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Carbon dioxide (CO,) replacement is a promising technique for extracting natural gas hydrate (NGH, a
promising clean energy source), capable of promoting energy development while mitigating the
greenhouse effect. However, the improvement of NGH extraction efficiency in field engineering is
hindered by the difficulty of CO, injection and diffusion. To overcome these difficulties, this study
proposes combining CO, replacement with the solid fluidization method for the exploitation of NGH. The
effects of solid fluidization mining goaf on methane (CH,) recovery and CO, sequestration were
experimentally investigated. The results indicate that the presence of a goaf in a sandy hydrate reservoir
improves the CH, recovery ratio and CO, storage capacity due to its ability to provide a higher
replacement driving force. However, the CO, sequestration ratio in the goaf-containing reservoir is lower
than that in the intact hydrate reservoir due to the influence of free water content. Besides increasing the
replacement driving force, the goaf in the clayey hydrate reservoir can also enhance the diffusion of the
replacement medium. The enhancement of CH, recovery and CO, storage amount per unit sediment
volume is 5.3% and 22.8%, respectively. Moreover, the CO, sequestration ratio in the goaf-containing
hydrate reservoir is higher than that in the intact hydrate reservoir. These results provide theoretical
support for the extraction of NGH via the CO, replacement method.

©2026 China Geology Editorial Office.

1. Introduction

world’s oil and gas industry as well as the transformation of
energy structure (Choudhary N and Phirani J, 2024; Wei N et

Natural gas hydrate (NGH) is a solid crystalline substance
formed by the interaction of small gas molecules such as light
hydrocarbons (CH, is dominant in nature) and water under
specific environmental conditions (usually high pressure and
low temperature) (Sloan ED, 2003). NGH is commonly found
in permafrost and seafloor sediments at continental margins.
The global carbon reserves in NGH are approximately twice
as large as the sum of conventional fossil energy sources
(Makogon YF, 2010; Boswell R et al., 2016). Moreover, more
than 90% of the hydrate resources are found in marine
sediments (Wei N et al., 2024). The exploitation of marine
NGH is of great significance for the development of the
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al., 2024).

Conventional NGH  extraction methods include
depressurization, thermal stimulation, inhibitor injection and
their combinations (Chong ZR et al., 2016; Li XS et al., 2016;
Kashish et al., 2024). Depressurization and thermal
stimulation are used to alter the temperature and pressure
environment of the in situ hydrate reservoir through
boreholes, causing the hydrate to decompose and thereby
recovering CH, (Sun X et al., 2019; Yoshimoto N et al.,
2023). Inhibitor injection alters the phase equilibrium
conditions of the hydrate itself, to make the hydrate
decompose under the original temperature and pressure.
However, marine hydrate reservoirs are characterized by low
sediment cementation strength (Zeng ZJ et al., 2023). The
extensive decomposition of hydrate during long-term
exploitation greatly weakens the mechanical strength of the
reservoirs, which can easily lead to engineering geological
disasters (borehole instability, submarine landslides, etc.)
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(Handwerger AL et al., 2017; Chen Y et al., 2019; Song BJ et
al., 2019; Chibura PE et al., 2022). Solid fluidization and CO,
replacement are innovative hydrate extraction technologies
(Zhou S et al., 2018; Ndlovu P et al., 2022). The solid
fluidization technique involves breaking the NGH reservoir in
situ into a slurry by mechanical means (mainly water jet
crushing). Subsequently, a pipe conveyor is used to lift the ore
slurry to the extraction platform for gas collection (Fig. 1).
Finally, the hydrate reservoir forms a goaf with a certain
volume. The goaf can exist stably if its size and diameter do
not exceed the critical value (Wu KS et al., 2017; Mao LJ et
al., 2022). In May 2017, the solid fluidization method was
successfully applied in the Liwan No. 3 well of the Shenhu
area in the South China Sea, confirming its feasibility in NGH
extraction projects (Zhou SW et al., 2018).

The CO, replacement method generally uses pure CO, or
CO,/N, as the replacement medium (Chen Y et al., 2019;
Mok J et al., 2025). Existing experimental studies and
numerical simulation studies have indicated that the technique
can remodel the hydrate cage structure during exploitation,
thereby preventing a reduction in the reservoir’s mechanical
strength (Gajanan K et al., 2024; Gu YH et al., 2025). It can
be considered that CO, replacement is a safe way to extract
marine NGH. Moreover, this method enables the permanent
storage of CO, through the formation of hydrate on the
seafloor, and thus contributes to the reduction of the global
greenhouse effect. However, the principle of NGH extraction
by CO, replacement indicates that the efficiency of CH,
recovery and CO, sequestration is severely limited by the
amount of CO, injected into the reservoir and the extent of
CO, diffusion (Koh DY et al., 2016; Matsui H et al., 2020).
Most of the marine hydrate reservoirs around the world are
rich in clay minerals (mainly montmorillonite, illite, and
kaolinite) and characterized by low permeability, which
makes it difficult to inject a large amount of CO, into the
reservoir through drilling wells in the actual mining project
(Boswell R et al., 2017; Wu ZR et al., 2020). Moreover, the
injected CO, can easily react with pore water to form CO,

oo i CO, injection J Sea
of ore slurry : : 4
=) ~~_
o] |0 ‘{
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v L v =

Underburden

Fig. 1. Schematic diagram of CO, replacement combined with solid
fluidization for NGH extraction.

hydrate, leading to the blockage of seepage channels.
Therefore, the efficiency of CH,; extraction and CO,
sequestration in the process of hydrate extraction by CO,
replacement method is relatively limited (Kan JY et al., 2021;
Zhang YL et al., 2023; Gajanan K et al., 2024). Many
Scholars have introduced the depressurization and thermal
stimulation-induced process into the CO, replacement
method, which promotes the seepage of CO, in the NGH
reservoir, and ultimately improves the efficiency of NGH
extraction to a certain extent (Chen Y et al., 2019; Wang YH
et al., 2021; Zhang XM et al., 2024). However, these
improved measures did not achieve the goal of massive CO,
injection into the reservoir.

This study proposes the mining method of CO,
replacement combined with solid fluidization. The schematic
diagram is shown in Fig. 1. The formation of a goaf in the
NGH reservoir after solid fluidization mining can provide a
huge storage space for CO, or CO,/N,, which directly
overcomes the challenge of injecting large amounts of CO.,.
Meanwhile, the goaf can increase the contact area between the
replacement medium and the hydrate formation, which is
conducive to the penetration of the replacement medium into
the NGH reservoir. Additionally, the formation of CO,
hydrate during NGH exploitation may enhance the stability of
the reservoir and goaf. Therefore, this combined mining
method has the potential to realize the safe and efficient
exploitation of marine NGH. To evaluate the theoretical
feasibility of this combined mining technology, it is extremely
important to clarify the effect of the presence of goaf on the
behavior of CH, recovery and CO, sequestration.

In this study, sandy hydrate sediment samples and clayey
hydrate sediment samples were employed in CO,/N,
replacement mining experiments for CH, hydrate to
comprehensively investigate the effect of reservoir goaf on
CH, recovery behavior and CO, sequestration behavior. Two
sets of experiments in the intact reservoir (without goaf) were
used for comparison. During the replacement process, the
multi-component (CH,4, CO,, and N,) evolution in the gas and
hydrate phases was analyzed by a gas chromatograph. It is
hoped that this study could provide some guidance for the
safe and efficient development of marine NGH.

2. Experimental section
2.1. Experimental materials and apparatus

CH,, CO, and N, were used, each with a purity of
99.99%. N, was blended with CO, as a replacement medium
to boost the efficiency of CH,; extraction from NGH
reservoirs, and a 1 : 4 molar ratio was adopted to simulate
flue gas emitted by power plants. 200400 mesh quartz sand
was used to prepare sandy sediment. 1250 mesh sodium
montmorillonite was used to prepare clayey sediment after
mixing with quartz sand, and distilled water was used. Both
quartz sand and sodium montmorillonite were purchased from
Hunyuan Junhong New Material Co., Ltd. in China.

Fig. 2 shows the schematic diagram of the CO,/N,
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Fig. 2. Schematic diagram of the CO,/N, replacement mining experimental system for natural gas hydrate.

replacement mining experiment system for CH, hydrate. The
inner space of the reactor is cylindrical with an effective
volume of 509 mL, a height of 20 cm, and an inner diameter
of 6 cm. The gas storage vessel is used to store CH, gas
during the formation of CH, hydrate and to store CO,/N,
during the replacement. The temperature range of the water
bath is from 243.15 K to 373.15 K. The pressure sensor was
connected to the top flange of the reactor through a pipe. A
temperature probe was arranged in the hydrate-bearing
sediment. The measurement errors of pressure and
temperature are + 25 kPa and + 0.1 K, respectively. The
pressure and temperature were recorded in real time by a
computer during the experiment. A gas chromatograph
(Agilent 7890B) was used to determine the ratio of gas
components of the gas samples taken in the reactor and the
gas storage vessel.

2.2. Procedure

The experimental process of this study is consistent with
the proposed mining method. The specific experimental
procedures are as follows.

(i) Sediment sample preparation. Firstly, a certain amount
of sand and montmorillonite were dried for 72 h. Then, the
dried quartz sand and montmorillonite were packed into an
enclosed container according to a certain ratio (70 : 30). The
mixture was shaken vigorously for 0.5 h to mix the quartz
sand and montmorillonite evenly. Subsequently, distilled
water was sprayed onto the sample, and the sample was mixed
well by stirring.

(i) Reactor filling. The prepared sediment sample was
filled into the reactor in several layers. Each layer was
compacted with a punch hammer. Subsequently, a hollow
thin-walled cylindrical steel tube was used to hollow out the

center portion of the sediment. The hollowed-out hole was 3
cm in diameter and 9 cm in length, and it was used to simulate
a goaf in a hydrate reservoir. It should be noted that the size
of the goaf is basically the same as the size of the erosion hole
formed in the previous experiment using a water jet to erode
hydrate-bearing sediment (Pan DB et al., 2023). Finally, the
reactor was sealed with a flange.

(iii) CH,4 hydrate formation. After the injection of CHy,,
the reactor and gas storage vessel were placed in a water bath
and cooled down to 274.15 K. When the reactor’s temperature
increased instead of decreased, it indicated that a large
amount of CH,; hydrate started to form (Fig. 3, Case 1).
Finally, the hydrate synthesis is considered to be completed
when the temperature is stabilized at 1°C, and the pressure is
stable for 48 h. The gas storage vessel can store enough CHy
at this stage to ensure that the required hydrate saturation can
be synthesized with a single gas injection.

(iv) COy/N, injection. It has been shown that CH4 hydrate

310 12
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v 2951 CH, hydrate replacement | 8 0
g 290 g
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% 285 | =
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Fig. 3. Variations of pressure and temperature of hydrate synthesis
and replacement reaction process in Case 1.
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has a strong self-protection effect at 268.15 K, and the
decomposition rate is extremely slow at this temperature
(Stern LA et al., 2003). Therefore, the water bath temperature
was lowered to 268.15 K after the formation of CH, hydrate.
The remaining CH, in the gas storage vessel was emptied and
evacuated, and then CO,/N, was injected at a predetermined
pressure. After that, the remaining CH, inside the reactor was
quickly emptied, and the valve between the reactor and the
vessel was opened. The CO,/N, in the vessel rapidly entered
the reactor, which was considered the beginning of the
CH,—CO,/N, replacement reaction (replacement pressure was
about 10 MPa). Finally, the water bath temperature was
adjusted to 274.15 K. During the replacement, the connection
between the reactor and vessel was maintained at all times.
The experimental scheme of this work is illustrated in Table 1.
The variations of pressure and temperature of the CH,
synthesis and replacement reaction in Case 1 are shown in
Fig. 3. This case is a typical example of all experiments in this
work.

(v) Gas sampling. After the replacement reaction lasted
about 90 h, there was little change in the gas phase and
hydrate phase components. Therefore, the replacement
reactions in all experiments were controlled within 86 h. The
gas sampling intervals were set to 0.5 h, 0.5 h, 2 h, 3 h, 8 h,
24 h, 24 h, and 24 h. To ensure the accuracy of experiment
results, all experimental cases were repeated three times.

2.3. Calculation formulas

During the replacement reaction, different gas components
(CH4, CO,, and N,) exist only in the gas phase or the hydrate
phase. The calculation process of the molar amounts of
different gas components in the gas phase and hydrate phase
is as follows (Eqs. 1-6):

PV
Mijess = g Vi ¥ Zi:l An;, M

where i is the serial number of gas sampling times; j
represents the three gas components: CHy, CO; and Ny; n; 4,
is the molar amount of gas component ; in the gas phase of the
reactor at the moment before collecting the i-th gas sample; P
is the pressure (Pa) in the reactor during the replacement; V' is
the total gas volume (m®) in the reactor, which is determined
after the formation of CH, hydrate and can be obtained by
subtracting the volume of internal sediments from the
effective volume of the reactor; R is the molar gas constant; T
is the value of temperature (K) measured by temperature
probe; Z is the compression factor of the mixed gases (CHy,

Table 1.

CO, and N,) in the reactor, which can be calculated by the gas
state equation; y,; is the ratio of the molar amount of gas
component j to the total molar amount of all gas components
in the i-th gas sample of the reactor, which can be measured
by a gas chromatograph; An;; is the molar amount of gas
component ;j in the i-th gas sample of the reactor.

- P Vvesse c c
. VY A @

Miies = ZeTeR
where ¢, is the molar amounts of gas component j in the
gas phase of the gas storage vessel at the moment before
collecting the i-th gas sample; V... is the effective internal
volume of the gas storage vessel; 7°¢ is the temperature in the
gas storage vessel; Z° is the compression factor of the mixed
gases (CHy, CO,, and N,) in the gas storage vessel; ys, is the
ratio of the molar amount of gas component j to the total
molar amount of all gas components in the i-th gas sample of
the gas storage vessel; Anf, is the molar amount of gas

component j in the i-th gas sample of the gas storage vessel.

E M jihyd = MicH,, hyd T 1iCO,, hyd T Ny, hyd 3)
j

where n, ;4 is the molar amount of gas component j in the
hydrate phase of the reactor at the moment before collecting
the i-th gas sample.

Micn,, hya=ANcr, = (i, gas + 1, gas) “4)

where Ancy, i the total molar amount of synthesized CHy
hydrate.

—_— (9
Mo, hyd = Minitial,CO,.gas — (ni.COz,gas + ”l,;coz,gas) %)

WheEre 7. co, 005 18 the total molar amount of injected CO,.

TNy, hyd = Minitial No,gas — (PiNy.gas T ”ﬁNLgas) (©)

The CH, recovery ratio is defined as the ratio of the molar
amount of CH, in the gas phase during the replacement
reaction to the total molar amount of synthesized CH,
hydrate. The small amount of CH, generated during the
injection of CO,/N, is removed. The calculation formula is as
follows (Eq. 7):

CH, recovery ratio =

C C
(nLCngﬂS + ni,CH%gas) - (nl,CH4,gas + nI,CH4,gas)
AnC[.h

x 100% %)

The CO, sequestration ratio is defined as the ratio of the
molar amount of CO, consumed in the reactor during the

Experimental scheme for CO,/N, replacement mining of CH, hydrate.

Cases Sediment  Clay mineral mass Goaf Replacement Replacement Porosity/% CH, hydrate Water
type fraction/% setting temperature/K pressure/MPa saturation/% saturation/%
1 S 0 none 274.2 10.6 51.1 30.4 19.7
2 S 0 one goaf  274.2 10.4 50.5 31.0 20.7
3 M+S 30 none 274.2 10.5 50.9 30.8 20.2
4 M+S 30 one goaf  274.2 10.5 50.7 30.6 21.2

Note: S is quartz sand, and M is sodium montmorillonite.
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replacement reaction to the total molar amount of injected
CO,. The calculation formula is as follows (Eq. 8):

CO, sequestration ratio =

c
ninitial,COz,gas - (ni,COz,gas + ni,COZ,gas)

x 100% ®)

Pinitial CO,,gas

The CO, storage amount per unit sediment volume (S,) is
defined as the ratio of the molar amount of CO, hydrate
formed in the reactor (7;co,na) to the volume of hydrate-
bearing sediment (Vgmen)- The calculation formula is as
follows (Eq. 9):

s N co,.hyd

o= ot ©)

Vsedimenl

3. Results and discussion
3.1. Evolution of CH,, CO, and N, in gas and hydrate phases

In all experiments, variations in gaseous components
within the hydrate reservoir are detected by gas
chromatography. Then, the variations of hydrate phase
components can be obtained based on the R—K gas equation
of state (Redlich O and Kwong JNS, 1949). Fig. 4 and Fig. 5
show the evolution of the molar percentages of CH,, CO,, and
N, in the gas and hydrate phases, respectively, during the
replacement reaction. The CO, and N, contents in the gas
phase both decrease gradually with time, and the CH,4 content
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increases gradually. Correspondingly, the CO, and N,
contents in the hydrate phase gradually increase with time,
and the CH, content gradually decreases. These phenomena
indicate that molecular exchange between CO,/N, and CHy
hydrate occurs in different types of reservoirs. Moreover,
regardless of the presence or absence of a goaf in the hydrate
reservoir, the CO, and N, contents in the hydrate phase
increase rapidly in the first period (0-3 h) of the replacement
reaction and slowly in the later period (3—86 h), and the CH,
content decreases rapidly in the first period and slowly in the
later period. Two factors lead to this phenomenon: (1) The
driving force of the replacement reaction decreases over time
due to the continuous consumption of CO,/N,; (2) the
difficulty of molecular exchange between CO,/N, and CHy
hydrate particles increases in the later stages due to the
gradual thickening of the CO,/N, hydrate film. Considering
that the molar percentage of CH, at the end of the
replacement reaction is at a low level (less than 10%) in all
experiments and that the CO,/N, consumed during the
replacement reaction in the reactor is replenished by CO,/N,
in the gas storage vessel, factor 2 may be the main reason for
the slow change of CHy4, CO,, and N, content at the late stage
of the replacement reaction.

3.2. CH, recovery and CO, sequestration in sandy hydrate
reservoir

The CH, recovery ratio is an important metric for
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Fig. 4. Variation of CH4, CO, and N, in gas phase during hydrate exploitation.
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Fig. 5. Variation of CHy4, CO, and N, in hydrate phase during hydrate exploitation.

evaluating the extent of NGH exploitation. The evolution of
the CH, recovery ratio in the sandy reservoir during hydrate
extraction is shown in Fig. 6. It is found that the CH, recovery
ratios gradually increase in both the intact reservoir and the
reservoir containing goaf. Moreover, they increase rapidly in
the early stage of hydrate mining (the first 3 h) and gradually
stabilize in the later stage. It should be noted that the variation
of the two curves show little difference in the early stage, with
almost the same increment. However, as the replacement
reaction proceeds, the CH, recovery ratio of the reservoir
containing goaf is larger than that of the intact reservoir, and
the difference between the two gradually increases. For Case
2, the values of the CH, recovery ratio at 3 h and the end of
the replacement reaction are 5.2% and 19.7%, respectively.
For Case 1, the values of the CH, recovery ratio at 3 h and the
end of the replacement reaction are 3.9% and 14.2%,
respectively. These phenomena indicate that in a sandy
reservoir, the presence of a goaf can significantly improve the
degree of CH, production in the late stage. However, it has
little effect on the CH, production in the early stage. These
results are associated with the injected CO,/N, molar amount.
The previous study has confirmed that the diffusion of
CO,/N, in sandy reservoirs during hydrate extraction is
almost unimpeded (Pan DB et al., 2020). In Cases 1, 2, when
the gas storage vessel is connected to the reactor, CO,/N, can
diffuse rapidly into all the pores of the hydrate reservoir and
contact CH, hydrate particles for the replacement reaction.
The presence of the vessel does not affect CO,/N, diffusion.

30

—a— Case | (intact reservoir)
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Fig. 6. Evolution of CH, recovery ratio in Cases 1, 2 during hydrate
exploitation.

However, compared to an intact reservoir, a goaf provides
additional storage space for CO,/N,. The difference in
CO,/N, gas content between the intact reservoir and the
reservoir containing goaf is the root cause of the difference in
the CH, recovery ratio.

In this study, the molar ratio of injected CO,/N, to initial
CH,; hydrate was used to quantify the difference in
replacement gas content in the reservoir. As shown in Table 2,
the molar ratios of Case 1 and Case 2 are 3.26 and 3.78,
respectively. In the early stage of the replacement reaction,
both the intact reservoir and the reservoir containing goaf
have sufficient CO,/N, content, which can maintain a large
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driving force for replacement. Thus, the values of the CH,
recovery ratio of the two reservoirs increase synchronously by
the same amount. As the replacement reaction proceeds, the
formation of a mixed hydrate layer on the surface of CHy
hydrate particles hinders molecular exchange. However,
higher CO,/N, content can maintain a greater driving force
for the replacement reaction, and the growth rate of the CH,
recovery ratio decreases more slowly. As a result, the CH,
recovery ratio in the reservoir containing goaf is higher than
that in the intact reservoir at the later stage.

Additionally, the average CH, production rate during
hydrate extraction is shown in Table 2. For Case 1, the values
in the early and later stages are 102.4 x 10~* mol/h and 8.4 x
10 mol/h, respectively. For Case 2, the average CH,
production rates in the early and later stages are 99.2 x 107*
mol/h and 9.4 x 10~* mol/h, respectively. The CH, production
rates in the early stage of the replacement reaction are
significantly higher than those in the later stage. Moreover,
the average CH, production rate during the late stage in the
intact reservoir is lower than that in a reservoir containing
goaf, which is attributed to the lower CO,/N,—CH, hydrate
molar ratio in the intact reservoir. However, the total amount
of CH, hydrate in the intact reservoir is larger than that in the
reservoir containing goaf. Therefore, a larger area of
CO,/N,—CH, hydrate replacement reaction occurs in the intact
reservoir. Hence, the average CH, production rate of the early
stage in the intact reservoir is higher than that in the goaf-
containing reservoir.

The CO, sequestration ratio is used to research the
behavior of CO, geologic sequestration in the NGH reservoir.
Fig. 7 shows the evolution of the CO, sequestration ratio in
the hydrate mining process. The values of Case 1 and Case 2
both increase rapidly in the early stage and stabilize gradually
in the later stage. Meanwhile, the variation of water
consumption (Fig. 8) in the cases is similar to that of the CO,
sequestration ratio. Given this, it can be considered that, in
addition to the consumption of CO, in the gas phase by
replacement reaction, the formation of mixed hydrate by the
interaction of CO,/N, and free water (pore water) in the
reservoir also plays an important role in CO, sequestration.
On the other hand, it is observed from Fig. 7 that the CO,
sequestration ratio of reservoir containing goaf is smaller than
that of intact reservoir throughout the replacement process,
which differs from the results of the comparison of CH,

Table 2. Average CH,4 production rate and the molar ratio of
injected CO,/N, to initial CH, hydrate in sandy hydrate reservoir.

Case Reservoir Molar ratio of Stage of Average CH,

type injected CO,/N, to  replacement production
initial CH4 hydrate  reaction rate/(10~* mol/h)
1 Intact 3.26 early stage 102.4
reservoir (0-3 h)
late stage 8.4
(3-86 h)
2 Reservoir  3.78 early stage  99.2
containing (0-3 h)
goaf late stage 9.4
(3-86 h)

recovery ratios in the two kinds of reservoirs. At the end of
the hydrate extraction, the CO, sequestration ratios in the
reservoir containing goaf and the intact reservoir are 25.8%
and 27.1%, respectively. Two factors contribute to these
phenomena. First, although the degree of hydrate replacement
is more extensive in the reservoir containing goaf than that in
the intact reservoir, the total amount of CH, hydrate in the
reservoir containing goaf is smaller than that in the intact
reservoir. This results in a smaller surface area for CO,/N,—
CH, hydrate replacement reaction, unfavorable for carbon
sequestration. Second, the free water content of the reservoir
containing goaf is also smaller than that of the intact reservoir,
leading to the formation of smaller amounts of CO,/N, mixed
hydrate in it. This is evidenced by the comparison of water
consumption in Fig. 8. This is also detrimental to carbon
sequestration.

It should be noted that the lower CO, sequestration ratio
in the goaf-containing reservoir compared to the intact
reservoir does not imply that the goaf-containing reservoir has
a weaker CO, storage capacity. In this study, the CO, storage
amount per unit sediment volume (S,) is defined as the ratio
of the molar amount of CO, hydrate formed in the NGH
reservoir to the volume of hydrate-bearing sediment, and it is
used to evaluate the CO, storage capacity of the reservoir.
The evolution of S, of Cases 1, 2 is illustrated in Fig. 7. It is
found that the values of S, of Cases 1, 2 both increase rapidly
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Fig. 7. CO, sequestration ratio and CO, storage amount per unit
sediment volume in sandy hydrate reservoir.
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in the early stage and stabilize gradually in the later stage.
Under the influence of mixed hydrate formation and
molecular exchange between CO,/N, and CH, hydrate, the S,
of Case 1 is always smaller than that of Case 2 during hydrate
production. After hydrate production, the S, of Case 2 is
higher than that of Case 1 by 31.2%. These results
demonstrate that the presence of a goaf can improve the CO,
storage capacity of a sandy hydrate reservoir.

In general, it can be concluded that for sandy hydrate
reservoir, the presence of a goaf can enhance CH, production
and S, in the hydrate extraction process. Since the diffusion of
the replacement medium in such a reservoir is not much
hindered, the beneficial effect of the goaf is reflected in the
enhancement of the amount of replacement medium injected
during hydrate extraction.

3.3. CH, recovery and CO, sequestration in clayey hydrate
reservoir

The evolution of the CH, recovery ratio in the clayey
reservoir during hydrate extraction is shown in Fig. 9. Similar
to Cases 1, 2, the CH, recovery ratios in Cases 3, 4 all
increase gradually as hydrate extraction proceeds. Moreover,
it increases rapidly in the first 3 h, and the variation gradually
stabilizes in the later stage. However, different from Cases 1,
2, the gap between the two curves for Cases 3, 4 remained
consistently large throughout the replacement reaction period.
Meanwhile, the CH, recovery ratio in the reservoir containing
goaf is continuously greater than that in the intact reservoir,
and the gap between the two increases gradually. For Case 4,
the CH,4 recovery ratios at 3 h and at the end of hydrate
exploitation are 12.0% and 25.1%, respectively. For Case 3,
the CH,4 recovery ratios at 3 h and at the end of hydrate
exploitation are 7.2% and 19.8%, respectively. These
phenomena indicate that in a clayey hydrate reservoir, the
presence of a goaf can significantly improve the degree of
CH, production throughout the replacement reaction period. It
is related not only to the molar ratio of injected CO,/N, to
initial CH,4 hydrate but also to the diffusion of CO,/N,. On the
one hand, for Cases 3, 4, the diffusion of CO,/N, from the gas
vessel into the reactor is impeded due to the expansion of
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Fig. 9. Evolution of CH, recovery ratio in Cases 3, 4 during hydrate
exploitation.

montmorillonite in the reservoir, which reduces the pore
space. However, in the case of a reservoir containing goaf, the
presence of the goaf enlarges the contact area between
CO,/N, and hydrate-bearing sediment, which improves the
diffusion of CO,/N, in the reservoir to a certain extent.
Therefore, the promotion effect of the goaf is reflected in the
fact that the CH,4 recovery ratio of the reservoir containing
goaf is significantly higher than that of the intact reservoir in
the early stage. On the other hand, as shown in Table 3, the
molar ratio of injected CO,/N, to initial CH, hydrate in the
intact reservoir and the reservoir containing goaf is 3.37 and
3.97, respectively. A relatively high ratio maintains a greater
driving force for the replacement reaction, which is more
favorable for increasing the CH, recovery ratio. Thus, in the
combination of these two factors, the CH, recovery ratio of
the reservoir containing goaf is higher than that of the intact
reservoir during the whole replacement reaction.

Additionally, the average CH, production rates of Cases 3,
4 during hydrate extraction are also shown in Table 3. For
Case 3 and Case 4, the average CH, production rates in the
carly stage are 161.8x10°* mol/h and 196.6x10"* mol/h,
respectively. The CH,4 production rate in the intact reservoir is
significantly lower than that in the reservoir containing goaf,
which is contrary to the comparison of CH,4 production rates
in Cases 1, 2 (see Table 2). This result suggests that the
replacement reaction area of CO,/N,-CH, hydrate in the
clayey reservoir containing goaf is larger than that in the
clayey intact reservoir. Moreover, it proves that the presence
of goaf contributes to the diffusion of CO,/N,.

Fig. 10 shows the evolution of the CO, sequestration ratio
in the hydrate mining process. The variations of CO,
sequestration ratios in Cases 3, 4 are similar to those in Cases
1, 2 (see Fig. 7). They all increase rapidly in the early stage
(03 h) and stabilize gradually in the later stage (3-86 h).
Given that most of the free water in clayey sediment is
absorbed by clay particles, the formation degree of CO,/N,
mixed hydrate is low (as reflected by the water consumption
curve shown in Fig. 11). After hydrate production, the water
consumption of the intact reservoir and the reservoir
containing goaf is low, both of which are not greater than 4 g.
It can be concluded that the replacement reaction of CO,/N,
with CH,; hydrate plays a dominant role in carbon
sequestration. As shown in Fig. 10, it is also found that the
difference between the two curves vary in both the early and

Table 3. Average CH,4 production rate and the molar ratio of
injected CO,/N, to initial CH, hydrate in clayey hydrate reservoir.

Case Reservoir Molar ratio of Stage of Average CH,
type injected CO,/N, to  replacement production
initial CH, hydrate  reaction rate/(10~* mol/h)
3 Intact 3.37 early stage 161.8
reservoir (0-3 h)
late stage 11.2
(3-86 h)
4 Reservoir  3.97 early stage 196.6
containing (0-3h)
goaf late stage 10.1
(3-86 h)



https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070
https://doi.org/10.31035/cg2025070

632 Zeng et al. / China Geology 9 (2026) 624—634

late stages. The CO, sequestration ratio in the early stage of
the reservoir containing goaf is significantly higher than that
of the intact reservoir. For example, the sequestration ratios of
Case 4 and Case 3 at 3 h are 12.5% and 10.1%, respectively,
and then the difference gradually decreases. The CO,
sequestration ratio of Case 4 is slightly higher than that of
Case 3 at the end of hydrate extraction, and the CO,
sequestration ratios of Case 4 and Case 3 are 18.5% and
17.8%, respectively. These phenomena should be related to
the diffusion behavior of CO,/N, in clayey sediment. In the
early stage, the degree of CO,/N, diffusion in the reservoir
containing goaf is greater than that in the intact reservoir,
resulting in a larger reaction surface area in the reservoir
containing goaf. Therefore, the reservoir containing goaf is
more favorable for CO, sequestration. Subsequently, the
replacement medium gradually penetrates the reservoir. As
the total amount of CH, hydrate in the intact reservoir is
greater, the surface area of the replacement reaction in the
intact reservoir is larger than that in the reservoir containing
goaf. Therefore, the intact reservoir is more favorable for CO,
sequestration, even though the extent of replacement reaction
is greater in the reservoir containing goaf (as shown by the
higher CH, recovery ratio in Case 4 than in Case 3).
Therefore, the difference in the CO, sequestration ratio
between the two cases at the end of the replacement reaction
is small.
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Fig. 10. CO, sequestration ratio and CO, storage amount per unit
sediment volume in clayey hydrate reservoir.
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Fig. 11. Evolution of water consumption in Cases 3, 4 during
hydrate exploitation.

The evolution of S, of Cases 3, 4 is also illustrated in Fig. 10.
It is found that the values of S, of Cases 3, 4 increase rapidly
in the early stage and stabilize gradually in the later stage.
Under the effect of molecular exchange between CO,/N, and
CH, hydrate, the S, of Case 3 is always smaller than that of
Case 4 during hydrate production. After hydrate production,
the S, of Case 4 is higher than that of Case 3 by 22.8%. These
results demonstrate that the presence of a goaf can also
improve the CO, storage capacity of clayey hydrate reservoir.

In general, it can be concluded that for a clayey hydrate
reservoir, the presence of a goaf can enhance CH, production
and CO, sequestration in the hydrate extraction process. The
beneficial effect of the goaf is reflected in the increasing
degree of diffusion of the replacement medium and the
growing amount of replacement fluid injected during hydrate
extraction.

3.4. Comparison of CH, recovery and CO, sequestration in
reservoirs

Fig. 12 illustrates the values of CH, recovery ratio, CO,
sequestration ratio, and S, in all cases after hydrate extraction.
It is found that the CH, recovery ratio in clayey reservoir is
greater than that in sandy reservoir, regardless of the presence
or absence of a goaf. This result is caused by the formation of
CO,/N, mixed hydrate. During hydrate replacement mining, a
large amount of free water in a sandy reservoir forms a mixed
hydrate layer on the surface of CH, hydrate particles after
contact with injected CO,/N,. It increases the difficulty of
CH, substitution from the water molecule cages. This result is
also confirmed in the study of Matsui H et al. (2020) and
Yuan Q et al. (2013). However, most of the free water in the
clayey reservoir is absorbed by montmorillonite, and the
formation of CO,/N, mixed hydrate is greatly reduced (as
shown by comparing the water consumption in Fig. 8 with
Fig. 11), which contributes to the escaping of CH, from the
water molecule cages. Admittedly, it is undeniable that the
water-absorbing swelling of montmorillonite can inhibit the
gas transportation in the reservoir (Ren JJ et al., 2022, 2024),
which is unfavorable to CH,; recovery to some extent.
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Fig. 12. Comparison of CH, recovery ratio, CO, sequestration ratio,
and CO, storage amount per unit sediment volume in all cases.
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However, the negative effect caused by the swelling of
montmorillonite is not prominent under the experimental
conditions in this work. It can be seen from Fig. 12 that the
CO, sequestration ratio of Cases 1, 2 is greater than that of
Cases 3, 4, regardless of the presence or absence of a goaf.
This result suggests that the formation of CO,/N, mixed
hydrate in a sandy reservoir makes a significant contribution
to the geological sequestration of CO,. However, given that
the S, in Cases 1, 2 is lower than that in Cases 3, 4, it can be
considered that the CO, storage capacity of the sandy hydrate
reservoir is lower than that of the clayey hydrate reservoir.

4. Conclusions

Comparative experiments were conducted on the
extraction of NGH using CO,/N, replacement in the intact
reservoir and the reservoir containing goaf. The conclusions
drawn from analyzing the experimental results are as follows.

(i) Multicomponent evolution in gas and hydrate phases
shows that replacement reaction can occur in the reservoir
regardless of the presence or absence of a goaf.

(i1) In a sandy hydrate reservoir, the presence of a goaf
results in a higher CO,/N,-CH, hydrate molar ratio, thereby
increasing the CH, recovery ratio. Due to the higher free
water content in an intact reservoir, its CO, sequestration ratio
is higher than that of a reservoir containing a goaf. However,
in terms of CO, storage amount per unit sediment volume, a
reservoir with a goaf has increased by 31.2% compared to an
intact reservoir.

(ii1) In a clayey hydrate reservoir, the existence of a goaf
not only increases the CO,/N,-CH, hydrate molar ratio but
also promotes the diffusion of CO,/N,, thus enhancing the
CH,; recovery ratio. In such a reservoir, the molecular
replacement between CO,/N, and CH, hydrates dominates the
CO, sequestration process. As a result, the CO, sequestration
ratio of a reservoir with a goaf is higher than that of an intact
reservoir, and the CO, storage amount per unit sediment
volume has increased by 22.8% compared to an intact
Ireservoir.

In future work, the influence of the goaf on the process of
CH, hydrate extraction via CO, replacement under larger
experimental scales will be investigated. Meanwhile, factors
such as the heterogeneity of hydrate reservoirs and the
geometric dimensions of the goaf will be considered.
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