractures where transport is by Darcy's law.

Prior work (Vermylen, 2011) has shown that gas adsorption in
gas shale follows the monolayer adsorption-Langmuir isotherm
(Vermylen, 2011). Langmuir isotherm parameters describe the
relationship between TOC content, pressure, and the adsorbed gas-
carrying capacity of the sorbing media (Lyster, 2012). Between 20%
and 85% of total storage in shale may be in the form of adsorbed gas
(Freeman et al., 2013), and the majority of this gas may never be
produced due to the steepness of the sorption isotherm at lower
pressure. Thus, injecting a higher affinity gas like CO2 may be a
feasible method to sweep for CH4 and therefore enhance its re-
covery. The Langmuir volume constant can be estimated from a
density log or TOC log. Total organic carbon (TOC) relates to the
source material that generated the resulting gas or liquid hydro-
carbon as well as the adsorption capacity of a shale to retain gas
sorbed in the matrix. Studies show that adsorbed gas, free gas
stored in the matrix, increases linearly with total organic content
(Jarvie, 2004).
This study examines the behavior of a prototype reservoir swept
by CO2 to determine the feasibility of ESGR as a recovery technique.
The lithotype used is the Barnett shale due to the availability of
petrophysical data. The Barnett shale is an organic-rich, petrolif-
erous black shale of middleelate Mississippian age with 4e8%
organic carbon content (TOC), 20e40% illite clay, and no free water,
long known as a probable source rock for hydrocarbons throughout
north-central Texas (Montgomery et al., 2005; Goodway et al.,
2006). Estimates for original gas in place for Barnett gas resource
are in the order of 200 tcf, with ultimate technically recoverable
reserves variably assessed within the range 3e40 tcf (Jarvie et al.,
2003; Pollastro et al., 2003; Schmoker et al., 1996). The potential
for ESGR by CO2 is predicated on the observation that shale has a
greater affinity of CO2 over CH4. In Barnett shale, at low pressures
(600 psi), preferential adsorption of CO2 over CH4 ranges from 3.6x
to 5.5x on a mass basis; at high pressure, this preferential adsorp-
tion of CO2 over CH4 may reach 5x to 10x (Vermylen, 2011). When
CO2 is injected into a depleted shale formation e even one that has
previously been stimulated e the rock will release more methane
because pockets of the gas chemically trapped within the shale will
be released in favor of the more chemically sorptive CO2. Two pa-
rameters are important regarding CO2 storage in porous media. The
first is whether sufficient capacity exists in the reservoir to store the
intended volume of CO2, which is controlled by the sorptive ca-
pacity. The second is whether sufficient injectivity exists and can be
maintained to allow the penetration of CO2 at the desired supply
rate and deep into the reservoir.

Previous simulation work on Barnett shale shows that the time
evolutions of gas pressure, stress-dependent permeability and
porosity, and effective stresses are strongly influenced by gas
desorption during production, especially near the wellbore (Huang
and Ghassemi, 2011). Other simulation studies also show that CO2

injection for enhanced gas recovery and concurrent CO2 seques-
tration is technically and economically feasible but with principal
obstacles related to the potential contamination of the production
stream by CO2 and high costs involved in the process (Khan et al.,
2012). Simulation studies have been carried out to comprehend
by which process CO2 sequestration in a depleted gas reservoir
might result in enhanced gas recovery. These have included the
effect of mixing (CO2eCH4) on the recovery process prior to reser-
voir depletion (Khan et al., 2012) and were mainly directed to
reduce greenhouse gas emissions in the atmosphere by seques-
tering in a depleted gas reservoir or in an aquifer (Benson, 2006;
Clemens and Wit, 2002; Knox et al., 2002; Mamora and Seo,
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2002; Oldenburg et al., 2001; Ozkilic and Gumrah, 2009). Previous
study also showed that continuous CO2 injection could be feasible
for enhanced the gas recovery but huff-n- puff method might not
be a good option (Schepers et al., 2009).

In this work we use a dual porosity model incorporating
adsorptive behavior and with sorption/swelling dependent
porosity and permeability to examine the potential for CO2 as a
stimulation medium for ESGR. In particular we examine the po-
tential rates of injection and storage of CO2 relative to rates of re-
covery of CH4 to examine crucial issues of reduced injectivity and
early breakthrough of CO2. We examine this behavior for different
CO2 injection schedules including steady and pulsed injection to
determine an optimal injection schedule which can maximally
enhance CH4 recovery but control CO2 early breakthrough and
minimize the cost of CO2 injection and separation.

2. Model development

We develop a model for multi-component transport in dual
porosity sorbing and swelling media. The following introduces key
models describing porosity and permeability evolution in both
matrix and fracture networks including the coupling between
these two media.

2.1. Field and constitutive equation

Field and constitutive equations for gas flow and transport in
shale are defined (Kumar et al., 2013b). These equations are coupled
through porosity and permeability evolution driven by Langmuir
sorption and swelling in the shale matrix with sympathetic influ-
ence on the deformation and permeability response of the fracture.
The following assumptions apply:

1) The shale reservoir is a homogenous, isotropic and elastic con-
tinuum. The system is isothermal.

2) Gas present within the system is ideal and its viscosity is con-
stant under isothermal conditions.

3) Gas flow through the fractures in shale conforms to Darcy's law
(the water phase is not considered in this study); gas transport
in the shale matrix is assumed to obey Fick's law.

4) Gas sorption only occurs within the matrix.
2.1.1. Binary gas adsorption
Barnett shale usually contains more than 80% CH4 augmented

by a mixture of other heavier hydrocarbons as well as CO2 and N2

(Bullin and Krouskop, 2008). In this study, it is assumed that the
gas shale reservoir contains only two species: CH4 (fracture: 95%;
matrix: 87.5%) and CO2 (fracture: 5%; matrix: 12.5%) as these two
species exert the major control on transport in gas shale. The
initial gas pressures of CH4 and CO2 in the reservoir are assumed to
be 22.8 MPa and 1.2 MPa respectively in the fracture network and
1.143 MPa and 22.857 MPa respectively in the matrix. This con-
stitutes an overall initial pressure in the reservoir of 24 MPa,
representing reservoir pore pressure at a depth of 7000e8000
feet.

The gas adsorbed in the shale matrix follows Langmuir sorption
behavior (Vermylen, 2011). The Langmuir adsorption isotherm as-
sumes that the gas is present as a monolayer. The gas volume
adsorbed per unit mass of shale can be calculated from the Lang-
muir isotherm (Langmuir, 1916) as

V ¼ VLpm
pm þ pL

(1)
where VL is the Langmuir volume constant, representing the
maximum volume of gas that can be adsorbed per unit mass of
shale at infinite pressure, pL is the Langmuir pressure, representing
the pressure at which the Langmuir volume can be absorbed in the
matrix, pm is the equilibrium pressure of gas in the matrix and V is
the volume adsorbed per unit mass of shale at pressure pm.

The gas adsorbed in the shale is not always pure CH4. Shale can
also adsorb appreciable amounts of CO2, N2 and heavier hydrocar-
bons such as ethane and propane. Each gas does not “sorb” inde-
pendently, but rather competes for the same sorption sites. The
multi-component adsorption behavior may be expressed by the
extended Langmuir isotherm (ELI) as

Vk ¼
Vk0Ckb

0
k

1þPN
j¼1 Cjb

0
j

(2)

where Vk0 is the adsorbed volume of species k per unit mass of
shale at infinite pressure, Ck is the equilibrium concentration of gas
in the matrix, b

0
k is equal to RT/pL and Vk represents the volume

adsorbed per unit mass of shale at concentration cm for species k. By
analogy, the contribution of each gas species in an n-species
mixture to the sorption-induced volumetric strain can be described
as (Wu et al., 2011)

εk ¼ εLk
Ckb

0
k

1þPn
j¼1 Cjb

0
j

(3)

Hence, the total sorption induced strain can be determined by
summing the contributions from each individual gas species (Wu
et al., 2011)

εs ¼
Xn
k¼1

εk ¼
Xn
k¼1

εLk
Ckb

0
k

1þPn
j¼1 Cjb

0
j

(4)

where εLk is the Langmuir strain for species k, representing the
strain caused by species k at infinite pressure, εk is the strain
developed at concentration Ck in the matrix for gas k and εs is the
total strain developed by the presence of the gas mixture.
2.1.2. Porosity model for matrix and fracture
Since shale and coal both follow the Langmuir isotherm, a

constitutive model developed for the evolution of porosity in coal
(Wu et al., 2011) is employed in this study to investigate the
response of shale.

For sorption induced by a binary gas mixture, the matrix
porosity can be expressed as

4m ¼ 4m0 �
a

K
1

b0
aKf

þ 1
K

0
BBB@

X2
k¼1

εLk
Cmkb

0
k

1þPn
j¼1 Cmjb

0
j

� εv

1
CCCA (5)

where 4m is the matrix porosity, 4m0 is the initial matrix porosity, a
is the Biot coefficient for the shale matrix, K is the matrix bulk
modulus, Kf is the modified fracture stiffness, which is equal to the
product of initial fracture aperture and fracture stiffness, b0 is the
initial fracture aperture, a is the fracture spacing, εLk the Langmuir
strain for species k, Cmk is the equilibrium concentration of gas k in
the matrix, b

0
k is equal to RT/pL for species k, and εv is the volumetric

strain of the shale, which is considered zero in this study, since all
four sides of the model geometry are assumed to be constrained.

Similarly, the porosity of the fracture can be expressed as
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Fig. 2. Horizontal wells pattern with one production well (PW) at the center flanked
by injection wells on each side (IW) and representing a repeating array of injectors and
recovery wells.
f

4f0
¼ 1� 3

4f0 þ 3Kf

K

BB@
k¼1

εLk
mk k

1þPn
j¼1 Cmjb

0
j

� εv
CCA (6)

where 4f is the fracture porosity, 4f0 is the initial fracture porosity
and the subscriptsm and f refer to matrix and fracture respectively.

2.1.3. Permeability model for matrix and fracture
Similarly, the relations derived for coal can also be employed for

the permeability evolution of the shale matrix (Wu et al., 2011),

km
km0

¼

0
BBB@1� a

4m0K
1

b0
aKf

þ 1
K

0
BBB@

X2
k¼1

εLk
Cmkb

0
k

1þPn
j¼1 Cmjb

0
j

� εv

1
CCCA
1
CCCA

3

(7)

where, km is the permeability of the matrix and km0 is the initial
matrix permeability.

To incorporate the effects of effective stress, sorption induced
swelling and the occluding effect of moisture, the behavior of the
fracture may be recast as (Kumar et al., 2012)

kfk
kf0k

¼
(�

1þ Ckpmk

pmk þ pLk

�3

þ e�bks
0
)
*e�dkSW (8)

where kfk is the fracture permeability for species k, kf0k is the initial
permeability of species k in the fracture, pmk is the gas pressure of
species k in the matrix, pLk is the Langmuir pressure constant for
species k, s

0
is the effective stress, defined as equivalent to confining

stressminus gas pressure, Sw is themoisture content of the shale, in
this case, considered zero, dk is the fitting parameter for species k,
representing the occluding effect of moisture, Ck is another fitting
parameter for species k, representing the influence of effective

stress, C ¼
�
εLs2
ab0

�
, where s is the fracture spacing, a is the fracture

length, b0 is the initial fracture aperture, εL is the peak Langmuir
strain, and bk is also a fitting parameter for species k, representing
the effect of sorption induced swelling (Kumar et al., 2013a).

2.1.4. Matrix and fracture coupling
The matrix may act as both source or sink depending upon the

pressure (or concentration) differential between matrix and frac-
ture. The mass balance between fracture and matrix incorporates
convective, diffusive, and transfer flux flow.

2.1.4.1. EOS for an ideal gas. The response of thematrix and fracture
are coupled through the equation of state (EOS) for an ideal gas,
which describes the relation between pressure, volume and tem-
perature in both matrix and fractures

pV ¼ nRT (9)

where p [Pa] is the pressure, V [m3] is the volume, R
�
m3$ Pa

K$mol

�
is

the gas constant, n is the molar concentration and T [K] is the
temperature. Similarly, the concentration C of the species may be
represented as C ¼ n/V [units of mol/m3] resulting in

p ¼ CRT (10)

allowing pressures to be uniquely linked to concentration.
2.1.4.2. Mass transfer between matrix and fracture. For a fracture
network of orthogonal fractures of equal fracture spacing, matrix
and fracture can also be coupled through a transfer flux uk between
these twomedia for a component of gas k (Mora andWattenbarger,
2009) as

uk ¼ �3P2

a2
(11)

where uk is the shape factor, controlling drainage rate from matrix
to the fracture. In a unit volume of fracture, the mass of the species
and its mass rate of change is the net result of advection of the
species into or out of this volume which is governed by Darcy flow

V$

�
� kf

m pfV$pf

�
and gain or loss of the species from this volume

due to exchange with the matrix ±3P2

a2
km
m pf ðpf � pmÞ (Kumar et al.,

2013b)
3. Model implementation

This model follows the transport of binary species in a fractured
porous reservoir pierced by parallel horizontal wells. The hori-
zontal well pattern includes a production well located at the center
of a rectangular section that cuts the reservoir vertically and is
flanked by twin injectionwells as shown in Fig. 2. The reservoir has
been artificially fractured to elevate the permeability of the stim-
ulated reservoir volume e taken as the full reservoir shown in
Fig. 2.

Symmetry of the injection-withdrawal system allows a one-
quarter section of the full-field reservoir to represent the full sys-
tem (see red dashed line (in the web version)). This one-quarter
section of the reservoir is represented by a 2D block with sides
120 m � 60 m (Fig. 3). The diameter of the wells is assumed to be
0.0762 m (3 inches), a typical value for wellbores. The model has no
flow-no flux condition on all four sides except the wellbores. Pro-
duction volumes are evaluated bymultiplying production from this
1 m section by the total presumed well length. The initial gas
pressure in the reservoir is 24 MPa, representing the pore pressure
at a depth of 7000e8000 ft. The initial pressures of CH4 and CO2 are
set according to their composition. CH4 has an initial pressure of
22.8 MPa in fracture and 22.857 MPa in the matrix, based on partial
pressures. For CO2, the values are 1.2 MPa and 1.143 MPa, respec-
tively. The production well produces at a bottomhole pressure of
0.1 MPa. Different injection rates and schedules, including contin-
uous injection and pulsed injection are used. The injection rate is
controlled by setting the injection wellbore pressure differently as
(i) no injection (sealed boundary); (ii) 0 MPa overpressure (same



Fig. 3. Schematic of a one-quarter section of the longitudinal section of the entire reservoir with horizontal wells.

Table 1
Modeling parameters used in simulations.

Symbol Parameter Value Unit

E Young's Modulus of shale 32.75 (Goodway et al., 2006) GPa
ES Young's Modulus of shale grain 40.54 (Vermylen, 2011) GPa
N Poisson's ratio of shale 0.235 (Goodway et al., 2006) e

rs Density of shale 2.5 � 103 (Kuuskraa et al., 1998) kg=m3

mCH4
CH4 dynamic viscosity 1.15 � 10�5 (Wu et al., 2011) Pa$s

mCO2
CO2 dynamic viscosity 1.60 � 10�5 (Wu et al., 2011) Pa$s

PL;CH4
CH4 Langmuir pressure constant 11 (Vermylen, 2011) MPa

PL;CO2
CO2 Langmuir pressure constant 8.64 (Vermylen, 2011) MPa

VL;CH4
CH4 Langmuir volume constant 1.05 � 10�3 (Vermylen, 2011) m3=kg

VL;CO2
CO2 Langmuir volume constant 4.93 � 10�3 (Vermylen, 2011) m3=kg

εL;CH4
CH4 Langmuir volumetric strain constant 8.1 � 10�4 e

εL;CO2
CO2 Langmuir volumetric strain constant 3.6 � 10�3 (Vermylen, 2011) e

∅m0 Initial porosity of matrix 0.041 (Strickland et al., 2011) e

∅f 0 Initial porosity of fracture 0.007 (Reed and Wang, 2009) e

km0 Initial permeability of matrix 2.17 � 10�19 (Strickland et al., 2011) m2

kf 0 Initial permeability of fracture 2.27 � 10�17 (Strickland et al., 2011) m2

a Fracture spacing 0.025 m
b0 Initial fracture aperture 5 � 10�4 m
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pressure as the initial reservoir pressure); (iii) 4 MPa overpressure
(4 MPa higher than the initial reservoir pressure), and (iv) 8 MPa
overpressure (8 MPa higher than the initial reservoir pressure).

Appropriate input variables are as shown in Table 1. Each
simulation is run for 109 seconds (~ 30 years).

4. Results and discussion

Models of continuous and pulsed injection are explored to
investigate the evolution of permeability and the production of CH4

and CO2 together with the potential for early breakthrough. The
desire is to define an optimal injection schedule with no or miti-
gated CO2 early breakthrough, minimum cost of CO2 injection as
well as to determine the level of enhanced CH4 production.

4.1. Continuous injection

Four injection cases are explored that represent no injection,
0 MPa overpressure injection, 4 MPa overpressure injection and
8 MPa overpressure injection. The evolution of permeability and
concentration in matrix and fracture, CH4 production, CO2 early
breakthrough as well as the CO2 sequestration capacity of the
reservoir are investigated.

4.1.1. Permeability evolution in matrix and fracture
As gas desorbs from the shale, the matrix shrinks and the

fracture widens, although this may be offset by a reduction of
fracture aperture because of increased net stress caused by
reservoir-pressure depletion. In addition, the adsorption of CO2

and related swelling in the shale matrix causes permeability to
decrease. Permeability is controlled by pore volume compress-
ibility (in the early time) and matrix swelling/shrinkage (in late
time). During the first ~ 100 days, the matrix permeability re-
mains near constant for all continuous injection cases including
the no injection case since this period is dominated by fracture
flow (Fig. 4). Gas production comes mainly from the fracture
during this early time as the fracture is a preferred flow conduit.
After ~ 100 days, when the free gas in the fracture has been
largely depleted, the matrix flow begins to contribute. After ~ 100
days, matrix permeability decreases with time by a factor of 0.9%
~ 1.3% indicating that it is in the effective-stress-effect regime
when the pressure in matrix decreases. Permeability loss is also
controlled by fracture geometry, Langmuir swelling coefficient
and void “stiffness”, whereas the rate of permeability increase is
controlled by fracture geometry and void “stiffness”. For the
higher injection pressure case (8 MPa overpressure injection), the
decrease of matrix permeability is not as significant as for the
lower injection pressure case (0 MPa overpressure injection) in
that the pressure decrease, to an extent, is compensated for by
the injection.

The fracture permeability is increased by ~ 1/3 in the three in-
jection cases as fractures dilate as the gas pressure increases,
whereas for the no injection case, it increases only by a factor of
1.8% - higher injection pressures result in more significant dilation



Fig. 4. The average permeability of the matrix (solid lines) and fracture (dashed lines) under continuous injection.

Fig. 5. The evolution of the ratio of average concentration of CH4/(CH4 þ CO2) in the matrix (solid lines) and fracture (dashed lines) under continuous injection.
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hence increases in permeability. Therefore higher CO2-injectivity
results in higher gas production, solely due to the mechanical
effect.

4.1.2. Concentration evolution in matrix and fracture
The recovery of CH4 relative to the invasion of CO2 may be

represented by the ratio, CH4/(CH4 þ CO2) where a small ratio
represents effective recovery of methane. The evolution of this ratio
CH4/(CH4 þ CO2) in matrix and fracture, again, demonstrates there
two stages exist: fracture dominant flow and matrix dominant flow
(see Fig. 5). The decrease of CH4 concentration occurs almost
immediately in the fracture following the injection of CO2. Then
only after ~100 days, the decrease of CH4 concentration in the
matrix became significant. Conversely, the concentration ratio in
the fracture remains stable, indicating that within the first 100
days, CH4 production comes mainly from the fracture which pro-
vides a preferred conduit; then after 100 days, when the free gas in
the fracture is exhausted, CH4 production mainly comes from the
matrix, since CO2, with a higher adsorption affinity, competes with
CH4 for the adsorption sites in the matrix and sweeps out the CH4.
Observed from these three cases with CO2 injection is that higher
injection pressure contributes to faster and more significant CH4/
(CH4 þ CO2) concentration drop because of the faster and more
efficient sweep by the front of CO2.



Fig. 6. CH4 cumulative production under continuous injection.

Fig. 7. CH4 instantaneous production rate under continuous injection.
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4.1.3. CH4 gas production
The cumulative production of CH4 over 30 years is shown in

Fig. 6. The elevation of CH4 gas production is 2.26%, 14.26%, and
28.5% for 0 MPa, 4 MPa and 8 MPa overpressure injection, respec-
tively. It is clear that the highest injection pressure, with the highest
injectivity and elevated permeability, still results in the maximum
production of CH4.

The recovered gas rate depends on 1) the ratio of relative vol-
ume of organic matter to total porosity, permeability, geometry,
distribution, and connectivity of organic flakes; 2) how organic
matter is connected to natural and hydraulic fractures; and also, in
this study, 3) the injectivity of CO2. The instantaneous production of
CH4 (Fig. 7) shows these two flow regimes mentioned above-
dfracture dominant flow and matrix dominant flow. The former, a
rapid process, is affected by fracture permeability and reservoir
length. The latter, a slower rate-inhibited process, is influenced by
matrix hydraulic conductivity and matrix block length.

4.1.4. CO2 early breakthrough
Understanding mechanisms involved in the early breakthrough

of CO2 is one of the foci of CO2-ESGR projects in that separation of
CO2 from CH4 is costly. Another reason for minimizing the early
breakthrough of CO2 is consideration of environmental security d

with the desire for the entire system to be near net neutral in terms



Fig. 8. Cumulative production of CH4 (solid lines) and CO2 (dashed lines) under continuous injection.

Fig. 9. Volume ratio of CO2/CH4 at the production well under continuous injection.
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of carbon footprint with corresponding positive impact on induced
seismicity. Conversely, reservoir re-pressurization, a process when
CO2 is re-injected into the reservoir at a high rate to re-pressurize
the reservoir has the benefit of both preventing subsidence/
stress-change after the reservoir is depleted and of increasing in-
cremental gas recovery. Thus one of the goals of this study is to
determine the optimum CO2 injection schedule to yield maximum
CH4 gas production as well as alleviating early CO2 breakthrough.
CO2 breakthrough, in this paper, is defined as the volume ratio of
CO2/CH4 at the production well higher than the value for the no
injection case. Figs. 8 and 9 indicate that CO2 breakthrough is
presents in all three injection cases. The volume ratio of CO2/CH4 at
the production well for these three cases are 0.72, 0.75, and 0.77,
respectively. CO2 breakthrough occurs as soon as the matrix-
dominant flow regime begins, indicating that a considerable mass
of CO2 transits to the productionwell directly through the preferred
fracture channel. This undesirable effect may potentially be miti-
gated by pulsed CO2 injection, by controlling the injection and shut
in time span. This may mitigate early CO2 breakthrough since CO2

can be adsorbed during the shut-in period.

4.1.5. CO2 sequestration
CO2 sequestration is considered as another benefit of CO2-ESGR.

A fraction of the injected CO2 can be stored in the reservoir, mainly



Fig. 10. CO2 storage capacity under continuous injection.

Fig. 11. The average matrix (solid line) and fracture (dashed line) permeability for optimal pulsed injection.
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in the matrix in the form of adsorbed gas due to its high adsorptive
affinity. CO2 will be sequestrated in the reservoir in a supercritical
state under higher pressure and temperature reservoir condition
(p > 7 MPa and T > 32C). Fig. 10 shows that the CO2 storage capacity
is of the order of 104 m3 when supercritical for the three injection
cases. It is clear that the amount of CO2 adsorbed is directly pro-
portional to the injection pressure.

4.2. Pulsed injection

Although continuous injection results in significantly enhanced
production, the severe breakthrough of CO2 may be an issue due to
the high expense of separation of CO2 from CH4. Multiple pulsed
injection cases were performed to investigate the feasibility of this
method. Here we present the results for the optimal pulsed injec-
tion case with maximum elevated CH4 production with the
requirement of no CO2 early breakthrough for the reservoir pa-
rameters previously used. The gas shale reservoir is produced with
no injection for 1 year, followed by CO2 injection at an overpressure
of 8 MPa for 3 months then shut in for 3 years repeatedly
throughout the 30 year production life of the reservoir.

4.2.1. Permeability evolution in matrix and fracture
Permeability evolution under pulsed injection (Fig. 11) shows

the same general trend as the continuous injection cases, namely,
matrix permeability decreases and fracture permeability increases.



Fig. 12. The evolution of the ratio of average concentration of CH4/(CH4 þ CO2) in the matrix (solid line) and fracture (dashed line) under optimal pulsed injection.

Fig. 13. CH4 cumulative production under optimal pulsed injection.
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The permeability of the fracture increases linearly with pressure by
~1/3, possibly because it reaches the Langmuir strain, the same
magnitude as the continuous injection cases at the end of 30 years
even though the total duration of injection is only 1.5 years. The
extent of the decrease of matrix permeability is 1.3%, similar to the
no injection case.
4.2.2. Concentration evolution in matrix and fracture
As soon as the injection starts (the first injection is at the end of

the 1st year and lasts for 3 months), the concentration of CO2 in the
fracture increases rapidly since the fracture is a preferred flow
channel. At the same time, a small drop in this concentration ratio is
also observed in the matrix, indicating that CO2 sweeps CH4 from
the reservoir by preferential absorption (Fig. 12).
4.2.3. CH4 gas production
This optimal pulsed injection schedule can enhance CH4 gas

production by 9.34% (Fig. 13) compared with the no injection case.
This occurs for a summed duration of CO2 injection over the 30 year
lifespan of the reservoir of only 1.5 years. Compared to the
continuous injection case with an 8 MPa overpressure, this pulsed
injection schedule can achieve 1/3 of the enhanced gas recovery at
only 1/20 of the injection cost and absent CO2 separation costs (no
early breakthrough).



Fig. 14. Cumulative production of CH4 (solid line) and CO2 (dash line) under optimal pulsed injection.

Fig. 15. Volume ratio of CO2/CH4 at the production well under optimal pulsed injection.
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4.2.4. CO2 early breakthrough
The principal incentive for pulsed injection is to mitigate early

breakthrough of CO2 - the volume ratio of CO2/CH4 at the produc-
tion well must remain below the ratio for the no injection case
(which is 0.18). For the pulsed injection case examined, there is no
severe early breakthrough of CO2 (Figs. 14 and 15), indicating that
this schedule provides a feasible pathway for CO2-ESGR with the
benefit of enhanced gas recovery, at minimum cost of CO2 injection
as well as absent costs of CO2 separation.

4.2.5. CO2 sequestration
The storage capacity of the reservoir for injected CO2 is shown in

Fig. 16. The sequestration capacity reaches 6�103 m3 under the
selected pulsed injection schedule. Therefore storing CO2 by
adsorption in supercritical state within the matrix defines another
intrinsic benefit of this pulsed injection schedule.

5. Conclusion

The applicability of enhanced CO2-ESGR recovery in Barnett
Shale is explored in this study. A dual porosity dual permeability
model is used to describe the characteristics of the reservoir. A
model of permeability evolution for sorbing dual porosity media
originally developed for coal is applied to define response. Darcy's
Law is used to describe flow within the fracture system with Fick's
law applied to the matrix. Binary Langmuir adsorption theory is



Fig. 16. CO2 storage capacity under optimal pulsed injection.
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adopted to represent the competitive adsorption between CO2 and
CH4. Two forms of injection schedule are explored, representing
continuous injection and pulsed injection. Both are compared with
the no injection case as control to investigate the efficiency on
enhanced gas recovery, CO2 early breakthrough and CO2 seques-
tration. The observations and conclusions are as follows:

1) Continuous CO2 injection at overpressures of 0 MPa, 4 MPa, and
8 MPa enhance gas recovery by 2.26%, 14.26%, 28.5%, respec-
tively. The net recovery of CH4 over the lifetime of the reservoir
is of the order of 108 m3. However, at the same time, severe
breakthrough of CO2 occurs. At the end of the production life of
the reservoir, the concentration of CH4/CO2 at the production
wellbore for the three continuous injection cases is 0.72, 0.75,
0.77, whereas without injection this ratio is 0.18. Two distinct
fluid flow stages are observed. These are for fracture dominated
flow (within approximately the first 100 days of production)
followed by matrix dominated flow (follows pressure break-
through followed by mass depletion in the fracture system).
Matrix permeability remains constant during the period of
fracture dominated flow and decreases by only ~1% during
matrix dominated flow; fracture permeability increases signif-
icantly during the first stage of fracture flow and is mildly
elevated during the second stage of matrix dominated flow.
Overall fracture permeability increases by ~1/3 for the injection
scenarios followed, due to the dominant influence of CH4 de-
sorption relative to CO2 sorption.

2) An optimal pulsed injection schedule with the total cumulative
duration of injection of only 1.5 years (in 30 year reservoir life)
elevates gas production by 9.24% compared to the no injection
case. This increased productivity occurs with no early break-
through of CO2 together with a concomitantly reduced cost of
CO2 injection. Permeability evolution for this case shows the
same trend as for continuous injection - the overall matrix
permeability decreases by ~1% and the fracture permeability
increases by ~1/3. Compared to the case for continuous injection
at an overpressure of 8 MPa, this pulsed injection schedule
achieves ~1/3 of the enhanced gas recovery for only 1/20 of the
mass of CO2 injected.
3) CO2 is sequestrated in a supercritical status and is of the order of
104 m3 for the continuous injection cases and 103 m3 for pulsed
injection case e representing only 10�4 to 10�5 of the mass of
CH4 recovered.
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