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ABSTRACT: In order to alleviate the world energy resources crisis, the research and

development of natural gas hydrates has a very important economic value and strategic

significance. The CH,—CO, replacement method can not only achieve geological storage

of carbon dioxide but also more effectively mine natural gas hydrates. Based on molecular  meunitcaor i, ¢ dingram of CO; model and EG moel
dynamics theory and the properties of natural gas hydrates, this paper delves into the
replacement of methane hydrate with carbon dioxide under different temperatures, )
pressures, and concentrations of ethylene glycol (EG). We established a CO,—Hydrate
model and three CO,/EG—Hydrate models with different concentrations of EG, and we
simulated the radial distribution function (RDF), mean square displacement (MSD), and
relative density distribution of each particle in the system in different conditions. The
higher the temperature, the more unstable the methane hydrates are, and the methane
hydrates are more prone to decomposition. Compared with 280 and 290 K, the
temperature of 270 K is more favorable for carbon dioxide molecules to enter the hydrate
layer and form carbon dioxide hydrates. The changes in pressure have little impact on the decomposition of methane hydrates, the
rupture of water cages of methane hydrates, and the number of carbon dioxide molecules entering the hydrate layer under
temperatures of 280 K and pressures of 1, 4, and 7 MPa. But overall, a pressure of 1 MPa is more conducive for carbon dioxide
molecules to enter the hydrate layer and form carbon dioxide hydrates. Adding EG to CO, molecules can inhibit the decomposition
of methane hydrates. However, the higher the concentration of EG, the faster the decomposition of methane hydrates. The degree of
fracture of the water cages in methane hydrates is greater under pure CO, conditions. Adding EG to CO, molecules is more
conducive for CO, molecules to enter the hydrate layer and form carbon dioxide hydrates. This review is of great significance to
improve the mining efficiency and CO, storage efliciency of the replacement of natural gas hydrates with CO,.

1. INTRODUCTION CH,—CO, replacement method, solid mining method'*™'°
etc. The CH,—CO, replacement method can not only achieve
geological storage of carbon dioxide but also more effectively
mine natural gas hydrates. Replacing methane hydrates with
carbon dioxide has become a popular research direction for
mining natural gas hydrate.®

In 1996, Ohgaki'” conducted an experiment on the phase
equilibrium of carbon dioxide replacing methane hydrates and
found that methane hydrates can be converted into more
stable carbon dioxide hydrates. Kim et al.'® conducted
experimental research and numerical simulation on the phase
equilibrium relationships of CO, and CH, mixed gas hydrates
in saline porous media systems. Wilder et al."” studied the

The world today is facing a severe situation of reduced
conventional oil and gas resources.' In order to alleviate the
world energy resources crisis, the research and development of
green energy—natural gas hydrates has very important
economic value and strategic significance.” The products of
the complete combustion of natural gas hydrates are carbon
dioxide and water, making them an efficient and clean green
energy source.” When the environmental temperature and
pressure conditions of natural gas hydrates change, the phase
equilibrium between molecules will be disrupted, causing the
decomposition of natural gas hydrates.” Regarding this
property of natural gas hydrates, scholars have proposed
various natural gas hydrate mining technologies, mainly
including the heat injection method, depressurization method, Received:  December 2, 2023
and chemical inhibitors injection method’™'* But these Revised:  January 23, 2024
traditional methods have certain drawbacks and are prone to Accepted: March 7, 2024
environmental pollution.'* With the in-depth research on the Published: April 16, 2024
basic theory of natural gas hydrates in recent years, scholars

have developed some new mining technologies, such as the
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formation process of mixed gas hydrates in porous medium.
Smith et al.” studied the phase equilibrium conditions of CH,
and CO, hydrates in porous glass with different pore sizes.
Uchida et al.>'~*’ studied the formation and decomposition
process of mixed hydrates using Raman spectroscopy and gas
chromatography. Seo et al.”*** studied the phase equilibrium
characteristics of CO, and CH, mixed gas hydrates under
isothermal conditions. Goel*® conducted experimental research
on the formation process of hydrates. Kvamme and Svandal et
al.””?* found that CO, gas hydrates are more stable than CH,
gas hydrates within a certain range of pressure and temper-
ature. Sloan et al.”” obtained the phase equilibrium diagram of
the CH,—CO,—H,0 system based on the phase equilibrium
characteristics of CH, gas hydrates and CO, gas hydrates.
Some scholars have studied the replacement efficiency of
adding different types of chemical inhibitors to CO, gas
hydrates®*~**

Although traditional experimental methods have made
significant progress, they cannot explain the mechanism of
the replacement of CH, hydrate with CO, from a microscopic
perspective. Molecular simulation has the characteristics of
convenience and low cost. They can complete molecular
performance research under harsh conditions and even some
experimental studies that cannot be completed in practice,
providing theoretical guidance for experimental research.

Geng et al.”” studied the stability of CH, hydrates, CO,
hydrates, and CH,—CO, mixed gas hydrates under the
conditions of T = 260—280 K and p = S MPa using molecular
dynamics simulation methods. Yezdimer et al.’* studied the
feasibility of replacement of natural gas hydrate with CO, usin%
molecular dynamics simulation methods. Hirohama et al.**
believed that molecular fugacity is the driving force of the
replacement process and proposed a related model. Qi et al.*®
simulated the stability of type I natural gas hydrates under the
conditions of T = 0-300 K using molecular dynamics
methods. Geng et al.”’ simulated the stable structures of
different types of mixed gas hydrates based on molecular
dynamics theory. Tung et al.”” simulated the effect of liquid
CO, on the displacement of CH, hydrates. Lee et al.’® found
that CO, could replace CH, from natural gas hydrates, and
there is a reverse reaction in this process. Some scholars have
conducted simulation studies on the phase behavior of natural
gas hydrates™ ™'

The previous research has problems, such as low efficiency
of replacement of natural gas hydrates with CO,. Therefore,
based on molecular dynamics theory and the properties of
natural gas hydrates, this paper delves into the replacement of
methane hydrate with carbon dioxide under different temper-
atures, pressures, and concentrations of ethylene glycol (EG).
We established a CO,—Hydrate model and three CO,/EG-
Hydrate models with different concentrations of ethylene
glycol, and we simulated the radial distribution function
(RDF), mean square displacement (MSD), and relative density
distribution of each particle in the system in different
conditions. This article is of great significance in improving
the mining efficiency and CO, storage efficiency of the
replacement of natural gas hydrates with CO,.

2. METHODS

To further explore the feasibility of replacing methane hydrates
with carbon dioxide and clarify the effects of temperature,
pressure, and concentration of ethylene glycol on the process
of replacing methane hydrates with carbon dioxide, this section

establishes a CO,—Hydrate model. Based on molecular
dynamics theory, we simulated the motion characteristics of
carbon dioxide molecules, methane molecules in hydrate cages,
and water molecules in hydrate cages under different
ensembles, temperatures, and pressures. Then three CO,/
EG—Hydrate models with different concentrations of ethylene
glycol were established and compared with the CO,—Hydrate
model to study the impact of different concentrations of
ethylene glycol on the displacement of methane hydrates by
carbon dioxide.

2.1. Simulation Systems. We established a CO,—Hydrate
model through the Build and Amorphous Cell modules of
Materials Studio software. Among them, the typical unit cell of
type I methane hydrate was established based on the atom
spatial coordinates obtained from X-ray single crystal
diffraction experiments in methane hydrate,"* as shown in
Figure 1. The methane hydrate part consists of a 3 X 3 x 3

Figure 1. Unit cell of methane hydrate.

typical unit cell of type I methane hydrate, including 1242
water molecules and 216 methane molecules. The diagram of
the CO, model and the ethylene glycol (EG) model is shown
in Figure 2. We added the same CO, molecules on both sides

Figure 2. Diagram of the CO, model and the EG model.

of the hydrate cage simultaneously, totaling 200. The diagram
of the CO,—Hydrate model is shown in Figure 3, with box’s
side a =b = 34.86 A and ¢ = 68.05 A.

Figure 3. Diagram of the CO,—Hydrate model.
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The CO,/EG—Hydrate models are divided into three types
based on different concentrations of ethylene glycol(EG). The
CO,/EG—Hydrate model with the concentrations of EG of
20%, a total of 40 EG molecules, 160 CO, molecules, with
box’s side a=b = 34.86 A, c = 69.98 A, as shown in Figure 4;

Figure 4. Diagram of the CO,/EG—Hydrate model with a
concentration of EG at 20%.

The CO,/EG—Hydrate model with the concentrations of EG
of 40%, a total of 80 EG molecules, 120 CO, molecules, with
box’s side a = b = 34.86 A, c = 73.05 A, as shown in Figure 5;

Figure S. Diagram of the CO,/EG—Hydrate model with a
concentration of EG at 40%.

The CO,/EG—Hydrate model with the concentrations of EG
of 60%, a total of 120 EG molecules, 80 CO, molecules, with
box’s side a =b = 34.86 A, c = 74.39 A, as shown in Figure 6.

2.2. Simulation Details. When the model is established,
the L—J (Lennard—Jones) potential energy model is used to
calculate the interactions between CH, molecules and H,O
molecules as well as between CH, molecules. The L-J potential
energy parameters between molecules in hydrates are shown in
Table 1. The interactions between H,O molecules are

Figure 6. Diagram of the CO,/EG—Hydrate model with a
concentration of EG at 60%.

Table 1. L—] Potential Energy Parameters Between
Molecules in Hydrates

&/k] mol™ o/A
0-0 0.65 3.16
CH,-O 0.89 3.45
CH,~CH, 123 373

described using the SPC (Simple Point Charge) potential
energy model, * which includes van der Waals forces and
electrostatic interactions:
44 12 6
i o o
bl =] - | =
47750’1‘;‘ T L

”(Vi;‘) =
(1)

where r;; is the distance between water molecule i and water
molecule j; u(rij)is the interaction between water molecule i
and water molecule j; g, g; is the number of charges of water
molecule i and water molecule j; & is the permittivity of
vacuum; and &, ¢ are the parameters of the Lennard—Jones
model.

During the simulation process, the boundaries in all three
directions of the system are periodic boundary conditions, and
the COMPASS force field is used to describe the molecular
potential energy. Due to the edge length of a typical methane
hydrate unit cell of approximately 11.62 A, the simulated cutoff
distance is taken as 12 A. Take a time step of 1 fs and calculate
the physical parameters related to the replacement reaction
after the system is balanced. During the simulation process,
output one frame every 5000 fs.

The CO,/EG—Hydrate model was simulated using the
canonical ensemble (NVT) and the constant-pressure,
constant-temperature ensemble (NPT). At the beginning of
the simulation, choose the Andersen constant temperature
bath for temperature control and the Berendsen method for
pressure control. To verify the feasibility of replacing methane
hydrates with carbon dioxide, the replacement reaction process
was simulated under the NVT ensemble at temperatures of
270, 280, and 290 K. So as to clarify the effects of temperature
and pressure on the process of replacing methane hydrates
with carbon dioxide, we simulated the replacement reaction
process under the NPT ensemble at temperatures of 270 K,
280 K, 290 K and pressure conditions of 1, 4, and 7 MPa. To
more intuitively study the effect of EG molecules with different
concentrations on the displacement of methane hydrates by
carbon dioxide, the Calculation module of MS software was
used to simulate the kinetics characteristics of carbon dioxide
molecules, methane molecules, and water molecules under the
NPT ensemble at p = 4 MPa and T = 280 K. We also choose
the Andersen constant temperature bath for temperature
control and the Berendsen method for pressure control.

3. RESULT AND DISCUSSION

3.1. Feasibility Verification of Replacing CH, Hy-
drates with CO,. To verify the feasibility of replacing
methane hydrates with carbon dioxide, we simulated the
replacement process of methane hydrate with carbon dioxide
under the NVT ensemble at temperatures of 270, 280, and 290
K. The diagram of the system structure at different times at
temperatures of 270, 280, and 290 K is shown in Figures 7—9.

From Figure 7, it can be seen that the methane hydrates in
the system gradually decompose as the simulation progresses

https://doi.org/10.1021/acsomega.3c09630
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a) 10ps b) 100ps

©) 600ps d) 1000ps

Figure 7. Diagram of the system structure at different times at a
temperature of 270 K.

a) 10ps b) 100ps

c) 600ps d) 1000ps

Figure 8. Diagram of the system structure at different times at a
temperature of 280 K.

a) 10ps b) 100ps

c) 600ps d) 1000ps

Figure 9. Diagram of the system structure at different times at a
temperature of 290 K.

at a temperature of 270 K. At 10 ps, some methane hydrates at
the junction of methane hydrates and CO, begin to
decompose. At 100 ps, methane hydrates at the junction of
methane hydrates and CO, have basically decomposed. At 600
ps, the methane hydrates inside the system begin to
decompose, and CO, enters the methane hydrates layer. At
1000 ps, methane hydrates in the center of the hydrate layer
have basically decomposed. Similarly, from Figures 8 and 9, it
can be seen that methane hydrates in the system gradually
decompose as the simulation progresses at temperatures of 280
and 290 K. Among them, at 600 ps, methane hydrates in the
center of the hydrate layer have decomposed significantly.

In general, the water cage of methane hydrates gradually
ruptures, and methane hydrates begin to decompose at
temperatures of 270, 280, and 290 K. Methane molecules
will diffuse out of the hydrate cage and initially gather together.
In the early stages of the simulation, the fracture degree of the
water cages of methane hydrates is relatively small. In the later
stage of the simulation, a large number of water cages ruptured,
but there are still some residual water cages. CO, molecules
gradually enter the water cages of methane hydrates through
the junction of methane hydrates and CO,, and a small
amount of CO, molecules enter the center of the hydrate layer.
And the higher the temperature, the faster the decomposition
of methane hydrates. The feasibility of replacing methane
hydrate with carbon dioxide has been verified.

3.2. The Influence of Temperature on the Replace-
ment Process. In order to study the effect of temperature
conditions on the replacement of methane hydrates with
carbon dioxide, we selected the constant-pressure, constant-
temperature ensemble (NPT) to simulate the CO,—Hydrate
model. In addition, we analyzed the radial distribution function
(RDF), mean square displacement (MSD) and relative density
distribution of each particle in the system at temperatures of
270, 280, and 290 K under pressure of 3 MPa. And we
compared the specific performance of replacing natural gas
hydrates with carbon dioxide under different temperature
conditions, as shown in Figures 10—12.

3.2.1. The RDF Among the Atoms of the System at
Different Temperatures. From Figure 104, it can be seen that
the first characteristic peak of the radial distribution function
(RDF) of C(CH,)—O(H,0) at different temperatures is
around r = 4.21 A, indicating the maximum regional density
near this value. As the temperature increases, the value of the
RDF gradually decreases. According to the definition of RDF,
we know that the higher the temperature, the more unstable
the methane hydrates are, and the methane hydrates are more
prone to decomposition.

From Figure 10b, it can be seen that as the temperature
increases, the RDF of the O(H,0)—0(H,0) curve gradually
decreases, and the second and third characteristic peaks
gradually slow down. But the change in value is relatively small,
indicating that the temperature has little effect on the degree of
fracture of the water cage at temperatures of 270, 280, and 290
K. But the higher the temperature, the easier the water cages of
methane hydrates are to rupture.

From Figure 10c, it can be seen that as the temperature
increases, the RDF of C(CO,)—0(H,0) gradually decreases,
indicating that the optimal temperature for CO, to enter the
water cage of methane hydrates and form carbon dioxide
hydrates is 270 K. The difference between the RDF of
C(C0,)—0(H,0) at 290 and 280 K is small.

In general, the higher the temperature, the more unstable
the methane hydrates are, and the methane hydrates are more
prone to decomposition. The higher the temperature, the
easier it is for the water cages of methane hydrates to rupture.
The comparison of the displacement efficiency of the different
studies'” related to the influence of temperature shows that the
higher the temperature, the more displacement is promoted
and the higher the displacement efficiency can be acquired.
The increase in temperature can also promote the penetration
and diffusion rates of CO, molecules in the hydrate phase, and
the formation rate of carbon dioxide hydrate is also
accelerated. The consistency of the temperature can be verified
by comparison with previous studies through experiments.
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3.2.2. The MSD of Different Molecules at Different
Temperatures. The mean square displacement (MSD) 2000
represents the degree of deviation between the spatial position 1500
of molecules and their initial position in a system at a certain 1000
moment. Therefore, from Figure 11, it can be seen that as the
temperature increases, the MSD of CH, molecules, H,O 500
molecules, and CO, molecules gradually increases. As the 0 S

simulation process progresses, the MSD curves at different
temperatures show a straight upward trend. And the difference
between 280 and 290 K is relatively small.

The MSD curves indicate that methane hydrates are not in a
stable state and gradually decompose under pressure of 3 MPa
and temperatures of 270, 280, and 290 K. As the temperature
rises, the movement speed of methane molecules, carbon
dioxide molecules, and water molecules increases. However,
the increase in the MSD of water molecules is relatively small,
which is consistent with the RDF of water molecules. The
results indicate that the damage to the water cages of methane
hydrates is relatively small, and there are still some residual
water cages.

3.2.3. The Relative Density Distribution at Different
Temperatures. The relative density distribution of different

0 100 200 300 400 500 600 700 800 900 1000
t(ps)
¢) The MSD of CO, molecules

Figure 11. MSD of different molecules in the system at different
temperatures.

molecules at different temperatures at ¢t = 2 ns is shown in
Figure 12. For a more intuitive analysis of simulation results,
the initial location of carbon dioxide is named zones I and III,
and the initial location of the hydrate layer is named zone IL
Figure 12 shows that there is still a large amount of methane
hydrates that do not decompose at 270 K, while at 280 and
290 K, most methane hydrates decompose and CH, molecules
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Figure 12. Relative density distribution of different molecules at
different temperatures.

diffuse into zones I and III. And the difference between 280
and 290 K is relatively small.

From Figure 12b, it can be seen that the relative density of
H,0O molecules in zone II under a temperature of 290 K is
greater than the value under temperatures of 270 and 280 K,
indicating that more water cages of methane hydrates are

destroyed and water molecules gather in zone II under a
temperature of 290 K. In addition, due to water is solid ice
under a temperature of 270 K, the relative density is relatively
small at 270 K. From Figure 12¢, it can be seen that the
number of carbon dioxide molecules in the zone II is higher at
a temperature of 270 K, indicating that compared with 280 and
290 K, a temperature of 270 K is more favorable for carbon
dioxide molecules to enter the hydrate layer and form carbon
dioxide hydrates.

3.3. The Influence of Pressure on the Replacement
Process. In order to study the effect of pressure conditions on
the replacement of methane hydrates with carbon dioxide, we
selected the constant-pressure, constant-temperature
ensemble(NPT) to simulate the CO,—Hydrate model. In
addition, we analyzed the radial distribution function(RDF),
mean square displacement(MSD) and relative density
distribution of each particle in the system at pressures of 1,
4, and 7 MPa under temperature of 280 K. And we compared
the specific performance of replacing natural gas hydrates with
carbon dioxide under different pressure conditions, as shown
in Figures 13—18.

3.3.1. The RDF Among Atoms of the System at Different
Pressures. From Figure 13, it can be seen that the first
characteristic peak of the radial distribution function (RDF) of
C(CH,)—O(H,0) at different pressures is around r = 4.07 A,
indicating the maximum regional density near this value. As the
pressure increases, the RDF of the O(H,0)—0(H,0) curve
gradually decreases, and the second and third characteristic
peaks gradually slow down. The first characteristic peak of the
radial distribution function (RDF) of C(CO,)-O(H,0) at
different pressures is around r = 3.8 A, followed by a trough
and gradually rising, indicating that carbon dioxide molecules
enter the hydrate layer mainly at the junction of methane
hydrates and CO,.

In general, as the pressure increases, the RDF of C(CH,)—
O(H,0), O(H,0)—0(H,0), and C(CO,)—0O(H,0) of the
system at different pressures has little change. The results
indicate that the changes in pressure have little impact on the
decomposition of methane hydrates, the rupture of water cages
of methane hydrates, and the number of carbon dioxide
molecules entering the hydrate layer under temperature of 280
K and pressures of 1, 4, and 7 MPa. But overall, a pressure of 1
MPa is more conducive for carbon dioxide molecules to enter
the hydrate layer and form carbon dioxide hydrates.

3.3.2. The MSD of Different Molecules at Different
Pressures. The mean square displacement (MSD) represents
the degree of deviation between the spatial position of
molecules and their initial position in a system at a certain
moment. From Figure 14, it can be seen that as the simulation
process progresses, the MSD curves at different pressures all
show a straight upward trend.

From Figure 14a, it can be seen that as the pressure
increases, the MSD of CH, molecules gradually decreases,
indicating that the higher the pressure, the slower the
decomposition rate of CH, hydrates, and the slower the
movement speed of CH, molecules. From Figure 14b, it can be
seen that with the increase of pressure, the change in MSD of
water molecules is relatively small, indicating that the changes
in pressure have little impact on the rupture of water cages of
methane hydrates and the movement speed of water
molecules. From Figure 14c, it can be seen that as the
pressure increases, the MSD of CO, molecules gradually
decreases, indicating that the higher the pressure, the slower
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Figure 13. RDF among the atoms of the system at different pressures.
2000
1500
the movement speed of CO, molecules. Some researchers
believe that the lower the pressure is, the better it is for 1000
replacement. They found that the displacement efficiency s00 |
actually decreases with the increase of CO, injection pressure, Ve
0 o

and the reduction of pressure can significantly improve the
displacement rate of hydrate."”” The lower the pressure, the
greater the driving force of methane hydrate decomposition,
which is more conducive to the decomposition of the CH,
hydrate. The consistency of the pressure can be verified by
comparison with previous studies through experiment.

3.3.3. The Relative Density Distribution at Different
Pressures. The relative density distribution of different
molecules at different pressures at t = 2 ns is shown in Figure
1S. For a more intuitive analysis of simulation results, the
initial location of carbon dioxide is named as zones I and III,
and the initial location of the hydrate layer is named as zone II

From Figure 1354, it can be seen that the relative density of
CH, molecules in zones I and III under pressure of 1 MPa is

0 100 200 300 400 500 600 700 800 900 1000
t(ps)
¢) The MSD of CO, molecules

Figure 14. MSD of different molecules in the system at different
pressures.

greater than the value under pressure of 4 and 7 MPa,
indicating that under pressure of 1 MPa, more methane
hydrates decompose and CH, molecules diffuse into zones I
and IIL

From Figure 15b, it can be seen that the relative density of
H,O molecules in zone II under pressure of 1 MPa is greater
than the value under pressures of 4 and 7 MPa, indicating that
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more water cages of methane hydrates are destroyed and water
molecules gather in zone II under pressure of 1 MPa.

From Figure 15¢, it can be seen that the relative density of
CO, molecules in zone II is higher under pressure of 1 MPa,
indicating that compared with pressures of 4 and 7 MPa, the

19038

r(A)
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Figure 16. RDF among the atoms of the system at different
concentrations of EG.
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Figure 17. MSD of different molecules in the system at different
concentrations of EG.

the first characteristic peak of the radial distribution function
(RDF) of C(CH,)—0(H,0) at different concentrations of EG
is around r = 3.9 A, indicating the maximum regional density
near this value. And the trend of the RDF curve is consistent.

¢) The relative density distribution of CO, molecules

Figure 18. Relative density distribution of different molecules at
different concentrations of EG at 10 ns.

As the concentration of EG increases, the value of the RDF of
C(CH,)—O(H,0O)gradually decreases, but all of them are
larger than the value under pure CO, conditions, indicating
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that adding EG to CO, molecules can inhibit the
decomposition of methane hydrates. However, the higher the
concentration of EG, the faster the decomposition of methane
hydrates, with no significant difference between the concen-
trations of EG at 40% and 60%.

From Figure 16b, it can be seen that the RDF of O(H,0)—
O(H,0) at different concentrations of EG is basically the
same, but all of them are lower than the value under pure CO,
conditions, indicating that the degree of fracture of the water
cages in methane hydrates is greater under pure CO,
conditions. The change in the concentrations of EG has little
effect on the degree of fracture of the water cages in methane
hydrates.

From Figure 16c, it can be seen that as the concentration of
EG increases, the value of the RDF of C(CO,)-O(H,0)
gradually decreases, but all of them are larger than the value
under pure CO, conditions, indicating that adding EG to CO,
molecules is more conducive for CO, molecules to enter the
hydrate layer and form carbon dioxide hydrates. However, the
higher the concentration of EG, the more difficult it is for CO,
molecules to enter the water cages of methane hydrates, with
no significant difference between the concentrations of EG at
40% and 60%.

3.4.2. The MSD at Different Concentrations of EG. The
mean square displacement (MSD) represents the degree of
deviation between the spatial position of molecules and their
initial position in a system at a certain moment. From Figure
17, it can be seen that as the simulation process progresses, the
MSD curves at different concentrations of EG all show a
straight upward trend.

From Figure 17a, it can be seen that the MSD of CH,
molecules under concentrations of EG at 40% and 60% is
much greater than the value under concentrations of EG at
20%. And all of them are smaller than the value under pure
CO, conditions. The results show that the decomposition rate
of methane hydrates and the movement speed of methane
molecules are faster under pure CO, conditions.

From Figure 17b, it can be seen that with the increase of the
concentration of EG, the change in MSD of water molecules is
relatively small, indicating that the changes in concentration of
EG have little impact on the rupture of water cages of methane
hydrates and the movement speed of water molecules.

From Figure 17c, it can be seen that as the concentration of
EG increases, the MSD of CO, molecules gradually increases,
and all of them are far smaller than the value under pure CO,
conditions, indicating that the higher the concentration of EG,
the faster the movement speed of the CO, molecules, but still
far slower than the movement speed of the CO, under pure
CO, conditions.

3.4.3. The Relative Density Distribution of Different
Molecules at Different Concentrations of EG. The relative
density distribution of different molecules at different
concentrations of EG at t = 10 ns is shown in Figure 18.
For a more intuitive analysis of simulation results, the initial
location of CO, and EG is named zones I and III, and the
initial location of the hydrate layer is named zone IIL

From Figure 18a, it can be seen that as the concentration of
EG increases, the relative density of CH, molecules in zones I
and III increases, and all of them are smaller than the value
under pure CO, conditions, indicating that adding EG to CO,
molecules can inhibit the decomposition of methane hydrates.
From Figure 18b, it can be seen that as the concentration of
EG decreases, the relative density of H,O molecules in zone II

gradually increases, and all of them are smaller than the value
under pure CO, conditions, indicating that as the concen-
tration of EG decreases, more water cages of methane hydrates
are destroyed and water molecules gather in zone II. From
Figure 18c, it can be seen that the relative density of CO,
molecules in zone II under pure CO, conditions is smaller than
the value under different concentrations of EG, indicating that
adding EG to CO, molecules can promote the formation of
CO, molecules to enter the hydrate layer and form carbon
dioxide hydrates.

4. CONCLUSION

Based on molecular dynamics theory, we established a CO,—
Hydrate model and three CO,/EG—Hydrate models with
different concentrations of EG, and we delved into the
replacement of methane hydrate with carbon dioxide under
different temperatures, pressures, and concentrations of
ethylene glycol (EG). The main conclusions are as follows:

We compared the specific performance of replacing
natural gas hydrates with carbon dioxide under different
temperature conditions. The higher the temperature, the
more unstable the methane hydrates are, and the
methane hydrates are more prone to decomposition.
Compared with 280 and 290 K, the temperature of 270
K is more favorable for carbon dioxide molecules to
enter the hydrate layer and form carbon dioxide
hydrates.

We compared the specific performance of replacing
natural gas hydrates with carbon dioxide under different
pressure conditions. The changes in pressure have little
impact on the decomposition of methane hydrates, the
rupture of water cages of methane hydrates, and the
number of carbon dioxide molecules entering the
hydrate layer under temperature of 280 K and pressures
of 1, 4, and 7 MPa. But overall, a pressure of 1 MPa is
more conducive for carbon dioxide molecules to enter
the hydrate layer and form carbon dioxide hydrates.
We compared the three CO,/EG—Hydrate models with
the CO,—Hydrate model. Adding EG to CO, molecules
can inhibit the decomposition of methane hydrates.
However, the higher the concentration of EG, the faster
the decomposition of methane hydrates. The degree of
fracture of the water cages in methane hydrates is greater
under pure CO, conditions. Adding EG to CO,
molecules is more conducive for CO, molecules to
enter the hydrate layer and form carbon dioxide
hydrates.
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