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Abstract 1 

Understanding the mechanism behind shale gas recovery is of great importance for achieving 2 

optimum shale gas productivity. In this work, we use Grand Canonical Monte Carlo (GCMC) 3 

simulations to investigate the adsorption and recovery mechanisms of ternary hydrocarbon mixtures 4 

comprising methane, ethane and propane in kerogen nanopores. For the adsorption of hydrocarbon 5 

mixtures in kerogen slit pores, density distributions of each component are analyzed and the results 6 

indicate that densities of methane and ethane in the first adsorption layer increase as pressure increases, 7 

while an opposite trend is observed for propane. A stronger confinement effect is observed on the 8 

heavier hydrocarbon components, increasing the difficulty of recovery. For the recovery of the multi-9 

component shale gas, we propose a reference recovery route with pressure drawdown and CO2 10 

injection combined and the recovery efficiency is compared to the condition with only pressure 11 

drawdown applied. Significant enhancement in recovery ratio for all three components is observed 12 

with the CO2 injection and a better performance is shown on heavier components and smaller pores. 13 

An increase of 60% and 40% in propane recovery ratio is achieved in the 2-nm and 4-nm kerogen slit 14 

pores, respectively. Recovery mechanisms of pressure drawdown and CO2 injection are investigated 15 

in detail. The pressure drawdown method recovers methane from the first adsorption layer and middle 16 

of slit pore simultaneously, while extracting ethane and propane mainly from the middle of slit pore; 17 

the recovery due to CO2 injection mainly takes place in the adsorption layers. Pressure drawdown 18 

tends to extract the lighter components and CO2 injection is efficient in the recovery of heavier 19 

hydrocarbons. As pore width increases, the recovery ratio of pressure drawdown increases, while that 20 

of CO2 injection decreases. Besides, the CO2 sequestration ratio is higher in smaller kerogen slit pores. 21 

Keywords: GCMC simulation; Multi-component shale gas; Adsorption; Shale gas recovery; CO2 22 

sequestration 23 
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1. Introduction 24 

Shale gas has attracted increasing attentions among scientists and engineers as a clean energy 25 

source with high energy efficiency and abundancy [1,2]. The U.S. Energy Information Administration 26 

(EIA) has reported that around 32% of the total estimated natural gas resources are in shale formations 27 

[3]. Shale gas is mainly composed of methane with a small fraction of ethane, propane and butane with 28 

varying compositions in various shale formations [4]. Generally, some shales produce almost 29 

exclusively methane, known as dry gas wells, while wet gas wells contain significant amounts of 30 

heavier alkanes. Wet gas recovery has gained much attention recently as the heavier hydrocarbons 31 

have higher market values than methane as feedstock for a wide variety of chemical products [5]. 32 

Despite the fact that the current techniques such as pressure drawdown using horizontal wells has made 33 

a great progress in shale gas production [6], there still remain many daunting challenges, including the 34 

low recovery efficiency in the heavier hydrocarbons and the fast-falling well productivity [7,8]. 35 

Enhanced shale gas recovery (ESGR) is proposed to stimulate the shale gas production by injecting 36 

CO2 into shale formations after pressure drawdown. The injected CO2 plays a role of displacing the 37 

confined hydrocarbons in shales. Significant improvement in recovery has been proven by CO2 38 

injection [9]. In the meantime, the depleted shale gas reservoirs with huge storage sites are often 39 

recognized as the prime candiate for permanent CO2 sequestration [10]. 40 

Shale rocks consist of organic and inorganic matters, while the pores are mainly at nanoscale. The 41 

organic matter content is a key factor, which controls the adsorption uptake in shales [11]. Kerogen is 42 

the major constituent of organic matters in most shale formations. Over the last decade, much research 43 

has been conducted on the adsorption and recovery of methane in kerogens [12–20]. Tesson and 44 

Firoozabadi [19] studied methane adsorption in kerogen slit nanopores with different degree of surface 45 

roughness. They found that while in perfectly smooth and relatively smooth nanopores methane can 46 
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form adsorption layers on the pore surfaces, in a rough kerogen nanopore, such adsorption layer 47 

disappears and methane accumulate in the middle of the pore. Cao et al. [13] studied the recovery of 48 

methane with CO2 injection using GCMC simulations and found that CO2 molecules can efficiently 49 

displace methane molecules adsorbed in the shale nanopores, while CO2 can be sequestrated 50 

simultaneously. Contrary to the wealth of knowledge on single-component gas, methane, there are 51 

limited works on the adsorption of the heavier hydrocarbons in shales. Falk et al. [21] investigated the 52 

adsorption of n-alkanes from methane to dodecane in kerogen matrix using GCMC simulation and 53 

found that adsorption of longer n-alkanes is energetically more favorable. Firoozabadi and his 54 

coworkers [22–24] have systematically studied the adsorption of light hydrocarbons from methane to 55 

butane in shale samples or isolated kerogens through experiments and proposed a model for estimation 56 

of absolute adsorption based on the adsorbed layer volume. Far fewer works have been reported on 57 

recovery of the heavier hydrocarbons in shales. Wu et al. [25] performed a molecular dynamics (MD) 58 

simulation to study the recovery process of methane and ethane binary mixtures from 2 and 4 nm-wide 59 

nanopores driven by pressure difference. They found that the ratio of the production rate of ethane and 60 

methane from the pores is only slightly smaller than their initial mole ratio inside the pores. Bui and 61 

Akkutlu [7] simulated the recovery of quinary hydrocarbon mixture from methane to pentane by 62 

pressure drawdown using GCMC simulations. Their results indicated that recovery by the sole pressure 63 

drawdown process shows quite low efficiency as the heavier hydrocarbons are trapped in the shale 64 

reservoir, while the lighter components can be produced. The previous researches provide good 65 

guidance for the recovery of hydrocarbons, but recovery of multi-component hydrocarbons in 66 

kerogens is far from being understood. The existing research [7,25] on recovery of multicomponent 67 

hydrocarbons applies the process of pressure drawdown, which has been proven to be inefficient for 68 
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the heavier hydrocarbons. Besides, simplified pore models such as the graphite slit pore model are 69 

used in these studies, which are not able to represent the complicated structures of kerogens. 70 

In this work, we aim to investigate the adsorption of ternary hydrocarbon mixtures of methane, 71 

ethane and propane in kerogens and examine the recovery efficiency of CO2 injection using GCMC 72 

simulations. A realistic kerogen slit-pore model is generated to represent the pore structure in organic 73 

matters [26,27]. We then analyze the adsorption of the ternary hydrocarbon mixtures in kerogen slit 74 

pores, in which the pressure and pore size effects are considered. Moreover, we discuss the adsorption 75 

of CO2-hydrocarbon mixtures. Finally, we simulate the recovery process of multi-component 76 

hydrocarbons with pressure drawdown and CO2 injection. Different recovery mechanisms associated 77 

with the pressure drawdown and CO2 injection are discussed in detail. The CO2 sequestration 78 

efficiency is also assessed. 79 

2. Methodology 80 

2.1. Construction of kerogen slit pores 81 

Slit-shaped kerogen pore models are constructed to represent the organic pore structure in shales 82 

[26,27]. Type II kerogen is chosen for its high potential in producing shale gas [28–30]. The molecular 83 

model of the kerogen unit used in this work was developed by Ungerer et al. [31] based on 84 

experimental data reported by Kelemen et al. [32]. The chemical formula is C242H219O13N5S2 and its 85 

molecular structure is illustrated in Fig. 1a. 86 

To create the kerogen matrixes and slit pores, we perform series of MD simulations [33] in the 87 

canonical ensemble (NVT) and isobaric-isothermal ensemble (NPT) using the Large-scale 88 

Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [34]. The intramolecular 89 

interactions of kerogen are calculated using the Dreiding force field [35]. Firstly, the initial structure 90 

of kerogen macromolecule is relaxed individually by MD in the NVT ensemble. Then, 12 relaxed 91 
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kerogen units are randomly placed in a large simulation box of 10 × 10 × 10 nm3 and NVT simulations 92 

are conducted at 900 K for 250 ps. After that, the system undergoes series of NPT simulations at a 93 

fixed pressure of 20 MPa and the temperature is stepwise decreased from 900 K to 700 K, 500 K and 94 

finally 300 K (400 ps for each temperature). The final kerogen matrixes are collected for further 95 

creation of kerogen slit pores by extending the simulation box in the Z-direction as shown in Fig. 1b 96 

[18]. The pore width W is defined as the distance between the very last atoms from each kerogen 97 

surface in the Z-direction. Two pore widths of 2 nm and 4 nm are constructed to investigate the pore 98 

size effects. In the computational configuration (Fig. 1b), the slab geometry is periodic in the X- and 99 

Y-directions while that in the Z-direction is nonperiodic. The use of the conventional three-dimensional 100 

Ewald summation technique might incur undesirable long-range electrostatic interactions in the Z-101 

direction. Thus, an empty space is inserted between the periodic replicas in the Z-direction, which is 102 

large enough to ensure that the long-range electrostatic interaction in that direction does not alter the 103 

fluid distributions [36]. Tests are conducted to ensure the length of empty space is sufficient so that 104 

the artificial effects are eliminated. During the GCMC simulations, the movement of gas molecules is 105 

restricted within the kerogen slit pore, but not into the vacuum. 106 

 107 
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Fig. 1. (a) Molecular model of type II-C kerogen. (b) Molecular model of kerogen slit nanopore. The 108 

pore width is 2 nm. Carbon atoms are depicted by gray balls, hydrogen by white, oxygen by red, 109 

nitrogen by blue, and sulfur by purple. 110 

2.2. Force field 111 

Three hydrocarbons including methane, ethane, and propane, are considered in this work as the 112 

much heavier hydrocarbons ( 4+C  ) only make up a very small proportion in the shale gas. The 113 

composition of the hydrocarbon mixtures studied in this work is listed in Table 1, which is based on 114 

the shale gas composition produced from the Mississippian Barnett Shales of the Fort Worth Basins, 115 

Texas [37]. The Barnett Shale is known as an organic-rich, type II marine shale and has been proven 116 

to have an enormous gas storage capacity and good potential for long-term production [30]. 117 

Table 1 Composition of the shale gas mixture 118 

Molecular Weight 
Mole fraction 

CH4 C2H6 C3H8 

19.55 0.80 0.15 0.05 

The TraPPE force field [38] is adopted for alkanes and the United-Atom models are employed. 119 

The Lennard Jones parameters for interactions between like pseudoatoms are summarized in Table 2. 120 

Lorentz-Bertherlot mixing rules [39] are employed to calculate unlike interactions. A cutoff of 14 Å is 121 

applied for short-range Lennard-Jones interactions with analytical tail corrections [40]. The bond 122 

length between pseudoatoms in C2H6 and C3H8 is fixed as 1.54 Å. The bond bending potential is 123 

calculated by a harmonic relationship, 124 

( ) ( )2
02bend

ku θθ θ θ= − , (1) 

where the force constant / Bk kθ  is 62500 K rad-2 [41], kB is the Boltzmann constant. The equilibrium 125 

angle θ0 is 114°. CO2 molecules are described with a rigid model [42]. The nonbonded parameters are 126 

listed in Table 2. The length of the C-O bond and the bond bending angle of O-C-O are fixed as 1.16 127 
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Å and 180°, respectively.  128 

Table 2 Lennard-Jones parameters and partial charges used for hydrocarbon and CO2 molecules [38,42] 129 

(Pseudo)atom ε/kB (K) σ (Å) q (e) 

CH4 148.0 3.73 0.00 

CH3- 98.0 3.75 0.00 

-CH2- 46.0 3.95 0.00 

C-CO2 27.0 2.80 0.70 

O-CO2 79.0 3.05 -0.35 

2.3. GCMC simulation 130 

Adsorption of the hydrocarbons and CO2 is investigated through GCMC simulations in the grand 131 

canonical ensemble (μVT) using MCCCS Towhee code [43]. During the simulations, the coordinates 132 

of the atoms in kerogen are fixed and GCMC moves are only applied to the gas molecules, including 133 

insertion, deletion and translational moves. For ethane, propane and CO2 molecules, rotational moves 134 

are also performed. The fluids confined within the kerogen nanopores are assumed to be in chemical 135 

equilibrium with the external bulk fluids, which can be considered as those residing in the natural 136 

fracture or microcracks in shales. Besides, the pressure throughout the simulations refers to that of the 137 

external bulk reservoir. Values of chemical potential are calculated by the Widom’s insertion method 138 

[44,45] using Monte Carlo simulations in the NVT ensemble, where the fluids are simulated in bulk 139 

phase. Density of bulk mixtures as a function of pressure and temperature is calculated by the 140 

Peng−Robinson equation of state (PR-EOS) [46].  141 

3. Results and Discussion 142 

In this section, we first investigate the adsorption of methane, ethane and propane ternary 143 

mixtures in kerogen slit pores either in the absence or presence of CO2. Then, the recovery mechanisms 144 
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of hydrocarbons are analyzed and we further discuss the practical implications for shale gas recovery 145 

and CO2 sequestration. 146 

3.1. Adsorption of hydrocarbons in kerogens 147 

The density profiles of methane, ethane and propane in different kerogen nanopores at various 148 

pressures at 338.15 K are presented in Fig. 2. The results indicate that a strong first adsorption layer 149 

forms near the kerogen surface for all pressures and the second adsorption layer is pronounced at 150 

pressures higher than 10 MPa. Near the kerogen surface, the methane density in the first adsorption 151 

layer increases with increasing pressure, while that of propane decreases. At low pressures, the 152 

adsorption sites on the kerogen surface are not completely occupied and the interaction between 153 

propane and kerogen is stronger than the other two components [21], so propane can occupy more 154 

adsorption sites. As pressure increases, the adsorption sites are almost filled up and the entropic effects 155 

become more significant, thus the propane density decreases. As an intermediate component, the 156 

increase in ethane density is less obvious. Similar phenomena have been reported in the adsorption of 157 

hydrocarbons in zeolite [47]. In the middle of pores, the density of each component increases with 158 

pressure. Besides, the density in the 4-nm slit is lower than that of 2-nm slit pore due to weaker fluid-159 

surface interactions. It should be also noted that the first adsorption layers near the two surfaces are 160 

not symmetric and the hydrocarbon densities are non-zero on the slit pore surfaces. This is because a 161 

complex kerogen matrix is used in this work in which the surfaces are rough. Similar results have been 162 

reported in the literatures [14,19]. To further verify the effect of surface roughness on gas adsorption, 163 

we calculated the gas adsorption on a slit pore with smooth surfaces using Steele's 10-4-3 potential 164 

[48]. More details are provided in the Supplementary material and the hydrocarbon density 165 

distributions in the smooth graphite slit pore are plotted in Fig. S1. The first and second adsorption 166 

layers show symmetric density profiles and are more easily distinguishable compared to those in rough 167 
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kerogen slit pores. 168 

 169 
Fig. 2. Density distributions of the hydrocarbons in kerogen slit pores of different widths: (left) W = 2 170 

nm and (right) W = 4 nm under different pressures at T = 338.15 K. 171 

Figure 3 shows the total uptake of each component at 338.15 K in kerogen slit pores of different 172 

pore widths. The average density of component i  in kerogen slit pore can be given as, 173 

,
i

ave i
A

N
V N

ρ =
⋅

, (2) 

where iN  is the ensemble averaged number of component i  in kerogen slit pores, V denotes the 174 

volume of the slit pore, and NA is the Avogadro constant. Only the hydrocarbon molecules within the 175 

slit pores are considered, while those inside kerogen matrixes excluded. The average density in 4-nm 176 

kerogen slit pore is lower than that in the 2-nm kerogen slit pore, especially at lower pressures, which 177 

is mainly attributed to the difference in density distributions in the middle of kerogen slit pores. For 178 
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methane and ethane, the average densities in 2 and 4-nm slit pores both increase with pressure. 179 

However, the average density of propane in 2-nm slit pore decreases, while increases in the 4-nm 180 

kerogen slit pore as pressure increases. As discussed earlier, the density of propane decreases in the 181 

first adsorption layer and increases in the middle of kerogen slit pore with increasing pressure. In the 182 

4-nm slit pore, the middle region makes up a larger fraction and the increase in density is large enough 183 

to compensate the decrease in the adsorption layer. 184 

 185 

Fig. 3. Average density of hydrocarbons confined in kerogen slit pores with different pore widths: 186 

(solid) W = 2 nm and (dashed) W = 4 nm at T = 338.15 K. 187 

To assess the confinement effect on the different types of hydrocarbons, a parameter is introduced 188 

as Confinement Effect (CE), or Enhancement Factor, defined as the ratio of molar fraction inside the 189 

pore to that in the bulk fluid for component i  [7],  190 

,

,

i pore
i

i bulk

y
CE

y
= , (3) 

where ,i porey  and ,i bulky  denote the molar fraction of component i  within kerogen slit pores and in 191 

the bulk fluid, respectively. The values of confinement effect for each component are shown in Fig. 192 

4a. The largest confinement effect is observed on propane. Both the CE values of ethane and propane 193 

are larger than one, while that of methane is smaller than one, indicating that the adsorption of the 194 

heavier component in kerogen nanopores is more favorable. As the pore width is increased to 4 nm, 195 

the confinement effect for the three components becomes less significant and the values of CE 196 

approach unity. With increasing pressure, the CE values also get close to unity. At higher pressures, 197 
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the confined space is more densely packed, the difference between molecule types becomes less 198 

significant [49]. To further explain the confinement effect on different hydrocarbons, we calculate the 199 

distributions of CE values within the slit pore along Z-direction (Fig. 4b). Confinement effect of 200 

heavier components, such as ethane and propane, is obviously higher in the region close to the kerogen 201 

surfaces. Lighter component, methane, is forced to stay in the middle of the slit pore where the 202 

interaction from the kerogen surfaces is weaker. 203 

 204 

Fig. 4. (a) The ratio of molar fraction inside the pore with that in the bulk phase (noted as Confinement 205 

Effect) for each component in kerogen slit pores with different pore widths: (solid) W = 2 nm and 206 

(dashed) W = 4 nm at T = 338.15 K. (b) Distribution of CE values in the 2-nm kerogen slit pore along 207 

Z direction at P = 20 MPa and T = 338.15 K. 208 

3.2. Adsorption of CO2-hydrocarbons mixtures in kerogens  209 

The density distributions of CO2 and hydrocarbons mixtures with a bulk mole fraction of 210 

2
0.2COy =  at 338.15 K and over a range of pressures from 12.5 to 45 MPa in 2-nm kerogen slit pores 211 

are presented in Fig. 5. The mole fractions within the hydrocarbons are fixed at 0.8, 0.15, 0.05 for 212 

methane, ethane and propane, respectively. Similar to the adsorption of hydrocarbons in the absence 213 

of CO2, the density in the middle of kerogen slit pores increases as pressure increases. In the first 214 

adsorption layers, the density of methane, ethane and CO2 increases with increasing pressure, while 215 

the opposite is true for propane. Fig. 6 presents the density distributions in 4-nm kerogen slit pores. 216 
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Similar trends in the density distribution can be observed as in the 2-nm kerogen slit pores. Besides, 217 

for all the components, the density in the middle of kerogen slit pores is lower than that of 2-nm 218 

kerogen slit pores due to the weaker fluid-surface interactions.  219 

 220 
Fig. 5. Density distributions of hydrocarbons and CO2 in 2-nm kerogen slit pores under different 221 

pressures at T = 338.15 K. Mole fraction of CO2 is 
2

0.2COy = . Results of mixtures with a mole fraction 222 

of 
2

0.4COy = are presented in Fig. S2. 223 
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 224 

Fig. 6. Density distributions of hydrocarbons and CO2 in 4-nm kerogen slit pores under different 225 

pressures at T = 338.15 K. Mole fraction of CO2 is 
2

0.2COy = . Results of mixtures with a mole fraction 226 

of 
2

0.4COy =  are presented in Fig. S3. 227 

3.3. Recovery of hydrocarbons from kerogen slit nanopores 228 

To explore the mechanisms of shale gas recovery by pressure drawdown and CO2 injection and 229 

assess the efficiency of shale gas recovery and CO2 sequestration, a simplified recovery process is 230 

proposed as shown in Fig. 7. A typical shale gas reservoir condition with the initial pressure of 40 MPa 231 

is considered in this work. After the primary pressure drawdown stage, the reservoir pressure is 232 

reduced to 25 MPa and then two successive CO2 huff-n-puff cycles are performed as in our recent 233 

work [18]. One CO2 huff-n-puff cycle is achieved by first injecting CO2 into the shale gas reservoirs 234 

and then applying a pressure drawdown process after the system has reached equilibrium [50,51]. Here 235 

GCMC simulations instead of MD simulations are conducted to obtain the equilibrium properties of 236 

hydrocarbon mixtures and CO2 in kerogen nanopores. Takbiri-Borujeni et al. [52] used MD 237 
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simulations to simulate the CO2 huff-n-puff process for dodecane recovery. Compared with MD 238 

simulation, GCMC simulations are computationally less expensive to study the equilibrium properties. 239 

During the CO2 injection process, we assume that the pore volume in the macropores and fractures, 240 

which is connected to the nanopores, remains the same. Therefore, the individual hydrocarbon density 241 

in the bulk phase of the CH4/C2H6/C3H8/CO2 mixture is the same as that in the bulk CH4/C2H6/C3H8 242 

mixture during CO2 injection. The pressure of the bulk CH4/C2H6/C3H8/CO2 mixture after the CO2 243 

injection can be determined by the molar fraction and hydrocarbon density in the mixtures by using 244 

PR-EOS [46]. The composition of the confined fluids in kerogen slit pores is recorded in the 245 

equilibrium state after every production stage. We assume that the dynamics-transport resistances are 246 

not considered during the fluids flow from the kerogen nanopores [7]. 247 

 248 
Fig. 7. Schematic representation of shale gas recovery process. More information about the recovery 249 

process is provided in Supplementary material. 250 

Evolution in the average densities of each component in the 2-nm kerogen slit pores during the 251 

whole shale gas recovery process is presented in Fig. 8. During the shale gas recovery process, the 252 

methane and ethane molecules are released continuously both in the pressure drawdown and CO2 253 

injection stages (Figs. 8a-b). The performance of pressure drawdown seems more effective for 254 

methane, while CO2 injection performs better on ethane. It should be noted that propane is not released 255 

from the nanopores during the pressure drawdown process, but can only be recovered by CO2 injection 256 

(Fig. 8c). As pressure declines, the injected CO2 molecules are released together with the recovered 257 

shale gas (Fig. 8d). For W = 4 nm, the average densities of each component during the recovery process 258 
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is shown in Fig. 9. In contrast to the results in 2-nm kerogen slit pores, propane molecules are found 259 

to be recovered during the pressure drawdown process despite the lower efficiency compared to CO2 260 

injection. 261 

 262 
Fig. 8. The average densities of each component in the 2-nm kerogen slit pores during the shale gas 263 

recovery process. The arrows in the figure indicate the direction of the recovery process. 264 
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 265 
Fig. 9. The same as Fig. 8, but for 4-nm kerogen slit pores. 266 

In order to quantify the recovery efficiency of pressure drawdown and CO2 injection stages, we 267 

define the recovery ratio iη  as the ratio of the molar density of molecules released during a single 268 

stage to the initial molar density in the kerogen slit pore under 40 MPa before production, which is 269 

given as [14,53,54], 270 

released

initial 100%i
i

i

n
n

η = × , (4) 

where released
in  is the molar density of component i  recovered from the kerogen slit pore, initial

in  is 271 

the initial molar density of component i  in the kerogen slit pore at 40 MPa before production. The 272 

calculated recovery ratios of each component for the five stages in 2 and 4-nm kerogen slit pores are 273 

presented in Fig. 10. In the 2-nm kerogen slit pores (Fig. 10a), it can be seen that for methane, the 274 

recovery ratio of pressure drawdown is higher than that of CO2 injection. For the propane molecules, 275 

the recovery ratio has negative values during the pressure drawdown, indicating that there is no 276 

propane released at during that stage, while even some extra propane molecules are adsorbed into the 277 
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nanopores. However, the CO2 injection can recover the propane efficiently. In the case of the 278 

intermediate component, ethane, the pressure drawdown stages have relatively lower but positive 279 

recovery ratios, compared to the CO2 injection processes. The third pressure drawdown stage has the 280 

largest recovery ratio among all the pressure drawdown processes, which can be attributed to the 281 

largest depletion in pressure. In 4-nm kerogen slit pores (Fig. 10b), the propane molecules are released 282 

during the pressure drawdown processes although the recovery ratio is relatively low. For methane and 283 

ethane, slight increases in recovery efficiency of pressure drawdown are found with the increased pore 284 

width, while the recovery ratio of CO2 injection slightly decreases. In addition, among the three 285 

pressure drawdown processes, the third one achieves the highest recovery ratio. According to Figs. 8-286 

9, the average densities of hydrocarbons increase rapidly with pressure at low pressure conditions and 287 

then increase slowly at high pressures. During the implementation of the three pressure drawdown 288 

processes, the pressure continues to decline. The hydrocarbons are slowly released at the beginning 289 

(high pressure) and then rapidly as the pressure further declines. On the other hand, the three pressure 290 

drawdown processes have different pressure declines of 15, 12.6 and 16.5 MPa for the first, second 291 

and third process, respectively (see Table S1). The largest pressure decrease is achieved in the third 292 

pressure drawdown process, which also contributes to the higher recovery ratio. 293 

 294 
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Fig. 10. The shale gas recovery ratio in the (a) 2-nm and (b) 4-nm kerogen slit pores during the gas 295 

recovery process.  296 

Fig. 11a shows the total recovery ratios of each component in the presence of CO2 injection. The 297 

lightest component, methane has the highest recovery ratio of 69.6% in the 2-nm kerogen slit pores 298 

and 74.9% in 4-nm pores, indicating that the lighter components are preferentially recovered. For three 299 

hydrocarbon components, the total recovery ratio of in the 4-nm kerogen slit pore is higher than that 300 

in the 2-nm kerogen slit pore. This indicates that the increase in recovery ratio of pressure drawdown 301 

is larger than the decrease of CO2 injection. To clarify the role of CO2 injection in the recovery process, 302 

we calculate the recovery ratio of the process with pressure drawdown only from 40 MPa to 10 MPa. 303 

The recovery ratios between the two processes are compared (Fig. S4). Pressure drawdown mainly 304 

releases the lighter components, such as methane and ethane, but is inefficient for the heavier 305 

component, especially in the small pores. The enhancement in recovery ratio due to CO2 injection is 306 

also illustrated in Fig. 11a. The injected CO2 significantly enhances the shale gas recovery over all 307 

three components. The largest increases around 60% and 40% are observed for propane in the 2-nm 308 

and 4-nm kerogen slit pores, respectively.  309 

The CO2 sequestration ratios during the recovery process are plotted in Fig. 11b. The CO2 310 

sequestration ratio is defined as the molar density of CO2 molecules sequestrated relative to its molar 311 

density in the kerogen slit pores under the initial pressure of the reservoir, namely the maximum molar 312 

density of CO2 sequestration in a 40 MPa reservoir, calculated by, 313 

2

2

sequestrated

max 100%CO
i

CO

n
n

ξ = × , (5) 

where 
2

sequestrated
COn   is the molar density of CO2 sequestrated in the kerogen slit pore, 

2

max
COn  is the 314 

maximum molar density of CO2 in the kerogen slit pore at 40 MPa. The CO2 sequestration ratio can 315 

be used to describe the extent of CO2 sequestration. The CO2 sequestration ratio is increased once the 316 



20 
 

CO2 molecules are injected and decreased when the pressure drops. Final sequestration ratios of 21.0% 317 

and 14.9% are realized in the 2-nm and 4-nm kerogen slit pores, respectively. Higher CO2 sequestration 318 

ratio in the 2-nm kerogen slit pore results from the stronger CO2-wall interaction in the narrower 319 

kerogen slit pores. 320 

 321 

Fig. 11. (a) Total shale gas recovery ratio, totalη , in the presence of CO2 injection (left y-axis) and 322 

enhanced shale gas recovery ratio, η∆ , caused by the participation of CO2 injection (right y-axis). 323 

(b) the CO2 sequestration ratio in the 2-nm and 4-nm kerogen slit pores during the gas recovery process.  324 

In order to better illustrate the underlying mechanism during the shale gas recovery, the evolution 325 

of the density distributions is studied. In 2-nm kerogen slit pores, during the pressure drawdown 326 

process, methane molecules are recovered simultaneously from both the adsorption layers and the 327 

middle of nanopores; CO2 injection mainly recovers the methane from the adsorption layer (Fig. 12a). 328 

For ethane, the pressure drawdown only recovers the molecules in the middle of nanopores, while 329 

recovery by CO2 injection takes place in both the adsorption layers and the middle of nanopores, 330 

especially in the adsorption layer (Fig. 12b). For propane, recovery by CO2 injection is similar to the 331 

case of ethane. However, as pressure drops, the propane density in the first adsorption layer increases 332 

and only a very small portion in the middle of kerogen slit pore is recovered (Fig. 12c). Besides, CO2 333 

can form strong adsorption layers near the kerogen surface after injection (Fig. 12d). 334 
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 335 
Fig. 12. Evolution of each component density distributions inside the 2-nm kerogen slit pores during 336 

the gas recovery process.  337 

The evolution of density distributions inside the 4-nm kerogen slit pores is presented in Fig. 13. 338 

In 4-nm kerogen slit pores, similar recovery mechanisms as in the 2-nm kerogen slit pores are observed. 339 

Moreover, the recovery ratio of pressure drawdown increases in the middle of kerogen slit pores. Due 340 

to the weaker fluid-surface interactions in the 4-nm pores, fewer CO2 molecules occupy in the middle 341 

of kerogen slit pores, therefore, the recovery ratio of CO2 injection is reduced. Overall, the increase in 342 

recovery ratio of pressure drawdown is larger than the decrease of CO2 injection, thus, the total 343 

recovery ratio increases in the 4-nm kerogen slit pores.  344 
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 345 
Fig. 13. Evolution of each component density distributions inside the 4-nm kerogen slit pores during 346 

the gas recovery process.  347 

4. Conclusions 348 

In this work, the adsorption of multicomponent shale gas is investigated through GCMC 349 

simulations. The recovery mechanisms and efficiencies of pressure drawdown and CO2 injection are 350 

investigated. Our simulation results show that for the adsorption of methane, ethane and propane 351 

ternary mixtures in the kerogen slit pores, densities of methane and ethane in the first adsorption layer 352 

increase with increasing pressure, while that of propane displays an opposite trend. Larger confinement 353 

effect due to nanopores is observed on the heavier components due to stronger fluid-surface 354 

interactions. During the shale gas recovery process, propane in 2 nm kerogen slit pores can only be 355 

recovered by CO2 injection, while pressure drawdown is able to recover propane from 4 nm kerogen 356 

slit pores but with low efficiency. Pressure drawdown and CO2 injection take effect in different regions 357 

for different hydrocarbons: pressure drawdown recovers methane in the adsorption layer and middle 358 
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of slit pores, while extracting ethane and propane mainly from the middle of slit pore; injected CO2 359 

mainly displaces hydrocarbons in the adsorption layer. Pressure drawdown tends to extract the lighter 360 

component and CO2 injection is efficient in the recovery of heavier hydrocarbons. As pore width 361 

increases, the recovery ratio of pressure drawdown increases, while that of CO2 injection decreases. 362 

Besides, the CO2 sequestration ratio is higher in narrower kerogen slit pores. 363 

As highlighted by Tesson and Firoozabadi [19], kerogen pore surface roughness may play an 364 

important role in hydrocarbon adsorption and recovery mechanism. In our future work, we would take 365 

into account such surface roughness to study hydrocarbon mixture adsorption and recovery in kerogen 366 

nanopores.   367 
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