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Abstract: Hydrate-based CO2 sequestration is a novel approach that can not only realize permanent
CO2 sequestration but can also form an artificial cap to prevent its upward migration. In this
work, a self-developed large-scale 3D apparatus was employed to investigate hydrate formation
characteristics in hydrate-based CO2 sequestration at a constant liquid CO2 injection rate through a
vertical well for the first time. Temperature and pressure evolutions in the sediment were analyzed in
detail. Key indicators, including cumulative sequestered CO2, CO2 in hydrate and liquid phases, the
instantaneous hydrate conversion, and liquid CO2 retention rates, were calculated. The results show
that hydrate continuously forms with increased CO2 injection and exhibits strong heterogeneity due
to the variation in hydrate formation rate and quantity. Severe liquid CO2 heterogeneous figuring
phenomena occur since hydrate deteriorates the effective pore structure and topology, resulting
in relatively small cumulative sequestered CO2 when a large amount of CO2 is released from the
outlet. Meanwhile, the instantaneous hydrate conversion and liquid CO2 retention rates have large
fluctuations owing to water consumption and variation in the effective contact area between liquid
CO2 and water. However, hydrate formation does not cause blockage of wellbore and formation
nearby under given experimental conditions, which is beneficial for hydrate formation in deeper
sediment. This study provides insights into hydrate formation and liquid CO2 immigration regularity
during hydrate-based CO2 sequestration and demonstrates its feasibility at a field scale.

Keywords: hydrate-based CO2 sequestration; CO2 hydrate formation characteristics; cumulative
sequestered CO2; instantaneous hydrate conversion rate; liquid CO2 retention rate

1. Introduction

With the exacerbation of global warming, rising sea levels, and the intensification of
extreme weather in recent years [1–4], CO2 emission reduction has been gaining attention
globally [5]. As one of the key approaches to achieving CO2 reduction [6–9], CO2 geological
sequestration is estimated to contribute to a cumulative reduction ratio of over 15%. Cur-
rently, most field tests about CO2 storage focus on saline aquifers [10–15] with sequestration
mechanisms [16,17] involving structural trapping, capillary trapping, solubility trapping,
and mineralization, with the latter being recognized as the most enduring and secure
mode. However, the geochemical reaction rate is extremely slow [18,19] which aggregates
CO2 leakage risk [20]. As a novel CO2 geological sequestration technology through the
formation of hydrate in the sediment [21–23], hydrate-based CO2 sequestration can not
only enable stable CO2 storage [24–26] but can also prevent its upward migration [27–30],
reducing CO2 leakage risk from the underlying layer. Current research on CO2 regarding
the replacement of natural gas hydrate [31–36] with the mechanical stability of the sediment
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after the replacement is maintained by the generated CO2 hydrate [37–39] has confirmed
the feasibility of CO2 sequestration in the form of solid hydrate [40–42]. Therefore, there is
an urgent need to investigate CO2 migration and hydrate formation characteristics during
hydrate-based CO2 sequestration.

In recent years, many investigations on hydrate-based CO2 sequestration have been
carried out [43–45]. Liu et al. (2018) [46] studied CO2 hydrate dynamic formation regularity
in depleted natural gas hydrate reservoirs through a series of sequential experiments,
including natural gas hydrate formation and dissociation in the sediment as well as CO2
injection and water replenishment combined with MRI. The results indicated that CO2
hydrate and connate water saturation after hydrate formation was proportional to the
initial water content, and subsequent water replenishment was beneficial for continuous
CO2 hydrate formation. Zheng et al. (2020) [47] summarized the research on hydrate-
based CO2 sequestration in various regions containing deep-sea and sub-seafloor saline
formation, permafrost, and natural gas hydrate deposits. The technical feasibility, potential,
challenges, and prospects of hydrate-based CO2 sequestration were pointed out, while no
effective analysis of the scale effects and economic aspects involved was conducted. In 2021,
Zhang et al. [48] explored the feasibility of CO2 sequestration in the sediment where the
temperature and pressure for hydrate formation were satisfied with pressure-controlling
methods through CO2 injection and water production wells based on the CMG STARS
simulator. The results showed that formed hydrate delayed CO2 breakthrough to the water
production well and inhibited the subsequent CO2 injection by compressing the effective
pore space to a certain extent. However, the simulation results were not validated with
experimental data. In 2022, Kuang et al. [49] observed in situ CO2 hydrate formation
using pressure oscillations combined with low-field MRI techniques. The experimental
results indicated that CO2 hydrate preferentially formed in larger pores and hindered the
CO2–water contact area. In addition, it was beneficial for hydrate-based CO2 sequestration
at high initial water saturation when the displacement pressure was large. Zhao et al.
(2023) [50] investigated CO2 upward transport and the Plugging Law caused by hydrate
formation in overlying layers at different injection rates by MRI and flow characteristic
analysis. It was indicated that a low CO2 injection rate and a high overburden pressure were
beneficial for hydrate formation. Moreover, the strength of the hydrate cap increased with
continuous hydrate formation. Meanwhile, Beatrice Castellani (2023) [51] analyzed the role
of hydrate-based CO2 sequestration in traditional CO2 geological storage and discussed
the knowledge required to pursue a stable, efficient, and environmentally friendly pathway
for hydrate-based CO2 sequestration.

Although many scholars have conducted foundational research on hydrate-based
CO2 sequestration [52–54], current conclusions drawn from small-scale experiments and
numerical simulations need further validation due to the scale effects and complex mecha-
nisms involved in hydrate formation and migration. To overcome the scale effects on CO2
transport and hydrate formation in hydrate-based CO2 sequestration, a self-developed
large-scale 3D platform with a maximal volume of 1695 L, a maximal pressure of 30 MPa,
and a temperature ranging from −20 to 200 ◦C was employed to investigate hydrate for-
mation characteristics in the sediment where the temperature and pressure were satisfied
for hydrate formation at a constant liquid CO2 injection rate through a vertical well. The
dynamic evolution of the pressure and temperature in the sediment was analyzed in detail,
revealing CO2 hydrate dynamic formation regularity. Afterward, the amount of cumulative
sequestered CO2, CO2 percentage in hydrate and liquid phases, and the instantaneous
hydrate conversion and liquid CO2 retention rates were calculated. This work revealed
liquid CO2 transport and hydrate formation characteristics from a large-scale perspective
for the first time, providing robust data support for hydrate-based CO2 sequestration at a
field scale.
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2. Experimental Setup and Procedure
2.1. Experimental Setup

The self-developed large-scale 3D platform with a maximal volume of 1695 L, maximal
pressure of 30 MPa, and temperature ranging from −20 to 200 ◦C was employed to carry
out experiments on hydrate-based CO2 sequestration. As shown in Figure 1, the whole
system can be divided into eight parts, which are the main body module, liquid injection
module, gas injection module, temperature control module, vacuum pump module, back
pressure control module, ambient pressure control module, fluid production module, and
data measurement and acquisition module. The main body module is the core of the entire
system, which is used to reshape the sediment for CO2 migration and hydrate formation.
It consists of components such as a high-pressure reactor vessel, internal model, pipeline
extraction system, load-bearing operating platform, hydraulic system, and so on. The
liquid injection module is used for liquid CO2 injection. The temperature control module is
primarily composed of a stepwise low-temperature control chamber, a water jacket, and
a refrigeration unit, which are used to adjust the temperature for hydrate formation. The
ambient pressure control module is utilized to maintain the pressure difference between
the internal model and the chamber in the reactor vessel. The back pressure module is
employed to control pressure in the internal model to prevent an excessively high value
caused by liquid CO2 injection. The data measurement and acquisition module is used
to quantify fluid production when the pressure in the internal module surpasses the back
pressure at the outlet. The instruments or components involved in the experimental setup
were sourced from Yongruida Technology Co., Ltd., Beijing, China.
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Figure 1. Schematic of the large-scale experimental setup.

Compared to other large-scale 3D experimental systems, this platform has an internal
reaction vessel with a size of 760 × 760 × 700 mm3 (Figure 2a), which can be used to apply
confining pressure and better reshape the real sediment. The components of the square
internal module include a lifting lug, top endcap, sintered filter cartridge, cylinder, porous
plate, bottom endcap, and bottom pipeline. Nine vertical and nine horizontal wells are
placed in the internal module, with their distribution shown in Figure 2b. Three vertical
wells labeled V3, V5, and V7 are distributed in the lower region, which has a distance of
90 mm to the bottom. Two vertical wells named V1 and V9 are located in the first layer
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from the top of the internal model, while another two vertical wells, namely, V2 and V8,
are situated in the second layer. The V4 and V6 wells are positioned in the third layer.
Three horizontal wells, namely, H1, H2, and H3, are penetrated to a depth of 150 mm into
the internal model, while the horizontal wells H4, H5, and H6 are extended to a depth of
350 mm. The H7, H8, and H9 wells are extended to a depth of 500 mm into the internal
model. The horizontal and vertical wells exhibit interleaved arrangements, allowing for
liquid CO2 injection under different well types or well patterns. In the experiment, the
internal module is used to reshape the marine sediment with sieved sand to investigate
CO2 immigration and hydrate formation during CO2 injection, and the vertical well labeled
as V5 is employed as the injection well.
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Figure 2. (a) Internal model. (b) Well patterns (Dashed lines mean central axis of the internal reaction vessel).

In addition, eighty temperature and eighty pressure detection points are distributed at
five layers in the internal model, with sixteen of them arranged in each layer, as shown in
Figure 3. The temperature detection points exhibit a square-shaped distribution in each
detected cell, while the pressure detection points show a diamond-shaped arrangement.
The temperature and pressure detection points are arranged in an interleaved distribution,
which can be used for real-time monitoring during liquid CO2 injection. The temperature
and pressure signals collected by the detection points are transferred to a computer in
another room to be recorded.
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Figure 3. Distribution of the temperature and pressure detection points in the internal model: (a) side
view and (b) top view (Color labels of red and blue dots respectively represent temperature and
pressure detection points with the numbers indicating their index identifiers, green arrow indicates
injection well).
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2.2. Experimental Procedure

The detailed experimental procedure of hydrate-based CO2 sequestration is shown
as follows:

(1) A certain amount of sand with a particle size of 120 mesh was first prepared and mixed
with water for sand washing. Afterward, the sand was placed into the incubator
for drying and was selected a second time to ensure the consistency of the sand
particle mesh.

(2) The sieved sand and water were mixed again in the stainless steel to make all the sand
wet, and the water between the sand particles was discharged. The sand with the
remaining water was then evenly stirred to ensure that the water on the sand surface
was as uniform as possible.

(3) The wet sand was filled into the internal model and compacted evenly layer by layer.
After sealing, the internal model was turned over and kept standing to ensure the
uniform distribution of water between the sand particles. The internal model was
then placed into the large reactor vessel with a volume of 1695 L.

(4) Nitrogen was then injected into the internal model from the bottom until the pressure
reached 13.5 MPa, which was maintained for 7 h to test the seal of the system.

(5) After the seal check, water was injected into the internal model from the bottom to
displace the nitrogen. The top valve was then closed, and water injection continued
until the pressure in the internal model reached 11 MPa.

(6) The chiller and cold-water jacket were then opened to adjust the temperature of
the internal model to 7 ◦C. It can be seen from Figure 4 that the reshaped sediment
satisfied the condition for hydrate-based CO2 sequestration.

(7) Afterward, liquid CO2 was injected into the internal model at a constant flux of
10 mL/min through an intermediate vertical well labeled as V5. To avoid an exceed-
ingly high pressure in the inlet model, an outlet was set at the bottom with a back
pressure of 12 MPa.

(8) The water and CO2 produced were recorded once the outlet was opened due to a
pressure difference. When one tank of liquid CO2 injection was completed, another
tank was opened until a large amount of CO2 was released from the outlet.

(9) The cumulative sequestered CO2 and proportion of CO2 in the hydrate and the fluid
were calculated.
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3. Results and Analysis
3.1. Evolution of the Temperature and Pressure during Liquid CO2 Injection
3.1.1. Evolution of the Temperature

The dynamic evolution of the temperature in each layer is shown in Figure 5. It
can be seen that the temperature does not remain constant, while an irregular variation
occurs in the local position during liquid CO2 injection. Since the injected liquid CO2
will not transform to dry ice or gas to cause heat variation under the given temperature
and pressure conditions, the fluctuation in the temperature at local positions indicates the
localized formation of CO2 hydrate with different formation rates and formation times and
heterogeneous distribution. The increase in the local temperature grows more pronounced
at the position where hydrate is generated at a faster rate and in larger quantities. Since the
temperature control module is always in operation during liquid CO2 injection and water
has large thermal conductivity, the temperature at which CO2 hydrate forms gradually
decreases after the formation rate slows down.

It is worth noting that the generated CO2 hydrate does not cause plugging near the
injection well at a liquid CO2 injection rate of 10 mL/min. This is mainly because the
amount of hydrate generated near the wellbore is less and not as dense as imagined at
the given injection rate. The formed CO2 hydrate may either be displaced or disrupted
with continuous CO2 injection, preventing hydrated-induced plugging. However, CO2
hydrate-induced plugging with different liquid CO2 injection rates and well types cannot
be ruled out.
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To better analyze the dynamic temperature evolution during liquid CO2 injection,
variations in the temperature at detection point 11 in each layer near the injection well as
well as the average temperature in the sediment are summarized in Figure 6a,b. It can
be seen from Figure 6a that the temperature at detection point 11 in each layer exhibits a
sawtooth variation pattern with the evolution regularity among different layers showing
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a relatively consistent trend. The temperature evolution regularity is mainly induced
by the combined effect of three factors, including hydrate formation, the large thermal
conductivity of formation water, and a low-temperature control module that is always in
operation during liquid CO2 injection. When the heat release induced by CO2 hydrate
formation at point 11 in each layer is dominant, the temperature increases. As the hydrate
formation rate slows down, the impact of hydrate formation on temperature rise gradually
weakens. When the effect of large water thermal conductivity and a low-temperature
control module on the prevention of a temperature rise exceeds the heat release from
hydrate formation, the temperature decreases, which results in sawtooth fluctuations in the
temperature. It is also noted that the magnitude of temperature fluctuations at detection
point 11 in each layer varies at different liquid CO2 injection stages and among different
layers. The degree of the increase in temperature in the first layer at the first tank of liquid
CO2 injection is larger than that at other injection stages and layers. This is primarily
because the CO2 density is smaller than that of water under the experimental temperature
and pressure conditions. The injected liquid CO2 gradually moves upward to the first
layer, resulting in a much larger contact area between liquid CO2 and water at point 11
than that at the same position in other layers. The CO2 hydrate formation rate and quantity
grow much larger, leading to an instantaneous release of large amounts of heat and a
sharp increase in temperature at point 11 in the first layer. When CO2 hydrate formation is
stable, the effect of water thermal conductivity and the low-temperature control module
dominates, causing a significant decrease in temperature. Since the generated hydrate at
detection point 11 hinders the effective contact between water and subsequently injected
liquid CO2 to some degree, the hydrate formation rate and quantity decrease, resulting in a
small magnitude of temperature fluctuations with continuous CO2 injection at this point.
Hydrate formation at different positions in the sediment also results in similar fluctuations
in the average temperature at different magnitudes of CO2 injection (Figure 6b), while the
smoothness of temperature fluctuations is more gradual than the variation in temperature
at a certain detection point.
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Figure 6. Variation in the temperature during liquid CO2 injection. (a) Temperature variation at point
11 in each layer near the injection well. (b) Variation in the average temperature in the sediment.

3.1.2. Evolution of the Pressure

The dynamic evolution of the pressure distribution in each layer during liquid CO2
injection is shown in Figure 7, indicating that the pressure in the sediment gradually
increases before the outlet valve opens. Since the sand particle size used for sediment
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reformation is uniform and the sediment is compacted uniformly layer by layer during
reconstruction, the reshaped sediment is relatively homogeneous. If there was no hydrate
formation, the overall pressure should have had high values near the injection well and
gradually decreased with increasing distance from the vertical liquid CO2 injection well at a
constant rate. However, it is evident that the dynamic evolution of pressure in the sediment
indicates an irregular variation with locally low pressure at some positions, which is
attributed to localized hydrate formation under the experimental temperature and pressure
conditions. The generated hydrate alters the heterogeneity and anisotropy in the sediment
to some degree, causing the pressure distribution to exhibit irregular variations during
liquid CO2 injection. When the pressure in the sediment exceeds the back pressure at the
outlet, the outlet valve opens and the overall pressure gradually decreases, accompanied
with fluid production from the outlet. The outlet valve automatically closes when the
pressure in the sediment is smaller than the outlet back pressure. With the continuous
CO2 injection, the average pressure in the sediment gradually increases again. Liquid CO2
injection continues until a large amount of CO2 is produced at the outlet.
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To better characterize the pressure evolution during liquid CO2 injection, variations in
the pressure at detection point 10 in each layer near the injection well as well as the average
pressure in the sediment are respectively illustrated in Figure 8a,b. It can be seen from
Figure 8a that the pressure at point 10 in each layer exhibits a certain degree of fluctuation,
with the amplitude in the fifth layer generally being higher than that in other layers during
liquid CO2 injection. The irregular fluctuation in pressure at the interval of the outlet valve
from closing to opening can be attributed to a change in the volume of liquid CO2 and a
variation in the effective pore structure caused by hydrate formation. Since the density
of CO2 hydrate is slightly higher than that of liquid CO2, hydrate formation results in a
slight reduction in fluid volume, leading to a small decrease in pore pressure. Meanwhile,
the formed hydrate aggravates the heterogeneity of the sediment, resulting in an increase
in the disorderliness of pressure propagation and heterogeneous pressure distribution.



Energies 2024, 17, 3103 9 of 17

Therefore, the pressure at detection point 10 in each layer exhibits irregular fluctuations.
When the pressure in the sediment surpasses the back pressure at the outlet, the outlet
valve automatically opens and the pressure rapidly decreases as the fluid flows out from
the outlet. The pressure evolution at detection point 10 in each layer in the whole process
of liquid CO2 injection can be attributed to the joint effects of CO2 hydrate formation, fluid
expelled from the outlet, and continuous liquid CO2 injection. Since the outlet valve is
located at the bottom of the internal model, the magnitude of the pressure fluctuation
caused by the fluid released from the outlet has a greater impact on the fifth layer than the
other four layers. It is observed from Figure 8b that the localized pressure fluctuation also
results in irregular variations in the average pressure of the sediment, while the magnitude
and smoothness of the evolution have some differences in local pressure fluctuations at a
certain point.
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Figure 8. Variation in the pressure during liquid CO2 injection. (a) Pressure variation at detection
point 10 in each layer near the injection well. (b) Variation in the average pressure in the sediment.

3.2. Water and Gas Production Behavior during Liquid CO2 Injection

The production characteristics of water and CO2 from the outlet during liquid CO2 in-
jection are respectively shown in Figure 9a,b. As is indicated in Figure 9a, water production
exhibits intermittent behavior due to the pressure difference between the sediment and
the outlet. When the pressure in the sediment exceeds the back pressure, the outlet valve
opens and water is expelled. Otherwise, the outlet valve closes, and no water is produced.
It is noticed that the amount of water produced is almost the same every time the outlet
valve opens. Combined with Figure 9b, it can be seen that the fluid released from the outlet
does not contain CO2 each time the outlet valve opens during the first six tanks of liquid
CO2 injection since the injected CO2 in the sediment has not arrived at the outlet. In the
process of injecting the seventh tank of liquid CO2, CO2 breaks through the outlet and
the production rate rapidly increases. The cumulative CO2 produced reaches 108.44 L in
a short period before liquid CO2 injection is terminated. In the next part, the cumulative
sequestered CO2 and its quantity in hydrate and liquid phases are calculated.
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Figure 9. Water and CO2 production behavior during liquid CO2 injection. (a) Water production
behavior. (b) CO2 production behavior.

3.3. Sequestration Calculation in Hydrate-Based CO2 Storage
3.3.1. Cumulative CO2 Sequestration

The expression of cumulative sequestered CO2 at different times can be obtained using
the mass conservation law, as follows:

msco2i = minjco2i − moutco2i = ρinjco2iVinjCO2i − ρoutco2iVoutCO2i = ρinjco2iQinjCO2t − ρoutco2iVoutCO2i (1)

where msCO2i, minjCO2i, and moutCO2i are, respectively, the amount of cumulative sequestered,
injected, and produced CO2 at different times, in Kg; ρinjCO2i and ρoutCO2i are, respectively,
the densities of injected and produced CO2 under the corresponding condition, in Kg/m3;
VinjCO2i and VoutCO2i are, respectively, the injected and produced CO2 volumes under the
corresponding condition, in m3; QinjCO2 is the liquid CO2 injection rate, in L/min; and t
represents the injection time, in min.

The CO2 density at different temperatures and pressures during injection can be
obtained by referring to Figure 10 [55] or the manual [56].
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The cumulative sequestered CO2 with time during liquid CO2 injection is calculated
and illustrated in Figure 11. It can be seen that the cumulative sequestered CO2 in the
sediment increases almost linearly with an increase in CO2 injection at a constant rate
before large amounts of CO2 are released from the outlet. When liquid CO2 injection is
terminated, the cumulative sequestered CO2 reaches 22.098 Kg.
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Figure 11. Cumulative sequestered CO2 in the sediment during injection.

For comparison with CO2 sequestration in saline aquifers, a novel cumulative seques-
tration factor in hydrate-based CO2 storage is defined as the ratio of the equivalent volume
of the cumulative sequestered CO2 to the effective pore volume in the sediment. It is calcu-
lated by taking into consideration that the cumulative sequestration factor reaches 0.1353 PV
when liquid CO2 injection is stopped, indicating a relatively low sequestered amount.

This can be mainly attributed to three reasons. One is that viscous fingering occurs due
to a low viscosity ratio of liquid CO2 to formation water, resulting in low sweep efficiency.
Another is that the formed hydrate aggravates the heterogeneity and anisotropy of the
sediment, causing severe heterogeneous figuring phenomena. The third is that the effective
pore space for subsequent CO2 injection is compressed due to hydrate formation.

3.3.2. CO2 Sequestration in Hydrate and Liquid Phases

Since the dissolved CO2 in water is much easier to form hydrate, the quantity of
dissolved CO2 is extremely low in hydrate-based CO2 sequestration, which can be ignored.
In addition, the generated hydrate at the CO2–water interface will prevent the effective
contact between remaining CO2 and water from the further formation of hydrate. As a
result, we assume that the sequestered CO2 in the sediment co-exists in hydrate and liquid
phases in the large-scale 3D experiment on hydrate-based CO2 sequestration.

To calculate the proportion of sequestered CO2 in hydrate and liquid phases, the mass
conservation law of CO2, including the injected, sequestered, and produced CO2, is first
applied using Equation (2):

ρco2iVco2i + ρscco2VhiRco2 = minjco2i − moutco2i (2)

where ρCO2i and ρSCCO2 are CO2 densities, respectively, at the corresponding temperature
and pressure in the internal model and under atmospheric conditions, in Kg/m3; VCO2i
and Vhi represent the volumes of liquid CO2 and hydrate sequestered in the sediment, in
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m3; and RCO2 is CO2 volume under standard conditions released from per-volume hydrate
dissociation, in 175 sm3/m3.

The mass of the initial, retained, and effluent water in the internal model at a certain
stage of liquid CO2 injection also satisfies the mass conservation law with the expression
indicated in Equation (3):

ρw
(
Vp − Vhi − Vco2i

)
+ ρwVhiRw = ρwVp − ρwVwouti (3)

where ρw is the water density, in Kg/m3; Vp represents the effective pore volume in
the sediment, in m3; Rw is the water volume released from per-volume CO2 hydrate
dissociation, in 0.75 m3/m3; and Vwouti represents the water volume released from the
outlet at different liquid CO2 injection stages, in m3.

The volume of sequestered CO2 in hydrate and liquid phases can be determined by
combining Equations (2) and (3) with their expressions shown in Equations (4) and (5):

Vhi =
minjco2i − moutco2i − ρco2Vwouti

ρco2(Rw − 1) + ρsco2Rco2
(4)

Vco2i =
minjco2i − moutco2i

ρco2
− ρscco2Rco2

ρco2

(minjco2i − moutco2i − ρco2Vwouti

ρco2(Rw − 1) + ρsco2Rco2

)
(5)

The saturation of CO2 hydrate and liquid CO2 at different injection stages is calculated
based on Equations (4) and (5), respectively, with the result illustrated in Figure 12, which
indicates that a portion of injected liquid CO2 transforms to hydrate, resulting in hydrate
saturation increasing with time. Since hydrate preferentially forms at the interface of CO2
and water with small Gibbs free energy and hinders their effective contact to some degree,
which is not beneficial for further hydrate formation, not all liquid CO2 can transform
into hydrate, with its saturation showing a nonlinear increasing trend with continuous
CO2 injection, while hydrate saturation is always larger than that of liquid CO2. It can
also be seen that both the final liquid CO2 and hydrate saturation were small with values
of 8.98% and 12.63%, respectively, when the CO2 injection was stopped. This is mainly
because the formed hydrate aggravates the heterogeneity and anisotropy in the sediment,
resulting in severe heterogeneous figuring phenomena. As a result, the sweep efficiency of
injected CO2 is small, with a substantial portion of the water being retained in the sediment,
which cannot be effectively displaced by CO2 when a large amount of CO2 is released from
the outlet.
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The mass percentage of CO2 in hydrate and liquid phases relative to the cumulative
sequestered CO2 at different injection stages is depicted in Figure 13, which shows that
the CO2 percentage in the hydrate phase is always smaller than that in the liquid phase,
although hydrate saturation is higher than liquid CO2 in the sediment. This is primar-
ily because CO2 hydrate contains a significant proportion of water, with approximately
0.75 volume of water released from per-volume hydrate dissociation. The challenge of
further enhancing hydrate saturation and CO2 fraction in the hydrate phase still remains.
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3.3.3. Instantaneous Hydrate Conversion and Liquid CO2 Retention Rates

In order to further investigate the dynamic formation characteristics of CO2 hydrate
during liquid CO2 injection, the instantaneous hydrate conversion rate is proposed, which
is defined as the ratio of the mass difference of CO2 converted to hydrate at different
injection stages to the cumulative sequestered CO2. The detailed expression is indicated in
Equation (6):

αhi =
ρSCCO2(Vhi − Vhi−1)RhCO2

mCO2t
× 100% (6)

Similarly, the liquid CO2 instantaneous retention rate is defined as the ratio of the
mass difference of liquid CO2 sequestered in the sediment at different injection stages to
the cumulative sequestered CO2, with the expression shown in Equation (7):

αli =
ρCO2iVCO2i − ρCO2i−1VCO2i−1

mCO2t
× 100% (7)

Equations (6) and (7) were utilized to calculate the instantaneous hydrate conversion
rate and the liquid CO2 instantaneous retention rate, respectively, during injection, with
the result shown in Figure 14. It can be seen that both rates exhibit significant fluctuations
with increasing CO2 injection. At the initial stage of liquid CO2 injection, the sediment has
a large amount of formation water. The injected CO2 immigrates uniformly in the initially
homogeneous sediment. The injected CO2 has thorough contact with the formation water,
resulting in a large CO2–water contact area. Therefore, the instantaneous conversion rate
of hydrate increases with increasing CO2 injection. However, a proportion of water in
the sediment is consumed as a result of hydrate formation with continuous CO2 injection.
The generated hydrate impedes the direct contact between subsequently injected CO2
and formation water, reducing their effective contact area. As a result, the instantaneous
hydrate conversion rate changes to a decreasing mode. The quantity of the generated
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hydrate gradually increases as the amount of CO2 injection continues to increase, which
causes a more pronounced degradation of the effective pore structure and aggravation
of heterogeneity in the sediment. The injected CO2 then shifts toward high-permeability
zones with large pore throat radii and good connectivity. Consequently, the contact area
between liquid CO2 and formation water increases, resulting in a gradual increase in
the instantaneous hydrate conversion rate. With the ongoing injection of liquid CO2, the
effective contact area between liquid CO2 and water decreases a second time, leading
to a reduction in the instantaneous hydrate conversion rate. The superimposition of
the aforementioned factors results in irregular fluctuations in the instantaneous hydrate
conversion rate and liquid CO2 instantaneous retention rate. There is an overall opposite
evolutionary trend between the instantaneous liquid CO2 retention and hydrate conversion
rate during CO2 injection. However, it can be found that the two rates exhibit the same
increasing trend for the second tank of liquid CO2 injection. This is mainly because
hydrate formation lags behind liquid CO2 injection. In the process of injecting the second
tank of liquid CO2 injection, the injected CO2 from the first one continues to generate
hydrate, resulting in an instantaneous hydrate conversion rate and instantaneous liquid
CO2 retention rate, both evolving in the same increasing trend.
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4. Conclusions

(1) Irregular variations in the temperature and pressure at a certain point and in each
layer during CO2 injection confirm the generation of CO2 hydrate as well as its
heterogeneous spatial distribution.

(2) When CO2 is injected into the deposit at a constant rate and no large amount of gas is
expelled from the outlet, the cumulative sequestered CO2 increases approximately
linearly with continuous CO2 injection, while hydrate saturation is always larger than
liquid CO2.

(3) CO2 hydrate aggravates the heterogeneity and anisotropy of the sediment, resulting
in low CO2 sweep efficiency and small cumulative sequestration in the sediment
when a large amount of CO2 is released from the outlet.

(4) The instantaneous hydrate conversion rate and liquid CO2 retention rate both exhibit
irregular fluctuations due to the consumption of formation water by CO2, varia-
tion in the effective contact area between liquid CO2 and water, and heterogeneity
aggravation of the sediment.
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