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Abstract: The application of CO, replacement method to develop natural gas hydrates (NGHs) is considered a highly
promising technology for enhancing both CH, recovery and CO, sequestration. This study presents a review of the
replacement mechanisms with CO, and its mixed gas for NGH exploitation, as well as technological advances in the
replacement with CO, mixed with N,/H, and geothermal-assisted CO, replacement for enhancing CH, recovery from
NGHs. Key findings are as follows: (1) To replace NGHs with pure CO, yields a low CH, recovery. In contrast, injecting
CO, mixed with N,/H, at varying ratios into NGH reservoirs proves effective in enhancing CH, recovery. (2) Injecting
CO, mixed with N, or H, into NGH reservoirs can reduce the Van der Waals’ forces between CH, molecules and NGHs’
molecular cages through the competitive adsorption among various gas molecules. Furthermore, it can decrease the
partial pressure on the CO, phase in the mixed gas, resulting in an upward shift in the phase equilibrium curve of NGHs.
Such shift can inhibit the generation rate of CO, hydrates during the replacement process and mitigate the adverse effects
of hydrate encapsulation, thus enhancing CH, recovery. (3) Injecting CO, mixed with N, for NGH exploitation can

reduce the adverse effects of hydrate encapsulation. However, the newly formed N, hydrates can block the pathways
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through which CO, molecules enter the molecular cages of NGHs, thus leading to limited performance in enhancing CH,
recovery. (4) Unlike CO, and N,, H, does not form new hydrates under the conditions of hydrate reservoirs.
Furthermore, competitive adsorption will occur between H, and N, when a minor amount of H, is injected, further
curbing the formation of N, hydrates. Therefore, introducing H, of low concentration to mixed CO,-N, gas can further
increase the displacement rate of CH, in NGHs, thus boosting the CH, recovery, establishing it as a crucial method to
enhance the performance of CO, replacement for NGH exploitation. (5) Cyclic injection of mixed gas can significantly

(6) Geothermal-assisted CO,

replacement for NGH exploitation can not only reduce the encapsulation effect of newly formed CO, hydrates but also

enhance both the CH, recovery from NGHs and the sequestration rate of CO, hydrates.

facilitate CO, sequestration in geothermal and hydrate reservoirs, thereby markedly increasing subsurface CO,
sequestration rate while simultaneously enhancing CH, recovery.
Key words: phase equilibrium, encapsulation, sequestration rate, recovery, replacement with a mixture of CO, and N,/

H,, CO, replacement method, natural gas hydrate (NGH)
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Table 2 Performance of replacement with mixed CO,+H, gas in enhancing NGH recovery'
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Table 3 Performance of mixed CO,+N, replacement in enhancing CH4 recovery from NGHs
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Table 4 Performance of CO, replacement coupled with thermal stimulation in enhancing NGH recovery

[1,27]

TFR 7 DEIZ KEWA T HRIE/K JEJ1/MPa HHGER I % SCHR B
PR (CO,HN,) B A BERD+7K 273.3 4.2 53.3 Yang %54
A B RN HA+CO,/N, ECEL ) AR+ 275.7 4.8 68. 8 Tupsakhare 2516/
CO,+Hl1 i A AHERP+K 274.2 10.0 59.0 Liu/ ™!




562

145 KRR R

45 5

HZHa] 1 B IR D0 AL TR AT AT H AR AL B LB, X
TZ2HRAEARRFEKE Y CH RO B
SRAEENE L.

(1]

[2]

(3]

(7]

[10]

2 % x #t

TS, XIEW, TR Je, 4. CO,~CH, & K &4 R ik
Lo Ham AR BB RE [T ], et B S 55 PO 20 e, 2023, 43
(1): 190-204.
WANG Jiaxian, LIU Changling, NING Fulong, et al.
Technological research progress on CO,-CH, replacement for
hydrate exploitation and enhancement [J]. Marine Geology &
Quaternary Geology, 2023, 43(1): 190-204.

MARIA G A. Natural gas recovery from hydrate compounds using
CO2 replacement strategies:
stimulation[ ] ]. Energy Procedia, 2018, 148: 647-654.

A2, B, IV, . RIRUKGEANERS E%
WEFEIr T ]. AEWBLh, 2018, 5(4): 92-99.

WU Chuanzhi, ZHAO Kebin, SUN Changqing, et al.
characteristics and major research fields of natural gas hydrate[J].
Unconventional Oil & Gas, 2018, 5(4): 92-99.

SLOAN E D Jr, KOH C A. Clathrate hydrates of natural gases
[M]. 3rd ed. Boca Raton: CRC Press, 2007.

skte, Ty, B, . RRUKEG YIRS B AR
HIBER L], A EE, 2018, 23(3): 35-46.

ZHANG Jinhua, FANG Nianqgiao, WEI Wei, et al. Accumulation

Experimental study on thermal

Basic

conditions and enrichment controlling factors of natural gas
hydrate reservoirs [J]. China Petroleum Exploration, 2018, 23
(3): 35-46.

gk, 20, B, . mE AL R KRG W R
M BHAERIA R (1], KA, 2014, 34(7): 128-135.
LIANG Jingiang, WANG Hongbin, SU Xin, et al. Natural gas
hydrate formation conditions and the associated controlling factors
in the northern slope of the South China Sea [J]. Natural Gas
Industry, 2014, 34(7): 128-135.

TN, RO, KRG, . BURM AT KX KA TKEY
Rt 5 O3 A R AR 5 TR [ ], 9 b AT, 2021, 37(10)
58-63.

MAO Xuelian, ZHU Jitian, SONG Peng, et al. Preliminary study
on the distribution pattern of gas hydrate stability zone in the deep-
water areas of Qiongdongnan Basin[]J]. Marine Geology Frontiers,
2021, 37(10): 58-63.

WANG Xiaohui, SUN Yifei, WANG Yunfei, et al. Gas
production from hydrates by CH,-CO,/H, replacement [J].
Applied Energy, 2017, 188: 305-314.

WANG Xiaohui, LI Fengguang, XU Yuxi, et al. Elastic
properties of hydrate—bearing sandy sediment during CH,-CO,
replacement[J ]. Energy Conversion and Management, 2015, 99:
274-281.
WANG Yi, LI Xiaosen, LI Gang, et al. Experimental
investigation into methane hydrate production during three-

dimensional thermal stimulation with five-spot well system [J].

Applied Energy, 2013, 110: 90-97.

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

FENG Jingchun, LI Gang, LI Xiaosen, et al. Evolution of hydrate
dissociation by warm brine stimulation combined depressurization
in the South China Sea[J]. Energies, 2013, 6(10): 5402-5425.
KONNO Y, MASUDA Y, HARIGUCHI Y, et al. Key factors for
depressurization-induced gas production from oceanic methane
hydratcs[]]. Energy & Fuels, 2010, 24(3): 1736-1744.

ZHAO Jiafei, XU Kun, SONG Yongchen, et al. A review on
research on replacement of CH, in natural gas hydrates by use of
CO,[J]. Energies, 2012, 5(2): 399-419.

TAN Zhongfu, PAN Ge, LIU Pingkuo. Focus on the development
of natural gas hydrate in China [J]. Sustainability, 2016, 8
(6): 520.

EJIKE C E. Assessment of hazards in gas hydrates recovery [J].
Open Journal of Yangtze Oil and Gas, 2019, 4(4): 231-239.
DORNAN P, ALAVI S, WOO T K. Free energies of carbon
dioxide sequestration and methane recovery in clathrate hydrates
[J]. Journal of Chemical Physics, 2007, 127(12): 124510.

OTA M, ABE Y, WATANABE M, et al. Methane recovery from
methane hydrate using pressurized CO, [J]. Fluid Phase
Equilibria, 2005, 228/229: 553-559.

JiSCRL, Riek, SEAl, . FiE NGO R SR A W
JETT R A2 i 2 9 ARE P L) ). RIR Tk, 2018, 38(4)
117-128.

WAN Yizhao, WU Nengyou, HU Gaowei, et al. Reservoir
stability in the process of natural gas hydrate production by
depressurization in the Shenhu area of the South China Sea[]].
Natural Gas Industry, 2018, 38(4): 117-128.

MISYURA S Y, DONSKOY I G. Dissociation kinetics of methane
hydrate and CO, hydrate for different granular composition [J].
Fuel, 2020, 262: 116614.

STANWIX P L, RATHNAYAKE N M, DE OBANOS F P P, et
al. Characterising thermally controlled CH,-CO, hydrate exchange
in unconsolidated sediments [J]. Energy & Environmental
Science, 2018, 11(7): 1828-1840.

PHIRANI J, MOHANTY K K. Kinetic simulation of CO, flooding
of methane hydrates [ C]/SPE Annual Technical Conference and
Exhibition, 2010. London:
Engineers, 2010: SPE-134178-MS.
KOMAI T, YAMAMOTO Y, OHGA K. Dynamics of reformation
and replacement of CO, and CH, gas hydrates[J]. Annals of the
New York Academy of Sciences, 2000, 912(1): 272-280.

LEE B R, KOH C A, SUM A K. Quantitative measurement and

Florence, Society of Petroleum

mechanisms for CH, production from hydrates with the injection of
liquid CO,[J]. Physical Chemistry Chemical Physics, 2014, 16
(28): 14922-14927.

MU Liang, VON SOLMS N. Hydrate thermal dissociation
behavior and dissociation enthalpies in methane-carbon dioxide
swapping process [J]. The Journal of Chemical Thermodynamics,
2018, 117: 33-42.

MOK J, CHOI W, SEO Y. Time-dependent observation of a cage-
specific guest exchange in sl hydrates for CH, recovery and CO,
sequestration [J]. Chemical Engineering Journal, 2020, 389:

124434.



%2 TR 45 . A A B IR R T R R IR UK B 5 it 563
[26] FHEIE. Ak B P b K SOt (D). 2L . [39] DING Yalong, WANG Huaqin, XU Chungang, et al. The effect

[30]

[35]

[38]

T L BR 2, 2015.
WANG Feifei. Micro-experimental study on replacement of CH,
hydrate by use of CO, [D]. Wuhan:
Geosciences, 2015.

DING Yalong, XU Chungang, YU Yisong, et al.

China University of

Methane
recovery from natural gas hydrate with simulated IGCC syngas[J].
Energy, 2017, 120: 192-198.

OTA M, MOROHASHI K, ABE Y, et al. Replacement of CH, in
the hydrate by use of liquid CO, [J].
Management, 2005, 46(11/12): 1680-1691.
OTA M, SAITO T,

Energy Conversion and

AIDA T, et al. Macro and microscopic CH,—
CO, replacement in CH, hydrate under pressurized CO, [J].
AIChE Journal, 2007, 53(10): 2715-2721.

%ﬂh F{FI_I/\, 'KJT'L@ u~¥/ﬁ4’tﬁ2}%ﬁ?ﬁ%¥ﬂ/m}:}ﬁ7k
AR ] ﬁ&l&%@?&, 2018, 18(3): 639-645.

ZHANG Fengqi, CHEN Guoxing, GUO Kaihua, et al. Process
characteristics on replacement of bulk-methane hydrates with
liquid cardon dioxide [J]. The Chinese Journal of Process
Engineering, 2018, 18(3): 639-645.

ZHANG Yu, XIONG Lijun, LI Xiaosen, et al. Replacement of
CH, in hydrate in porous sediments with liquid CO, injection[J].
Chemical Engineering & Technology, 2014, 37 (12) : 2022-
2029.

YUAN Qing, SUN Changyu, LIU Bei, et al. Methane recovery
from natural gas hydrate in porous sediment using pressurized
liquid CO,[J]. Energy Conversion and Management, 2013, 67:
257-264.
ZHOU Xitang, FAN Shuanshi,
Determination of appropriate condition on replacing methane from
carbon dioxide [J].
Management, 2008, 49(8): 2124-2129.

FALENTY A, OQIN J, SALAMATIN A N, et al
composition and kinetics of the in situ replacement in CH,—CO,
hydrate system [J]. The Journal of Physical Chemistry C, 2016,
120(48): 27159-27172.

KVAMME B, GRAUE A, BUANES T, et al.

LIANG Deqing, et al.

hydrate with Energy Conversion and

Fluid

Storage of CO, in
natural gas hydrate reservoirs and the effect of hydrate as an extra
sealing in cold aquifers [J]. International Journal of Greenhouse
Gas Control, 2007, 1(2): 236-246.
ZHOU Xitang, FAN Shuanshi, LIANG Deqing, et al
Replacement of methane from quartz sand-bearing hydrate with

carbon dioxide-in-water emulsion[]J]. Energy & Fuels, 2008, 22
(3): 1759-1764.

JAE s, BRI, R CO,FLR B KRSk AW
CH, By 3l J3 22 WFFE [1). KRR AR BL %, 2013, 24(2) -
259-264.

ZHOU Xitang, FAN Shuanshi, LIANG Deqing. Kinetic research
on replacement of methane in gas hydrate with carbon dioxide
emulsion[]J]. Natural Gas Geoscience, 2013, 24(2): 259-264.

DEUSNER C, BIGALKE N, KOSSEL E, et al. Methane

production from gas hydrate deposits through injection of

supercritical CO,[J]. Energies, 2012, 5(7): 2112-2140.

[51]

[52]

of CO, partial pressure on CH, recovery in CH,~CO, swap with
simulated IGCC syngas[J]. Energies, 2020, 13(5): 1017.

DING Yalong, WANG Huaqin, XU Chungang, et al. The effect
of CO, partial pressure on CH, recovery in CH,~CO, swap with
simulated IGCC syngas[.]]. Energies, 2020, 13(5): 1017.

SUN Yifei, WANG Yunfei, ZHONG Jinrong, et al. Gas hydrate
semi-continuous

mixture gas by

Applied Energy, 2019, 240:

exploitation using CO,/H,
injection-production mode [J].
215-225.

CAO Bojian, SUN Yifei, CHEN Hongnan, et al. An approach to
the high efficient exploitation of nature gas hydrate and carbon
gas mixture with varying

2023, 455:

sequestration via injecting CO,/H,
composition [J]. Chemical Engineering Journal,
140634.

SUN Yifei, ZHONG Jinrong, LI Rui, et al. Natural gas hydrate
exploitation by CO,/H, continuous injection-production mode [J].
Applied Energy, 2018, 226: 10-21.

XU Chungang, CAI Jing, YU Yisong, et al. Research on micro-
mechanism and efficiency of CH, exploitation via CH,-CO,
replacement from natural gas hydrates [J]. Fuel, 2018, 216:
255-265.

WANG Yanhong, LANG Xuemei, FAN Shuanshi, et al. Review
on enhanced technology of natural gas hydrate recovery by carbon
dioxide replacement [J]. Energy & Fuels, 2021, 35(5) : 3659-
3674.

PARKY, KIMD Y, LEE J W, et al. Sequestering carbon dioxide
into complex structures of naturally occurring gas hydrates [J].
Proceedings of the National Academy of Sciences of the United
States of America, 2006, 103(34): 12690-12694.

KOH D Y, AHN Y H, KANG H, et al. One-dimensional
productivity assessment for on-field methane hydrate production
using CO,/N, mixture gas [J]. AIChE Journal, 2015, 61 (3) :
1004-1014.

NIU Mengya, WU Guozhong, YIN Zhenyuan, et al. Effectiveness
of CO,~N, injection for synergistic CH, recovery and CO,
sequestration at marine gas hydrates condition [J]. Chemical
Engineering Journal, 2021, 420(Part 1): 129615.

LEE Y, KIM Y, LEE J, et al. CH, recovery and CO,
sequestration using flue gas in natural gas hydrates as revealed by
a micro-differential scanning calorimeter [J1. Applied Energy,
2015, 150: 120-127.

PANDEY J S, VON SOLMS N. Hydrate stability and methane

recovery from gas hydrate through CH,-CO, replacement in

different mass transfer scenarios [J]. Energies, 2019, 12 (12) :
2309.
YANG Jinhai, OKWANANKE A, TOHIDI B, et al. Flue gas

injection into gas hydrate reservoirs for methane recovery and

carbon dioxide sequestration [J]. Energy Conversion and
Management, 2017, 136: 431-438.
EWE . COAN RGBT RKRS
BHUID]. 7 AER BT R, 2017,

WANG Xi. Experimental research and process simulation of

KW TR T S i e



564 AT IR NN %45 5
natural gas hydrate replacement production by injecting CO,+N, CO,/N, replacement [J]. Energy Conversion and Management,
mixture gas [D]. Guangzhou: South China University of 2018, 165: 738-747.

Technology, 2017. [65] TUPSAKHARE S'S, CASTALDI M J. Efficiency enhancements in
[53] KOH DY, KANG H, KIM D O, et al. Recovery of methane from methane recovery from natural gas hydrates using injection of CO,/
gas hydrates intercalated within natural sediments using CO, and a N, gas mixture simulating in-situ combustion [J]. Applied
CO,/N, gas mixture [J]. ChemSusChem, 2012, 5(8) : 1443- Energy, 2019, 236: 825-836.
1448. [66] MU Liang, VON SOLMS N. Methane production and carbon
[54] CHA Minjun, SHIN K, LEE H, et al. Kinetics of methane capture by hydrate swapping[J]. Energy & Fuels, 2017, 31(4):
hydrate replacement with carbon dioxide and nitrogen gas mixture 3338-3347.
using in situ NMR spectroscopy [J]. Environmental Science & [67] =RBR, Dgkg, sila, 4. MG AURE CO,HAFHORI 7T i
Technology, 2015, 49(3): 1964-1971. JELJ]. RiFMET, 2019, 48(6): 1451-1455, 1473.
[55] CHATURVEDIK R, SINHA A SK, NAIR V C, et al. Enhanced LAN Tianging, MA Yuanyuan, GONG Tong, et al. Research
carbon dioxide sequestration by direct injection of flue gas doped progress on CO, storage lechnology in supercritical state [J].
with hydrogen into hydrate reservoir: Possibility of natural gas Applied Chemical Industry, 2019, 48(6): 1451-1455, 1473.
production[ J]. Energy, 2021, 227 120521. [68] B, &7fE, 22KIK. CO, BB A HIATT R i b il Bk vk —
[56] YOUN Y, CHA Minjun, KWON M, et al. One-dimensional iR AR [T ] BARET, 2021, 41(12): 69-73.
approaches for methane hydrate production by CO,/N, gas mixture CHEN Ying, JIN Jineng, LAN Tianqing. CO, replacement
in horizontal and vertical column reactor [J]. Korean Journal of combined with geothermal-mining land combustible ice-geological
Chemical Engineering, 2016, 33(5): 1712-1719. storage integrated technology [J]. Modern Chemical Industry,
[57] LIU Bei, PAN Heng, WANG Xiaohui, et al. Evaluation of 2021, 41(12): 69-73.
different CH,—CO, replacement processes in hydrate-bearing [69] PRUESS K. Enhanced geothermal systems (EGS) using CO, as
sediments by measuring P-wave velocity [J]. Energies, 2013, 6 working fluid—A novel approach for generating renewable energy
(12): 6242-6254. with simultaneous sequestration of carbon [J]. Geothermics,
[58] SCHICKS J M, STRAUCH B, HEESCHEN K U, et al. From 2006, 35(4): 351-367.
microscale (400 wl) to macroscale (425 L) : Experimental [70] LIU Yongge, HOU Jian, ZHAO Haifeng, et al. A method to
investigations of the CO,/N,~CH, exchange in gas hydrates recover natural gas hydrates with geothermal energy conveyed by
simulating the Tgnik Sikumi field trial [J]. Journal of Geophysical CO,[J]. Energy, 2018, 144: 265-278.
Research: Solid Earth, 2018, 123(5): 3608-3620. [71] 22050, JAsyoh, BHETE, 4. RARSUKRGYIFREARB S
[59] B . TR RARSUKE W ST TRBERE 5 E CO/N, B # & FF REREL]. PETAR, 2022, 24(3): 214-224.
FWFFEID]. KA FHMORAE, 2021. LI Qingping, ZHOU Shouwei, ZHAO Jiafei, et al. Research
PAN Dongbin. Investigation on exploitation of marine gas hydrate status and prospects of natural gas hydrate exploitation technology
by water jetting combined with CO,/N, replacement [D]. [r]. Strategic Study of CAE, 2022, 24(3): 214-224.
Changchun: Jilin University, 2021. [72] GAJANAYAKE S M, GAMAGE R P, LI Xiaosen, et al. Natural
[60] OUYANG Qian, FAN Shuanshi, WANG Yanhong, et al. gas hydrates-Insights into a paradigm-shifting energy resource[J .
Enhanced methane production efficiency with in situ intermittent Energy Reviews, 2023, 2(1): 100013.
heating assisted CO, replacement of hydrates [J]. Energy & [73] ANDERSON B, BOSWELL R, COLLETT T S, et al. Review of
Fuels, 2020, 34(10): 12476-12485. the findings of the Ignik Sikumi CO,-CH, gashydrate exchange
[61] #elit. A bik S A SR A A S B IR KRR SKE field trial [ C ]//Proceedings of the 8th International Conference on
YySEEERSE (D], N SRR T R, 2018. Gas Hydrates (ICGH8-2014) , Beijing, 2014. Pittsburgh:
CAO Yuan. Experimental study on gas hydrate exploitation by National Energy Technology Laboratory, 2014: 1-17.
combining N, and CO, mixture replacement and heat injection [74] SCHODERBEK D, MARTIN K L, HOWARD J, et al. North
[D]. Guangzhou: South China University of Technology, 2018. slope hydrate fieldtrial: CO,/CH, exchange [C]/OTC Arctic
[62] YASUE M, MASUDA Y, LIANG Yunfeng. Estimation of Technology Conference, Houston, 2012. Red Hook: Curran
methane recovery efficiency from methane hydrate by the N, - CO, Associates, Inc. , 2012: OTC-23725-MS.
gas mixture injection method[J]. Energy & Fuels, 2020, 34(5) : [75] BOSWELL R, SCHODERBEK D, COLLETT T S, et al. The
5236-5250. Ignik Sikumi field experiment, Alaska north slope: Design,
[63] MASUDA Y. Methane recovery from hydrate-bearing sediments by operations, and implications for CO,—CH, exchange in gas hydrate
N,-CO, gas mixture injection: Experimental investigation on CO,— reservoirs[ ] ]. Energy & Fuels, 2016, 31(1): 140-153.
CH, exchange ratio [ C]//International Conference on Gas Hydrate [76] LEEH, SEOY, SEO YT, et al. Recovering methane from solid
(ICGH 2011), Edinburgh, Scotland, United Kingdom, July 17— methane hydrate with carbon dioxide [J]. Angewandte Chemie
21, 2011. 2011. International Edition, 2003, 42(41): 5048-5051.
[64] LI Bing, XU Tianfu, ZHANG Guobiao, et al. An experimental

study on gas production from fracture-filled hydrate by CO, and



