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Abstract. Considering the low cost and no corrosion of N2 and the inevitability 

of H2S generation, CO2/N2 or CO2/H2S injection is seen as a promising approach 

for enhanced oil recovery. The miscible behaviors of gas mixture and crude oil 

are studied by molecular dynamic simulations. The results indicate that H2S 

shows better miscibility with C7H16 than CO2 and N2, which is a method for ra-

tional utilization of H2S produced in the reservoirs. In addition, there exists an 

optimal proportion of gas mixture for high miscibility. Specially, the gas mixture 

consisting of 50% H2S and 50% CO2 has great miscibility with polar crude oil. 

These findings show that CO2/N2 injection could be applied for the reservoirs 

with high apolar crude oil while CO2/H2S could be appropriate for the reservoirs 

with both polar and apolar crude oil. These findings could provide guidance for 

enhanced oil recovery in the development of deep and ultra-deep reservoirs and 

gas sequestration. 
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1 Introduction 

CO2 flooding could significantly increase oil recovery in the carbonate reservoirs[1], 

but there are some drawbacks, such as carbonate precipitation, wellbore and ground oil 

pipeline corrosion and CO2 shortage. Combining the advantages of two gases, CO2/N2 

and CO2/H2S mixtures have been applied in some reservoirs to improve oil recovery. 

N2, a kind of sufficient source, has higher compression coefficient and expansion coef-

ficient than CO2. In addition, N2 has the characteristics of no corrosion and maintenance 

of formation energy[2]. Considering the high minimum miscibility pressure (MMP) of 

N2 and crude oil, the solubility of N2 in crude oil is low. CO2/N2 mixture could better 

dissolve in crude oil than N2. 

Recently, CO2/H2S injection has also attracted attention. H2S produced in the reser-

voirs is inevitable[3]. The injection of acid gases (CO2 + H2S) into the reservoir could 

reduce atmospheric emissions. Additionally, H2S has been demonstrated to enhance oil  
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recovery in muscovite and MgO nanopores[4]. However, there are few studies about 

CO2/H2S injection for EOR in calcite nanoslits. 

This work intends to explore the best proportion of CO2/N2 and CO2/H2S for EOR, 

which is finished by Molecular dynamics (MD) method. Because it is difficult and 

costly to carry out experiments at the molecular scale under high temperatures and pres-

sures. MD simulation is an effective method for investigating fluid flow in nanoslits[5]. 

The miscible mechanism and behavior of different gas and crude oil in calcite na-

nopores are investigated at 90 MPa and 453 K. Firstly, the miscible mechanisms be-

tween C7H16 and pure gas (CO2, N2 and H2S) are explored. Then, the influence of 

N2/H2S proportion on the miscibility between gas and crude oil is investigated. Finally, 

the impact of crude oil polarity on the miscibility of gas mixture and crude oil is dis-

cussed. 

2 Models and methods 

In this paper, all MD simulations were conducted in Materials Studio software. The 

simulation process was performed under NVT (constant volume and temperature) en-

semble. The MD simulation time was 4 ns with a fixed time step of 1fs. 

The MD system with a pore width of 7 nm is illustrated in Fig. 1. The proportion of 

N2 and H2S in the mixture was 0%, 30%, 50%, 70% and 100%, respectively. The calcite 

surface was cleaved along the (104) crystal plane with sizes of 140 × 30 × 15 Å3. The 

part of calcite surface and He nanosheets were fixed. 

 

Fig. 1. The molecule models and miscible system. 

3 Results and discussions 

3.1 The miscibility of crude oil and pure gas 

Fig. 2 presents the equilibrium configurations of crude oil and pure gas. CO2 and H2S 

adsorb on the rock surface and C7H16 could dissolve into the bulk phase while C7H16 

adsorb on the calcite surface for N2/C7H16 system. Additionally, C7H16 molecules tend 
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to gather for N2/C7H16. To describe the miscible ability, the miscibility (M) of gas and 

crude oil is calculated by equation (1). 

 𝑀 =
𝑁1

𝑁2
 (1) 

where N1 represents the number of oil molecules unabsorbed on the rock, N2 repre-

sents the number of oil molecules dissolved in the initial range of gas phase. Fig. 3a 

illustrates that the M values of C7H16 in different gas phases follow the order of H2S 

flooding (0.480) > CO2 flooding (0.422) > N2 flooding (0.384). It could be concluded 

that H2S shows better miscibility with C7H16.  

 

Fig. 2. The equilibrium configurations of C7H16 and pure gas. (Yellow: CO2; Bule: N2; Green: 

H2S). 

To confirm the above analysis, the interaction energy between C7H16 and gas and 

the interaction energy between gas and rock are computed by equations (2) and (3), as 

presented in Fig. 3b, 

 𝐸𝐶7𝐻16/𝑔𝑎𝑠 =
𝐸𝐶7𝐻16+𝑔𝑎𝑠−(𝐸𝐶7𝐻16+𝐸𝑔𝑎𝑠)

𝑁𝐶7𝐻16
 (2) 

 𝐸𝑔𝑎𝑠/𝑟𝑜𝑐𝑘 =
𝐸𝑔𝑎𝑠+𝑟𝑜𝑐𝑘−(𝐸𝑔𝑎𝑠+𝐸𝑟𝑜𝑐𝑘)

𝑁𝑔𝑎𝑠
 (3) 

where 𝐸𝐶7𝐻16/𝑔𝑎𝑠 is the interaction energy between C7H16 and gas, 𝐸𝐶7𝐻16+𝑔𝑎𝑠 is the 

total energy of C7H16 and gas, 𝐸𝑔𝑎𝑠/𝑟𝑜𝑐𝑘 is the interaction energy between gas and rock, 

𝐸𝑔𝑎𝑠+𝑟𝑜𝑐𝑘 is the total energy of gas and rock, 𝐸𝐶7𝐻16, 𝐸𝑔𝑎𝑠 and 𝐸𝑟𝑜𝑐𝑘  are the energy of 

C7H16, gas and rock, respectively, 𝑁𝐶7𝐻16 and 𝑁𝑔𝑎𝑠 represent the number of C7H16 and 

gas molecules, respectively. Obviously, the order of 𝐸𝐶7𝐻16/𝑔𝑎𝑠 is H2S > CO2 > N2, 

which is consistent with that of M values, indicating that high miscibility between 

C7H16 and H2S could be caused by strong interaction energy. 𝐸𝑐𝑜2/𝑟𝑜𝑐𝑘 is significantly 

higher than 𝐸𝐻2𝑆/𝑟𝑜𝑐𝑘 , which demonstrates that the CO2 absorption concentration on 

calcite surface is larger than that of H2S, which could also well explain that 𝐸𝐶7𝐻16/𝐻2𝑆 

is stronger than 𝐸𝐶7𝐻16/𝑐𝑜2  (Fig.3c and 3d). Thus, it is possible to conclude that H2S 

injection is appropriate for reservoirs with high apolar crude oil. 
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Fig. 3. (a) The M values of gas and C7H16; (b) The interaction energy between gas and C7H16; 

(c) The interaction energy between gas and rock; (d) The relative concentration of gas along the 

Z direction. 

3.2 The miscibility between crude oil and gas mixture with different 

proportions of N2/H2S 

Based on the above simulations, it could be assumed that N2/H2S combined with CO2 

is possible to improve oil-gas miscibility. The content of N2/H2S in the gas mixture was 

0%, 30%, 50%, 70% and 100%, respectively. Fig. 4 shows the equilibrium configura-

tions of C7H16 and gas mixture. It could be found that C7H16 could be evenly dissolved 

in the gas phase when the proportion of N2 is low, while C7H16 molecules tend to ag-

gregate when the proportion of N2 is high. In addition, the solubility of C7H16 in the gas 

phase could be increased for CO2/H2S injection. Fig. 5a exhibits the M values of C7H16 

and gas mixture with different N2 content. It could be observed that the miscibility of 

C7H16 and “CO2 + N2” is greater when the proportion of N2 is less than 50%. The gas 

mixture with 30% N2 and 70% CO2 shows the best miscibility with C7H16 owing to 

stronger interaction energy between gas and C7H16 and faster diffusion velocity of 

C7H16 (Fig. 5b and 5c). The M values of C7H16 and “CO2 + H2S” are illustrated in Fig. 

5d. It could be discovered that gas mixture with 50% H2S and 50% CO2 shows the best 

miscibility because 𝐸𝐶7𝐻16/𝑟𝑜𝑐𝑘  is smaller (Fig. 5e), indicating more C7H16 molecules 

are dissolved in the gas phase rather than absorbed on the rock surface. Additionally, 

the diffusion coefficient of C7H16 is large (Fig. 5f). The aforementioned analysis 
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demonstrates that the gas mixture injection with optimal proportion has better miscibil-

ity with C7H16 than pure gas injection. 

 

Fig. 4. The equilibrium configurations of C7H16 and gas mixture with different content of 

N2/H2S. 

 

Fig. 5. The M value of C7H16 and gas mixture different content of (a)N2 and (d)H2S; (b) The 

interaction energy between gas and C7H16 and (c) diffusion coefficient of C7H16 when gas is 

composed of CO2 and N2; (e) The interaction energy between C7H16 and rock surface and (f) 

diffusion coefficient of C7H16 when gas is composed of CO2 and H2S. 

3.3 The impact of crude oil polarity on the miscibility between crude 

oil and gas 

C7H17N is selected to investigate the influence of crude oil polarity on the miscibility 

between crude oil and gas. Compared with pure CO2, few C7H17N molecules are dis-

solved in 30% N2 and 70% CO2 phase and C7H17N aggregates highly, while more 

C7H17N molecules are dissolved in 50% H2S and 50% CO2 phase, as shown in Fig. 6. 

To further analyze the impact of crude oil polarity on the miscibility between crude oil 
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and gas, the M values are calculated in Fig. 7a. It could be seen that M values follow 

the order of 50% H2S and 50% CO2 (0.356) > pure CO2 (0.289) > 30% N2 and 70% 

CO2 (0.262), indicating 30% N2 and 70% CO2 has better miscibility with polar crude 

oil than pure CO2. Furthermore, we also compute the interaction energy between 

C7H17N and gas, following the order of 50% H2S and 50% CO2 > pure CO2 > 30% N2 

and 70% CO2 (Fig. 7b), which could explain well the above phenomenon. Therefore, it 

comes to a conclusion that CO2/H2S injection could be more feasible for the reservoir 

containing polar crude oil compared with CO2/N2 injection. 

 

Fig. 6. The equilibrium configurations of C7H17N and gas. 

 

Fig. 7. (a) The M values of gas and C7H17N; (b) The interaction energy between C7H17N and 

gas. 

4 Conclusions 

The MD simulations are adopted to explore the potential of CO2/N2 and CO2/H2S in-

jection for improving the miscibility between crude oil and gas. These findings show 

that the order of miscibility with C7H16 is H2S > CO2 > N2. Additionally, the gas mixture 

composed of 30% N2 and 70% CO2 shows better miscibility with C7H16 than pure CO2, 

illustrating the gas mixture composed of 30% N2 and 70% CO2 could be more applica-

ble in the reservoirs with high apolar oil. The miscibility between C7H16/C7H17N and 

gas mixture consisting of 50% H2S and 50% CO2 is significantly higher than that of 

C7H16/C7H17N and pure CO2. Therefore, CO2/H2S injection for EOR is promising. 
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