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A new mathematical model is introduced based on the Maxwell–Stefan formulation to simulate multi-
component (CH4–CO2) transport in resource shale. The approach considers competitive transport and adsorption
effects in the organic (kerogen)micropores of the shale during CO2 injection and enhanced CH4 recovery. Follow-
ing the primary production, injection of CO2 into organic-rich shale initiates co- and counter-diffusive transport
and competitive sorption among themolecules. Consequently, the incoming CO2molecules activate and displace
the in-place CH4molecules. Competitive sorption rates, however, could be controlled by the diffusivemass fluxes
during the injection and production operations. Nature of the transport processes should therefore be under-
stood clearly. In this paper, we first show that the widely used single-component Langmuir gas behavior is, in
fact, a limiting case of the generalized formulation. The latter, however, includes not only the anticipated binary
effects (due to the co-existence of two components with different molecular size and adsorption capacity) but
also additional nonlinear effects due to the direction of diffusive mass fluxes and to the lateral interactions of
the adsorbed gas molecules in the micropores. Following, we incorporate the multi-component formulation to
a shale gasflowmodel to consider CO2 injection and enhanced shale gas recovery processes in a single horizontal
well setup with multiple fractures. The simulation involves primary gas production for ten years followed by
three-stages of operations including injection of CO2 for five years, a short soaking period, and finally production
for 30 years. Dynamics of the production stages is then investigatedwith varying initial/boundary conditions. It is
shown that the counter diffusion and competitive adsorption in themicropores could generate nontrivial effects
at the reservoir-scale such that the predicted CH4 production is significantly enhanced. The investigation is im-
portant for our understanding and the design of CO2 injection and enhanced shale gas recovery processes.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

When subsurface storage of anthropogenic carbon dioxide (CO2) is
considered, among the geological formations, gas shale, much like
coalbed methane, keeps a unique place with a distinct gas trapping
mechanism: physical adsorption (Kang et al., 2011; Nuttall and
Rushing, 2005). Under the subsurface conditions and depending on
the thermal maturity of organic materials in the shale, CO2 sorption ca-
pacity of the shale is larger than that formethane (CH4) especially in the
primary (or micro-) pore volume (Busch et al., 2008; Shi and Durucan,
2008). This is a remarkable observation not only for sequestration but
also from enhanced shale gas production point of view as it implicitly
points out that stronger affinity of CO2 to the organic materials of
shale could initiate an added mechanism of displacement of the
uilding, College of Engineering
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originally in-place CH4, when CO2 is introduced into the shale gas envi-
ronment. Thus, CO2-enhanced shale gas recovery is proposed as an im-
proved natural gas recovery technique.

Although CO2-enhanced shale gas recovery technique has not been
commercialized yet, attempts have been made to study the feasibility
of the technique in the Middle and upper Devonian black shales in the
Appalachian Basin inWest Virginia, Pennsylvania and eastern Kentucky
(Boswell, 1996; Schepers et al., 2009). In the United States large produc-
tion from numerous wells and an extensive pipeline structure associat-
ed with organic shale gas reservoirs located near major population
centers such as the Barnett, adjacent to Dallas-Fort Worth, and the
Marcellus, New York exist. When these resources are depleted, they
can be considered as good candidates to store carbon dioxide much
like they stored methane both in the adsorbed and free states over geo-
logic time spans.

CO2 sequestration andenhanced shale gas recovery involve phenom-
ena of fundamental interest in a chemically and structurally intricate po-
rous medium, however. In general, the technique involves three stages:
(1) convective/dispersive flow of the gas phase (injected CO2 and re-
leased CH4 molecules), in particular in the fractures; (2) diffusive/
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dispersive gas transport in the secondary pore structure of the shale
matrix, i.e., fractures and the macro-pores; and (3) multi-component
sorption phenomena, in particular in the primary (micro-) pore struc-
ture of the shale matrix, e.g., co- and counter diffusion and competitive
adsorption. These simultaneously take place in the shale matrix within
different characteristic times of mass transport (flow, diffusion and
sorption) and characteristic length scales, i.e., the scales of hydraulic
fracture stages, of shale matrix and of the internal surface area of the
matrix pores. As the consequence of these, the incoming CO2 molecules
are expected to activate and displace the in-place CH4 molecules in the
shale matrix.

Earlier theoretical attempts investigating shale gas production in-
volved numerical simulators developed in the ‘spirit’ of modeling the
naturally fractured conventional gas and coalbed methane reservoirs
with single permeability and dual porosity fields (Eccles et al., 2009;
Leahy-Dios et al., 2011). Often the gas mass balance appeared in these
approaches in terms of a gas quality such as molar density, concentra-
tion or pressure, which is averaged over a single-porosity, or uni-pore,
matrix. When it is written in one-dimensional space for the concentra-
tion of the gas component, the balance for a finite-size matrix typically
reads as

φ
∂C
∂t þ 1−φ−φ f

� � ∂Cμ

∂t ¼ ∂
∂x1

φDm
∂C
∂x1

� �
ð1Þ

where φ and φf are the constants of matrix and fracture porosity, and C
and Cμ are the free and adsorbed gasmolar densities, i.e., concentrations,
in the matrix block, respectively. Notice that Eq. (1) is another form of
Fick's second law written for a fluid adsorbing in porous medium. The
adsorbed amount is often accounted for during the calculations using
a nonlinear equilibrium adsorption model, such as Langmuir isotherm:

Cμ ¼ Cmb′C= 1þ b′Cð Þ: ð2Þ

Thepresence of a diffusivemass transportwith a constant diffusivity,
Dm, was assumed next at the matrix–fracture interface and the
averaging is performed using a priori parabolic concentration profile
across the half-length R of the matrix block (Shi and Durucan, 2005)

φ
∂C
∂t þ 1−φ−φ f

� � ∂Cμ

∂t ¼ 3
R
φDm

∂C
∂x1

� �
x1¼R

ð3Þ

with the block-averaged free and adsorbed gas concentrations are
assigned to symbols with an over bar. An inner boundary condition is
often imposed dictating that no concentration gradient exists at the
center of the matrix block (i.e., ∂C(0,t) / ∂x1 = 0). Consequently, the
balance showing the time evolution of the averaged concentration was
coupled to the mass balance equation for the fracture network using
the diffusive mass exchange term at the matrix–fracture interface as a
source/sink term in the latter:

φ
∂C
∂t þ 1−φ−φ f

� � ∂Cμ

∂t ¼ φσDm C f−C
� �

ð4aÞ

φ f

∂C f

∂t þ ∂
∂x2

φ f v f C f

� �
¼ φ fσDm C−C f

� �
: ð4bÞ

Here, σ = 15 / R2 is the coefficient of mass exchange between the
matrix and the fracture (i.e., the transfer function). The accompanying
gas mass balance, Eq. (4b), dictates that the fractures are the places of
transient (Darcian) flow with a corresponding shale matrix permeabil-
ity field.

When complemented with appropriate reservoir initial and bound-
ary conditions, i.e., closure of the initial/boundary value problem, the
formulation may capture certain behavior of gas production in the
field. However, it ignores several aspects of the shale gas physics as it
significantly reduces the size of the problem. Those are the emphases
of this paper since they are important to shale gas production and
they may become critical considerations for the design and application
of CO2 sequestration and enhanced shale gas recovery. First, the conven-
tional model assumes that partitioning of the free and the adsorbed gas
in the matrix block occurs instantaneously and that the only resistance
to the free gas release from the matrix is due to the so-called transfer
function, which is essentially an averaged diffusive mass flux at the
matrix–fracture interface (Gwo et al., 1998; Sarma, and Aziz, 2006;
Warren and Root, 1963). The resistance obviously takes a finite value
when thematrix block is surrounded by a network of uniformly distrib-
uted dominant single fractures andmaintains a finite size, R. In essence,
the conventional approach (i) considers the existence of discretematrix
blocks in the reservoir, (ii) treats the gas behavior in the matrices as a
molecular diffusion (heat conduction) problem and (iii) controls the
gas release from thematrices using the transfer function as a numerical
valve. It is, however, true that the shale matrix can be described and
characterized suitably using a multi-scale pore structure: the total
pore volume of a block is made not only of micro- and macro-pores
but also due to a micro-fracture network, which may significantly con-
tribute to gas release during the production. Although the characteristic
dimensions of these fractures could be very small relative to the domi-
nant single fractures, they may be considered as the places for convec-
tive transport. Thus, their presence in the matrices not only makes the
identification and discretization of the blocks difficult, if not impossible,
but also changes the nature of gas transport, modifying the traditional
matrix problem to a convective–diffusive one (Tinni et al., 2012).

Second, the diffusive nature of themass transport has to be re-visited
for the shale matrices. It is well documented in the literature that bulk
diffusion and Knudsen (molecular streaming) flow of the gas molecules
are themainmechanisms for the free gasmigration in themacro-pores;
whereas surface diffusion is the mechanism for the adsorbed molecules
through the physically adsorbed layer on the micro-pore walls (Fathi
and Akkutlu, 2012, 2013). It is perhaps straightforward to incorporate
these mechanisms with the traditional approach using Fick's first
law, although the problem becomes a challenging one when multi-
component gas behavior is considered. Flow of the injected CO2 in a
complex multi-scale fracture network initiates counter-diffusive and
competitive adsorption processes between the CO2 and CH4 molecules
in the primary pore structure of the shale matrix, modifying the gas
transport, in particular, and the nature of the surface diffusion on the
adsorption layer. The conventional models (with the mass balances
written for each component of the gas), do not consider such steric ef-
fects due to multi-component nature of the problem. Although compet-
itive adsorption and multi-component (co- and counter-) diffusion
processes are well recognized in the engineering literature (Chen et al.,
2010; Ryan et al., 2011; Zhou et al., 2012) and they are considered im-
portant for practical reasons (e.g., gas separators), our understanding
of the system dynamics is limited due to difficulties of measuring quan-
tities related to transport in the mixture (Yi et al., 2008).

The purpose of this work is to investigate the CO2 sequestration and
enhanced shale gas recovery numerically using a new multi-continuum
modeling approach that does not have the above-mentioned matrix-
averaging andmulti-component transport limitations of the conventional
approach. A new formulation is proposed for the shale gas transport using
Maxwell–Stefan formulation and for kinetics of gas release from the pores
using a linear relationship describing net rate of gasmass interchange be-
tween the fractures and the pores. The governing equations consider that
the gas transport in organic-rich shales involves a matrix with triple po-
rosity continua (with organic and inorganic pores and fractures) with a
serial coupling, each represented by its ownflowand transport processes:

• fractures are the places where the injected and released ‘free’ gas
flows (i.e., convective and dispersive transport);

• the inorganic macropores make up the portion of pore volume where
convective–diffusive transport takes place for the free gas;
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• organic (kerogen) micropores are part of the solid shale material
which retains the gas in both adsorbed and free states and allows
their pore and surface transport. The resistance in the micropores is
due to surface diffusion.

2. Binary gas transport model for CO2 injection and enhanced shale
gas recovery

According to this interpretation the kerogen pore network hydrauli-
cally communicates with the inorganic matrix such that mass transport
takes place in the following sequence during the gas release:
organic → inorganic → fracture. The application of multi-continua re-
quires that each porous medium is distributed continuously in space
and holds the porous media conditions specified by Bear and Bachmat
(1991). Governing equations describing the gas mass balance in dual-
continua are the same as single continuum model; however, they
need special considerations for volume consistency and the mass ex-
change terms. One-dimensional shale gas system consists of the follow-
ing mass balances for the components 1 (CH4) and 2 (CO2).

Free gas mass balance in the organic micropores (kerogen):

∂ εkpϕCki

� �
∂t þ

∂ εks 1−ϕ−ϕ f

� �
Cμi

h i
∂t ¼ ∂

∂x εkpϕDki
∂Cki

∂x

� �

þ ∂
∂x εks 1−ϕ−ϕ f

� �
Dsi

∂Cμi

∂x

 !
i ¼ 1;2

ð5Þ

Here, x–t are the space–time coordinates. Cki(x,t) and Cμi(x,t)
represent the amounts of free gas and adsorbed-phase in kerogen in
terms of moles per kerogen pore volume and moles per kerogen solid
volume, respectively. In Eq. (5) ϕ and ϕf are the total interconnected
matrix porosity and fracture porosity in shale, respectively. These are
dynamic quantities that may vary significantly in time and space due
to void volume compressibility and adsorption layer effects with the
changing pore pressure (Kang et al., 2011; Santos and Akkutlu, 2013).
εks is the total organic content (TOC) in terms of organic grain volume
per total grain volume and εkp is kerogen pore volume per total matrix
pore volume. Hence, εkpϕ is equal to kerogen porosity ϕk and it can be
written in terms of the bulk volume, total pore volume and kerogen
pore volume as ϕk = (Vkp/Vp)(Vp/Vb). Similarly, εks(1 − ϕ − ϕf) is
the fractional kerogen solid volume, i.e., 1 − ϕk, which can be writ-
ten in terms of volumes as 1 − ϕk =(Vks/Vms)(Vms/Vb). Here Vkp

and Vks are the kerogen pore and grain volumes and Vms, Vp and Vb
are grain, pore and bulk volumes for the matrix. Dki is the tortuosity-
corrected coefficient of molecular diffusion for the free gas in kerogen.
Finally, Dsi is diffusion coefficient related to adsorbed phase transport,
i.e., surface transport. The diffusion coefficients are considered in
terms of a total mass flux which is, for simplicity in the analysis of the
experimental work, taken as Fickian in nature. Note that the subscripts
k, m and f refer to quantities related to the kerogen, inorganic matrix
and fracture, respectively.

Free gas mass balance in the inorganic matrix (i.e., macropores):

∂ 1−εkp
� �

ϕCi

h i
∂t ¼ ∂

∂x 1−εkp
� �

ϕDi
∂Ci

∂x

� �

þ ∂
∂x 1−εkp

� �
ϕCi

km
μ i

∂pi
∂x

� �
−Wkm ð6Þ

where (1 − εkp)ϕ is the inorganic porosity ϕI. Di is the tortuosity-
corrected coefficient of molecular diffusion, km the absolute permeabil-
ity of the inorganic matrix, and μi the dynamic gas viscosity. The mass
exchange between two continua is captured by a coupling term Wkm

which is a function of shape factorΩ, diffusive transportΨ and the con-
centration difference between the two continua at the interface.
Free gas mass balance in the fracture network:

∂ ϕ f Cfi

� �
∂t ¼ ∂

∂X ϕ f KL
∂Cfi

∂X

 !
þ ∂
∂X Cfi

k f

μ i

∂pfi
∂X

 !
−Wmf ð7Þ

which is also convective–dispersive. The mass transfer functions intro-
duced in Eqs. (6) and (7) are defined as

Wkmi ¼ ΩmΨki Ci−Ckið Þ ð8Þ

Wmfi ¼ Ω fΨmi C f i−Ci

� �
: ð9Þ

These equations can be reduced to a simpler form considering the
definitions of ϕk and ϕI and that the temporal changes in pore volumes
are considered negligible (Akkutlu and Fathi, 2012). The thermodynam-
ic behavior of gas can be represented by the compressibility equation of
state p = zCRT with a reasonable accuracy, see Fathi and Akkutlu
(2009). Furthermore molecular diffusion in the inorganic pores and
micro-fractures is small compared to viscous flow and can be ignored
(Bear, 1972). Finally, the micro- and macro-fracture effects are consid-
ered as part of an effective inorganic permeability. Thus, a compact
form of the governing equations becomes as follows.

Free gas mass balance in the organic micropores (kerogen):

ϕk
∂Cki

∂t þ 1−ϕkð Þ ∂Cμi

∂t ¼ ∂
∂x ϕkDki

∂Cki

∂x

� �
þ ∂
∂x 1−ϕkð ÞDsi

∂Cμi

∂x

" #
: ð10Þ

Free gas mass balance in inorganic matrix (macro-pores):

ϕI
∂Ci

∂t ¼ ∂
∂x ϕIZiRTCi

k
μ i

∂Ci

∂x

� �
−ΩmΨki Ci−Ckið Þ: ð11Þ

In Eq. (10) molecular diffusion Dki is a measure of the micropore
diffusion which may involve the bulk and/or Knudsen diffusion
depending on the local shale gas conditions. Our previous experimental
and numerical studies using Lattice Boltzmannmethod of gas dynamics
simulation showed that the Knudsen diffusion is important only at the
laboratory conditions where the pressure is below 200–500 psi,
depending on the temperature and fluid composition (Fathi et al.,
2012). In this study, we consider isothermal reservoir conditions with
significantly high pressure values such that the kinetic effects of the
pore wall–pore fluid interactions are suppressed and, hence, a simple
micropore diffusion can be considered with a pore diffusivity for com-
ponent i taken as a constant

Dki ¼
Dp

q
¼ 4η0

3τ

ffiffiffiffiffiffiffiffiffi
8RT
πMi

s
: ð12Þ

Here, η0 is the Knudsen flow parameter and τ is the tortuosity factor.
We note that the nature of diffusive transport in the organic micropores
is different than those in the inorganic macropores and fractures. In the
micropores, the gas molecules are in a physically adsorbed state and,
hence, their binary transport is under the influence of the organic
solid material which has different adsorption capacity for the compo-
nents. In this case, the surface diffusivity Dsi for the binary gas described
in Eq. (10) has the diagonal and off-diagonal components of a second
order diffusivity tensor Dii:

Ds1 ¼ D11 þ D12

∂Cμ2
.

∂x
∂Cμ1
.

∂x

ð13aÞ



Fig. 1. Schematic of a cased and cemented horizontal well with amulti-stage hydraulically
fractured lateral.
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Ds2 ¼ D22 þ D21

∂Cμ1
.

∂x
∂Cμ2
.

∂x

: ð13bÞ

A detailed derivation of the surface diffusivity Dsi is presented in
Appendix A. Here, we note that the contribution of the off-diagonal
term on the diffusivity of component i is dependent on the ratio of the
concentration gradients of the adsorbed phase components. Hence,
the mass flux of each component is related to the locally existing gradi-
ents of the binary system. The main- and cross-term diffusion coeffi-
cients are described as:

Dii ¼
Ckm−Cμj

Ckm−Cμi−Cμj
Dsi0 þ α Dsi0Dsj0

� �1=2
CμiCμj

� �1=2

Ckm−Cμi−Cμj
ð14aÞ

Dij ¼
Cμi

Ckm−Cμi−Cμj
Dsi0 þ α Dsi0Dsj0

� �1=2
Cμi

Cμj

 !1=2 Ckm−Cμi

Ckm−Cμi−Cμj
ð14bÞ

where α is the lateral molecular interaction coefficient taking values in
between −1 ≤ α ≤ 1. In the case of co-diffusion, for example, when
the direction of fluxes for CH4 and CO2 is the same, α takes positive
values, i.e. production stages. As it can be seen from Eqs. (14a) and
(14b), mass fluxes of the gas components in this case reach to a maxi-
mum when α = +1; their values decrease with α and eventually
reach to a minimum when α = 0. In addition, α = +1 corresponds
to the case when there is no lateral interaction between the adsorbed
molecules in the micro-pores, i.e., the extended Langmuir-type adsorp-
tion prevails; whereas, α = 0 corresponds to the case when the lateral
interaction reaches amaximum level. Thus, the lateral interaction in the
adsorbed phasemay decrease the fluxes and hence slow down themass
transport of the gas components from the organicmicro-pores to the in-
organic macro-pores. In our case, α will be calculated at each discrete
time and location steps as described by Yang et al. (1991):

α Cμ1;Cμ2;∇Cμ1;∇Cμ2;Ckm;Dp1;Dp2;Ds10;Ds20

� �

where Cm is defined as

1
Ckm

¼ cμ10
Cμs1

þ cμ20
Cμs2

ð15aÞ

cμi0 ¼ Cμi0

Cμ10 þ Cμ20
; i ¼ 1;2: ð15bÞ

Here, we consider that the binary gas mixture obeys the multi-
component (extended-) Langmuir adsorption isotherm:

Cμi ¼
Ckmb′iCki

1þ b′1Ck1 þ b′2Ck2
; i ¼ 1;2: ð16Þ

In general, the quantity ΩmΨki has the dimensions of 1 / time and
needs to be evaluated carefully. In the terminology of the conventional
approach (diffusion-dominatedmatrix blockswith finite-size, R), an ex-
pression for it, which is dependent on the free and adsorbed gas concen-
trations, can be given as follows

ΩmΨki ¼
15Dmi

R2

¼ 15
R2 φkDki þ 1−φkð ÞDsi

Ckmb′i þ Ckmb′ib′jCkj

1þ b′iCki þ b′jCkj

� �2 − Ckmb′ib′jCki

1þ b′iCkj þ b′jCkj

� �2 ∂Ckj

∂Cki

0
B@

1
CA

2
64

3
75:

ð17Þ

These are thenature of the equations related to theCO2 injection and
enhanced shale gas production. Prior to setting up the initial/boundary
value problems and numerically solving the governing Eqs. (10) and
(11), the latter are written in the dimensionless form as follows:

(i) Dimensionless free CH4 mass balance in organic micro-pores
(kerogen):

δ1 þ δ2g1−δ2g ′1
∂ck2
∂ck1

� � ∂ck1
∂τ ¼ ∂

∂r 1þ ε1g1−ε1g ′1
∂ck2
∂ck1

� � ∂ck1
∂r

� �
ð18aÞ

(ii) Dimensionless free CO2 mass balance in organic micro-pores
(kerogen):

δ1 þ δ2g2−δ2g ′2
∂ck1
∂ck2

� � ∂ck2
∂τ ¼ ∂

∂r 1þ ε2g2−ε2g ′2
∂ck1
∂ck2

� � ∂ck2
∂r

� �
ð18bÞ

(iii) Dimensionless free CH4 mass balance in inorganic matrix
(macro-pores):

δ1
∂c1
∂τ ¼ ∂

∂r χ1c1
∂c1
∂r

� �
−γ1 c1−ck1ð Þ ð18cÞ

(iv) Dimensionless free CO2 mass balance in inorganic matrix
(macro-pores):

δ1
∂c2
∂τ ¼ ∂

∂r χ2c2
∂c2
∂r

� �
−γ2 c2−ck2ð Þ: ð18dÞ

Details of scaling and non-dimensionalization are presented in
Appendix B.

3. Initial/boundary value problem for CO2 sequestration and
enhanced shale gas recovery

The schematic of the problem is shown in Fig. 1. We consider the
simulation of fluid dynamics in thematrix bounded by the two hydrau-
lic fractures. For simplicity in the analysis, the problem can be reduced
to a simpler one-dimensional form as shown in Fig. 2. Since we have
multiple stages of operations during the CO2 injection and enhanced
shale gas recovery (including primary gas production, CO2 injection,
soaking, and secondary gas production) initial and boundary conditions
relating to each stage need to bedefineddynamically. Gasmixture is ini-
tially assumed to be 95.0% CH4 and 5.0% CO2, although these values can
be changed relatively easily for another particular case study. Since



Fig. 2. Binary natural gas primary production operation for a single-well multiple-fracture
setting.
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organicmaterials are inmicro- andmeso-scales they are not intersected
by the hydraulic fractures therefore the partial pressure of gas compo-
nents at the left boundary is zero and partial pressure of gas compo-
nents in inorganic materials is set to the commonly used bottom hole
pressures in the dimensionless form. For the right hand side boundary
we have no-flow boundary condition since we are simulating the half
of thematrix block between two hydraulic fractures andwe assume ho-
mogeneous and isotropic rock properties.

During the simulation of the first stage, i.e., CO2 injection, and the
third stage, i.e., secondary gas production, we use dynamic boundary
conditions, i.e., the profiles at the end of previous stage become initial
condition for the next stage. For the CO2 injection rate we used mix
boundary condition that relates the injection rate tomassflux in the res-
ervoir, which is a more realistic approach in the field than assuming
constant flow injection rate.

Initially we consider shale gas reservoir at 4660 psi pore pressure
and the shale matrix contains a mixture of the components:

τ ¼ 0; ck1 r;0ð Þ ¼ c1 r;0ð Þ ¼ 0:95; ck2 r;0ð Þ ¼ c2 r;0ð Þ ¼ 0:05: ð19Þ

At the location of gas production, i.e., the hydraulic fracture face at
the left boundary (Fig. 2), fixed concentration (partial pressure) condi-
tions are specified for the components

r ¼ 0; ck1 L; τð Þ ¼ ck2 L; τð Þ ¼ 0; c1 L; τð Þ ¼ 0:05; c2 L; τð Þ ¼ 0:005:

ð20Þ

On the other hand, at the center of the matrix block where the two
hydraulic fractures interfere, we consider that CH4 and CO2 do not
have any gradient. Hence, at the right boundary, we have:

r ¼ 1; ∂ck1=∂r ¼ ∂c1=∂r ¼ 0; ∂ck2=∂r ¼ ∂c2=∂r ¼ 0 ð21Þ

The production stage lasts for 10 years and the concentrations (or
partial pressures) at the end of the production stage have been used
as initial condition for the next stage, i.e. CO2 injection stage.

τ ¼ 0; ck1 r;0ð Þ ¼ c1 r;0ð Þ ¼ 0:832; ck2 r;0ð Þ ¼ c2 r;0ð Þ ¼ 0:168 ð22Þ

Since the horizontal well in the second stage is converted to CO2 in-
jection well, the boundary conditions are adjusted as follows.

At the location of CO2 injection, i.e., the hydraulic fracture face at the
left boundary (Fig. 3),fixed concentration condition is specified for CH4;
whereas the CO2 gradient is inversely related to its flux in the reservoir
Jc2:

r ¼ 0; ck1 L; τð Þ ¼ c1 L; τð Þ ¼ 0:832; ∂ck2=∂r ¼ ∂c2=∂r ¼ −0:025= Jc2:

ð23Þ

On the other hand, at the center of the matrix block between two
hydraulic fractures, we consider that CH4 and CO2 do not have any gra-
dient, right boundary:

r ¼ 1; ∂ck1=∂r ¼ ∂c1=∂r ¼ 0; ∂ck2=∂r ¼ ∂c2=∂r ¼ 0: ð24Þ

CO2 injection and soaking stage last for 5 years and gas concentra-
tions (partial pressures) at the end of soaking have been used as initial
condition for the secondary gas production stage, i.e., the third stage:

τ ¼ 0; ck1 r;0ð Þ ¼ c1 r;0ð Þ ¼ 0:319; ck2 r;0ð Þ ¼ c2 r;0ð Þ ¼ 0:681: ð25Þ

During the third stage the horizontal well is converted back to pro-
duction well and the boundary conditions are adjusted as follows. At
the location of gas production, i.e., the hydraulic fracture face at the
left boundary (Fig. 3, bottom), fixed concentration (partial pressure)
conditions are specified for the components:

r ¼ 0; ck1 L; τð Þ ¼ ck2 L; τð Þ ¼ 0; c1 L; τð Þ ¼ 0:05; c2 L; τð Þ ¼ 0:005:

ð26Þ

On the other hand, at the center of thematrix block between two hy-
draulic fractures, we consider that CH4 and CO2 do not have any gradi-
ent, right boundary:

r ¼ 1; ∂ck1=∂r ¼ ∂c1=∂r ¼ 0; ∂ck2=∂r ¼ ∂c2=∂r ¼ 0: ð27Þ

Eqs. (18a)–(18d) are coupled second order nonlinear partial differ-
ential equations, numerical approximation of which, with initial and
boundary conditions specified in Eqs. (19)–(27), could be obtained
using an implicit finite difference scheme and Newton iteration. Time
integration of the ordinary differential equations resulting from the
discretization in space is performed by a solver, which is based on an
implicit linear multi-step method that chooses the time steps dynami-
cally during the computations.

4. Results and discussion

We consider CO2 sequestration and enhanced shale gas recovery
using a unit of single horizontal well with multiple hydraulic fracturing
stages in a shale gas reservoir with properties given in Table 1. At these
conditions, the shale gas reservoir maintains an estimated 4660 psi of
average initial reservoir pressure. 100 m spacing between uniform-
sized hydraulic fractures is assumed. The simulation of CO2 enhanced
shale gas production continues for 45 years including 10 years of pri-
mary production followed by 5 years of CO2 injection and 30 years of
final production.

Fig. 1 shows the schematic of a cased and cemented horizontal well
with a multi-stage hydraulically fractured lateral. It shows the one-
dimensional computational domainwith boundary conditions between
twohydraulic fracture stages. Fig. 2 describes thebinary natural gas pro-
duction operation for a single-well multiple-fracture setting that is the
first-stage in our CO2 injection enhanced shale gas recovery operation.
During the primary production CH4 and CO2 production rates are con-
trolled by co-diffusive mass fluxes due to high pressure gradient near
fracture face. After significant drop in initial reservoir pressure due to
primary production, the second stage starts when the horizontal well
is converted to CO2 injection well. Fig. 3 depicts the CO2 injection and
CH4 production operation for a single-well multiple-fracture setting
where injection of CO2 into organic-rich shale initiates counter-

image of Fig.�2


Fig. 3. CO2 injection and CH4 production as a three-stage operation for a single-well multiple-fracture setting.
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diffusive transport and competitive (and often selective) sorption pro-
cesses among the injected CO2 and in place CH4 gas molecules. Conse-
quently, the incoming CO2 molecules activate and displace the in-
place CH4 molecules. Competitive sorption rates, however, could be
controlled by the counter-diffusive mass fluxes. After some period of
CO2 injection, the reservoir pressure builds up. Soaking period could
last for several months to a year. After the reservoir system reaches to
the new equilibrium conditions, the last stage of gas production begins
and continues for the next 30 years when the average reservoir pres-
sure approaches the bottom hole flowing pressure. The lateral molecu-
lar interaction coefficient α introduced earlier dictates in the reservoir
where co- or counter-diffusive flux mechanism became dominated. As
discussed earlier in our model α is a dynamic value and calculated at
each location and time steps based on the definition by Yang et al.
(1991).

Comparison of the methane production using a new model devel-
oped in this study with the conventional models is done first. Fig. 4A
compares the two approaches in terms of the estimated total methane
recoveries versus time. The difference between the models is due to
the shale gas release kinetics approach and to the binary nature of the
Table 1
Base parameters used in primary CBM and CO2-ECBM simulations.

Parameter Unit Value

ϕk frac. 0.532%
ϕI frac. 0.798%
ϕ frac. 1.33%
k nD 100
C10 = Cf10 mol/cm3 3.8E−3
C20–Cf20 mol/cm3 2.0E−4
Cμs1 mol/cm3 2.0E−3
Cμs2 mol/cm3 3.0E−3
b1 cm3/mol 500.0
b2 cm3/mol 1200.0
Dk1 = Dk2 cm2/s 3.5E−5
Ds10/Dk1 = Ds20/Dk2 – 1.0E−2
Ds20 = Ds10 cm2/s 1.1E−2
L cm 1.0E4
T K 322.04
Rg kg cm2/K/mol/s 8.314E4
μ kg/cm/s 2.0E−7
problem. Note that the quantityDsi0 refers to surface diffusion in the ab-
sence of binary molecular interactions of the components and of their
gradients. It is given as a constant Ds0 = Ds10 = Ds20 value. This value
Fig. 4. Comparison of the Maxwell–Stefan model with the conventional model.
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is different than Dsi which is computed during the simulation using
Eqs. (13a) and (13b). Application of the new formulation in primary
gas production clearly shows the importance of the adsorbed phase
transport, which leads to methane recovery up to 55% during the first
10 years while conventional model estimates only 20% recoveries. The
additional recovery is 35% and indicating to us that the molecular phe-
nomenon is likely to play an important and positive role during the pro-
duction. Fig. 4B clearly illustrates that the new formulation has higher
gas production rate that leads to significantly more pressure drop than
the conventional model in shale gas reservoir pressure. After 10 years
of primary gas production reservoir pressure drops from 4660 psi to
1388 psi when the second stage, i.e., CO2 injection, starts. Fig. 5 illus-
trates the comparison between dimensionless CH4 mole fraction re-
placed by CO2 during the primary gas production. The strong selective
sorption behavior leads to CO2–CH4 exchange in the organic micro-
pores. This, in turn, increases the CO2 adsorbed mole fraction signifi-
cantly during the primary production and injection periods.

To start the CO2 injection stage, gas concentrations (partial pres-
sures) at the end of primary gas production used as initial conditions
for the second stage, i.e., 83.0% CH4 and 17.0% CO2, and boundary condi-
tions are modified as discussed earlier. CO2 injection in shale gas reser-
voir lasts for 5 years. This leads to an increase in the reservoir pressure
from 1388 psi to 3600 psi. Fig. 6 shows the pressure build up in the res-
ervoir during the CO2 sequestration period. Fig. 7 shows the comparison
between CO2 mole fraction sequestered and CH4 desorbed during the
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Fig. 6. Reservoir pressure builds up during CO2 injection stage.
CO2-enhancedmethane production process based on the Langmuir iso-
therms used in this study (see Table 1 for the Langmuir volume and the
Langmuir pressure values). It also indicates that 2 CH4molecules are re-
placed by 3 CO2 molecules. This is more than 1:1 exchange ratio. It
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should be mentioned that this ratio could change based on shale gas
total organic content (TOC) and the Langmuir isotherms used to de-
scribe gas sorption behavior. As it is clear from Fig. 7 the system has
not reached to the maximum adsorption capacity since the adsorbed
phase mole fraction has not reached to the plateau yet. Assuming the
same rate of mass exchange between CO2 and CH4 gas molecules, the
final equilibrium adsorbed and free gas concentration obtained are
used as an initial condition for the last stage, i.e., the second stage of
gas production.

Fig. 8a shows 30 years of methane recovery after CO2 sequestration
stage. Total gas recovery reaches to 85% of initial gas in place. Fig. 8b,
however, shows that during the gas production stage only less than
10% of the injected CO2 has been produced. It is clear that CO2 injection
is beneficial formethane recovery at every stage ofmethane production.
This is due to the positive counter diffusion and competitive adsorption
effects of the CO2 molecule where small-scale steric effects cause signif-
icant change in a much larger field scale. Fig. 9 shows how the average
reservoir pressure drops to constant bottom hole pressure during the
production

5. Conclusions

Injection and storage of anthropogenic CO2 in shale gas reservoirs
have the benefit of producing additional methane which makes the
injection and sequestration a low-cost procedure in these subsurface
environments. Conventional numerical simulators, however, have
limited predictive capabilities for the design and development of CO2-

enhanced shale gas recovery operation because they neglect certain
physical mechanisms intrinsic to the technique and its application to
the shale gas reservoirs. Focus of this paper was to develop a new
triple-porosity single-permeability flow simulation model which is
based on a new kinetic approach for the description of gas release
from the organic micropores into the inorganic macropores and frac-
tures. It is shown that the surface diffusion of the adsorbed molecules
in the micropores is an important mechanism of transport during the
CO2-enhanced shale gas recovery since it leads to important counter dif-
fusion and competitive adsorption effects. These small-scale effects
have the potential to change the dynamics of injection and production
operations at the field scale and they could be critical during the
evaluation of commercial CO2 injection projects.

Nomenclature
b partition coefficient
b′ Langmuir isotherm constant [cm3/mol]
c dimensionless inorganic macro-pore free gas concentration
C inorganic macro-pore free gas concentration [mol/cm3 pore]
ck dimensionless organic micro-pore free gas concentration
Ck organic micro-pore free gas concentration [mol/cm3 pore]
cμ dimensionless adsorbed gas concentration
Cμ adsorbed gas concentration [mol/cm3 solid]
Ds surface molecular diffusion coefficient [cm2/s]
Dk molecular pore diffusion coefficient [cm2/s]
J flux [cm3/s]
k matrix permeability [cm2]
KL fracture dispersion coefficient [cm2/s]
L well spacing [cm]
M molecular weight
r dimensionless distance
Rg universal gas constant
T absolute temperature [K]
t time coordinate [s]
x space coordinate [cm]

Greek letters
α lateral molecular interaction coefficient
ϕk organic micro-pore porosity
ϕI Inorganic macro-pore porosity
ϕI fracture porosity
μ gas viscosity [cp]
σ matrix block shape factor [1/cm2]
η0 Knudsen flow parameter
εkp kerogen pore volume per total matrix pore volume
εks total organic content (TOC) in terms of organic grain volume

per total grain volume
Ψ Diffusive transport
τ dimensionless time

Subscript letters
0 related to initial amount
1 related to CH4 component
2 related to CO2 component
k related to kerogen
m related to matrix
f related to fracture

Appendix A. Estimation of the surface diffusion coefficients, Ds1

and Ds2
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Appendix B. Scaling and non-dimensionalization
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and in the inorganic macropores we have
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