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Abstract: Depressurization combined with brine injection is a potential method for field production
of natural gas hydrate, which can significantly improve production efficiency and avoid secondary
formation of hydrate. In this work, the experiments of hydrate production using depressurization
combined with brine injection from a simulated excess-water hydrate reservoir were performed,
and the effects of NaCl concentration on hydrate decomposition, temperature change, and heat
transfer in the reservoir were investigated. The experimental results indicate that there is little gas
production during depressurization in a excess-water hydrate reservoir, and the gas dissociated from
hydrate is trapped in pores of sediments. The high-water production reduces the final gas recovery,
which is lower than 70% in the experiments. The increasing NaCl concentration only effectively
promotes gas production rate in the early stage. The final cumulative gas production and average
gas production rate have little difference in different experiments. The NaCl concentration of the
produced water is significantly higher than that which is in contact with hydrate in the sediments
because the water produced by hydrate decomposition exists on the surface of undissociated hydrate.
The high concentration of NaCl in the produced water from the reactor significantly reduces the
promoting effect and efficiency of NaCl solution on hydrate decomposition. The injection of NaCl
solution decreases the lowest temperature in sediments during hydrate production, and increases
the sensible heat and heat transfer from environment for hydrate decomposition. The changes of
temperature and resistance effectively reflect the distribution of the injected NaCl solution in the
hydrate reservoir.

Keywords: methane hydrate; depressurization; NaCl concentration; gas production; excess-water

1. Introduction

Due to the increasing demand for energy and the increasing problem of environmental
pollution, the development of new clean energy is the demand of the times. Natural gas
hydrate widely exists in permafrost and seabed [1,2], and is considered to be an important
energy source for the future because of its large reserves and low environmental pollu-
tion [3,4]. To study the feasibility of producing gas hydrate, the United States, Canada,
Japan, and China have performed several trial productions, which have proven the fea-
sibility of producing natural gas hydrate by thermal stimulation, depressurization, and
carbon dioxide replacement [5–9]. However, there is still a large gap between current gas
production efficiency and the requirements of commercial production.

During gas production from hydrate reservoirs, hydrate is commonly dissociated in
situ and gas is then produced [10–13]. Previous studies have indicated that the depressur-
ization method is generally accepted as the most economical, simple, and effective method
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at present. However, hydrate decomposition must absorb a lot of heat, while the sensible
heat available for hydrate decomposition in the reservoir is limited, resulting in a signifi-
cant reduction in hydrate production efficiency using the depressurization method [14,15].
Therefore, hydrate decomposition depends on reservoir heat transfer from the environment
in the constant pressure production stage, and heat transfer is a key factor in controlling
the hydrate decomposition rate and determining efficiency during production [16,17]. To
make more use of the sensible heat of the reservoir and enhance the heat transfer from
environment, the method of decreasing the production pressure is usually used. Several
scholars have proposed depressurizing the reservoir pressure below the four-phase point of
hydrate and using the heat released by ice formation to further increase the decomposition
rate of hydrate [18]. These methods can significantly increase the decomposition rate of
hydrate, but the secondary hydrate and ice will be formed. The secondary hydrate not only
decreases the reservoir permeability and impedes the gas-liquid flow, but also may block
the production well and obstruct the gas production. Therefore, the single depressurization
method is difficult to achieve the high production efficiency [19].

The combined method refers to the combined use of multiple production methods.
The combined method can avoid the shortcomings of a single production method and
improve production efficiency [16]. For example, depressurization combined with thermal
stimulation is useful for providing extra heat to avoid the secondary hydrate formation and
wellbore blockage during depressurization, further improving the decomposition efficiency
of hydrate [20]. As a thermodynamic inhibitor, salt can reduce the stable temperature of
hydrate [21,22]. Injecting hot brine during production can further increase the sensible heat
for hydrate decomposition in the reservoir, so as to improve the hydrate decomposition
rate [23]. Furthermore, seawater contains a lot of salts, which provide favorable conditions
for the field production of high concentration salt solution when producing hydrate [24].
The promoting effect of salt solution on hydrate decomposition is directly affected by salt
concentration. Theoretically, the higher the salt concentration is, the stronger the promoting
effect on hydrate decomposition will be [25–27]. However, the increase of salt concen-
tration will increase the viscosity of the solution. For reservoirs with low permeability,
the increase in salinity will significantly affect the gas-liquid flow in the pores, resulting
in the reduction of the promoting effect of salt solution [28]. The experiments of Feng
et al. [20] indicated that the promoting effect of salt during the hydrate production by
depressurization combined with hot brine injection first increases and then decreases with
the increase of salt concentration, and has the maximum promotion when the concentration
is 10 wt%. Additionally, the promoting effect of salt solution is also affected by the injection
rate. More heat and salt ions are injected into the reservoir per unit of time under a higher
injection rate of salt solution, which is conducive to hydrate decomposition. Numerical
simulations and experiments indicated that there are often two hydrate decomposition
fronts during the hydrate production by depressurization combined with hot brine injec-
tion, which are around the injection well and hydrate production well, respectively [29,30].
After the hydrate between the two wells is dissociated completely, the injected salt solution
is directly produced from the production well, resulting in some hydrates being unable to
contact with the salt solution, reducing the promoting efficiency of the salt solution. How-
ever, in the numerical simulation research, the hydrate reservoir is usually homogeneous
or layered heterogeneous, and the distribution and flow of the injected salt solution in
the reservoir are completely different from those in the actual reservoir [27]. In addition,
hydrate decomposition will produce a large amount of water, which will be partially stored
on the surface of undissociated hydrate, so that the injected salt solution cannot be in full
contact with undissociated hydrate [31].

In summary, depressurization combined with hot brine injection is a potential method
for hydrate production in field. The reported research indicated that the concentration,
temperature, injection rate of salt solution, and the contact area between salt solution
and hydrate have significant impacts on the promoting effects. However, in the current
research, there are still some disputes about the influence of salt concentration in different
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reservoirs, and the distribution and flow of injected salt solution in the reservoir are not
clearly revealed. Furthermore, previous studies were mostly performed in the simulated
hydrate reservoir with excess-gas [25–27], which is quite different from the actual hydrate
reservoir [32]. In this work, the hydrate production experiments of depressurization
combined with brine injection in the hydrate reservoir with excess-water were performed;
the effects of salt concentration on gas production, water production, and heat transfer
were studied; and the distribution and flow of the injected salt solution in the reservoir
were analyzed.

2. Experimental Sections
2.1. Experimental Apparatus

Figure 1 displays the schematic diagram of the experimental device. It mainly includes
a gas-liquid supply system, a production system, a data acquisition system, a water bath,
and a reactor. The gas-liquid supply system includes the compressor, booster pump, and
constant flow pump. The constant flow pump (SP0530) with a range of 0–50 mL/min and
a precision of ±0.5% is used to accurately control the injection rate and amount of salt
solution. The production system includes a back-pressure valve (30 MPa, ±0.05 MPa), a
gas-liquid separator, an electronic balance (0~6200 g, ±0.01 g), an ion concentration tester
(0.00–14.00 pX), and two gas flowmeters (10 L/min, ±10 mL/min). The data acquisition
system can record the temperature, pressure, resistance, fluid injection, and gas/liquid
production during the experiment. The temperature control range of the water bath is
0–95 ◦C, with an accuracy of ±0.1 ◦C. The reactor with the inner diameter of 150 mm
and inner height of 140 mm and has an effective volume of 2.4 L. There are three vertical
wells and three horizontal wells in the reactor. As displayed in Figure 2, three layers of
temperature and resistance measuring points are set in the reactor, and each layer has five
temperature measuring points and four resistance measuring points. The temperature
is measured by a PT100 temperature sensor, with a measurement range of −10 ◦C to
40 ◦C and an accuracy of ±0.1 ◦C. The resistance is measured by a pair of electrodes. The
pressure in the reactor is measured by a Senex DG21-type pressure transducer, which has a
measuring range from 0 to 25 MPa and an accuracy of ±0.025 MPa.
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Figure 1. Schematic of the experimental apparatus.
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2.2. Materials

Methane gas (99.95%) was supplied by Guangzhou Shengying Chemical Co., Ltd.
Deionized water with a resistivity of 18.25 mW/cm was prepared by ultrapure water equip-
ment, which was produced by Nanjing Ultrapure Water Technology, Co., Ltd. (Nanjing, China).
Sodium chloride with a purity of 99.8% was supplied by Aladdin Industrial Corporation.
Silica sands with particle sizes from 250 to 380 µm were supplied by Shanghai McLean
Biochemical Technology Co., Ltd. (Shanghai, China).

2.3. Experimental Procedure
2.3.1. Hydrate Formation

The main steps of the hydrate formation were as follows: (1) The reactor was cleaned
with deionized water and then dried. (2) 3250 g of dried quartz sands were tightly filled
in the reactor, and the reactor was assembled and immersed into the water bath. (3) The
reactor was flushed three times with pure methane gas to replace the air in the reactor.
(4) The temperature of the water bath was adjusted to 20 ◦C, and 480 mL of deionized
water was injected into the reactor at a rate of 20 mL/min. (5) The reactor was pressurized
with methane gas to 18 MPa, and the temperature of water bath was kept at 20 ◦C for
5 h to confirm that the temperature and pressure in the reactor were stable. (6) The water
bath temperature was adjusted to 8 ◦C to form hydrate until the pressure in the reactor
dropped to 10.6 MPa. (7) NaCl solution (3.5 wt%) was injected into the reactor at a speed of
50 mL/min, and the production well was kept open to replace methane in the reactor by
NaCl solution. The replacement process was ended until no methane gas released.

2.3.2. Hydrate Decomposition

After the hydrate formation, the hydrate was dissociated by depressurization com-
bined with NaCl solution injection. The main steps were as follows: (1) The NaCl solution
(7, 10, 14 wt%) was prepared and cooled to 8 ◦C. (2) The production well was opened to
reduce the pressure in the reactor to 4.7 MPa. (3) 600 g NaCl solution was injected into the
reactor from the bottom of the reactor at the rate of 20 g/min, and the production pressure
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was kept at 4.7 MPa during injection. When water production began, 5 mL of NaCl solution
produced was taken to measure its concentration every 5 min during production. (4) When
the temperature in the center of the reactor was higher than 7 ◦C, it was concluded that
the hydrate had dissociated completely. During the hydrate formation and production,
temperature, pressure, resistance, and other data were recorded every 20 s.

3. Results and Discussion

In this study, three groups of hydrate production experiments of depressurization
combined with injection of NaCl solutions with different concentrations were performed.
Table 1 provides detailed experimental conditions during hydrate formation and gas
replacement of the three experiments (runs 1–3). Due to the same experimental steps in
the formation process, there was little difference in hydrate saturation, methane saturation,
and water saturation among the three experiments before replacing gas with NaCl solution.
During the gas replacement process, the net injection amount of NaCl solution in the
three groups of experiments had little difference. After the replacement process, the
gas production of run 1 and run 2 was essentially the same, and the gas production of
run 3 was slightly higher than that of run 1 and run 2. As indicated in Table 1, the gas
saturations of runs 1–3 in the reactor after the replacement were about 4.83%, 3.49%, and
3.29%, respectively.

Table 1. Experimental conditions during hydrate formation and gas replacement.

Run 1 Run 2 Run 3

Initial pressure (MPa) 17.93 17.9 18.02
Formation end pressure (MPa) 10.56 10.43 10.58

Hydrate saturation (%) 27.45 27.27 27.91
Methane saturation before replacement (%) 50.77 50.68 50.8

Water saturation before replacement (%) 21.78 22.05 21.29
Net injection volume of NaCl solution (g) 478.21 480.32 463.97
Gas production during replacement (mL) 34,825 35,187 36,087
Methane saturation after replacement (%) 4.83 3.49 3.29

Water saturation after replacement (%) 57.39 59.19 59.21
Hydrate saturation after replacement (%) 37.78 37.32 37.5

3.1. Evolution of Pressure during Production

Figure 3 portrays the pressure change curves of runs 1–3 during the hydrate produc-
tion. As indicated in Figure 3, the pressure in the reactor first decreased to the production
pressure and then kept nearly constant. The NaCl solution was injected into the reactor
when the pressure reached the production pressure. The enlarged view of Figure 3 indicates
that the pressure had a slight increase in runs 2 and 3 during the depressurization. This
may be because methane was wrapped in the NaCl solution, which would deform and
squeeze when passing through the pipeline and valve, resulting in great flow resistance
during the flow of the produced liquid, and in serious cases, resulting in temporary pipeline
“blockage” (Jamin effect) [33]. Figure 3 also exhibits that the rates of the pressure decrease
of runs 1–3 were essentially coincident during the depressurization. The time of occurrence
of the Jamin effect in run 2 and run 3 was also essentially the same, and the pressure curves
of run 2 and run 3 were also highly coincident after the occurrence of the Jamin effect.
As displayed in Figure 3, the pressure curve fluctuates slightly in the process of constant
pressure production. This is due to the pressure in the reactor being controlled by the
back-pressure valve, which has an uncertainty of ±0.05 MPa.
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3.2. Gas Production and Water Production

Figure 4 portrays the curves of the cumulative gas production of runs 1–3. As indicated
in Figure 4, there was little gas production during depressurization. In all the experiments,
the gas volume in the reactor before depressurization was small, and the pores in sediments
were mainly filled with NaCl solution. After depressurization, the pressure kept constant
and methane gas started to be produced. Runs 1–3 had a highly consistent rising trend of
cumulative gas production in the initial stage of constant pressure production. With the
continuous injection of NaCl solution, the gas production rate in run 3 became gradually
higher than those in run 1 and run 2. However, although the concentration of the injected
NaCl solution in run 2 is higher than that of run 1, the cumulative gas production in run
2 was only slightly higher than that in run 1. This indicates that there was little difference
in the effect of NaCl solution on gas production in run 1 and run 2. After a period of gas
production, the cumulative gas production curves of runs 1–3 begin to close, indicating
that NaCl solution has little promoting effect on hydrate decomposition after a period of
constant pressure production. Table 2 portrays the experimental results of runs 1–3. Figure 4
and Table 2 indicate that the cumulative gas production of runs 1–3 was similar at the end
of the experiments. At the end of the production, the gas recovery rates (output/injection)
of runs 1–3 were 69.81, 68.77, and 69.96 %, respectively. The average gas production rates of
runs 1–3 were 7799, 8093, and 7903 mL/h, respectively. The average gas production rates of
run 2 and run 3 increased by 3.77% and 1.33% compared with run 1, which indicates that the
increasing NaCl concentration has little effect on improving the total production efficiency.

Figure 5 portrays the curves of the gas production rate for every 5000 mL of methane
gas of runs 1–3 during the hydrate production. It can be observed from Figure 5 that the gas
production rates of runs 1–3 were essentially the same when the gas production volume was
0–5000 mL, which was mainly produced in the initial stage of the NaCl solution injection.
This indicates that at the beginning of the NaCl solution injection, the NaCl concentration in
the reactor had not been significantly affected by NaCl solution injection, and had little dif-
ference in runs 1–3. Therefore, the gas production rates in different experiments have a high
degree of repeatability. When the cumulative gas production volume was 5000–10,000 mL,
the gas production rate in run 1 remained nearly unchanged, but increased significantly
in runs 2 and 3. This indicates that with the continuous injection of NaCl solution, the
concentration of NaCl in pore water in sediments gradually increases and presents differ-
ences in different experiments. It also indicates that the higher the concentration of the
injected NaCl solution, the stronger the promotion on hydrate decomposition becomes.
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In the gas production range of 10,000–20,000 mL, the gas production rates of runs 1–3 all
decreased due to the hydrate saturation decreases. When the cumulative gas production
was higher than 25,000 mL, the gas production rates of runs 1–3 all gradually decreased
and trended to be close. In the later stage of the hydrate production, the injection of NaCl
solution is stopped, and the NaCl concentration of pore water decreased gradually with the
increasing water dissociated from hydrate decomposition and the production of water with
high NaCl concentration, resulting in the decrease of the promoting effect of NaCl solution
injection on hydrate decomposition. From Figure 5, it can be observed that the increase of
NaCl concentration can effectively enhance the gas production rate. However, Figure 4 and
Table 2 indicate that the final cumulative gas production in run 1 was the highest and the
average gas production rate has little difference in different experiments. This indicates that
the promoting effect of high NaCl concentration on hydrate decomposition is mainly con-
centrated in the beginning of NaCl injection. In the hydrate reservoir with excess water, the
NaCl concentration of the injection solution will be diluted quickly by the excess water in
sediments and the water produced from dissociated hydrate, and water production reduces
the amount of NaCl solution in the reactor, resulting in a small gas production difference
among the experiments with different NaCl concentrations. Therefore, the promotion effect
of salt solution on hydrate decomposition can be effectively improved by reducing the
free water content in the reservoir before injection and reducing the loss of injected salt
solution. In addition, the gas production and gas production rate are also affected by the
water production, which influences the amount of residual gas in the reservoir.
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tion of NaCl solution, the concentration of NaCl in pore water in sediments gradually 
increases and presents differences in different experiments. It also indicates that the 
higher the concentration of the injected NaCl solution, the stronger the promotion on hy-
drate decomposition becomes. In the gas production range of 10,000–20,000 mL, the gas 
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Table 2. Experimental conditions and results during hydrate production.

Run 1 Run 2 Run 3

Amount of NaCl solution injected (g) 600 600 600
Injected NaCl solution concentration (wt%) 7 10 14

Production pressure (MPa) 4.7 4.7 4.7
Average gas production rate (mL/h) 7799 8093 7903

Cumulative water production (g) 877.61 901.62 914.06
Cumulative gas production (mL) 58,512 56,253 56,740

Total gas volume before production (mL) 83,818 81,801 81,106
Gas recovery ratio (%) 69.81 68.77 69.96
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Figure 5. Gas production rate per 5000 mL gas production in runs 1–3.

Figure 6 portrays curves of the cumulative water production and injected NaCl solu-
tion in different experiments. As indicated in Figure 6, the water production mainly occurs
in the depressurization stage and NaCl solution injection stage. The water production of
runs 1–3 was almost same during depressurization. At the end of NaCl solution injection,
the water production of run 2 and run 3 was slightly lower than that of run 1. However,
there was obvious water production in run 2 and run 3 in the later stage of the hydrate
production. As indicated in Table 2, the final water production in run 3 was the highest
and was obviously higher than that in run 1, which resulted in the less cumulative gas
production in run 3, as discussed above. It can also be observed that during the NaCl
solution injection, the water production was slightly higher than the NaCl injection, which
may be due to the water produced from hydrate decomposition promotes the water pro-
duction. This also indicates that the water volume in the reactor decreases gradually with
the continuous hydrate decomposition, and some gas dissociated from hydrate is trapped
in pores in sediments. As demonstrated in Table 2, the final gas recovery ratios in different
experiments were lower than 70%, indicating that in the actual hydrate production process,
the higher water production will significantly reduce gas recovery.

Figure 7 provides the changes of the measured NaCl concentration of the produced
water in different experiments. The first point in Figure 7 is at the end of depressurization.
It can be observed that the NaCl concentrations of runs 1–3 were essentially the same at
the end of depressurization. However, with the continuous injection of NaCl solution,
the NaCl concentration of produced water in runs 1–3 also increased significantly, which
indicates that the injected NaCl effectively increases the NaCl concentration of pore water
in sediments. When the NaCl solution is injected for 10 min, the increasing trend of
NaCl concentration in produced water slows down. It may be because the injected NaCl
solution begins to flow to more areas and distribute more widely in sediments, and the
water dissociated from hydrate dilutes the NaCl solution. At the 20th min, the NaCl
concentration of run 3 increased significantly, and the maximum concentration reached
10.35 wt%. The sudden increase of water production concentration indicates that the
injected NaCl solution may flow directly from the injection port to the production well after
pore water in sediments is replaced by injected NaCl solution. The high NaCl concentration
of produced water indicates that the promoting effect and efficiency of the injected NaCl
solution on hydrate decomposition are significantly reduced. Therefore, it is important
to ensure that the injected NaCl solution can be more widely distributed in the hydrate
reservoir and reduce the loss of solution caused by water production during the hydrate
production using the method of depressurization combined with salt solution.
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Figure 6. Cumulative water production and NaCl solution injection in runs 1–3. 
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3.3. Heat Transfer Characteristics

Figure 8 portrays the curves of the temperature changes at different measurement
points in run 1. Figure 8a–c corresponds to the temperature measurements in layer A
(upper layer), layer B (middle layer), and layer C (bottom layer) in the reactor, respectively.
It can be observed from Figure 8 that the temperatures in the reactor decrease rapidly
during depressurization, and there is no obvious temperature rise, which indicates that
there is no obvious secondary hydrate formation. The great temperature decrease indicates
a large amount of dissociated hydrate. However, Figure 4 indicates that there is little gas
production during the depressurization process. This indicates that the gas dissociated
from hydrate during the depressurization process is trapped in the reactor. At the end
of depressurization (Point A), the temperatures in the bottom layer of the reactor were
lower than those in the middle and upper layers, indicating that the NaCl concentration
in the bottom layer of the reactor was higher than that in the middle and upper layers. In
addition, there were obvious differences in the temperature of different measuring points
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in the same layer, indicating that there were differences in hydrate saturation and NaCl
concentration of pore water in different areas of the reactor. This is due to the uneven
distribution of NaCl concentration in sediments when injecting NaCl solution to displace
the methane gas in the reactor. At the end of depressurization, the average temperature in
the reactor was 5.19 ◦C, which is consistent with the equilibrium temperature of methane
hydrate in NaCl solution with the concentration of 2.54 wt% (4.7 MPa, 5 ◦C).
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bottom part of the reactor. 
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solution, not only the temperatures in the middle and bottom layers but also the temper-
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This indicates that the NaCl solution in run 3 had sufficient contact with the hydrate in 
the upper layer of the reactor, resulting in the higher gas production rate in run 3 than 
those in runs 1 and 2 after the NaCl solution was injected. 

Figure 8. Curves of temperature changes at different measurement points in run 1 during hydrate
production. (a) In the upper layer of the reactor. (b) In the middle layer of the reactor. (c) In the
bottom part of the reactor.

After the depressurization, the temperatures at the measuring points of TA1, TB1, TC1,
TA1′, TB1′, and TC1′, which are near the reactor wall, began to rise, indicating that a large
amount of hydrate in these areas had been dissociated during depressurization, and the
injected NaCl solution had little effect on the hydrate decomposition in these areas. In
addition, the temperatures at TA2, TA3, and TA3′ also increased obviously, but the rising
rate was lower than that near the reactor wall, which is because hydrate decomposition
reduced the temperature increase rate. At measuring points of TB2, TB3, TB3′, TC2, TC3,
and TC3′, the temperatures decreased gradually with the injection of NaCl solution. This
indicates that the injected NaCl solution enhanced the NaCl concentration at the points
of TB2, TB3, TB3′, TC2, and TC3, which were distributed in the middle and bottom layers.
The increase of the NaCl concentration decreased the equilibrium temperature of hydrate
at the same pressure, resulting in more sensible heat in the reservoir that could be used
for hydrate decomposition, thus improving the gas production efficiency. Figure 8b,c also
indicates that after the injection of NaCl solution, the temperature of each measuring point
in the central area of the reactor was different, and the temperatures at TB3 and TC3 were
lower than those at TB3’ and TC3’. This indicates that the uneven distribution of hydrate in
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the reactor leads to the uneven distribution of injected NaCl solution, and also leads to a
certain difference in the decomposition rate of hydrate everywhere.

Figures 9 and 10 indicate the temperature changes at different measurement points in
runs 2 and 3 during hydrate production, respectively. Because the experimental steps were
the same, only the concentrations of injected NaCl solution were different in runs 2 and
3, and the temperature changes in runs 2 and 3 were similar to run 1. In run 2, due to the
higher NaCl concentration, the temperatures in the bottom layer of the reactor were lower
than that in upper layer of the reactor after injecting NaCl solution, and the lowest value
was about 4.0 ◦C. In run 3, the temperatures near the reactor wall and in the upper layer of
the reactor began to rise after depressurization. However, after injecting NaCl solution, not
only the temperatures in the middle and bottom layers but also the temperatures in the
upper layer decreased significantly, with the lowest value reaching 3.7 ◦C. This indicates
that the NaCl solution in run 3 had sufficient contact with the hydrate in the upper layer of
the reactor, resulting in the higher gas production rate in run 3 than those in runs 1 and 2
after the NaCl solution was injected.
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Figure 9. Curves of temperature changes at different measurement points in run 2 during hydrate 
production. (a) In the upper layer of the reactor. (b) In the middle layer of the reactor. (c) In the 
bottom part of the reactor. 
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was 5.40, 6.68, and 10.35 wt%, respectively. When the pressure was 4.7 MPa, the equilib-
rium temperatures of methane hydrate were 3.70, 3.10, and 1.15 °C, respectively. How-
ever, after injecting NaCl solution, the minimum temperatures in runs 1–3 were 4.3, 4.0, 
and 3.7 °C, respectively. The difference indicates that the NaCl concentration of the solu-
tion in contact with the hydrate was much lower than that of the produced water. With 
the increase of the injected NaCl concentration, the concentration of the NaCl solution in 
contact with the hydrate increases slightly. As analyzed in Figure 5, this is because the 
concentration of NaCl was diluted by the pore water and the water produced by hydrate 
decomposition existed on the surface of undissociated hydrate. Therefore, the injected 
NaCl solution could not contact hydrate directly. After injecting the solution, the average 
temperatures of runs 1–3 in the middle layer of the reactor (TB2, TB3, and TB3′) were 4.99, 
4.97, and 4.40 °C, respectively, and the average temperatures in the bottom layer of the 
reactor (TC2, TC3, and TC3′) were 4.47, 4.29, and 4.59 °C, respectively. In the constant 
pressure production stage, hydrate decomposition depends on environmental heat trans-
fer, and the lower the temperature in the reactor is, the faster the heat transfer is. Although 
run 3 had the lowest temperature in the upper layer of the reactor, the temperature in the 
bottom layer of the reactor was higher than run 2, indicating that the hydrate decomposi-
tion rate in the bottom layer in run 3 was lower than that of run 2. 

Figure 9. Curves of temperature changes at different measurement points in run 2 during hydrate
production. (a) In the upper layer of the reactor. (b) In the middle layer of the reactor. (c) In the
bottom part of the reactor.

Figure 7 indicates that the maximum concentration of produced water in runs 1–3 was
5.40, 6.68, and 10.35 wt%, respectively. When the pressure was 4.7 MPa, the equilibrium
temperatures of methane hydrate were 3.70, 3.10, and 1.15 ◦C, respectively. However, after
injecting NaCl solution, the minimum temperatures in runs 1–3 were 4.3, 4.0, and 3.7 ◦C,
respectively. The difference indicates that the NaCl concentration of the solution in contact
with the hydrate was much lower than that of the produced water. With the increase of
the injected NaCl concentration, the concentration of the NaCl solution in contact with the
hydrate increases slightly. As analyzed in Figure 5, this is because the concentration of
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NaCl was diluted by the pore water and the water produced by hydrate decomposition
existed on the surface of undissociated hydrate. Therefore, the injected NaCl solution could
not contact hydrate directly. After injecting the solution, the average temperatures of runs
1–3 in the middle layer of the reactor (TB2, TB3, and TB3′) were 4.99, 4.97, and 4.40 ◦C,
respectively, and the average temperatures in the bottom layer of the reactor (TC2, TC3,
and TC3′) were 4.47, 4.29, and 4.59 ◦C, respectively. In the constant pressure production
stage, hydrate decomposition depends on environmental heat transfer, and the lower the
temperature in the reactor is, the faster the heat transfer is. Although run 3 had the lowest
temperature in the upper layer of the reactor, the temperature in the bottom layer of the
reactor was higher than run 2, indicating that the hydrate decomposition rate in the bottom
layer in run 3 was lower than that of run 2.
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Figure 10. Curves of temperature changes at different measurement points in run 3 during hydrate 
production. (a) In the upper layer of the reactor. (b) In the middle layer of the reactor. (c) In the 
bottom part of the reactor. 

3.4. NaCl Solution Distribution 
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Figure 10. Curves of temperature changes at different measurement points in run 3 during hydrate
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bottom part of the reactor.

3.4. NaCl Solution Distribution

The high conductivity of NaCl solution makes it possible to use the change of resistance
in the reactor to reflect the distribution of NaCl solution. In order to better compare the
resistance changes caused by NaCl solution injection, the ratio of the resistance during the
NaCl solution injection to the resistance after depressurization were calculated to represent
the changes of resistances at different measurement points in the reactor. Figure 11 portrays
the resistance change curves of different measuring points during the injection of NaCl
solution in run 2. As indicated in Figure 11, the overall resistance indicates a downward
trend after the solution was injected, but the resistance ratios of RA1′, RB1, and RC1 first
increased and then decreased during the injection, which may be because the methane
dissociated by hydrate exists in these places during the depressurization and the gas-liquid
flow after the solution injection had a significant impact on the resistance. At the end of
NaCl solution injection, the average resistance ratios in the upper, middle, and bottom
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layers of the reactor were 0.81, 0.89, and 0.90, respectively. This indicates that the injected
NaCl solution was more distributed in the upper layers of the reactor than in bottom
and middle of the reactor. After the end of the NaCl solution injection, the content and
concentration of NaCl solution in sediments decreased with the decomposition of hydrate
and water production, resulting in a slight upward trend of resistance. However, the
resistance at RC1 indicated a decreasing trend, which may be because that there was little
NaCl solution in sediments at the beginning of the injection solution, and the water content
increased with the decomposition of hydrate.
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changes in the bottom part of the reactor.

Figure 12 portrays the resistance change curve of each measuring point during the
injection of NaCl solution in run 3. As displayed in Figure 12, after injecting NaCl solution,
the resistance also indicated a downward trend. At the end of NaCl solution injection,
the average resistance ratios of the measurement points in the upper, middle, and bottom
layers of the reactor were 0.69, 0.82, and 0.95, respectively. The resistances in the upper
layer of the reactor in run 3 decreased more significantly than that in run 2, indicating
that the NaCl concentration in the upper layer of the reactor increased significantly in
run 3. This led to a significant decrease in temperature in the upper layer of the reactor
after depressurization in run 3, as indicated in Figure 10a. Different from the significant
reduction of the upper layer resistance, the changes of the resistances in the middle and
bottom layers of the reactor were less than that of the upper layer. This may be due to the
uneven distribution of hydrate in sediments; the injected NaCl solution may flow directly
to the area with less hydrate (upper layer). Due to the low content of injected NaCl in
the middle and bottom layers of the reactor, the lowest temperature in the middle and
bottom layers of the reactor in run 3 is near that of run 2. The resistances at the measuring
points of RB1′ and RC1′ in the middle and bottom layers of the reactor also decreased
significantly and more greatly than the resistance measuring points in the center of the
reactor, indicating that the injected NaCl solution may flow to the upper layer of the reactor
along the reactor wall on this side. After injecting the solution, although the gas-liquid flow
has an obvious impact on the resistance of some measuring points (RC1), the resistance of
each measuring point indicates a slight change as the hydrate dissociates. From the changes
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of the temperature and resistance, it can be speculated that due to the non-uniformity of
gas-liquid distribution in the process of hydrate formation, the distribution of hydrate
also displays a certain degree of heterogeneity, which will cause the different seepage
characteristics in hydrate-bearing sediments. In general, a higher hydrate saturation will
significantly reduce the permeability of the reservoir, making the injected NaCl solution
avoid the area with the high hydrate saturation, and then reduce the promotion of NaCl
solution on hydrate decomposition. Therefore, when using the method of salt solution
injection for hydrate production, it is necessary to adopt appropriate methods to make the
salt solution injected into the reservoir have a high hydrate saturation as far as possible. At
present, the influence of hydrate saturation on reservoir permeability and the distribution
of injected salt solution is not sufficient, and further research is needed in the future.

Entropy 2022, 24, x FOR PEER REVIEW 15 of 17 
 

 

influence of hydrate saturation on reservoir permeability and the distribution of injected 
salt solution is not sufficient, and further research is needed in the future. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

Beginning of
NaCl solution injection

Re
sis

ta
nc

e 
ra

tio

Time (h)

 RA1  RA2  RA3  RA1'

End of NaCl solution injection  

(a)

Beginning of
NaCl solution injection

End of NaCl solution injection  

(b)

Re
sis

ta
nc

e 
ra

tio

Time (h)

 RB1  RB2  RB3  RB1'

End of NaCl solution injection  

(c)

Re
sis

ta
nc

e 
ra

tio

Time (h)

 RC1  RC2  RC3  RC1'

Beginning of
NaCl solution injection

 
Figure 12. Resistance curves of run 3 during injection of NaCl solution. (a) Resistance changes in the 
upper part of the reactor. (b) Resistance changes in the middle part of the reactor. (c) Resistance 
changes in the bottom part of the reactor. 

4. Conclusions 
In this study, an excess-water hydrate reservoir was simulated, and the experiments 

of hydrate production using the method of depressurization combined with NaCl solu-
tion injection were performed. The effects of NaCl concentration on hydrate decomposi-
tion, temperature change, and heat transfer in the reservoir were investigated. The main 
conclusions are as follows: 
1. In an excess-water hydrate reservoir, there is little gas production during depressur-

ization and the gas dissociated from hydrate is trapped in pores of sediments. The 
high-water production reduces the final gas recovery, which was lower than 70% in 
the experiments, resulting in the weak influence of NaCl concentration on the final 
gas production. 

2. The increasing NaCl concentration effectively promotes gas production rate in the 
early stage. However, after a period of production, the gas production rate becomes 
similar in the experiments with different NaCl concentrations. The final cumulative 
gas production and average gas production rate had little difference in different ex-
periments. 

3. The NaCl concentration of the produced water is significantly higher than that in 
contact with hydrate in the reactor due to the water produced by hydrate decompo-
sition existing on the surface of undissociated hydrate. The high concentration of 
NaCl of produced water significantly reduces the promoting effect and efficiency of 
NaCl solution on hydrate decomposition. It is important to ensure that the injected 
salt solution can be more widely distributed in the hydrate reservoir and reduce the 
loss of salt solution caused by water production. 

Figure 12. Resistance curves of run 3 during injection of NaCl solution. (a) Resistance changes in
the upper part of the reactor. (b) Resistance changes in the middle part of the reactor. (c) Resistance
changes in the bottom part of the reactor.

4. Conclusions

In this study, an excess-water hydrate reservoir was simulated, and the experiments
of hydrate production using the method of depressurization combined with NaCl solution
injection were performed. The effects of NaCl concentration on hydrate decomposition, tem-
perature change, and heat transfer in the reservoir were investigated. The main conclusions
are as follows:

1. In an excess-water hydrate reservoir, there is little gas production during depressur-
ization and the gas dissociated from hydrate is trapped in pores of sediments. The
high-water production reduces the final gas recovery, which was lower than 70% in
the experiments, resulting in the weak influence of NaCl concentration on the final
gas production.

2. The increasing NaCl concentration effectively promotes gas production rate in the
early stage. However, after a period of production, the gas production rate be-
comes similar in the experiments with different NaCl concentrations. The final cu-
mulative gas production and average gas production rate had little difference in
different experiments.
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3. The NaCl concentration of the produced water is significantly higher than that in
contact with hydrate in the reactor due to the water produced by hydrate decomposi-
tion existing on the surface of undissociated hydrate. The high concentration of NaCl
of produced water significantly reduces the promoting effect and efficiency of NaCl
solution on hydrate decomposition. It is important to ensure that the injected salt
solution can be more widely distributed in the hydrate reservoir and reduce the loss
of salt solution caused by water production.

4. The injection of NaCl solution decreases the lowest temperature during hydrate pro-
duction and increases the sensible heat and heat transfer from environment for hydrate
decomposition. The changes of temperature and resistance reflect the distribution of
the injected NaCl solution in the hydrate reservoir.
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