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A B S T R A C T   

This study couples the Navier-Stokes and multicomponent advection-diffusion equations within the lattice 
Boltzmann method (LBM) to innovatively simulate the CO2–CH4 displacement in nanoporous shale matrix. In the 
LBM simulations of CO2 injection into heterogenous CH4-saturated nanoporous media, gas movements are 
modeled by two separate advection-diffusion lattices driven by the velocity solved from the third Navier-Stokes 
lattice. Langmuir adsorption kinetics is employed at the fluid-solid interfaces to simulate the mass exchange 
between the bulk free space and the solid matrix. Mass transfer inside the solid matrix is considered with 
adsorption and diffusion parameters obtained from molecular dynamics studies. CO2 adsorption and CH4 
desorption are simulated simultaneously. The coupling scheme is successfully validated for advection, diffusion, 
and surface adsorption. Results show that the global mass transfer process is sensitive to intra-matrix diffusion. 
When the solid diffusion rate is ~10− 4 of the bulk one, selectivity can significantly impact the outflux con-
centration. Changing the CO2 adsorption rate constant 0.1–10 times nearly has no impact on gas adsorption in 
the solids. In comparison, the CH4 desorption rate constant strongly correlates to the CH4 desorption pathway. 
Increasing the particle size under a given porosity may benefit advection and lead to fast adsorption/desorption 
in the solids.   

1. Introduction 

Shale gas contributes to a significant portion of the global energy 
supply with a growing interest in more countries. One of the biggest 
challenges associated with shale gas exploitation is the production of 
adsorbed gas from nanopores within the organic matrix, which consists 
of 20–80% of total gas held in the shale [1,2]. Apart from horizontal 
drilling and hydraulic fracturing, CO2 injection has shown great po-
tential in enhancing the recovery of adsorbed CH4 [3–6], leading up to 
26% more CH4 production after primary recovery and over 60% of 
injected CO2 being sequestrated after flooding [7]. CO2-enhanced shale 
gas recovery (EGR) is a dynamic displacement process governed by the 
pressure gradient and the competitive adsorption between CO2 and CH4 
[2,7–9]. Therefore, it is important to understand the fundamental 
mechanisms of CO2–CH4 transport, displacement, and adsorption/de-
sorption in nanoporous media consisting of complex geometries. 

Gas flow and transport have been widely studied by molecular 

dynamics (MD) in a single slit pore, which focuses on molecular-level 
interactions of gas-gas, solid-solid, and gas-solid [10,11]. MD has the 
advantage of capturing nanopore-scale gas characteristics (e.g., 
adsorption, diffusion, and surface slip) naturally by only defining the 
atomic force fields. Pore pressure and slit size are the two most impor-
tant factors controlling nanoscale gas transport. Yu et al. [12] simulated 
methane flow in 2 nm, 6 nm, and 10 nm calcite slit pores and found that 
pore pressure and slit size determined the individual flux contribution 
from viscous flow, Knudsen diffusion, and surface diffusion. Nan et al. 
[13] observed that the gas slip length decreased hyperbolically with 
increasing pore pressure and size in 2–20 nm graphene slit pores. 
Gas-solid interaction energies at the pore walls impact gas slip flow as 
well. It is reported that gas slippage may be absent in the inorganic (e.g., 
quartz, calcite, and montmorillonite) nanopores due to the large fluc-
tuation of the gas-solid interaction energy [14–16]. Similarly, surface 
roughness causes heterogeneous gas-solid interaction forces and can 
diminish gas slippage at the pore walls [17–21]. Moreover, MD is 
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extended to investigate multiphase and multicomponent flow, such as 
the gas-liquid displacement in CO2/N2 flooding for enhanced oil re-
covery [22], miscible CO2-octane flow [23], and hydrocarbon mixture 
transport [24], etc. Despite the fact that MD has been a very successful 
tool in revealing the fundamental mechanisms of gas transport in 
nanopores, it is limited by the simulation size and duration due to its 
high computational cost. It cannot be used to study gas flow and 
transport in complex pore structures at the microscale. 

The lattice Boltzmann method (LBM), as a mesoscopic method 
bridging the nano- and macro-scales, is fundamentally based on the 
evolution of the discrete-velocity distribution function (i.e., particle 
population) [25,26]. It is well suited to deal with irregular geometries 
like porous media and can achieve multi-physics coupling to simulate 
multiphase and multicomponent flow [25,27,28]. For instance, Zhou 
et al. [29] upscaled the results from MD simulations into the LBM 
through a local adsorption density parameter to investigate the effects of 
adsorption layer and surface diffusion on gas flow and transport in 
nanoporous shale matrix. There are various strategies to simulate shale 
gas flow in the LBM, which usually involve the development of slip flow 
boundary conditions, Knudsen layer, and surface adsorption/desorption 
[26]. The major types of boundary conditions for gas slippage are 
bounce-back (BB), Maxwellian diffuse reflection (MDR), and Langmuir 
slip (LS) [26,30]. They are often implemented in a combined form to 
control the boundary slip with more accuracy [29,31,32]. The Knudsen 
layer effect is generally mimicked by deriving local relaxation time from 
the Knudsen number considering the gas distance from the solid walls 
[30,33]. Surface adsorption in shale can be simulated by adding an extra 
gas-solid interaction force into the particle evolution function [34,35]. 

The Navier-Stokes (NSE) and advection-diffusion equations (ADE) 
are often coupled in the LBM to investigate single-component gas 
migration and gas-solid adsorption in 2D porous media [36–42]. Zakirov 
and Khramchenkov [38] investigated the effect of pore-scale heteroge-
neity on the dynamic gas adsorption coupled with Peclet number, 
porosity, adsorption rate constant, and absolute permeability, respec-
tively. Peng et al. [39] studied the desorption-diffusion of methane from 
coal matrix and gas migration within fractures/micro-pores. Their re-
sults indicated that the increased specific surface area and average pore 
size by hydraulic fracturing could lead to more efficient gas production. 
Zhou et al. [40] developed three typical kinetic concentration boundary 
conditions (i.e., Dirichlet, constant concentration-flux, and mixed con-
dition) to simulate the adsorption process at gas-solid interfaces. With 
the Langmuir adsorption kinetics, they found that the solid adsorption 
was nearly independent of porosity but changed with pore size in a 
simplified 2D porous structure composed of squares. They further 
investigated the gas-solid adsorption process in random porous media 
with varying porosities and particle sizes reconstructed by the Quartet 
Structure Generation Set (QSGS) method [41] and argued that external 
and internal mass transfer resistances were crucial factors controlling 
the overall adsorption process. Zhang and Sun [42] modified the 
NSE-ADE LBM coupling scheme by subtracting the adsorbed gas amount 
from the NSE lattice distribution function to consider the impact of 
dynamic adsorption on flow velocity. In addition, they proposed to link 
this LBM coupling scheme with pore network modeling so that the 
disordered rock pore structures could be preserved in flow simulation. 

The NSE-ADE coupling scheme in the LBM is also adopted for 
multiphase and multicomponent flow only in a few cases [43–45]. For 
example, Jiang and Xu [43] employed the Shan-Chen model to solve the 
immiscible CO2-water flow field and coupled it with mass and heat 
transfer equations. Wang et al. [44] extended the coupled 
single-component NSE-ADE LB model to study the separation and 
selectivity of CO2–CH4 gas mixtures in copper (II)-benzene-1,3,5-tri-
carboxylate (CU-BTC) membranes. They used the grand canonical 
Monte Carlo (GCMC) method to obtain the Langmuir adsorption pa-
rameters for CO2 and CH4, which could then be incorporated into the LB 
model to calculate the selectivity subject to porous media structure. Xia 
[45] built a coupled model of fluid flow, heat transfer, and mass 

transport to investigate the viscous fingering during miscible displace-
ment in porous media generated from micro-CT images. 

To our knowledge, the coupled NSE-ADE scheme is still limited to 
single-component gas transport and has not yet been implemented into 
the LBM to investigate the dynamic CO2–CH4 displacement process in 
complex porous media. Single-component gas transport is suitable for 
the investigation of miscroscale shale gas flow. However, in the case of 
CO2-EGR, CO2 adsorption and CH4 desorption usually take place 
simultaneously. It is needed to understand the relation between CH4 
production and CO2 storage. In this study, we have implemented the 
NSE-ADE coupling scheme into the LBM to realize CO2 injection into 
heterogenous CH4-saturated porous media. An NSE lattice is coupled to 
two ADE lattices (one for each gas component) through the advective 
flow velocity, and the two ADE lattices are coupled in a simple way to 
achieve the competitive adsorption/desorption of CO2 and CH4. The LB 
model is first validated against three representative mass transfer 
problems with analytical solutions and compared with an experiment of 
CO2–CH4 mixture flow through a reaction bed. It is then adopted to 
simulate the CO2–CH4 displacement in porous media of varied pore 
structures. The CO2 adsorption and CH4 desorption pathways in bulk 
free space and solids are examined in response to several selected 
parameters. 

2. Computational methods 

2.1. Navier-Stokes flow 

The CO2–CH4 gas mixture is driven by an external flow field, which is 
simulated as a fictitious carrier fluid that conserves mass and mo-
mentum. The fluid flow of the CO2–CH4 mixture is described by the 
Navier-Stokes equations as 

∂tρ +∇⋅(ρu) = 0 (1)  

∂t(ρu) + ∇⋅(ρuu) = − ∇p +∇⋅σ (2)  

where u, p, ρ are fluid velocity, pressure and density, respectively, and σ 
is the viscous stress tensor. The physical space is discretized into a set of 
lattice nodes in the LBM solutions and the D2Q9 (two-dimensional and 
nine-velocity) lattice model is adopted to solve the discrete lattice ve-
locity sets in the nine directions shown by the following vectors 
⎧
⎨

⎩

Centeral : e0 = (0, 0)
Othogonal : e1 = (1, 0); e2 = (0, 1); e3 = (− 1, 0); e4 = (0, − 1)

Diagnoal : e5 = (1, 1); e6 = (− 1, 1); e7 = (− 1, − 1); e8 = (1, − 1)

Utilizing the single-relaxation time Bhatnagar-Gross-Krook (BGK) 
collision operator [46], the evolution of the particle distribution func-
tion fi with time t is calculated as 

fi(r + Δtei, t + Δt) − fi(r, t) = −
1
τf
[fi(r, t) − f eq

i (r, t) ] (3)  

f eq
i (r, t) = ρwi

[

1 +
ei⋅u
c2

s
+
(ei⋅u)2

2c4
s

−
u2

2c2
s

]

(4)  

where r is the lattice node position and can be expressed in the Cartesian 
coordinate system as (x, y), Δt is the time step, i is the direction index 
from 0 to 8, f eq

i (r, t) is the Boltzmann equilibrium distribution, τf is the 
relaxation time for the Navier-Stokes flow, and cs is the sound speed of 
the fluid and equals to 1/

̅̅̅
3

√
in dimensionless lattice unit. The weight 

factors are w0 = 4/9, w1− 4 = 1/9, and w5− 8 = 1/36, respectively, in the 
D2Q9 model. The fluid density and velocity at each lattice node can be 
calculated by summing up the particle distribution functions in all the 
directions 

ρ =
∑

i
fi (5) 
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ρu =
∑

i
fiei (6) 

The kinematic viscosity of fluid v is related to the lattice relaxation 
time as 

v = c2
s

(
τf − 0.5

)
Δt (7)  

and the fluid pressure p is related to density as 

p = ρc2
s (8)  

2.2. Mass transfer 

The mass transfer processes of CO2 (denoted as 1) and CH4 (denoted 
as 2) are simulated by two individual advection-diffusion equations 

∂tC1 +∇(C1u) = ∇⋅(D1∇C1) + R1 (9)  

∂tC2 +∇(C2u) = ∇⋅(D2∇C2) + R2 (10)  

where C is the gas concentration, D is the bulk diffusion coefficient in the 
free space (i.e., bulk pore space), and R is the source/sink term imple-
mented at the gas-solid boundary lattice nodes to mimic the surface 
adsorption/desorption and is set to zero in the free space. Assuming the 
typical Langmuir adsorption kinetics, the CO2 adsorption R1 can be 
expressed as an adsorption-desorption equilibrium [47] 

R1 =
∂N1

∂t
= ka1C1(Nm1 − N1) − kd1N1 (11)  

where Nm is the maximum gas adsorption amount, N is the current 
adsorption amount, and ka (concentration− 1s− 1) and kd (s− 1) are the 
adsorption and desorption rate constants, respectively. In the case of 
CO2–CH4 displacement, the solid matrix is initially saturated with CH4 at 
the maximum Nm2. In the presence of CO2, competitive adsorption takes 
place and the saturated CH4 adsorption amount will be largely decreased 
to Nm2

′ due to the limited available adsorption sites and preferential 
adsorption of CO2 [48]. The competitive adsorption process is simulated 
as fast CH4 desorption that will decrease the CH4 adosprtion amount N2 

from Nm2 to Nm2
′ when CO2 reaches the lattice node, followed by a 

subsequent adsorption-desorption equilibrium 
⎧
⎪⎪⎨

⎪⎪⎩

R2 =
∂N2

∂t
= − kd2N2 if N2 > Nm2

’

R2 =
∂N2

∂t
= ka2C2(Nm2

’ − N2) − kd2N2 if N2 ≤ N’
m2

(12) 

The threshold CO2 concentration to trigger the competitive adsorp-
tion (i.e., when Nm2 starts decreasing to Nm2

′ ) is set at 0.1 (lattice unit) in 
the simulations. The use of a small finite value of concentration instead 
of zero is to avoid the artificial non-zero concentration during numerical 
calculation. The Langmuir adsorption kinetics acts as the mass exchange 
between the free space and the solid matrix at the gas-solid boundary. 
Subsequently, the adsorbed gas evolves in a fully diffusive manner (i.e., 
advection velocity is zero) and propagates from the gas-solid boundary 
into the solid matrix interior under a concentration gradient for CO2 and 
oppositely for CH4 during desorption. The intra-matrix transport of 
adsorbed gas is described by the homogeneous solid diffusion model 
(HDSM) as [49] 

∂N1

∂t
= Ds1

(
∂2N1

∂x2 +
∂2N1

∂y2

)

(13)  

∂N2

∂t
= Ds2

(
∂2N2

∂x2 +
∂2N2

∂y2

)

(14)  

where Ds is the gas diffusion coefficient in the solid matrix. The D2Q5 
(two-dimensional and five-velocity) lattice model is used to solve the gas 

concentration in the following five directions 
{

Centeral : e0 = (0, 0)
Othogonal : e1 = (1, 0); e2 = (0, 1); e3 = (− 1, 0); e4 = (0, − 1)

The particle evolution function gi at a time step is calculated as 

gi(r + Δtei, t + Δt) − gi(r, t) = −
1
τc
[gi(r, t) − geq

i (r, t) ] (15)  

geq
i (r, t) = Cwi

(

1 +
ei⋅u
c2

s

)

(16)  

where i is the direction index from 0 to 4, geq
i (r, t) is the Boltzmann 

equilibrium distribution, and τc is the relaxation time for advection- 
diffusion. The viscous gas flow velocity u(t) is retrieved from the 
Navier-Stokes lattice solution at each time step. The weight factors are 
w0 = 1/3 and w1− 4 = 1/6, respectively. The gas diffusion coefficient is 
related to the relaxation time according to 

D = c2
s (τc − 0.5)Δt (17) 

The gas concentration at each lattice node is obtained by summing 
up the particle distribution functions 

C =
∑

i
gi (18)  

In order to take the source/sink term into account at the gas-solid 
boundary for mass exchange, the particle evolution function and 
related equations are simply modified as [50] 

gi(r + Δtei, t + Δt) − gi(r, t) = −
1
τc
[gi(r, t) − geq

i (r, t) ] + qiΔt (19)  

qi =

(

1 −
1

2τc

)

wiR (20)  

C =
∑

i
gi +

1
2

RΔt (21)  

where qi is the discrete source/sink term for gas adsorption/desorption. 
It should be noted that each gas component has a set of solution lattices 
as described above. For the HDSM gas adsorption evolution inside the 
solid matrix, it is simply required to replace the concentration C by the 
gas adsorption amount N and τc by the relaxation time of Ds in Eqs. (15)– 
(18) with u set to zero. The surface adsorption amount at the gas-solid 
boundary is recalculated at each time step according to Eqs. (11) and 
(12), and further acts as the boundary condition for gas adsorption 
evolution inside the solid matrix. The updated surface adsorption 
amount at the boundary after propagation into the solid matrix also has 
a feedback on the Langmuir adsorption kinetics by changing the 
adsorption and desorption rates. Therefore, surface adsorption/desorp-
tion only ceases when the entire solid matrix is saturated/desaturated 
with gas. 

The above equations are implemented into OpenLB [51], an 
open-source numerical framework for LBM simulations. OpenLB pro-
vides a variety of 2D and 3D models with multiphysics coupling and can 
be easily executed on a parallel machine with distributed memory. Data 
visualization is conduced in ParaView [52]. The proposed LBM coupling 
scheme is concluded in four steps.  

a. The Navier-Stokes equations are solved in the bulk free space and 
each lattice node generates a velocity vector u for the CO2 and CH4 
mixture.  

b. In the free space, the advection-diffusion equations are solved for 
CO2 and CH4 on two separate lattices using the carrier fluid velocity 
u determined from the Navier-Stokes lattice. 
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c. At the gas-solid boundary, the dynamic surface gas adsorption 
amount is calculated through the source/sink term by the Langmuir 
adsorption kinetics.  

d. The adsorbed CO2 diffuses from the gas-solid boundary into the solid 
matrix interior while CH4 diffuses in the opposite direction during 
the desorption process. 

To validate the LB model developed herein, we present three typical 
benchmark cases [40,53] for the coupled NSE-ADE scheme along with 
the prescribed boundary conditions. The first example illustrates the 
mass transfer process of Poiseuille flow through a plate channel with a 
reactive boundary (Fig. S1). The second example examines the pure 
diffusion process driven by a concentration gradient at zero velocity 
inside the solid matrix (Fig. S2). The third example validates the pro-
posed model in simulating the stable counter-diffusion of a binary 
mixture between two parallel porous plates (Fig. S3). In the fourth 
example, we compare simulation results with experimental data where a 
CO2–CH4 mixture flows through a 26 cm-long dispersive packed bed 
column of activated carbon (Fig. S4) [54]. The LB model successfully 
reproduces results from the analytical solutions and the experiment. The 
validations are detailed in the supplementary material. 

2.3. Boundary conditions 

Boundary conditions are essential aspects to consider in the LBM 
simulations. As described in Section 2.2, the simulation domain com-
prises one Navier-Stokes lattice that solves the velocity field and two 
advection-diffusion lattices that solve the CO2 and CH4 concentrations, 
respectively. Therefore, each lattice requires a set of boundary condi-
tions. The boundary conditions used in the simulations are summarized 
in Table 1 with a schematic drawing in Fig. 1. Except for the Langmuir 
adsorption kinetics at the solid surfaces and the fully developed con-
centration boundary condition at the outlet, all the other boundary 
conditions are already implemented in the framework of OpenLB and 
can be readily used for this application. 

3. Results and discussion 

The heterogeneous porous medium is created from a 2D image based 
on a slice of the realistic Berea sandstone rock sample [55]. Similar to 
Zhang and Sun [42], the rock property parameters are adjusted to match 
the characteristics of the shale matrix. Fig. 2 illustrates the construction 
of the LB model with the coupled mass transfer process. Before being 
read into the LB model, the 2D image is pre-processed in MATLAB to 
dilate the pore space and resize it to a suitable resolution corresponding 
to the lattice resolution. The final porous structure has a porosity of 0.48. 
We have tested the lattice spacing at resolutions of 344 × 340, 516 ×
510, 774 × 765, 1161 × 1148, and 1742 × 1722 and found out that the 
concentration curves started to converge at 774 × 765. This lattice 
psacing has been selected to achieve a balance between computational 
accuracy and speed, which also ensures the resolution near the 
fluid-solid interfaces. The final pixel size is set to 3.6 nm (i.e., Δx = Δ 
y = 3.6 nm), which leads to pore sizes ranging from 20 to 180 nm as 
shown in Fig. 3, consistent with the pore size distribution of the shale 
matrix. The pore size distribution is analyzed from the 2D image using 
the watershed segmentation algorithm developed by Rabbani et al. [56]. 

The inlet and outlet are both extended with 50 additional rows of 
lattice nodes for the implementation of the boundary conditions and 
flow development. The number of additional rows of lattice nodes is 
examined to ensure the pressure drop across the simulation domain 
converges. The temperature in the simulation domain is set as 300 K. It is 
assumed that the residual CH4 is at a depletion pressure of 1.8 MPa 
(0.75 kmol/m3) and the CO2 injection pressure is 4.3 MPa (2.31 kmol/ 
m3). Since both gas components have a similar viscosity under the 
relatively low-pressure conditions, the mixed gas interaction is neglec-
ted for simplicity, and the fictitious carrier fluid viscosity is assumed to 
be the average of the two. Although turbulent gas flow may occur in 
large natural and artificial fractures, shale matrix has extremely low 
permeability, and diffusion is usually considered the main gas transport 
mechanism in shale matrix. Herein, the simulations mainly focus on the 
laminar flow regime with a Reynolds number of 1.5. The local Reynolds 
number is estimated at 0.5–4.5 based on the pore velocity and pore size 
distribution. Low Reynold numbers are characterized in similar nu-
merical studies [27,41,57]. The maximum CO2 and CH4 adsorption 
amounts as well as the diffusion coefficients in the free space and 
kerogen matrix are referred from the previous MD studies [48,58]. The 
relaxation time parameters for viscosity, free diffusion, and solid diffu-
sion are set as 1.29, 1.31, and 0.51, respectively, in the base case. They 
can be adjusted in the sensitivity study of diffusion coefficients ac-
cording to Eqs. (7) and (17). The complete set of simulation parameters 
is described in Table 2, along with the conversion rules between the real 
and dimensionless lattice units. In this section, the effects of 
inter-matrix, interfacial, and intra-matrix mass transfer on the process of 
CO2–CH4 displacement are investigated in detail. 

3.1. Effect of the solid diffusion coefficient 

The mass transfer process consists of the intra-matrix and inter- 

Table 1 
Boundary conditions for the coupled NSE-ADE LB model.  

Position Navier-Stokes lattice CO2 advection-diffusion lattice CH4 advection-diffusion lattice 

Inlet (lower) u = u0 (parabolic velocity profile) C1 = C0 (constant concentration) C2 = 0 (no concentration) 
Outlet (upper) p = p0 (constant pressure, open outlet) Cy

1 = Cy− 1
1 (fully developed concentration, open outlet) Cy

2 = Cy− 1
2 (fully developed concentration, open outlet) 

Left Bounce-back (no slip) Bounce-back (no flux) Bounce-back (no flux) 
Right Bounce-back (no slip) Bounce-back (no flux) Bounce-back (no flux) 
Solid surfaces Bounce-back (no slip) Langmuir adsorption Langmuir adsorption  

Fig. 1. A schematic drawing of the boundary conditions in the developed 
LB model. 
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matrix components. Fig. 4 shows the concentration and adsorption 
evolutions of CO2 and CH4 at three stages in the nanoporous medium 
with the parameters described in Table 2 as the base case. It can be seen 
that the injected CO2 advects in the free space, and surface adsorption 
happens quickly even at a low gas concentration. With the concentration 
increasing in the pore space, CO2 starts to evolve into solids and satu-
rates them toward the outlet. As for CH4, the desorption in the solids is 
initiated by CO2, the desorbed CH4 transfers into the bulk phase and 
flows toward the outlet under the injection induced pressure gradient. 
The decreased concentration in the pore space further creates a con-
centration gradient between the bulk and the solid, leading to more CH4 
desorption from the solid matrix. 

The results in Fig. 5 are normalized by the saturated gas concentra-
tion (C1, C2) and maximum adsorption amounts (Nm1, Nm2). They also 
show the recovery ratios of free (Rf ) and adsorbed (Rs) CH4 as the total 
gas amount is calculated from the multiplication of average concentra-
tion/adsorption and free space/solid lattice node number. The latter is 
cancelled out when calculating the ratio, which then becomes the same 
as our normalization. The total recovery ratio of CH4 (free and adsorbed 

Fig. 2. Construction of the LB model in the simulation of CO2–CH4 displacement.  

Fig. 3. Pore size distribution of the heterogeneous shale matrix geometry.  

Table 2 
Simulation parameters and scaling relationships between physical and lattice 
units.  

Parameter Symbol Physical value Lattice 
value 

Scalinga 

ROI size Lx 2.75 × 10− 6 m 774 Lx = ΔxL̂x 

Ly 2.72 × 10− 6 m 765 Ly = ΔyL̂y 

Grid size Δx 3.56 × 10− 9 m 1 – 
Δy 3.56 × 10− 9 m 1 – 

Timestep Δt 6.03 × 10− 12 s 1 – 
Viscosityb μ 5.54 × 10− 7 

m2/s 
0.264 μ = (Δx2/Δt)

μ̂ 
Injection velocity v 0.2948 m/s 0.0005 v = (Δx /Δt)v̂ 
Saturated 

concentrationb 
C1 2.31 kmol/m3 3.08 C1 = C2 Ĉ1 

C2 0.75 kmol/m3 1 – 
Diffusion coefficient in 

free spacec 
D1 5.66 × 10− 7 

m2/s 
0.27 D =

(Δx2/Δt)D̂ 
D2 5.66 × 10− 7 

m2/s 
0.27 

Diffusion coefficient in 
solidc 

Ds1 6.71 × 10− 9 

m2/s 
0.0032 

Ds2 6.71 × 10− 9 

m2/s 
0.0032 

Adsorption rate 
constantd 

ka1 2.21 × 109 

m3/kmol/s 
0.01 ka =

(C− 1
2 /Δt)k̂a 

ka2 2.21 × 109 

m3/kmol/s 
0.01 

Desorption rate 
constant 

kd1 1.66 × 107 s− 1 0.0001 kd = Δt− 1 k̂c 
kd2 1.66 × 107 s− 1 0.0001 

Maximum adsorptione Nm1 6 kmol/m3 8 Nm = C2 N̂m 
Nm2 3.08 kmol/m3 4.1 
Nm2’ 0.45 kmol/m3 0.6  

a Symbols for lattice values are expressed with a circumflex ^. 
b Referenced from the US National Institute of Standards and Technology 

(NIST) fluid properties data [59]. 
c Referenced from Tesson and Firoozabadi [58]. The same base value is chosen 

for CO2 and CH4 to highlight the effect of other parameters, and different 
diffusion rates are studied as a selectivity in Section 3.2. 

d Referenced from Wang et al. [44]. 
e Referenced from Wu et al. [48]. 
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gases together) Rt can be easily converted from the normalized results as 

Rt =
Rf C2n + RsNm2(1 − n)

C2n + Nm2(1 − n)
=

0.36Rf + 1.6016Rs

1.9616
≈ 0.18Rf + 0.82Rs (22)  

where, n is the porosity. Based on the figure, increasing the solid 
diffusion coefficient does not necessarily change the gas concentration 
and adsorption evolutions with time for both CO2 and CH4 (e.g., from Ds 
to 10Ds). It can be attributed to the fact that gas diffusion rates in the 
solids have already reached a maximum point corresponding to the 

adsorption and desorption reaction rates at the solid surfaces. In other 
words, the diffusion of adsorbed gas from the surfaces to solid interiors is 
limited by the surface adsorption kinetics. As the solid diffusion coeffi-
cient decreases, the intra-matrix mass transfer becomes weaker, as 
shown by the slower gas adsorption and desorption curves, which results 
in faster CO2 saturation and CH4 desaturation in the bulk free space. The 
rapid CH4 desorption keeps the CH4 bulk concentration stable for a 
longer period since the refilling from the adsorbed gas in the solids is 
immediate. In addition, the CH4 desorption results in a significant gas 
concentration peak (>1) at the outlet, whose height increases with the 

Fig. 4. CO2 and CH4 concentration (a–b) and adsorption (c–d) evolutions during the displacement at t = 0.1 μs, t = 2.4 μs, and t = 8.4 μs.  
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increasing desorption rate. 

3.2. Transport selectivity in solid matrix 

Transport selectivity is widely reported in MD studies where CO2 and 
CH4 show different mass transfer rates in nanopores. Our previous study 
suggests that the CO2/CH4 transport selectivity is within the range of 
1–6 depending on the nanopore size and the total mixed gas pressure 
[60]. To investigate this effect at a large scale, we simulate the transport 
selectivity of CO2/CH4 by varying the diffusion coefficient of CO2 in the 
solid matrix while keeping that of CH4 the same. As shown in Fig. 6a, the 
CO2/CH4 selectivity nearly has no impact on the time-evolving gas 
concentration in the bulk and the gas adsorption in the solids when the 
solid diffusion coefficient is in the order of 10− 9 m2/s, which is two 
orders of magnitude smaller than that in the bulk free space. However, 
CO2/CH4 selectivity leads to significant differences in the bulk gas 
concentration and solid adsorption when the solid diffusion coefficient 
is decreased by two orders of magnitude (i.e., in the order of 10− 11 m2/s) 
as in Fig. 6b. It can also be seen that the CO2/CH4 selectivity mainly 
affects the CO2 adsorption process in the solids while slightly affecting 

the desorption of CH4. High CO2 solid diffusion rates naturally result in a 
faster gas adsorption process. As the CO2 adsorption rate increases in the 
solids, the bulk CO2 is consumed faster and therefore takes a longer time 
to achieve saturation and reach the outlet. The CH4 desaturation process 
is slightly faster in the bulk free space in the beginning at higher se-
lectivities. This is possibly because the fast desorption of CH4 (i.e., 
competitive adsorption) is triggered by CO2 adsorption at the solid 
boundary, and therefore the evolution of CO2 concentration can also 
affect CH4. The general results here indicate that the adsorption kinetics 
dominates the gas adsorption process under a fast gas diffusion rate in 
the solid matrix and selectivity is only non-negligible if the gas diffusion 
rate in solid is greatly lower than that in the bulk. It is suggested that gas 
separation can more easily achieve in porous media composed of 
low-permeable solid matrix. 

3.3. Effect of surface adsorption/desorption rates 

To study the effect of surface adsorption on the process of CO2–CH4 
displacement, we run simulations with five groups of adsorption and 
desorption rate constants that cover a wide range of Ka/Kd from 101 to 

Fig. 5. Effects of gas diffusion coefficient (Ds) for both CO2 and CH4 in the solid matrix on CO2 (dotted lines) and CH4 (solid lines) concentration, adsorption, 
and outflux. 

Fig. 6. Effects of CO2/CH4 transport selectivity (sel) in the solid matrix on CO2 (dotted lines) and CH4 (solid lines) concentration, adsorption, and outflux when (a) 
Ds2 = 6.71 × 10− 9 m2/s and (b) Ds2 = 6.71 × 10− 11 m2/s, respectively. 
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103. By fixing the desorption rate constant Kd, the relationships of both 
gas concentration in the bulk and gas adsorption in the solid matrix to 
varied adsorption rates Ka are obtained, as shown in Fig. 7a. It is 
noticeable that changing Ka alone does not generally affect either the 
CO2 adsorption or the CH4 desorption process in the bulk free space and 
solid matrix. This phenomenon suggests that the gas adsorption in the 
solids is limited by other mass transfer parameters such as solid diffusion 
coefficient and advection velocity. The Damkohler number (Da = kaLx/

D) [61] compares the competition between reaction and diffusion, and it 
is estimated in the range of 3–287 based on 0.1–10Ka, which is much 
greater than one. Therefore, it may be a diffusion-limited state at the 
gas-solid interfaces under the studied conditions. When Ka is decreased 
to 0.1 of its base reference value, the CH4 desorption speed increases, 
and the CO2 maximum adsorption is not reached within the studied time 
frame. 

Similarly, the desorption rate Kd has a negligible effect on the CO2 
adsorption process when Ka is fixed, according to Fig. 7b. In comparison, 
Kd can greatly affect the desorption process of CH4. As Kd increases, the 
CH4 desorption from the solids becomes significantly faster since the 
CO2-initiated CH4 desorption is directly proportional to Kd (i.e., KdC). 
The fast-released CH4 goes into the bulk free space and causes higher 
concentration peaks, as shown in the outflux concentrations. 

3.4. Effect of pore geometry 

The effect of pore geometry on the CO2–CH4 displacement is inves-
tigated in four different particle-sized porous media S-1, S-2, S-3, and S-4 
(Group 1) and in their duplicates with redistributed particle positions S- 
1*, S-2*, S-3*, and S-4* (Group 2), generated by the Quartet Structure 
Generation Set (QSGS) method [65] as presented in Fig. 8a. They are 
selected from a large dataset created by Germanou et al. [62], which 
intends to mimic the morphological features of the shale matrix. While 
the artificial pore geometries may still differ from the realistic case, the 
QSGS offers us the flexibility to study pore geometrical parameters (e.g., 
porosity, particle size, and particle aspect ratio) in a controlled way 

while keeping the high heterogeneity similar to shale matrix. The 
porosity is kept at ~0.7 with varying particle numbers and sizes. The 
blockage ratio along the flow direction is shown in Fig. 8b, where its 
fluctuation decreases with the decreasing particle size. It is important to 
note that simplified 2D representations may overlook complex in-
terconnections between pores, leading to an underestimation of the 
blockage ratio. The original image resolution is slightly changed to fit 
with the LB model resolution, as described in Table 2. Additionally, 
another group (Group 3) of simulations has been performed in S-1, S-2, 
S-3, and S-4 with the gas injection velocity reduced to 0.2v. 

The same effect of pore geometry is identified in the three groups of 
simulations. It is found that the rearrangement of particle distribution 
nearly does not affect the adsorption-desorption process while the 
decreased gas injection velocity slightly delays the CO2–CH4 displace-
ment. As little difference is seen among the three groups of data, we only 
use the results from Group 1 as the representative case for the following 
detailed discussion on the effect of pore geometry. The results of time- 
evolving CO2/CH4 concentration, adsorption, and outflux at the outlet 
are included as Figs. S5 and S6 for Group 2 and Group 3, respectively, in 
the supplementary materials. According to Fig. 9, the particle size im-
pacts both gas concentration in the bulk and gas adsorption in the solids. 
As the particle size decreases, the gas concentration and adsorption 
fronts travel slower and slower. The concentration front is also much 
flatter in small particle-sized porous structures such as S-3 and S-4. 
Fig. 10a provides a quantitative analysis of the pore geometry effect and 
confirms the faster evolution of gas concentration in porous media of 
large particle sizes. The transient adsorbed gas amount is higher for the 
large particle-sized porous structures, likely due to the decreased 
interparticle resistance to mass transfer. The ratio of the effective 
diffusion coefficient De to the bulk diffusion coefficient D is calculated 
for CO2 according to [41,64] 

De

/

D =

(∫ Lx

0

(
∂C
∂y

)

y=Ly

dx

)/

Lx

(Cin − Cout)
/

Ly

(23) 

Fig. 7. Effects of adsorption (Ka) and desorption (Kd) rate constants on CO2 (dotted lines) and CH4 (solid lines) concentration, adsorption, and outflux when (a) Kd (b) 
Ka are fixed, respectively. 
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where Cin and Cout are the average inlet and outlet concentrations, 
respectively. A low ratio suggests more resistance during the mass 
transfer process in the porous medium. Additionally, permeability is 
calculated from Darcy’s law 

k = −
vμ
∇p (24)  

where v is the average bulk velocity. When CO2 is being injected, it first 
saturates the interparticle free pore space through advection-diffusion. 
After CO2 is brought to the solid surfaces, gas adsorption kinetics 
takes place, and the adsorbed CO2 starts to diffuse toward the central 
region of the solids. With the decreasing particle size, the process of CO2 
adsorption becomes slower due to the decreased permeability that 
constrains advection in the free pore space, consistent with the observed 

trend that both permeability and De/D decrease with the decreasing 
particle size in Fig. 10b. The results here are partially consistent with the 
findings of Zhou et al. [41], in which they suggest that intraparticle 
diffusion plays a dominant role in the mass transfer process of porous 
media with large solid particles, and interparticle advection-diffusion is 
instead more important in small particle-sized porous media. It is also 
mentioned that a fully developed flow field is achieved in the porous 
media of large particles and the gas concentration evolves more suffi-
ciently in the pore spaces. However, they observe that the average 
adsorption uptake speed by the solids is in a nonmonotonic relationship 
with the particle size since increasing the particle size raises the intra-
particle resistance at the same time. There exists an optimal point where 
the interparticle and intraparticle mass transfer rates are balanced with 
minimal total resistance. In comparison, CH4 desorption is less sensitive 
to particle size change as the curves of S-1, S-2, and S-3 nearly collapse. 

Fig. 8. (a) Random porous media generated by the Quartet Structure Generation Set (QSGS) method [62]. The average particle sizes dp are 91.9 nm, 46.8 nm, 33.8 
nm and 15.1 nm for S-1 to S-4 and 80.4 nm, 42.9 nm, 32.5 nm, and 15.4 nm for S-1* to S-4*, as analyzed by the method in Ref. [63]. (b) Blockage ratio of S-1 (*), S-2 
(*), S-3 (*), and S-4 (*) along the flow direction Ly. 
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The reason can be that desorption occurs in the opposite direction from 
the solid interior to the free space and thus may be less controlled by 
advection. Moreover, the CO2 breakthrough curves at the outlet in 
Fig. 10c show that the CO2–CH4 displacement is faster in large 

particle-sized porous media since CO2 arrival and CH4 depletion occur 
earlier at the outlet. 

Fig. 9. Snapshots of CO2 and CH4 concentration and adsorption profiles in porous structures (a) S-1, (b) S-2, (c) S-3, and (d) S-4 at t = 2.4 μs. The black dotted lines 
show the 0.5-saturated concentration fronts. 
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4. Conclusions 

In this study, we have proposed an NSE-ADE coupling scheme in the 
LBM to study the CO2–CH4 displacement in the context of CO2-ERG in 
the shale matrix. The global mass transfer process consists of advection- 
diffusion in the bulk free pore space, surface adsorption and desorption, 
and intra-matrix diffusion. Compared with MD, the proposed LB model 
is more time-efficient and can deal with complex pore geometries at 
microscale. Main conclusions are.  

• Gas adsorption/desorption in the solid matrix is greatly impacted by 
the solid diffusion rate, which subsequently affects gas concentration 
in the bulk free space. Changing the adsorption rate constant be-
tween 2.21 × 108 and 2.21 × 1010 m3/kmol/s does not show a sig-
nificant impact on gas adsorption or desorption while the desorption 
rate constant can largely control CH4 desorption.  

• The effect of CO2/CH4 selectivity is only pronounced in the less 
permeable solid matrix (Ds = ~10− 11 m2/s).  

• Decreasing the particle size under a given porosity can constrain 
advection between solids in the pore space, leading to a slower 
adsorption/desorption process in the solid matrix. This slow-down 
further causes a delayed breakthrough curve for CO2 at the outlet. 

The results suggest that the CO2–CH4 displacement is likely more 
efficient in shale composed of a few large pieces of organic matrix 
instead of a great number of small ones under a given porosity. 
Increasing the matrix diffusion and desorption rates through fracturing 
can directly lead to faster CH4 production. When upscaling, care should 
be given to CO2/CH4 transport selectivity if the gas diffusion rates in 
bulk and solids largely vary. Apart from the rigorous validations, the key 
parameters are physics-based and obtained from the actual cases char-
acterizing the effect of confinement in nanoporous media. Therefore, the 
results are relevant to the actual process of CO2–CH4 displacement. The 
LB model herein simulates the CO2–CH4 displacement by separate ADEs 

and the gas concentration change is assumed to not affect the viscous 
flow. It is recommended that the CO2–CH4 interaction, effect of 
adsorption on viscous flow, and nano-confinement should be included in 
future studies for more sophisticated investigation. 
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