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Abstract 8 

Injection of carbon dioxide (CO2) into coal seam gas reservoirs has been considered one 9 

of the most popular approaches to enhance methane (CH4) production. However, many 10 

geological and engineering factors influence the efficiency of CH4 displacement by CO2. 11 

These factors include depth-induced changes in pressure and temperature, accompanied 12 

by gas compounds, moisture content, and salinity of the underground water. Thereby, the 13 

mechanisms of CH4 adsorption and the competitive adsorption processes between CH4 14 

and CO2 in coalbeds at the microscope level remain to be explored. In this paper, a hybrid 15 

of molecular dynamics (MD) and grand canonical Monte Carlo (GCMC) method is 16 

conducted to probe the adsorption properties of CH4 and competitive adsorption 17 

behavior between CH4 and CO2 at 0-5 wt% moisture content, 0-6 mol/L saline of NaCl, 18 

and 0-5 wt% C2H6. Gas molecules adsorption processes are undertaken at 308, 338, and 19 

368 K with pressure up to 30 MPa. Effects of Moisture, salinity and C2H6 effects on gas 20 

adsorption characteristics are discussed in detail. Based on the simulation results, 21 

moisture impedes the CH4 adsorption isotherms, which leads to a 17.1% reduction in CH4 22 
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adsorption amount at 5 wt% moisture content. Moreover, salinity further decreases the 23 

CH4 adsorption capacity, which drops 6.1% at 6 mol/L NaCl within 5 wt% moisture 24 

content. In addition, C2H6 is another negative factor in the CH4 adsorption process, which 25 

reduces the CH4 adsorption amount up to 36.6% at 5 wt% ethane content. These 26 

mentioned factors influence preferential selectivity SCO2/CH4 shows the competitive 27 

adsorption behavior is also analyzed. Moisture content promotes the preferential 28 

selectivity SCO2/CH4 owing to CH4’s more sensitivity to the presence of H2O molecules. 29 

Furthermore, high salinity hinders the CH4 solubility in water, whereas an inverse 30 

adsorption characteristic of CO2, thereby, high salinity improves the preferential 31 

selectivity SCO2/CH4. Besides, preferential selectivity SCO2/CH4 is also developed with the 32 

presence of C2H6. The observations of this study have important implications for a more 33 

accurate estimation of gas in unconventional resources and help with the displacement 34 

efficiency of CH4 by CO2. 35 

1. Introduction 36 

Coal seam gas (CSG) has gained increased attention in recent decades because of its high 37 

utilization efficiency and large deposits.1-4 Methane is the major gas component in 38 

coalbed reservoirs, which is usually accompanied by hydrocarbons, and other gas 39 

components. Most methane (CH4) is stored in coalbed reservoirs due to the physical 40 

adsorption, and the left CH4 presences as free gas or dissolved gas in subsurface water.5,6 41 

Because of this complex storage status, understanding the coalbed methane (CBM) 42 

adsorption process and competitive adsorption behavior is important in the cleat system. 43 

Over the past decades, CH4 reserves have been extracted by hydraulic fracturing. 44 

However, gas diffusion and production are hindered by the ice-like water formation in 45 

the nanopores, which occupies the principal pore space, leading to a low gas recovery 46 



3 
 

efficiency.7-9 In recent years, CO2 injection has been increasingly used for CH4 extraction 47 

and recovery owing to the high affinity and strong interaction between CO2 and carbon-48 

based sorbents.6,10,11 In addition, sequestration and storage of CO2 provide an 49 

environmentally favorable way to ease carbon emissions.7,12 Gas competitive and 50 

displacement mechanisms are needed to be studied because of the complicated 51 

underground environment to obtain a higher CO2 enhanced gas recovery (CO2-EGR). 52 

Thus, MD simulation becomes a better way to explore the adsorption and competitive 53 

adsorption processes as it can compute various components jointly, and reflects the basic 54 

mechanism at a microscope level. 55 

According to the literature,  Yu et al. believed that low temperature facilitates gas 56 

adsorption on a low-rank coal vitrinite model due to the exothermic adsorption processes, while 57 

high temperature provides gas molecules more energy to conquer the energy barrier and attain 58 

a free state, thereby high temperature always leads to a low adsorption amount.1,13-25 59 

Moreover, water encroachment into the coalbed reservoirs is general if the reservoir is 60 

connected to the local hydro-geologic system by faults or the extracted reservoir is part 61 

of the system.26 Thereby, investigation on the influence of moisture on gas adsorption 62 

behavior is necessary. Generally, H2O has a higher adsorption property than that of CH4 63 

and CO2, which is owing to its stronger hydrogen bond energy and electrostatic 64 

energy.4,27-30 Huang observed that moisture content below 2.4 wt% has a hinder effect on 65 

the adsorption capacity of CH4 and CO2 on type III-A kerogen, moreover, the most obvious 66 

negative effect presences at 1.8 wt% for both candidates.27 Pierre observed that H2O 67 

molecules have a more pronounced passive effect on CH4 over CO2 in a porous carbon-68 

based model, furthermore, CO2-EGR is continuously developed below 12.8 mmol/g H2O 69 

content, which indicates that H2O is beneficial for CO2 in the competitive adsorption 70 

process. Zhang claimed that the adsorption capacity of pure CH4 and CO2 both maintains 71 
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decreasing with moisture content up to 3 wt%, and moisture is negative in the gas 72 

adsorption process.29 Huang stated that the adsorption amount for pure CH4 and CO2 73 

keeps decreasing with the increasing moisture content up to 2.8 wt%, additionally, it has 74 

a more remarkable reduction in the binary mixture of CH4 in type II-A, II-C, and II-D 75 

kerogen matrix.31 Zhou established a model by using a type II-D kerogen matrix with a 20 76 

Å slit, and adopted 15 and 30 wt% moisture content to probe the moisture effect on gas 77 

adsorption characteristics, and observed that the adsorption capacity of CH4 drops 78 

dramatically with the presence of water molecules, and high moisture content impedes 79 

the CH4 adsorption amount more noticeable.30  In this study, the novelty first, we cover a 80 

wider range of moisture content 0 – 5 wt% (0 – 3.01 mmol/g), compares with the studies 81 

by Huang which covered moisture content 0.6 - 2.4 wt%, Zhang (1.2 - 3.0 wt%), Huang 82 

(0.7 – 2.8 wt%), Wang (0.6 – 2.4 wt% ), Zhou (0.6 – 2.4 wt%).12,17,27,29,31,32 This innovation 83 

helps to explore the gas adsorption capacity and further the competitive adsorption 84 

properties in detail, therefore to obtain a more generalized knowledge of the moisture 85 

influence.  86 

    A new concept of introducing salinity into account in this study, since the underground 87 

water contains types of ions. Salinity is another factor that shows a noticeable deviation 88 

from pure water in affecting gas adsorption behavior. However, limited studies probe the 89 

influence of salinity on the gas adsorption process. According to the previous reviews, 90 

sodium (Na) is the major cation that enjoys a high concentration in subsurface water.33-91 

36 Moreover, based on the depositional environment, the concentration of chloride (Cl) is 92 

usually high and regarded as the primary anion.33-36 In this study, the concentration of 93 

saline covers 0-6 mol/L is used to investigate the salinity effect on CH4 adsorption 94 

capacity and the competitive adsorption behavior in the binary mixture. This study 95 
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explains and discusses the preferential selectivity variation with the salinity in detail, and 96 

further provides basic information for gas exploration and exploitation. 97 

Moreover, this study takes C2H6 to significantly improve, which to our knowledge this 98 

factor has not been systematically addressed previously. Since coalbed reservoirs 99 

generally hold various gas types other than CH4, including other alkanes.37-39 Thus, 100 

modifying the underground environment is necessary, because C2H6 is the second largest 101 

deposit in coalbed reservoirs. Specifically, C2H6 content reaches up to 9.8% in Charleston 102 

coals, ranges between 2 and 11% in Fair Hill Formation seams, and between 0.6 and 4.8% 103 

in Fruitland Coalbed Gases.40-42 Moreover, Ripepi observed that the fraction of C2H6 104 

increases from 0.2% at 1,486 ft to 4% at 2,017 ft subsurfaces, which suggests that deeper 105 

coal seams hold a greater C2H6 concentration.37 Julien took type I kerogen fragments to 106 

determine the adsorption properties of pure CH4 and C2H6. And observed that C2H6 shows 107 

high adsorption capacity over CH4 at low pressure. While CH4 displays a low adsorption 108 

rate at low pressure and a steep increasing adsorption rate with pressure up to 20 MPa, 109 

and it eventually presences a higher adsorption amount over C2H6 at 20 MPa.39 From this 110 

view, the adsorption mechanism, and the competitive adsorption behavior would be 111 

impacted and become complex with C2H6. However, few studies explore the impact of 112 

C2H6 on the adsorption processes. Therefore, it is essential to examine the fundamental 113 

mechanisms of gas storage and resource recovery with C2H6 molecules in coalbed 114 

resources. This study takes C2H6 content up to 5wt% (0 – 1.171 mmol/g) to probe its 115 

effect on competitive adsorption characteristics, which supplies another perceptive in 116 

industrial displacement and methane production. 117 
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2. Methodology and Computational Details 118 

2.1 Molecular Model 119 

2.1.1 Adsorbent Model 120 

Both organic and inorganic matters in coalbed systems work on gas adsorption 121 

properties.43,44 In Heller’s study, the authors observed that the gas adsorption amount on 122 

activated carbon (a proxy for organic matrix) is three orders of magnitude greater than 123 

that on pure illite and kaolinite.45 Thus, this study will focus on the organic substances 124 

owing to their higher contribution compared to inorganic ones.46-48  125 

    As the effect of salinity and C2H6 is first introduced on gas adsorption behavior and 126 

competitive adsorption process, thereby the simulation procedures should be carried out 127 

in a relatively simplified model to obtain a generalized observation. Thus, in this study, a 128 

model of three-layer graphene with a 15 Å slit is employed to represent an underground 129 

nanochannel in coalbed reservoirs to investigate the interactions between adsorbent 130 

surface and different gas molecules. This model could capture the fundamental 131 

characteristics of coalbed reservoirs, which contain 80−90% carbon content for 132 

bituminous coals and more than 90% carbon content for anthracite coals.5,49-51 The cut-133 

off radius was set at 12.5 Å, interactions among particles with a longer equilibrium 134 

distance were neglected due to their minor energy contribution. 135 

MD and the GCMC simulation procedures are implemented in LAMMPS (Large-scale 136 

Atomic Molecular Massively Parallel Simulator).52 As shown in Fig. 1, graphene interlayer 137 

spacing is set at 3.35 Å, which is established by using VMD software, the construction 138 

details are introduced in Section S1.1 in the Supporting Information.  139 
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  140 

   Figure 1. 3-layer graphene model with 15 Å                        Figure 2.   Density validation and comparison                                                                                                                141 

slit (visualization by OVITO software).                                    with NIST at 318.15 K from 0.1 to 20 MPa. 142 

2.1.2 Adsorbate Model 143 

For the adsorbate models, OPLS-AA forcefield shows high accuracy in the prediction of 144 

alkanes in thermophysical properties and is usually employed in industrial applications, 145 

thereby, OPLS-AA forcefield is employed to describe CH4 as well as C2H6.53,54 EPM2 146 

forcefield is adopted to predict a more accurate site-based intermolecular potential for 147 

CO2.54,55 SPC/E forcefield is applied to depict H2O, it specifies a 3-site rigid molecule with 148 

charges by Lennard-Jones parameters assigned to each site, to achieve high 149 

computational efficiency.55,56 Additionally, NaCl is described by CLAYFF forcefield.57 The 150 

detailed information is listed in Table 1. 151 

Table 1. Parameters for models 152 

 atom ε/kb (K) σ (Å) q (e) Ref. 
CH4 C 33.212 3.5 -0.24 53,54 

H 15.097 2.5 0.06 
CO2 C 28.129 2.757 +0.6512 54,55 

O 80.507 3.033 −0.3256 
C2H6 C 33.212 3.5 -0.18 53 

H 15.097 2.5 0.06 
H2O H 0 0 0.4238 56 

O 78.197 3.166 -0.8476 
NaCl Na 65.52 2.3502 +1.0 57 

Cl 50.36 4.4 -1.0 
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2.2 MD Simulation 153 

DREIDING forcefield has been typically employed to investigate the gas adsorption 154 

behavior on a perfect graphene surface and showed a good match with the experimental 155 

results.16,20,58 Thereby, in this study, DREIDING forcefield is carried out for simulation. 156 

DREIDING forcefield has two parts, the bond terms and the nonbond terms. The bond 157 

terms consist of the bonding energy Eb, the angle term Ea, the torsion energy Et, which are 158 

expressed as follows: 159 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑏𝑜𝑛𝑑 +  𝐸𝑛𝑜𝑛𝑏𝑜𝑛𝑑  (1) 160 

𝐸𝑏𝑜𝑛𝑑 = 𝐸𝑏 + 𝐸𝑎 + 𝐸𝑡             (2) 161 

𝐸𝑏𝑜𝑛𝑑 =  ∑ 𝑘𝑏(𝑙 − 𝑙0)2
𝑏𝑜𝑛𝑑𝑠 + ∑ 𝑘𝑎(𝜃 − 𝜃0)2

𝑎𝑛𝑔𝑙𝑒𝑠 + ∑ 𝑘𝑡[1 + cos(𝑛𝜑 − 𝜑0)]𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠  (3) 162 

The nonbonding terms include the van der Waals term and the electrostatic term, are 163 

described as follows: 164 

𝐸𝑖𝑗 = 4𝜀𝑋𝑌[(
𝜎𝑋𝑌

𝑟𝑖𝑗
)

12

− (
𝜎𝑋𝑌

𝑟𝑖𝑗
)

6

] + 𝑘𝑒
𝑞𝑋𝑞𝑌

𝑟𝑖𝑗
   (4) 165 

    In this study, the periodic boundary condition keeps on in the 3D axes during the whole 166 

simulation. The particle-particle particle-mesh solver (pppm) solver is employed for the 167 

computation of the electrostatic interaction. The integrator of the Verlet method is used 168 

to compute the velocity and position of atoms by computing Newton’s equation of motion. 169 

2.3 GCMC Simulation 170 

The adsorption process of CH4/CO2 in the slit model is carried out by GCMC in the grand 171 

canonical ensemble (µVT). In this process, a binary cycle of GCMC and MC takes place in 172 

each run, gas molecules are inserted or deleted by GCMC run, transition and rotation are 173 

carried out by MC run. These procedures are utilized to obtain the gas equilibrium state 174 
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under a specific temperature and chemical potential in an external environment. In this 175 

study, the fugacity coefficient is used instead of the chemical potential to gain the 176 

insertion, which is owing to the chemical potential is a function of fugacity. The 177 

relationship between chemical potential and fugacity follows the equation (5), the 178 

relationship between fugacity and fugacity coefficient follows the equation (6), where µ 179 

is the chemical potential, µ’(g) is the standard chemical potential, R is the gas constant, T 180 

is the specific temperature, f is the fugacity,  P is the standard pressure, φ is the fugacity 181 

coefficient, 182 

µ = µ′(𝑔)𝑅𝑇𝑙𝑛
𝑓

𝑃
 (5) 183 

f = φ×P (6) 184 

    The figures for fugacity coefficient of pure CH4, and the binary mixture of CH4 and CO2 185 

are shown in Fig. S1 in the Supporting Information. 186 

    In this study, the fugacity coefficient φ is defined by the software of ThermoSolver.59 187 

Moreover, the validation of the fugacity coefficient has been undertaken according to the 188 

MATLAB code based on the Peng-Robinson and Van der Waals EOS by Murdeshwar and 189 

Chakraborty, furthermore it matches the simulation results determined by Made-A 190 

software in Ho’s study.60-64 The details are further introduced in Section S1.2. 191 

    During the simulation, the probability of insertion/deletion and transition is set at 0.25 192 

every 1000 steps. The gas adsorption process is set at 5 million moves, the previous 4 193 

million moves are used to obtain the equilibrium state, and the last 1 million moves are 194 

employed for data collection. The density profile of the mentioned models of CH4, CO2, 195 

C2H6 and H2O are computed by GCMC method at 318.15 K, which is displayed in Fig. 2, 196 

they all exhibit a small deviation compared to the National Institute of Standards and 197 
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Technology (NIST) database.65 Upon validation suggests that the adsorbate models and 198 

simulation methods employed are reliable and can be used for further simulation. 199 

3. Results and discussion 200 

3.1 Model Validation 201 

The model is 1.29 g/cm3, which falls in the density range of coalbed reservoirs (1.18-1.43 202 

g/cm3).30,46-48 To further validate the constructed adsorbent model, the adsorption 203 

isotherm of CH4 up to 30 MPa is conducted at 338 K. To compare with the laboratory 204 

outcomes, the absolute adsorption results are converted into excess amount based on 205 

Peng-Robinson EOS. 206 

Figure 3 shows the excess adsorption amount in this study which is converted from the 207 

absolute simulation result, as well as the experimental and simulation measurements 208 

from other work.1,66-68 The experimental results are based on activated carbon (pink 209 

circles) which is a proxy for a kerogen matrix showing the highest excess adsorption 210 

isotherm.66 The navy blue circles stand for zeolite, which is usually employed to represent 211 

coal samples, which has a similar value to our data below 2 MPa.67. The excess isotherm 212 

of Qinshui coal is in cyan circles, which has the same trend as our simulation results with 213 

pressure.50 The excess adsorption isotherm of the Argonne coal sample is in red circles, 214 

of which the deviation between this coal sample and our work is minor at high pressure.69 215 

Noticeably, the comparison suggests that the excess adsorption in this study is greater 216 

than the measurements for Argonne coal (R0 = 0.25) and Qinshui coal (R0 = 4.06), which 217 

is due to the effect of mineral-matter and inertinite contents in real coal samples.50,69 This 218 

comparison also implies that the excess adsorption data in this study is of the same order 219 

with actual measurement on different ranks of coal samples. However, a difference 220 

exhibits between the experimental results and our results, which could be due to several 221 
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factors. Generally, mineral-matter and inertinite contents would influence the coalbed 222 

matrix structure, the slit size distribution, and the pore connection of the coalbed matrix. 223 

Additionally, an insignificant deviation between the simulation outcome by Jin and our 224 

data shows up, which ensures the rationality of our model.68 Consequently, this 225 

adsorbent model can be utilized to represent actual coal to probe gas adsorption behavior.  226 

  227 

Figure 3. Comparisons of CH4 excess adsorption isotherms between other work and this study. 228 

3.2 Adsorption isotherm on Dry sample 229 

3.2.1 Absolute adsorption isotherm 230 

Adsorption isotherm is a criterion used to determine the gas adsorption capacity. The 231 

absolute adsorption amount of pure CH4/CO2 are parametrized by type I Langmuir model 232 

(Equation 7),70 which is widely acknowledged and used in the petroleum industry, as 233 

shown below: 234 

𝑛𝑎𝑏𝑠 = 𝑛𝑚𝑎𝑥(𝑇)
𝑏(𝑇)∗𝑝

1+𝑏(𝑇)∗𝑝
   (7) 235 

where nabs is the absolute adsorption amount (mmol/g), nαmax is the maximum Langmuir 236 

adsorption amount (mmol/g), p is the pressure (MPa), and b is the Langmuir coefficient 237 

(MPa-1) which also known as rate of adsorption. 238 
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  239 

Figure 4. (a) Adsorption isotherms and Langmuir fitting for pure components of CH4, and (b) CO2 vs 240 

reduction rate.  241 

Figure 4 depicts the adsorption isotherms and Langmuir fitting for pure CH4 and CO2 at 242 

308, 338, and 368 K on the dry adsorbent up to 30 MPa. Figure 4 shows that the 243 

adsorption isotherm decreases with the increasing temperature for both candidates. 244 

Generally, the adsorption amount is based on two factors, one is the residence time on 245 

the adsorbent surface, the other is the interaction strength between the adsorbent and 246 

adsorbate. This decreasing trend in adsorption isotherm with temperature is first, the 247 

high temperature accelerates the intermolecular collisions between gas molecules and 248 

adsorbent surface, thereby reduces the residence time. Secondly, high temperature 249 

provides gas molecules more energy to conquer the energy barrier and detach from the 250 

adsorbent surface. On the other hand, the adsorption isotherm increases with the 251 

increasing pressure, it is attributed to high pressure provides an external force from all 252 

directions and promotes the stronger interaction between gas molecules and the 253 

adsorbent. Moreover, high pressure restrains gas molecules diffusion and further 254 

facilitates the resident time of gas molecules to adsorb onto the adsorbent surface. 255 

Table 2. Parameters for CH4 and CO2 Langmuir fitting at 308, 338 and 368K. 256 

 nαmax 
(mmol/g) 

b R2  nαmax 
(mmol/g) 

b R2 

CH4 (308 K) 6.626 0.06981 0.9765 CO2 (308 K) 8.426 0.1499 0.9971 
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CH4 (338 K) 6.254 0.05876 0.9806 CO2 (338 K) 8.022 0.08647 0.9967 
CH4 (368 K) 5.801 0.04042 0.9891 CO2 (368 K) 7.434 0.06488 0.9935 

The single-component of CH4 and CO2 shows a small Absolute Average Deviation (AAD) 257 

with the Langmuir fitting at 308, 338, and 368 K. As seen in Table 2, the R2 value of 0.9765 258 

to 0.9891 for CH4 and 0.9935 to 0.9971 for CO2, which indicates the Langmuir adsorption 259 

model has a good performance in predicting gas adsorption isotherms. 260 

Based on Table 2, for both candidates, the maximum Langmuir adsorption amount 261 

nαmax and the Langmuir coefficient b (adsorption rate) decrease with the increasing 262 

temperature, which observation agrees to the adsorption behavior obtained in Fig.4. 263 

Besides, according to Table 2, CO2 has a larger adsorption rate b over CH4 under the same 264 

condition. In another word, CO2 as a pure component would capture the adsorption sites 265 

faster than that of CH4, suggesting CO2 has a higher affinity and stronger interaction with 266 

adsorbent than CH4. With the increasing temperature, the reduction rate in adsorption 267 

capacity for pure CH4 and CO2 are nearly identical as shown in Fig. 4. However, CH4 enjoys 268 

a slightly higher reduction rate over CO2, implying CH4 is more sensitive to temperature 269 

over CO2.  270 

Figure 4 exhibits that CO2 has a faster increasing rate compared to CH4 at low pressure, 271 

CO2 reaches 7.4 mmol/g at 4 MPa 308 K, which is almost 90% of the absolute adsorption 272 

amount of 8.3 mmol/g at 30 MPa, which illustrates that pressure above 4 MPa plays a 273 

minor role in the adsorption process for CO2. At low pressure, CO2 occupies the majority 274 

of adsorption sites almost saturated, which is due to the high affinity with adsorbent and 275 

its linear-shape structure with a small aerodynamic diameter (0.33 nm). At high pressure, 276 

the external force enhances the interaction between CO2 and the adsorbent surface, 277 

causing a minor increase in adsorption. While CH4 has a different adsorption property 278 
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owing to its tetrahedral structure with a large aerodynamic diameter (0.38 nm), a slow 279 

increase rate presence at low pressure due to its less affinity with adsorbent. 280 

3.2.2 Excess adsorption analysis 281 

The excess adsorption amount depicts the density difference between the adsorption 282 

phase and the bulk phase, displaying the additional adsorbed gas molecules over the bulk 283 

phase.11 The excess amount adsorbed is the absolute amount adsorbed minus the amount 284 

that would occupy the pore volume if the fluid was at its bulk density in the micropores. 285 

The excess amount can be defined as follows: 286 

nex = nabs−ρbulkVpore  (9) 287 

  288 

Figure 5. Absolute and excess adsorption isotherms of (a) CH4, and (b) CO2 below 30 MPa at 308, 338, and 289 

368 K. 290 

Figure 5 displays the absolute and excess adsorption isotherms of CH4 and CO2 on dry 291 

adsorbent at 308, 338, and 368 K. As seen in Fig. 5(a), CH4 excess adsorption amount 292 

increases with decreasing temperature below 6 MPa, while it increases with the 293 

increasing temperature above 27 MPa. Moreover, the maximum CH4 excess amount is 294 

obtained around 6 MPa nearly at the same pressure at three temperatures. At 308 K, we 295 

observe that the pressure for CH4 maximum excess adsorption amount is consistent with 296 
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the experimental measurements of coal samples from Raniganj coalfield (5.84 MPa, R0 is 297 

0.96), South Karanpura coalfield (5.71 MPa, R0 1.94), and Permian coalfield (5.79 MPa,  298 

R0 1.05).71,72 Furthermore, the maximum CO2 excess adsorption amount obtained at 4 299 

MPa and 308 K agrees with the measurement of Permian coalfield (3.56 MPa, R0 0.88). 300 

Besides, the maximum CO2 adsorption amount is achieved at 6 MPa 338 K, which is 301 

consistent with the experimental data of low-volatile bituminous coal from the USA (6.2 302 

MPa, R0 1.51), and medium-volatile bituminous coals from the USA, Poland, and Australia 303 

(6.0 MPa, R0 0.25-1.68) by Day.71,73 Especially, CO2 excess adsorption amount at 338 K is 304 

1.3 times as large as the coal of Rio Formation, which is due to the presence of ash and 305 

moisture, which suggests the rationality of the simulation data obtained in this study.71 306 

Figure 5(b) shows that high temperature shrinks the CO2 excess isotherms and leads to a 307 

late peak at high pressure. It is because of the opposing adsorption effects induced by 308 

increased temperature and pressure, which diminish each other to some extent. Pressure 309 

variation induces both changes in absolute adsorption and mechanical compression in 310 

the bulk phase. As seen in Fig. 5(b), the maximum excess adsorption of CO2 is obtained at 311 

4 MPa at 308 K, which indicates that pressure promotes the excess adsorption amount 312 

increases at a significant rate below 4 MPa, thereby the enhanced absolute adsorption 313 

induced by pressure is the primary process below 4 MPa. The mechanical compression 314 

effect domains between 4 and 20 MPa, which results in an overall reduction in excess 315 

adsorption, drops from 6.5 mmol/g at 4 MPa to 2.0 mmol/g at 20 MPa. Above 20 MPa, a 316 

balance between enhanced absolute adsorption and mechanical compression is achieved 317 

and the excess adsorption amount becomes stable which stays approximately 2 mmol/g. 318 

Thereby, above 20 MPa, the pressure effect becomes minor in CO2 excess adsorption 319 

amount, whereas, temperature becomes significant. 320 
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From this viewpoint, low temperature and pressure preserve more adsorbed CH4, 321 

meanwhile storage and sequestration of high excess adsorption amount of CO2, thereby 322 

the more beneficial CO2-EGR projects. Generally, temperature and pressure are 323 

associated with geological depth, implying that the recovery of shallow CH4 deposits 324 

would be more advantageous. 325 

3.3 Effect of preabsorbed moisture 326 

In order to investigate the moisture effect on the gas adsorption process, H2O molecules 327 

are introduced based on the moisture content, and the moisture content is quantified 328 

according to the following equation, 329 

𝜛 =
𝑁𝐻2𝑂∗𝑀𝐻2𝑂

𝑁𝐻2𝑂∗𝑀𝐻2𝑂+𝑀𝑠𝑘𝑒𝑙𝑒𝑡𝑜𝑛
  (8) 330 

where NH2O is the number of water molecules, MH2O is the water molar weight (g/mol), 331 

Mskeleton is the graphene molar weight (g/mol), and 𝜛 is the moisture content (wt%).  332 

According to Equation (8), moisture content varies incrementally from 1 to 5 wt% by 333 

preloaded 23 (0.59 mmol/g), 45 (1.15 mmol/g), 67 (1.71mmol/g), 93 (2.37 mmol/g) and 334 

118 (3.01 mmol/g) H2O molecules. For better understanding, Figure 6 shows the 335 

molecular distribution of CH4 adsorption under 1-5 wt% moisture contents at 10 and 20 336 

MPa.  337 

 338 
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Figure 6. Molecular distribution of CH4 adsorption with 1-5 wt% moisture content, red for O atom from 339 

H2O, white for H atom from H2O, and grey for C atom from graphene surface,  blueberry for C atom from 340 

CH4 and Orchid for H atom from CH4, (a) - (e) 1-5wt% moisture content at 10 MPa; (f) - (j) 1-5wt% 341 

moisture content at 20 MPa. 342 

The adsorption isotherms of pure CH4 with 0-5 wt% moisture content are depicted in 343 

Fig. 7. CH4 adsorption capacity decreases with the increasing moisture content, the 344 

reduction in CH4 adsorption capacity is 5.8% at 1wt%, and 17.1% at 5 wt% moisture 345 

content, indicating a negative impact of H2O molecules on the gas adsorption process. 346 

Additionally, Table 3 presents the detailed information for type I Langmuir fitting for CH4 347 

adsorption isotherms with 0-5 wt% moisture content. The maximum Langmuir 348 

adsorption amount nαmax and the adsorption rate b both decrease with the moisture 349 

content, suggesting moisture hinders the CH4 adsorption onto the adsorbent surface, 350 

additionally decreases the CH4 adsorption rate. This behavior is attributed to H2O 351 

molecules superior occupy the adsorption sites and space due to the stronger interaction 352 

and advanced affinity with adsorbent over CH4, which leaves an unfavorable state for CH4 353 

to adsorb onto. 354 
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Figure 7. CH4 Adsorption isotherms vary from 0 to 5 wt% moisture content vs decrease rate with 356 

Moisture content at 338 K. 357 

Table 3. Langmuir fitting Parameters for CH4 adsorption isotherms at 338K with 0-5wt% moisture 358 

content. 359 

 nαmax (mmol/g) b R2 
0 wt% H2O 6.254 0.05876 0.9806 
1 wt% H2O 5.862 0.05781 0.9826 
2 wt% H2O 5.583 0.05619 0.9843 
3 wt% H2O 5.385 0.05537 0.9843 
4 wt% H2O 5.253 0.05304 0.9863 
5 wt% H2O 5.108 0.05122 0.987 

Based on Fig.6, H2O molecules are dispersed over the adsorbent surface below 2 wt% 360 

moisture content, occupying the adsorption sites and slit pore volume. Upon 2 wt% 361 

moisture content, the large number of H2O molecules aggregate into water clusters owing 362 

to the strong adhesion force and hydrogen bond, which forms exposed secondary 363 

adsorption sites for CH4 molecules to adsorb onto, resulting in an eased reduction rate. 364 

As shown in Fig.7, the reduction rate is steep below 2 wt% moisture content, while it 365 

drops gradually above 2 wt% moisture content, which agrees with the observation in 366 

Fig.6. Furthermore, water clusters are more tensed at high pressure compared to low 367 

pressure in Fig.6, which provides CH4 more sites and space to reside, and further 368 

encourages the reduction rate in adsorption isotherms at high pressure. 369 

3.4 Effect of Salinity 370 

This study investigates the salinity effect of underground water because many 371 

unconventional reservoirs are affected by water encroachment. In this section, saline 372 

concentration ranges from 0-6 mol/L at 5 wt% moisture content is employed at 338 K to 373 

probe the salinity effect.  374 
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 375 

Figure 8. CH4 adsorption isotherms vary from 0 to 6 mol/L NaCl concentration vs decrease rate at 338 K. 376 

Table 4. Parameters for CH4 Langmuir fitting at 338K from 0 to 6 mol/L NaCl at 5wt% moisture content. 377 

 nαmax (mmol/g) b R2 
0mol/L NaCl 5.108 0.05122 0.987 
3mol/L NaCl 4.868 0.05041 0.9902 
4mol/L NaCl 4.836 0.05002 0.9891 
5mol/L NaCl 4.828 0.04596 0.9874 
6mol/L NaCl 4.76 0.04363 0.988 

Figure 8 shows the adsorption isotherms of CH4 decreases with the increasing 0 to 6 378 

mol/L concentration of NaCl at 338 K. It agrees on the observation from the experiments 379 

by Graziano et. al,74,75 also in line with the simulation observation by Zhou.1 A steady 380 

decease rate in CH4 adsorption capacity shows up to 5 mol/L NaCl, followed by a slow 381 

reduction at 6 mol/L NaCl. This trend is because the low concentration impedes solubility 382 

more noticeable as the initial decrease in CH4 solvent number is principle, which 383 

approaches the reduction threshold and eventually a slow reduction at high 384 

concentration. From Table.4, the maximum Langmuir adsorption amount nαmax and the 385 

rate of adsorption b, decrease with the increasing NaCl concentration, implying salinity 386 

obstructs the CH4 adsorption capacity. Thus, salinity concentration should be examined 387 
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carefully before gas estimation and extraction owing to the general performance of 388 

subsurface water encroachment.  389 

3.5 Effect of Ethane 390 

C2H6 is a vital influencing factor in the CH4 adsorption process as it is usually the second-391 

largest deposit in coalbed reservoirs. In this study, 0-5 wt% preloaded C2H6 molecules 392 

are employed for simulation. The number of C2H6 molecules is determined according to 393 

Equation (8), which ranges from 13 (0.33 mmol/g) at 1wt% to 67 (1.71 mmol/g) at 5 394 

wt%.  395 

    Figure 9 exhibits the molecular distribution of CH4 under 1-5 wt% C2H6 content at 10 396 

and 20 MPa, according to the figures, the majority of C2H6 molecules are attached to the 397 

adsorbent surface, suggesting the more intense interaction and higher affinity between 398 

C2H6 and adsorbent than that of CH4. Moreover, the preloaded 1-5 wt% C2H6 molecules 399 

remain distributed scattered at low and high pressure. This distribution pattern differs 400 

from the one with H2O molecules, which is due to the weak adhesion force and hydrogen 401 

bond of C2H6. 402 

 403 

Figure 9. Molecular distribution after CH4 adsorption processes with 1-5 wt% C2H6 content, grey for C 404 

atom from graphene surface,  blueberry for C atom from CH4 and Orchid for H atom from CH4, (a) - (e) 1-405 

5wt% C2H6 content at 10 MPa; (f) - (j) 1-5wt% C2H6 content at 20 MPa. 406 
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 407 

Figure 10. CH4 adsorption isotherms vary from 0 to 5 wt% C2H6 content vs decrease rate at 338 K. 408 

Table 5. Parameters for CH4 Langmuir fitting at 338K from 0 to 5 wt% C2H6 content at 338 K. 409 

 nαmax (mmol/g) b R2 
0 wt% C2H6 6.254 0.05876 0.9806 
1 wt% C2H6 5.937 0.04878 0.9739 
2 wt% C2H6 5.547 0.04624 0.9772 
3 wt% C2H6 5.119 0.04019 0.977 
4 wt% C2H6 4.608 0.0404 0.98 
5 wt% C2H6 4.238 0.03792 0.9799 

Figure 10 displays the adsorption isotherms of CH4 drops almost linearly with C2H6 410 

content, a negative impact of C2H6 on CH4 adsorption capacity exhibits. As seen in Table 411 

5, the maximum Langmuir adsorption amount nαmax and the rate of adsorption b reduce 412 

with C2H6 content, which implies the negative influence of C2H6 on adsorption capacity 413 

and adsorption rate. Specifically, the reduction rate is 5.7% at 1wt% C2H6 content which 414 

is similar to that of 1 wt% moisture content (5.8%). However, the reduction rate comes 415 

to 36.6% at 5 wt% C2H6 content compares to 17.1% at 5 wt% moisture content. Three 416 

reasons lead to this scenario, firstly, as mentioned before, C2H6 has less adhesion force 417 

than H2O molecules, at high moisture content, H2O molecules would aggregate into water 418 

clusters and forming secondary exposed adsorption sites as well as space for CH4 to 419 

adsorb onto, compared to C2H6 molecules dispersed individually over the adsorbent 420 
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surface. Secondly, C2H6 has a larger aerodynamic diameter (0.44 nm) compared to that of 421 

H2O (0.27 nm), this nature makes C2H6 holds more adsorption space than H2O.76 Thirdly, 422 

the solubility of CH4 is low in pure water, while CH4 is insoluble in C2H6, whose insolubility 423 

property makes the reduction rate more obvious with the presence of C2H6 molecules. 424 

These coupled three factors lead to a remarkable difference in CH4 adsorption capacity 425 

with the presence of these two types of molecules. Thereby, C2H6 content should be 426 

probed owing to its obvious impact on CH4 adsorption characteristics and pattern, which 427 

further affects the CH4 reserve in place. 428 

3.6 Selectivity of preferential adsorption  429 

The adsorption selectivity is an indicator representing the preferential effect of one 430 

adsorbate of the binary mixture on the adsorption behavior of the adsorbent. It is defined 431 

as follows, 432 

𝑆𝐶𝑂2/𝐶𝐻4
=

x𝐶𝑂2/x𝐶𝐻4

y𝐶𝑂2/y𝐶𝐻4

  (9) 433 

where xCO2 and xCH4 are the mole fractions of CO2 and CH4 in the adsorbed phase, yCO2 and 434 

yCH4 are the mole fractions of CO2 and CH4 in the bulk phase. If SCO2/CH4 is larger than 1, it 435 

suggests that CO2 is preferentially adsorbed on the adsorbent over CH4, otherwise, CH4 is 436 

preferentially adsorbed. 437 

    The following preferential adsorption selectivity SCO2/CH4 are all determined according 438 

to the equimolar mixture of CH4 and CO2. Section 3.6.1 is based on the binary mixture of 439 

CH4 and CO2 on the dry adsorbent. Sections 3.6.2-3.6.4 are based on the binary mixture 440 

of CH4 and CO2 with the presence of moisture, NaCl, and C2H6. 441 
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3.6.1 Temperature and Pressure effect on Preferential Selectivity 442 

Figure. 11 shows the preferential adsorption selectivity SCO2/CH4 of the binary mixture of 443 

CH4 and CO2 on the dry adsorbent. The values of SCO2/CH4 are all above one, implying the 444 

higher affinity and more intense interaction between CO2 and adsorbent than CH4 under 445 

the simulation condition. Additionally, as shown in Fig.11 (b), the error bar is 446 

insignificant between the Bulianta coal (R0 0.47) and the simulation data in this study at 447 

308 K up to 7 MPa.50 Moreover, SCO2/CH4 in this study matches well to set samples of 448 

bituminous coals (R0 0.61-1.94) from Indian at 308 K by Bhowmik, and the error bars are 449 

displayed in Fig. 11 (c).77 And a comparison between a high volatile bituminous coal (R0 450 

0.49) and this study in Fig. 11 (d) suggests an insignificant error between this study and 451 

the realistic coal sample.72 Figure (b) - (d) imply that the preferential selectivity SCO2/CH4 452 

in this study are of the same order of magnitude with actual measurements on Chinses, 453 

Indiana, and Indian coals of various R0. Thus, the preferential selectivity computed for 454 

coalbed reservoirs can support approximate values for competitive gas adsorption and 455 

gas displacement processes in coalbed reservoirs. 456 

Preferential selectivity SCO2/CH4 increases with the temperature is consistent with the 457 

observations in Zhang’s experimental measurements between 323 K and 338 K.50 It is 458 

because CH4 is more sensitive to temperature than CO2. In addition, CH4 enjoys a small 459 

base in the binary mixture, whose slight decrease would lead to a noticeable increase in 460 

SCO2/CH4. Thus, high temperature encourages the preferential adsorption selectivity 461 

SCO2/CH4 and promotes displacement efficiency.  462 

Moreover, SCO2/CH4 exhibits a decreasing trend with the increasing pressure. It is 463 

because, at low pressure, CO2 molecules seize the adsorption sites and almost get 464 

saturated and leaves CH4 an unfavorable adsorption status. At high pressure, CO2 465 
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adsorption amount increases at a low rate due to its near saturation state, however, 466 

they’re still available adsorption sites left behind, meanwhile, CH4 starts to adsorb onto 467 

these absence sites, which leads to adsorption amount increases at a relatively high speed. 468 

These coupled two factors make the preferential selectivity SCO2/CH4 decreases with the 469 

pressure. 470 

   471 

   472 

Figure 11. (a) Preferential selectivity SCO2/CH4 in equimolar mixture of CH4 and CO2 at 308, 338, and 368K, 473 

(b) Comparisons between Bulianta coal from China and this study below 7 MPa at 308 K, (c) Comparisons 474 

between 5 Indian coals and this study at 1 MPa & 308 K, (d) Comparisons between bituminous coal from 475 

Indiana and this study up to 4 MPa at 338 K. 476 

3.6.2 Moisture effect on Preferential Selectivity 477 

Figure 12 displays the molecular distribution of an equimolar mixture of CH4 and CO2 478 

with 1-5 wt% moisture content at 10 and 20 MPa. Figure 13 shows the moisture effect on 479 
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preferential selectivity SCO2/CH4, which are all above one, suggesting the higher adsorption 480 

property of CO2 on adsorbent than CH4 with the present water molecules. In addition, 481 

based on Fig.13, preferential selectivity SCO2/CH4 keeps increasing with the moisture 482 

content, showing that moisture can promote the preferential selectivity SCO2/CH4 and 483 

enhance the displacement efficiency, which agrees with the observation by the simulation 484 

results from Pierre and others.27,28,31 It additionally is consistent with the experimental 485 

observation of bituminous coal samples by Mastalerz from the Brazil formation, 486 

Petersburg Formation, and Petersburg Formation in Indiana.77 487 

The preferential selectivity SCO2/CH4 increases with increasing moisture content are 488 

attributed to three reasons. Firstly, at the same pressure, the solubility of CO2 in pure 489 

water is larger than that of CH4, high moisture content improves CO2 molecules dissolved. 490 

Secondly, the interaction between CO2 and H2O is stronger than CH4, thereby the moisture 491 

effect on CO2 in the binary mixture becomes less significant. Thirdly, as mentioned before, 492 

the distribution of H2O molecules operates, at low moisture content, H2O molecules hold 493 

adsorption sites and space, leaving an unfavorable adsorption environment for both CO2 494 

and CH4, but CO2 is less sensitive with the presence of H2O; at high moisture content, H2O 495 

molecules aggregate into water clusters forming secondary adsorption sites and space, 496 

CO2 would capture available adsorption sites superior than CH4, making CH4 a 497 

disadvantaged status. These coupled three factors make the preferential selectivity 498 

SCO2/CH4 grow with increasing moisture content. 499 

Below 10 MPa, the preferential selectivity SCO2/CH4 increases slowly with the increasing 500 

moisture content, and a noticeable increase in SCO2/CH4 presences above 10 MPa. It might 501 

because of the increased solubility of CO2 at high pressure compared to the steady 502 

solubility of CH4 with the increasing pressure. Additionally, as shown in Fig.7, compared 503 



26 
 

to 10MPa, the H2O cluster is more tensed at 20 MPa leaving more adsorption space for 504 

gas molecules at high pressure as mentioned before, which advances CO2 adsorption. 505 

 506 

Figure 12. Molecular distribution of  equimolar mixture of CH4 and CO2 with presence of 1-5 wt% 507 

moisture content, grey for C atom from graphene surface,  blueberry for C atom from CH4 and Orchid for 508 

H atom from CH4, (a) - (e) 1-5wt% H2O content at 10 MPa; (f) - (j) 1-5wt% H2O content at 20 MPa. 509 

 510 

Figure 13. Preferential selectivity SCO2/CH4 in equimolar mixture of CH4 and CO2 varies from 0 to 5 wt% 511 

moisture content at 338 K. 512 

3.6.3 Salinity effect on Preferential Selectivity 513 

As mentioned in Section 3.4, the adsorption capacity of CH4 decreases with the increasing 514 

NaCl concentration. Thereby, to examine preferential selectivity SCO2/CH4 is necessary due 515 

to the inverse adsorption characteristics between CH4 and CO2 with the presence of 516 

salinity.35,36  517 
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    Figure14 exhibits the preferential selectivity SCO2/CH4 increases with the growing 518 

salinity. At low pressure, the difference in SCO2/CH4 among various concertation is minor, 519 

with the increasing pressure, the difference becomes obvious, it is because high pressure 520 

promotes the solubility of CO2 in saline, which further encourages the overall adsorption 521 

capacity of CO2, leading to a larger gap in preferential selectivity SCO2/CH4 with the 522 

increasing salinity concentration. Thereby, before CO2-EGR projects, the concentration of 523 

the encroachment underground water should be taken into consideration to get a more 524 

profitable CO2-EGR production.  525 

 526 

Figure 14. Preferential Selectivity SCO2/CH4 in equimolar mixture of CH4 and CO2 varies from 0 to 6 mol/L 527 

NaCl within 5 wt% moisture content at 338 K. 528 

3.6.4 Ethane effect on Preferential Selectivity 529 

Figure 15 shows that the preferential selectivity SCO2/CH4 at 338 K with 0-5 wt% C2H6 530 

content, all the values are above unity, indicating that CO2 remains a higher adsorption 531 

capacity over CH4 with the presence of C2H6. Moreover, preferential selectivity SCO2/CH4 532 

keeps increasing with increasing C2H6 content. It is because two processes undergo 533 

jointly, partial CO2 molecules seize the adsorption sites, and others attempt to displace 534 

the attached C2H6 molecules due to the higher potential between CO2 and adsorbent. 535 
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Thereby, CO2 molecules increase with the increasing preloaded C2H6 content, leading to 536 

a growing trend in preferential selectivity SCO2/CH4 with the C2H6 content. Thereby, the 537 

presence of preloaded C2H6 molecules is beneficial for CO2-EGR projects. 538 

  539 

Figure 15. Preferential selectivity of SCO2/CH4 in equimolar mixture of CH4 and CO2 with 0-5 wt% C2H6 540 

content at 338 K. 541 

4. Conclusion and Future work 542 

In this study, an unconventional system with 15 Å slit at the different moisture content 543 

(0-5 wt%), salinity concentration (0-6 mol/L), and various C2H6 content (0-5 wt%) is 544 

established by a hybrid of MD and GCMC simulation processes. Adsorption behaviors of 545 

CH4 in both dry and moisture-equilibrium-state systems are investigated under general 546 

reservoir temperature and cover a wide range of pressure up to 30 MPa. According to the 547 

simulation results in this study, we could conclude as follows. 548 

(a) Excess CH4 adsorption decreases with temperature below 6 MPa, while the excess 549 

adsorption amount increases with the temperature above 27 MPa, which is owing to the 550 

domain effect of mechanical compression in the bulk phase over the pressure-induced 551 

enhanced absolute adsorption amount.  552 
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(b) Moisture content has a negative effect on CH4 adsorption capacity, the reduction 553 

amount reaches up to 17.1% at 5 wt% moisture content. Especially, below 2 wt% 554 

moisture content, the reduction rate is more noticeable due to the dispersed distribution 555 

of H2O molecules, upon 2 wt% moisture content, H2O molecules aggregate into water 556 

clusters forming secondary adsorption sites and space for gas molecules to attach onto, 557 

which eases the reduction rate. 558 

(c) Concentration of NaCl from 0 to 6 mol/L shows a hinder influence on CH4 adsorption 559 

capacity, it can be explained by the fact that NaCl reduces the solubility of CH4 in saline, 560 

this characteristic further decreases the CH4 adsorption capacity. The reduction amount 561 

is more obvious at high salinity concentration, which reaches up to 6.1% at 6 mol/L NaCl 562 

concentration. This influence should be taken into consideration as the subsurface 563 

encroached water generally contains these ions. 564 

(d) C2H6 exhibits a more negative impact than that of moisture on CH4 adsorption 565 

capacity. It is owing to the weak adhesion force and hydrogen bond of C2H6. Additionally, 566 

because of the large aerodynamic diameter and dumbbell-type structure of C2H6, the 567 

reduction rate in CH4 adsorption capacity almost linear with the increasing C2H6 content. 568 

(e) Temperature had a positive influence on preferential selectivity SCO2/CH4, it is 569 

because that CH4 is more sensitive to temperature compared to CO2, which encourages 570 

the displacement process. Furthermore, preferential selectivity SCO2/CH4 decreases with 571 

the pressure, it is because CO2 almost gets saturated at low-pressure, at high pressure, 572 

the interaction between CH4 molecules and the adsorbent surface becomes more intense, 573 

and more CH4 molecules are attached to the adsorption sites, leading to a decreasing 574 

trend in SCO2/CH4. 575 

(f) Moisture content shows an increase in preferential selectivity SCO2/CH4. It is 576 

attributed to H2O molecules occupy the adsorption sites firstly due to the superior 577 
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adsorption nature. Once the moisture content reaches 2 wt%, H2O molecules aggregate 578 

and form water clusters, exposing more adsorption sites to CH4 and CO2. As CO2 has a 579 

greater affinity for coal, it captures available sites superior to CH4, resulting in an increase 580 

in SCO2/CH4. Although SCO2/CH4 increases, the accumulation of H2O molecules would block 581 

the pore space and volume, which is not beneficial for CO2-EGR projects.  582 

(g) Salinity shows a positive effect on preferential selectivity SCO2/CH4, which is because 583 

the solubility of CH4 shows a decreasing trend in saline, while an inverse property of CO2 584 

which shows an increased solubility with the increasing salinity in the water, thus a 585 

growing trend in SCO2/CH4. 586 

(h) C2H6 favors the preferential selectivity SCO2/CH4, which is advantageous for the CH4 587 

displacement process by CO2.  588 

This basic adsorbent model allows us to study the competitive adsorption and 589 

competitive adsorption mechanisms between CH4 and CO2 in coalbed reservoirs, 590 

additionally probes the influence of pressure, temperature, moisture, salinity, and ethane 591 

content on the adsorption and competitive processes. The data generated in this study 592 

can help build an evaluation model for CO2-ECBM projects.  593 
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