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a b s t r a c t 

The replacement method by CO 2 is regarded as a new approach to natural gas hydrate (NGH) exploitation 

method, by which methane production and carbon dioxide sequestration might be obtained simultane- 

ously. In this study, CO 2 was used to recover CH 4 from hydrate reservoirs at different temperatures and 

pressures. During the CO 2 –CH 4 recovery process, the pressure was selected from 2.1 to 3.4 MPa, and the 

temperature ranged from 274.2 to 281.2 K. Calculating the fugacity differences between the gas phase and 

the hydrate phase for CO 2 and CH 4 at different conditions, it has found rising pressure was positive for 

hydrates formation process that was helpful for the improvement of CH 4 recovery rate. Rising tempera- 

ture promoted the trend of CH 4 hydrate decomposition for the whole process of CO 2 –CH 4 replacement. 

The highest recovery rate was 46.6 % at 3.4 MPa 281.2 K for CO 2 –CH 4 replacement reaction in this work. 

© 2017 Published by Elsevier B.V. and Science Press. 

1. Introduction 1 

As the demand of the clean energy increasing with global cli- 2 

mate change, natural gas attracted more attention for its high en- 3 

thalpy upon combustion and low carbon emission [1] . Natural gas 4 

hydrate (NGH) is an energy resource for methane which total re- 5 

serves in the world is estimated to range between 0.82 × 10 13 and 6 

2.10 × 10 15 m 

3 CH 4 at standard temperature and pressure (STP) [2] . 7 

It have been found under the seabed or in the permafrost regions 8 

and expected to be a next-generation energy source [3,4] . The ex- 9 

ploitation of NGH has very important social and economic effect, 10 

especially for shortage of energy nowadays. How to efficiently and 11 

safely exploit NGH remains a huge challenge. The simple exploit- 12 

ing methods include thermal stimulation, depressurization and 13 

inhibitors injection [5] , which destroy the phase equilibrium of hy- 14 

drate reservoir to cause hydrate decomposition. It would raise con- 15 

cerns about landslide and seabed ecosystem destruction. 16 

The replacement method by use of CO 2 is regarded as a safe 17 

natural gas hydrate exploitation method, which injects CO 2 into 18 

the hydrate reservoir to recover CH 4 and sequesters CO 2 through 19 

storage in the deep sea. Compared to other exploiting methods, 20 

such as thermal stimulation, depressurization and inhibitors in- 21 

jection, replacement recovery method can maintain the ground 22 

mechanical stability and reduce water production by reformation 23 

of CO 2 hydrate [6] . Ebinuma [7] and Ohgaki et al. [8] proposed 24 
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the idea of replacing CH 4 with CO 2 from hydrate deposits in sea 25 

floor and studied the equilibrium components. Smith et al. [9] re- 26 

searched the possibility of exchanging hydrate with CO 2 . And the 27 

viability of replacement natural hydrate with CO 2 had been proved 28 

both in thermodynamics and kinetics [10,11] . Bai et al. [12] studied 29 

CO 2 replacing CH 4 hydrate by molecular dynamics simulations ex- 30 

plaining the processes consist of the methane hydrate dissociation 31 

and the CO 2 hydrate formation. They thought CO 2 hydrate forma- 32 

tion would reduce the replacement ratio as the CO 2 hydrate layer 33 

hindered the mass transfer of CH 4 and CO 2 molecules. 34 

Many studies indicated that replacement ratio was closely re- 35 

lated to temperature and initial pressure. Li et al. [13] examined 36 

the gaseous CO 2 replaced CH 4 in hydrate reservoirs with the ex- 37 

perimental conditions at 271.2 to 276.0 K and 2.8 to 3.25 MPa. It 38 

showed that the CH 4 recovery ratio was increased with the tem- 39 

perature rising, and growing the initial pressure of CO 2 could also 40 

improve the CH 4 recovery ratio. Ota et al. [14] got the same result 41 

that CH 4 recovery ratio increased with the rise of initial pressure 42 

under CO 2 liquid pressure, while CH 4 recovery ratio did not change 43 

at higher pressures above the CO 2 liquid pressure. Ota thought the 44 

replacement ratio was dependent on pressure and phase condi- 45 

tions. Yuan et al. [15] showed using liquid CO 2 could obtain more 46 

CH 4 than using gaseous CO 2 for replacement process. They thought 47 

the fugacity of liquid CO 2 decreases slightly during the replace- 48 

ment reaction compared with gaseous CO 2 . Zhou et al. [16] di- 49 

vided the phase equilibrium diagram into four parts on replace- 50 

ment of CH 4 in hydrate with CO 2 , and considered Part A was an 51 

optimal area for CO 2 –CH 4 replacement process, which is shown in 52 
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Fig. 1. Phase equilibrium diagram of replacement of CH 4 in hydrate with CO 2 . Part 

A is CO 2 hydrate formation area with gaseous CO 2 . Part B is CO 2 hydrate forma- 

tion area with liquid CO 2 . Part C is neither formation area of CH 4 hydrate and CO 2 
hydrate. Part D is CH 4 hydrate and CO 2 hydrate simultaneous formation area. 

Fig. 1 . CH 4 recovery ratio relied on the initial replacement condi- 53 

tion. However, the pressure and composition were changing dur- 54 

ing the relacement processes and the trend of CH 4 –CO 2 exchanging 55 

decreased with reaction time. 56 

In this work, we investigated how the pressure and the tem- 57 

perature affect the methane recovery ratio during the replacement 58 

processes, considering two steps, the methane hydrate decompose 59 

and the CO 2 hydrate formation. Furthermore, the whole process of 60 

the trend of CH 4 –CO 2 exchange was quantified by calculating the 61 

fugacity differences between the gas phase and the hydrate phase 62 

for CO 2 and CH 4 . The driving force was described by the fugacity 63 

differences between the gas phase and the hydrate. The quantifi- 64 

cation of the driving force was essential to evaluate the kinetics of 65 

CH 4 hydrate decomposition and CO 2 hydrate formation. 66 

2. Experimental 67 

2.1. Materials and apparatus description 68 

Methane and carbon dioxide were supplied by the Guangzhou 69 

Zhuozheng Gas Industry Corporation, with a stated minimum pu- 70 

rity of 99.9 mol%. The purity of SDS was 99%, purchased from 71 

Shanghai Biological Technology Co., Ltd. The quartz sand used in 72 

the experiment was from Zhengzhou Union Water Co. with a con- 73 

tent of 95%. Distilled water was prepared in the laboratory. 74 

A schematic diagram of the experimental apparatus is shown 75 

in Fig. 2 . The experimental apparatus mainly consists of gas sup- 76 

ply module, reaction module and data acquisition module. The gas 77 

supply module provides CH 4 and CO 2 . The reaction module is used 78 

for CH 4 hydrate formation and CH 4 –CO 2 exchange included a high 79 

pressure reactor ( ϕ44 × 200 mm), a buffer tank and a thermo- 80 

static bath (THD-3015, Tianheng Device Co., Ningbo, China). The 81 

high pressure reactor and the buffer tank can withstand a maxi- 82 

mum pressure of 25 MPa. The system temperature is maintained 83 

with an accuracy of 0.1 K using the thermostatic bath. The data ac- 84 

quisition module (Agilent 34970A, Agilent Tech., China) collects the 85 

pressure and temperature of the reactor tank and the buffer tank. 86 

The gas composition is analyzed by an in-line gas chromatograph 87 

(GC9800). 88 

2.2. Procedure 89 

2.2.1. Formation of CH 4 hydrate 90 

A known amount of 0.03 wt% SDS solution and quartz sand 91 

were introduced into the high pressure reactor shown in Fig. 2 . The 92 

Fig. 2. Schematic of the experimental apparatus. 

1–CO 2 cylinder, 2–relief valve; 3–buffer, 4–cell, 5–thermostatic bath, 6–pressure 

sensor, 7–vacum pump, 8–sample connection, 9–back pressure valve, 10–mass flow 

meter, 11–vent valve, 12–pressure gauge, 13–CH 4 relief valve, 14–CH 4 cylinder, 15–

data collector, 16–PC. 

temperature of thermostatic bath was stabilized at 274.2 K. The re- 93 

actor was then sealed, vacuumed for about 30 min, and charged 94 

to CH 4 three to four times to ensure no air. CH 4 gas feed into 95 

the reactor to 15 MPa. The data acquisition module recorded the 96 

pressure and temperature. Hydrate formation could be considered 97 

completed when the experimental pressure was no change for 98 

24 h. 99 

2.2.2. Replacement of CH 4 with gaseous CO 2 100 

After complete formation of the CH 4 hydrate, the temperature 101 

of the thermostatic bath adjusted to 271.2 K. The back pressure reg- 102 

ulator was set to the desired experimental pressure, and then the 103 

free CH 4 in the reactor was released. The gaseous CO 2 was intro- 104 

duced into the reactor. Then, the temperature of thermostatic bath 105 

adjusted to the experimental temperature and kept constant. The 106 

replacement of CH 4 in the hydrate phase started. The gas composi- 107 

tion in the reactor was analyzed by the gas chromatogram during 108 

the CO 2 –CH 4 replacement reaction. The replacement of CH 4 –CO 2 109 

was considered completed when the composition of CH 4 in the gas 110 

phase keep stable in 24 h. 111 

2.3. Data processing 112 

The recovery ratio is a very important factor to evaluate 113 

CO 2 –CH 4 process from the hydrate. The definitions of them as Eq. 114 

(1) , 115 

ηRe = 

n C H 4 , Re 

n 

i 
C H 4 , H 

× 100% (1) 

Where n i 
C H 4 ,H 

and n C H 4 , Re are the initial molar quantity of CH 4 in 116 

the hydrate phase and the moles of CH 4 displaced in its hydrate, 117 

respectively. These can be calculated by Eqs. (2) and ( 3 ), 118 

n 

i 
C H 4 , H 

= n 

i 
C H 4 , Total − n 

i 
C H 4 , G 

(2) 

119 

n C H 4 , Re = x C H 4 , Inter n Mgas , Inter (3) 

n i 
C H 4 , Total 

and n i 
C H 4 , G 

stand for the numbers of moles before and af- 120 

ter the formation of CH 4 hydrate respectively. And they can be cal- 121 

culated on the basis of the equation of state (EoS), the temperature 122 

and pressure in vapor phase which were recorded in the process 123 

of CH 4 hydrate formation. x C H 4 , Inter is the mole fraction of CH 4 in 124 
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