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multistep depressurization assisted by pore-scale X-ray 
computed tomography 
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A B S T R A C T   

CH4–CO2 swapping is a promising and safe technique to produce CH4 gas and store CO2 without destabilizing 
hydrate-bearing sediments. However, inefficient CH4 recovery due to low CO2 diffusion prevents this technique 
from large-scale application. Multistep depressurization (MD) is therefore performed on CH4/CO2 hydrates after 
hydrate swapping to improve CO2 diffusion. This work presents pore-scale visualization of CH4/CO2 hydrates 
during MD by non-destructive X-ray computed tomography (CT) and combines the visual results with mixed 
hydrate kinetics to study hydrate morphology evolution and fluid migration. Influences of particle sizes (2–5 
mm) and L-methionine (3000 ppm) on dissociation parameters were examined at reducing depletion pressures 
(8.5–59.4 bar) and constant temperatures (0.5–1.3 ◦C). The results of CT images showed enlargements of hydrate 
or gas phase with depletion pressures below CH4 hydrate stability pressures, complying with the pressure var
iations during MD. These variations of hydrate and fluid phases as well as pressure responses were the most 
obvious for particle size of 3 mm, resulted from good pore connectivity and relatively efficient mass transfer. L- 
methionine had no direct effect on CH4 production but enhanced CO2 storage, with the highest both CH4 gaseous 
mole fraction (86.1 mol%) and CO2 storage ratio (88.8%) at depletion pressure of 22.6 bar. This work clarified 
five-type pressure variations coupled with phase changes, providing firm evidence for hydrate dissociation/ 
reformation and fluid migration that greatly affected hydrate exploitation. These understandings of varying 
morphologies and compositions of CH4/CO2 hydrates during MD would be applicable to help hydrate energy 
harvest and carbon emission mitigation.   

1. Introduction 

Natural gas hydrates (NGHs) are non-stoichiometric clathrate crystal 
substances formed by water and hydrocarbon gases such as CH4 and 
C2H6 (Sloan and Koh, 2007). Formation and stability of NGHs need 
relatively high pressure and low temperature. These thermodynamic 
conditions exist in oceanic sediments where hydrate occurrence is usu
ally a type of pore-filling, and in permafrost areas where hydrate 
occurrence is usually a type of cementing (Max, 2003; Zhao et al., 2021). 
The estimated reserve of natural gas stored in global NGHs is 3 × 1015 

m3 (Boswell and Collett, 2011), compared with 4.32 × 1014 m3 in 
conventional gas resources and (1.93–4.54) × 1014 m3 in shale gas 
reservoirs (McGlade et al., 2013). Such a huge amount of reserve makes 
NGHs a potential dominant energy resource. 

Greenhouse gas emissions (CO2 as a major contributor) are predicted 
to increase by 28% by 2030 (Qureshi et al., 2021), which poses a severe 
threat on environment and climate. European Union has proposed a 
reduction target of CO2 emissions by 80% by 2050 (Abu Hassan et al., 
2020). CO2 capture and storage (CCS) is a prospective and emerging 
technique to achieve this reduction target (L׳Orange Seigo et al., 2014; 
Zeman, 2007), and many efforts are being made to enhance its economy 
(Abu Hassan et al., 2020; Pandey et al., 2022a). Specifically, the esti
mated cost of CO2 elimination is 20–40 $/ton CO2 by hydrate-based 
capture and that of CO2 storage in ocean is 5–30 $/ton CO2 (Nguyen 
et al., 2022). Success of CO2 elimination relies on CO2 capture efficiency, 
while benefit of CO2 storage depends on CO2 hydrate formation poten
tial. To harness huge storage capacity of ocean, addition of 
environmental-friendly promotors, e.g. amino acids could be 
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prospective to facilitate CO2 hydrate formation kinetics (Bavoh et al., 
2019). 

Alternatively, expenditure of CO2 hydrate storage can be compen
sated by simultaneous CH4 gas recovery through CH4–CO2 swapping 
exploitation. This CH4–CO2 swapping is realized with one CO2 molecule 
replacing one CH4 molecule without water production and stratum 
failure (Cha et al., 2015). This carbon-neutral process makes swapping 
technique more competitive compared with other exploitation methods, 
such as depressurization (Shi et al., 2021), thermal stimulation 
(Tupsakhare et al., 2017) and chemical inhibitor injection (Li et al., 
2017). However, swapping efficiencies including reaction rate and CH4 
recovery are low due to mass transfer barriers caused by CO2 hydrate 
formation (Davies et al., 2010). 

To mitigate this problem of low exploitation efficiency, one of the 
strategies is to combine swapping with depressurization. Depressuriza
tion is regarded as the most economical method to exploit hydrates due 
to its simple operation and low production cost (Chen et al., 2018). The 
idea of this combination method is that depressurization decomposes 
CH4/CO2 hydrates around unexploited CH4 hydrates and thus creates 
diffusion channels for CO2 penetration. Many researchers have proved 
the feasibility and efficiency of this combination method (Chen et al., 
2019; Pandey and Solms, 2019; Zhao et al., 2016a). However, rap
id/direct depressurization induces fast hydrate dissociation and a 
shortage of heat supply. This tends to cause ice generation and sec
ondary hydrate formation. Slow depressurization is therefore employed 
to dissociate hydrates in well-controlled manners. As one of slow 
depressurization methods, multistep depressurization refers to de
pletions conducted in multiple stages with suitable pressure ranges 
(Heeschen et al., 2016; Phillips et al., 2019; Yang et al., 2019). This 
method can effectively alleviate Joule-Thomson effect which resulted 
from rapid gas flow and retarded speed of hydrate decomposition, and 
thus addressing problems of ice and secondary hydrate due to low 
temperature and insufficient heat (Li et al., 2020). A summary of 
exploitation methods with a focus of depressurization is presented in 
Fig. 1. 

Multistep depressurization on CH4/CO2 hydrates to exploit CH4 hy
drates and store CO2 hydrates is a complex process of phase transition 
and gas-water flow. The natures of hydrate-bearing sediments (HBS) 
such as fluid saturation, distribution and permeability are the dominant 
factor controlling exploitation efficiencies. X-ray computed tomography 
(CT) is an effective and non-destructive technique to visualize micro- 
structures and characterize fluid phases within HBS (Mikami et al., 
2006). Tomutsa et al. (2002) imaged a dissociation front in hydrate/
sand samples by CT to distinguish hydrate-bearing samples and 
hydrate-dissociating samples. Jin et al. (2004, 2006) employed 
micro-focus CT to characterize free-gas spaces, sand particles and hy
drate or ice. Kneafsey et al. (2007) performed CT tests for thermal 
properties of samples and hydrate dissociation kinetics, finding water 

migration and mineral grain shifting. Zhao et al. (2016b) investigated 
hydrate structural with different particle sizes by micro-CT, verifying 
uniformly distributed hydrates almost filling pore spaces. 3D image 
visualization can characterize hydrate morphologies and fluid proper
ties more clearly. Wu et al. (2020) developed a 3D morphological 
modeling algorithm and found growth patterns of cementing hydrate. 
Similarly, Wang et al. (2018) observed grain-cementing hydrates mainly 
grew and pore-filling hydrates existed only during intermediate stages 
by 3D images. 

The studies above investigated physical properties of HBS, occur
rence modes of hydrates and hydrate morphologies, as summarized in 
Fig. 2(a). Fluid behaviors and gas production during hydrate exploita
tion are dependent on porosity, saturation, and especially permeability. 
The occurrence modes of hydrates can be summarized into five types, i. 
e. pore-filling, cementing, grain-coating, load-bearing and patchy clus
ter (Dai et al., 2012; Lv et al., 2020), as exhibited in Fig. 2(b). These 
occurrence types of hydrates were mainly caused by driving force, sand 
and fluid properties, and gas-water distribution. However, 
above-mentioned studies reported independent morphological CH4 hy
drate formation or dissociation within HBS. Little attention has been 
paid to varying hydrate patterns and water-gas migration during 
multistep depressurization on CH4/CO2 mixed hydrates, which are 
crucial for efficient gas production and carbon storage. 

Fig. 3 presents the main research focuses in previous works, recent 
works and this work. Previous studies showed that combination of hy
drate swapping with multistep depressurization benefits increase of CO2 
sweep area and CH4 gas production, decrease of water production and 
prevention of ice and hydrate formation (Chen et al., 2019; Pandey 
et al., 2021a; Zhao et al., 2016a). Our previous studies independently 
observed hydrate reformation and dissociation in microfluidic chips 
(Pandey et al., 2021c, 2022c). One recent study individually speculated 
variations of CH4-rich hydrates and CO2-rich hydrates by pressure var
iations and gas compositions (Pandey et al., 2022b). The other two 
recent studies confirmed the feasibility and efficiency of multistep 
depressurization on CH4/CO2 hydrates, and affirmed the critical pa
rameters determining kinetics of this method (Ouyang et al., 2022a, 
2022b). However, there is a still lack of visual evidence and further 
knowledge on whether CH4/CO2 hydrates can be slowly depressurized 
after CO2 injection, and simultaneously how the mixed hydrate mor
phologies vary during depressurization. It is still unclear how fluid 
migration and hydrate distribution in HBS affect CH4 gas recovery and 
CO2 hydrate storage. 

Thus, in this work, CH4/CO2 hydrates (CH4-rich) were formed in 
artificial cores with different particle sizes and different solutions 
(water/L-methionine) to simulate the mixed hydrates after depressur
ization and hydrate swapping. Depletions were conducted periodically 
on CH4/CO2 hydrates to trigger multistep depressurization. Visual evi
dence of gas-water-hydrate variations during exploitation was acquired 

Fig. 1. Schematic of different exploitation methods with focus of depressurization.  
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by CT technique. Hydrate morphological changes and CT values were 
coupled to verify the corresponding hydrate reformation/dissociation 
and to correlate with kinetic analysis of multistep depressurization. The 
purposes were to: (1) test whether CH4/CO2 mixed hydrates can be 
slowly depressurized after CO2 injection; (2) observe how their mor
phologies vary during depressurization; and (3) explore effects of fluid 
migration and hydrate distribution on CH4 gas recovery and CO2 hy
drate storage. The observations and findings can further expand 
research on this method and accelerate the transition from experimental 
to pilot-scale testing. 

2. Methodology 

2.1. Materials and setup 

Glass beads (hydrophilic, VWR European Cat. No, Glasperlen KS) 
with diameters of 2 mm, 3 mm and 5 mm and density of 2.5 g/cm3 were 
used to generate artificial core. The selection of this range of diameter 
was the result of trial and error in the in-house CT setup. Pore space was 
not visible in a smaller range (less than 2 mm) and gas hydrates were of 
bulk nature in a larger range (over 5 mm). This range of diameter also 
refers to those of 0.85–7.0 mm in many references on hydrate CT studies 
(Iassonov et al., 2009; Song et al., 2013; Ta et al., 2015; Wang et al., 
2020; Zhao et al., 2016b). An artificial core sample consisting 5 mm 

(top) and 2 mm (down) glass beads was shown for visualization only in 
Fig. 4. A mixed gas of 70 mol%CH4/CO2 (Air Liquide Corporation, 
Denmark) was used to form CH4/CO2 mixed hydrates. Deionized water 
was produced (resistivity of 18.25 mΩ cm− 1) in laboratory. L-methio
nine (Sigma Aldrich Corporation) was prepared in a concentration of 
3000 ppm. 

An X-ray CT system was employed to observe distribution and dy
namic change of hydrates in artificial core, as shown in Fig. 4. The X-ray 
CT system mainly includes a medical X-ray CT setup (Somatom Plus 4, 
Siemens CT product) and a core holder, as shown in Fig. 5. The core 
holder has a maximum operating pressure of 200 bar, with two caps 
sealed at two sides. P1 was inlet & outlet side, PM was middle side and 
P2 was blind side. The core holder was wrapped into a fluid jacket, with 
temperature controlled by a cooling bath (Julabo FPW50-HE). Two 
thermocouples ranging with a precision of 0.01 ◦C were placed at 
confining space and edge of core. A differential pressure transducer was 
installed at two sides of core. Confining pressure was supplied by a sy
ringe pump (Teledyne, ISCO) through injection of deionized water and 
exerted on a rubber sleeve. A pressure gauge was used to show confining 
pressure. Temperatures and pressures were recorded in a data collector 
(Agilent 34972 A, Agilent Tech.) at each 10s. Gas samples were collected 
and transmitted to a micro gas chromatography (Agilent, micro-GC 490) 
for composition analysis. 

Fig. 2. Schematic of: (a) investigation scope of X-ray CT in HBS, and (b) types of HBS (Dai et al., 2012; Lv et al., 2020).  
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2.2. Experimental procedures 

2.2.1. Artificial core preparation 
A certain weight of clean and dry glass beads was employed to 

fabricate artificial core. The length of artificial core was 3 cm or 5 cm 
with a diameter of 4 cm. Pore volume of dry core samples was calculated 

to determine the amount of deionized water for 50% initial water 
saturation. The core sample was wrapped tightly with a rubber sleeve 
and then placed inside core holder. Next, two caps were installed at two 
sides of core to implement inward pressing. Then, confining water in
jection was conducted through an ISCO pump to generate confining 
pressure of 110 bar around the core. After vacuuming for 10 min to 

Fig. 3. Schematic diagram of research focus in: (a) previous works (Chen et al., 2019; Pandey et al., 2021c, 2022c; Zhao et al., 2016a); (b) recent works (Ouyang 
et al., 2022a, 2022b; Pandey et al., 2022b) and (c) current work. CH4-rich means CH4 to CO2 ratio in mole amount over 1. 

Fig. 4. Pictures of artificial core (left), CT setup and core holder (right).  
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ensure absence of air, core was scanned with the CT setup to obtain 
images of dry porous media. 

2.2.2. Hydrate formation 
A determined amount of deionized water was injected into core 

through ISCO pump. Afterward, core holder was pressurized with CH4/ 
CO2 mixed gas until core pressure increased to 80–85 bar. After core 
pressure stabilized for 2 h, the working temperature of cooling bath was 
set to the desired value to induce hydrate formation under constant 
volume conditions. Hereafter, core pressure dropped gradually due to 
hydrate formation. When core pressure stayed unchanged for 12 h, 
process of hydrate formation was considered completed. The strategy of 
three cycles of cooling & heating (annealing process) was employed to 
improve hydrate formation and water-gas distribution (Farahani et al., 
2021; Yin et al., 2019). Table 1 provides the detailed experimental 
conditions for CH4/CO2 hydrate formation for Exp1-4. 

2.2.3. Multistep depressurization 
After annealing process for hydrate formation, multistep depressur

ization was repeated every 4 hours (shut-in period) by controlling the 
valve at P1 in Fig. 5 to reduce core pressure, i.e. stepped depletion. This 
was due to the trade-off between shut-in period and recovery/storage 
efficiency for actual implementation, i.e. short interval may shorten 
production period (almost like constant-rate depressurization) but 
reduce overall productivity, and a long interval may prolong production 
period but effectively enable CO2 storage. The shut-in period was 
employed because it provided sufficient time for gas/water migration 
and mixture. This time window was for hydrate nucleation and growth 
during hydrate reformation in the stability zone between CH4 and CO2 
hydrates. As nucleation is a stochastic phenomenon, 4-hour shut-in 
period was found to the optimized interval that could facilitate 
maximum efficiency (Ouyang et al., 2022a). Gas samples were collected 

and analyzed by in-line GC to obtain gas compositions. This process of 
stepped depletions proceeded until core pressure was reduced close to or 
under CO2 hydrate stability pressure. 

2.2.4. CT scanning 
CT scanning work was performed: (1) one for dry core, (2) one for 

core after water and gas injection, (3) three for core after 1st/2nd/3rd 
cooling, and (4) multiple numbers for core sample just before and after 
multistep depressurization. The CT setup has an unsigned 16-bit pixel 
grayscale. All CT scanning operations were conducted at same param
eters: a source voltage of 120 kV and an electric current of 170 mA, with 
the exposure time set at 2.0 s. The field of view (FOV) was fixed at center 
of core to focus on pores where hydrate formed and dissociated. The 
distance for each slice was 1 mm and a group of 30 images was collected 
for each core. The scanning covered a cross-sectional area of 82 mm ×
82 mm and per scan was transformed into a two-dimensional (2D) 512 
× 512 image array of picture elements. The image of DICOM format 
signed 16-bit grayscale has a resolution of 6.2 pixels/mm. The quality of 
these images was dependent on the resolution of CT setup. The 2D im
ages shown in this work were cropped in software ImageJ. The cropped 
CT images were then processed to obtain CT values and histogram data. 

2.2.5. CT image process 
To observe phase distribution and migration within core, color dif

ference segmentation based on CT value was conducted on CT images by 
mathematical software Matlab. This method was based on references 
(Jin et al., 2004, 2006; Sato et al., 2005). All CT images obeyed the same 
processing procedures, as shown in Fig. 6. Different gray values in 
original CT images represent different attenuation coefficients of X-ray, 
which are determined by density of substances (gas, water, hydrate and 
glass bead). Correspondingly, the grayscale from 0 (off as seen in black) 
to 255 (white as seen in brightest) can be transformed into a color map 

Fig. 5. Schematic of experimental setup for hydrate formation and multistep depressurization.  

Table 1 
Summary of artificial core properties and CH4/CO2 hydrate formation parameters at Exp1-4.  

No. Bead diameter 
(mm) 

Core dimensions (length ×
diameter, mm) 

Porosity 
(%) 

Weight of dry 
core (g) 

Solution Initial 
pressure (bar) 

Final pressure 
(bar) 

Temperature 
(◦C) 

Initial water 
saturation (%) 

Exp1 2 30 × 40 41.20 55.0 Water 87.2 59.4 1.00 52.7 
Exp2 3 30 × 40 41.72 47.0 Water 87.6 41.9 1.32 54.0 
Exp3 5 50 × 40 32.55 80.5 Water 75.7 29.3 0.50 54.7 
Exp4 3 30 × 40 38.86 49.3 L-meth 86.1 53.6 0.54 50.0 

The concentration of L-methionine (L-meth) is 3000 ppm. 
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of RGB (Red, Green and Blue) range (0–255) for distinguishment. 
However, it was still difficult to distinguish water and hydrates which 
have similar densities (0.9 g/cm3 for hydrates and 1.0 g/cm3 for water). 
Thus, threshold method was adapted for phase characterization based 
on references (He et al., 2018; Lei et al., 2018; Sadeq et al., 2018), as 
confirmed in Fig. 6(a) that RGB ranges in sample before hydrate for
mation: (0–60) for gas, (60–90) for water, and (90–255) for beads; Fig. 6 
(b) that RGB ranges in sample after hydrate formation: (0–60) for gas, 
(60–70) for hydrate, (70–90) for water and (90–255) for beads. Thus, 
grayscale CT images can be attached with segmented colors to charac
terize different phases in all scenarios. 

2.2.6. Calculation 
The calculations for hydrate formation and multistep depressuriza

tion are described in Appendix A. 

3. Results and discussions 

3.1. Characteristics of CH4/CO2 hydrates during formation 

Characteristics of CH4/CO2 hydrate formation included pressure- 
temperature, normalized CT values (NCT) and gas-water-hydrate 
phase changes. These kinetic data and characterized images can pro
vide comprehensive information on phase transitions and fluid distri
bution during hydrate formation. 

3.1.1. Hydrate formation patterns in water 
Fig. 7(a) presents variations of pressure-temperature and normalized 

CT value together with the processed CT images. For CH4/CO2 hydrate 
formation with pure water at Exp1, initial pressure drops caused by gas 
consumption were detected during 1st cooling process. Similar pressure 
drops during 2nd & 3rd cooling process appeared earlier than that 
during 1st cooling process, indicating induction time for hydrate for
mation was significantly shortened with annealing process. This phe
nomenon is consistent with the memory effect reported in (Kou et al., 
2022; Uchida et al., 2016). Hydrate formation was confirmed by a 

pressure differential between P1 and P2, which was attributed to hy
drate blockage within pores in core sample. Additionally, a sudden 
pressure drop was shown during 1st cooling in Fig. 7(a) and it was 
attributed to pressure compromise between high-pressure zone at P1 
and low-pressure zone elsewhere. 

The initial values of CT were normalized to 1.00 (NCT) for three 
positions of core, i.e. P1 at inlet & outlet side, PM at middle side and P2 
at blind side, as shown in Fig. 5. It was found that these three values 
decreased to same amount (below 1.00) at the end of 1st cooling. This 
was cused by homogeneous hydrate formation within core among three 
positions because CT value of hydrate was lower than that of water. 
Afterward, all three NCT values increased back to 1.00 after 1st heating, 
indicating all hydrates dissociated at three positions. Comparatively, 
NCT (P2) increased to 1.06 while the other two to almost 1.00 just 
before 2nd cooling, denoting more water phase occupying the cross- 
section than that just before 1st cooling. This supported gas-water 
redistribution through annealing process. The final values of NCT 
were 0.98–1.00 for three positions, which affirmed a good homogeneity 
of gas-water-hydrate distribution along the core. 

P1 cross-section was selected for further analysis of gas-water- 
hydrate distribution given it was close to the gas injection point for 
hydrate formation and gas release point for stepped depletion. Fig. 7(b) 
provides information on phases of gas, water and hydrate in terms of P1 
cross-section. Gas and water were distributed dispersedly initially (t = 0 
h) because of capillary force in pores and hydrophilicity of glass beads. 
Afterward, hydrates formed around gas phase after 1st cooling (t = 14.5 
h). This complied with NCT (P1) values below 1.00, indicating hydrate 
formation above-mentioned. However, NCT (P1) increased to over 1.00 
after 2nd cooling (t = 28.5 h). This may be attributed to water migration 
which can be detected as water phase shrinkage in the hollow white 
rectangle of Fig. 7(b). The water migration resulted from capillary 
pressure. Meanwhile, solid bead phase enlargement was observed in 
Fig. 7(b). Hydrate formation and dissociation caused different pressure 
zones during annealing process. This forced particles to move slightly 
between pressure zones, or between pressure zones and high confining 
pressure (110 bar). Slight movement of particles would therefore 

Fig. 6. Color attachment on CT images by threshold method: (a) three phases of gas, water, and beads before hydrate formation; (b) four phases of gas, water, 
hydrate and beads after hydrate formation. The segment CT images are processed by ImageJ and Matlab. 

Q. Ouyang et al.                                                                                                                                                                                                                                



Gas Science and Engineering 113 (2023) 204952

7

Fig. 7. Characteristics of CH4/CO2 hydrate formation during multiple cooling & heating for pure water at Exp1 (Dg = 2 mm): (a) variations of pressures, tem
peratures and normalized CT (NCT) values and, (b) 2D images at P1 cross-section for phase characterization. The hollow white rectangle is for comparison at the 
same position. 
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increase/decrease the solid bead phase at cross-section as shown in CT 
images. These water phase shrinkage and solid bead phase enlargement 
therefore increased local CT values. Nevertheless, water appeared in the 
same area after 3rd cooling (t = 50.0 h), causing decrease of NCT (P1) 
and redistribution of gas-water-hydrate after annealing process. 

The types and occurrences of hydrates in core were analyzed in Fig. 7 
(b). It was identified that dispersed pore-filling rather than grain-coating 

or cementing hydrates formed in pore spaces. Generally, hydrate nuclei 
and crystals generated firstly at gas-water interfaces. And the hydrates 
were found to nucleate heterogeneously in porous media with gas and 
sediments, consistent with the findings in references (Englezos et al., 
1987; Song et al., 2013). In some pore spaces, the hydrate clusters 
formed around continuous gas phase until they consumed all gases. In 
other pore spaces, the hydrate crusts formed with unconsumed gases 

Fig. 8. Characteristics of CH4/CO2 hydrate formation during annealing process for 3000 ppm L-methionine at Exp4 ((Dg = 3 mm): (a) variations of pressures, gas 
compositions and NCT values and, (b) 2D images at P1 cross-section for phase characterization. The hollow white rectangle is for comparison at the same positions. 
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that enclosed inside the formed hydrates. The remained gas could not be 
consumed because of lacking gas-water interfaces, which was owing to 
hydrates acting as barriers. The common characteristics of hydrate 
clusters and hydrate crusts were non-contact types surrounding glass 
beads. This phenomenon of hydrate formation was consistent with the 
descriptions of pore-filling hydrate types in references (Li et al., 2023; 
Yang et al., 2015). The similar gas-water-hydrate distributions during 
annealing process at P1 cross-section suggested a good repetition of 
hydrate formation during annealing process. 

3.1.2. Hydrate formation patterns in L-methionine 
Fig. 8 presents characteristics of CH4/CO2 hydrate formation with 

3000 ppm L-methionine at Exp4. L-methionine can accelerate hydrate 
formation kinetics by promoting hydrate induction (Cai et al., 2017). 
However, it was found that no obvious reduction in induction time and 
the pressure drop (32.5 bar) in Exp4 was smaller than that (42.7 bar) in 
Exp2. This indicated that mass transfer dominated during hydrate for
mation. The lower hydrate formation kinetics in L-methionine may be 
attributed to fast promotor-driven CO2 hydrate formation covering re
sidual CH4-rich gas and hindered further mixed hydrate formation. The 
same quick CO2 hydrate layer formation and low methane hydrate 
reformation were reported in our previous works (Pandey et al., 2020a, 
2020c). Meanwhile, there was no obvious pressure differential between 
P1 and P2 during annealing process at Exp4 of L-methionine. This was 
caused by larger diameter of glass bead (Dg = 3 mm) in Exp4 than that 
(Dg = 2 mm) in Exp1. Large particle size created larger pore size and 
better connectivity within core (Gong et al., 2020; Kashif et al., 2019). 

Differently, NCT values at P1, PM and P2 presented different trends 
with time for 3000 ppm L-methionine at Exp4. It can be seen from Fig. 8 
(a) that NCT (P1) showed an obvious increasing trend, NCT (PM) 
remained unchanged and NCT (P2) exhibited a small decreasing trend. 
The final NCT (P1) for L-methionine was 1.32 after annealing process, 
larger than that (1.06) for pure water, indicating more violent fluid 
migration with higher CT values, i.e. the area occupied by gas was 
replaced by water and hydrate due to gas consumption. 

Fig. 8(b) exhibits 2D images of phase characterization at P1 cross- 
section. It can be observed that gas phase was dispersed in water 
phase just before 1st cooling (t = 0 h). Afterward, scattered hydrates 
appeared between boundaries of gas phase and water phase after 1st 
cooling (t = 22.0 h). Hydrate morphologies changed with annealing 
process, with the area of gas phase shrank. One reason was that multi- 
cooling improved gas-water distribution and thus increased gas disso
lution (Wu et al., 2013). The other was that hydrate formation consumed 
more gas with cycles of cooling (Yin et al., 2019). This shrinkage of gas 
phase and replacement of water/hydrate phase increased CT values at 
P1 cross-section, which complied with the growth of NCT (P1) in Fig. 8 
(a). And similar types of pore-filling hydrates including hydrate clusters 
and hydrate crusts, with or without gas enclosed in hydrate phase, 
appeared in Exp4 of 3000 ppm L-methionine. This indicated that gas 
dissolution in water or gas diffusion through hydrate crusts, rather than 
solution type, dominated the patterns of hydrate formation. This was 
further verified by the findings in (Kou et al., 2021). 

The information on hydrate synthesis correlated with core properties 
of Exp 1-4 is summarized in Table 2. It can be seen that CH4-rich hy
drates (X > 1) formed after hydrate synthesis in Exp1-4. Both higher 

hydrate saturation (SH) and CH4 to CO2 ratio in hydrate were achieved in 
Exp2 (SH = 12.5% and X = 3.93) and Exp3 (SH = 12.2% and X = 3.18) 
compared with that (SH = 7.1% and X = 1.75) in Exp1, indicating more 
pure CH4 or CH4-rich hydrate formation in larger bead diameter (Dg = 3 
mm and 5 mm) than that in small bead diameter (Dg = 2 mm). Hydrate 
saturation was consistent with those references describing larger parti
cle size promoted higher hydrate saturation by increasing gas-water 
interface contact area (Lu et al., 2011; Pan et al., 2018). CH4 to CO2 
ratio in hydrate (X) in different bead size was discussed as follow. The X 
was (1.37-1.45) for 70 mol%CH4/CO2 gas forming mixed hydrates 
calculated by CSMGem (Colorado School, 2015), because CO2 hydrates 
have more moderate hydrate equilibrium conditions and thus lean CO2 
gas is more likely to enter into hydrate phase than rich CH4 gas. How
ever, the results of higher X and SH in Exp2 and Exp3 indicated that more 
pure CH4 or CH4-rich hydrates generated. Note X was calculated from 
gas samples at P1. Thus, good pore connectivity along the sample in 
Exp2 and Exp3 could trigger more CH4-rich hydrate formation and 
reflect pratical CH4/CO2 mole fraction in hydrate under favorable mass 
transfer. While the result of lower X and SH in Exp1 indicated less 
amount of CH4-rich hydrate systhesis that attibuted to poor pore con
nectivity, which might not reflect the actual hydrate fraction in sample 
under insufficient mass transfer. In addition, CO2 mole fraction of 43.0% 
in CH4/CO2 hydrates (i.e. X = 1.33) in Exp4 was the highest. This 
confirmed the promotion effect of L-methionine was mainly on CO2 
hydrate storage despite lower SH was caused by high-speed CO2 hydrate 
formation hindering CH4-rich hydrate systhesis. 

Promoting effect of L-methionine on mixed hydrate formation was 
absent in Exp4 compared with Exp1 according to hydrate saturation and 
final CT values. The absence of promoting effect can be ascribed to two 
reasons. One was that hydrate formation in these artificial cores was 
dominated by mass transfer (gas-water interface and pore connectivity). 
The other was that localized heterogeneous hydrate generated in cores 
affected local CT values at a specific cross-section. Mass transfer and 
localized heterogeneity caused higher hydrate saturation in Exp2 with 
water than that in Exp4 with L-methionine. This observation was 
consistent with the assumption proposed by (Li et al., 2014) that mass 
transfer was the key factor controlling hydrate formation. Hence, CT 
values were restricted to a specific cross-section of HBS. For Exp2 and 
Exp3 in water-saturated cores with similar hydrate saturation, final 
average NCT value for Exp2 (1.04) was larger than that for Exp3 (0.99). 
It can be identified that NCT values were more correlated with fluid and 
hydrate distribution than saturation. This can be explained in Fig. 9 of 
phase characterization at three cross-sections after hydrate formation. 
Note that larger areas of continuous gas phase existed at P2 cross-section 
in Exp3, and this gas phase had no contribution to NCT values. Collec
tively, a more homogeneous distribution of gas-water-hydrate was 
achieved in Exp2 (Dg = 3 mm) compared with that in Exp3 (Dg = 5 mm). 

3.2. Characteristics of CH4/CO2 hydrates during depressurization 

Multistep depressurization (MD) was conducted after synthesis of 
artificial hydrate-bearing cores. Scheme of 8–15 bar pressure drops and 
4-hour shut-in period was employed to dissociate CH4/CO2 hydrates. 
The parameters of depletion operations are summarized in Table 3. The 
influences of different bead diameters and solutions on MD were 

Table 2 
Summary of CH4/CO2 hydrate formation parameters in Exp1-4. Dg is diameter of beads. X is CH4 to CO2 ratio in mole amount in hydrate. XCSM is the value of X 
calcuated from software CSMGem (Colorado School, 2015). NCT is normalized CT value, and the initial NCT is 1.00 before hydrate formation.  

No. Dg (mm) Solution Residual water saturation (%) Hydrate saturation (%) X XCSM Final NCT at P1/PM/P2 Average final NCT 

Exp1 2 Water 45.8 7.1 1.75 1.37 0.98/0.99/1.00 0.99 
Exp2 3 Water 42.2 12.5 3.93 1.39 1.19/0.96/0.97 1.04 
Exp3 5 Water 43.1 12.2 3.18 1.45 1.12/1.02/0.84 0.99 
Exp4 3 L-meth 46.4 7.7 1.33 1.39 1.32/1.02/0.96 1.10 

The concentration of L-methionine (L-meth) is 3000 ppm. 
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evaluated. 
To characterize phase changes just before and after depletion as well 

as during shut-in period, variations of pressure-temperature and NCT 
values during MD were combined with CT images at selected critical 

points in Exp1, as exhibited in Fig. 10. Staged pressures occurred at P1 as 
proceeding of depletion whereas pressures kept unchanged at P2 
throughout MD. This was caused by gas release conducted at P1, 
whereas hydrate blockage within core caused pressure differential. 
Thus, the depletion pressure is referred to as the pressure at P1 and the 
NCT value is referred to as NCT (P1) in the following text. 

Note a sudden large growth of NCT emerged during Stage C. This 
resulted from increased area of water phase caused by gas-water 
migration at P1 cross-section, as shown in Fig. 11(a–b), because deple
tion pressures were above CH4 hydrate stability pressure (PCH4) without 
hydrate dissociation producing water. After depletion pressures were 
reduced between PCH4 and CO2 hydrate stability pressure (PCO2), 
apparent pressure rebounds happened and they were attributed to hy
drate dissociation after Stage C. The dissociating gas and water redis
tributed inside pores as shown in Fig. 11(b–c), and the enlarged water 
phase caused second increase of NCT during Stage D. When depletion 
pressures touched PCO2 at final Stage D and Stage E, more violent 
pressure rebounds occurred and the pressures could recover to previous 
levels before depletion. Yang et al. (2021) reported a gradual converting 
control mechanism of hydrate dissociation from kinetics-limitation to 
diffusion-limitation. The pressure rebounds and full pressure recoveries 
verified that the hydrate dissociation was dominated by hydrate kinetics 
with sufficient heat and mass transfer in this scenario. The recovered 
NCT values at final Stage E were as same as that at final Stage D, which 
further supported the kinetics-dominated mechanism above. 

Afterward, an unexpected pressure rebound to a higher value at final 
Stage F. This phenomenon of recovering pressure higher than depletion 

Fig. 9. 2D images of phase characterization at P1, PM and P2 after hydrate formation: (a) Exp2 (Dg = 3 mm), and (b) Exp3 (Dg = 5 mm).  

Table 3 
Summary of operation parameters for MD at Exp1-4.  

No. Dg (mm) Solution Hydrate saturation (%) Staring pressure (bar) Ceasing pressure (bar) Average core temperature (◦C) Steps of depletion 

Exp1 2 Water 7.1 59.4 21.2 0.80 8 
Exp2 3 Water 12.5 41.9 21.7 1.33 10 
Exp3 5 Water 12.2 29.3 8.5 0.45 8 
Exp4 3 L-meth 7.7 53.6 20.4 0.60 9  

Fig. 10. Variations of pressures, gas compositions and NCT values of CH4/CO2 
hydrate dissociation during MD for pure water at Exp1 (Dg = 2 mm). 
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pressure was absent in our previous studies (Ouyang et al., 2022a, 
2022b; Pandey et al., 2022b). This resultant pressure profile indicated 
that pressure release from dissociation is dominating instead of pressure 
reduction on account of reformation. It may be possible that no major 
reformation occurred and system experienced rapid dissociation. In 
previous instantons of pressure depletion, rapid dissociation followed by 
rapid reformation thus pressure rebound was compensated by pressure 
loss due to reformation. Major dissociation without reformation could 
occur due to absence of any driving force for CO2-rich hydrate refor
mation. Two reasons accounted for absence of driving force: (1) disso
ciation below PCO2 dissociated additional CH4-rich mixed hydrates. 
This caused increase of CH4 gaseous mole fraction (XCH4) thus lower 
CO2 gaseous mole fraction, delaying CO2-rich hydrate reformation; (2) 
longer induction time for reformation was needed. It was possible that 4 
hours may not be sufficient for CO2-rich hydrate reformation. Also, these 
pressure rebounds were generally observed in those cases when system 
pressures were decreased closer to PCO2, supporting occurrences of 
CO2-rich hydrate dissociation. This was further supported by hydrate 
phase decrease and water phase increase in Fig. 11(d–f). 

3.2.1. Influence of bead diameter on multistep depressurization 
Diameter of beads has a direct relationship with core properties such 

as pore size and pore volume, and pore properties therefore influenced 
hydrate dissociation by affecting equilibrium pressures (Uchida et al., 
2002), capillary pressures (Misyura, 2016), gas-water flow behaviors 
(Misyura, 2016) and gas-water-hydrate distribution (Yin et al., 2016). 
Fig. 12 presents pressures, gas compositions and NCT values of CH4/CO2 
hydrate dissociation during MD for pure water at Exp2 (Dg = 3 mm). 
Stepped depletions caused staged pressure drops at P1 and no pressure 
reduction at P2. This pressure differential existed from Stage A till Stage 
I. It can be observed that small pressure growths appeared when 
depletion pressures were between PCH4 and PCO2, with XCH4 increased 
to 65.5 mol% at final Stage C. These two patterns were attributed to 

CH4-rich hydrate dissociation, i.e. 79.7 mol% CH4/CO2 hydrates after 
hydrate formation in Exp2. Comparably, slight pressure reductions 
emerged as well during Stage D. The XCH4 inversely decreased to 53.0 
mol%. These two patterns were caused by CH4-rich hydrate reformation. 
Unchanged pressure with XCH4 variations indicated both hydrate 
reformation and dissociation existed during shut-in period. Neverthe
less, such hydrate dissociation and reformation were repeated in the 
following stages until a sudden significant pressure drop happened at 

Fig. 11. 2D images of phase characterization for P1 cross-section at selected point-in-time of Exp1 (Dg = 2 mm). The hollow white rectangles are for comparison at 
same positions. 

Fig. 12. Variations of pressures, gas compositions and NCT values of CH4/CO2 
hydrate dissociation during multistep depressurization for pure water at Exp2 
(Dg = 3 mm). 
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P2. Note that NCT at three cross-sections remained constant at around 
1.00 before obvious pressure relief during Stage I. This indicated that 
only gas was produced from hydrate without water production during 
these depletions. After apparent pressure drop at P1 during Stage I, NCT 
(P1) and NCT (P2) decreased largely without pressure variations during 
shut-in period, indicating gas migration between P1 and P2; whereas 
NCT (PM) jumped to 1.04, indicating water migration in middle pore. 

Fig. 13 presents the 2D images of phase distribution at P1 cross- 
section during CH4/CO2 hydrate dissociation for pure water at Exp2 
(Dg = 3 mm). It can be seen from Fig. 13(a–b) that hydrate phase became 
smaller and gas phase enlarged in the hollow white rectangle, indicating 
hydrate dissociation at Stage B. And it was seen from Fig. 13(b–c) that 
hydrate phase became larger and gas phase shrank, indicating hydrate 
reformation during Stage D. These characteristics complied with the 
observations in NCT values above. According to Fig. 13(d–f), concurrent 
hydrate dissociation and reformation appeared in different areas of P1 
cross-section during Stage I. Combined with decrease of NCT (P1) and 
NCT (P2) whilst increase of NCT (PM), it was denoted from Fig. 13(d–f) 
after pressure relief during Stage I that massive hydrates dissociated at 
middle of core, and the dissociating gas moved from the middle towards 
P1 and P2. 

The patterns of pressures and NCT values during MD for pure water 
at Exp3 (Dp = 5 mm) were presented in Fig. 14. The pressure rebounds 
immediately appeared after 1st depletion together with XCH4 increased 
to 65.1 mol% at the end of Stage B, indicating CH4-rich hydrate disso
ciation at pressure between PCH4 and PCO2. Afterward, XCH4 dropped 
gradually when depletion pressure touched PCO2. The sudden growth of 
XCH4 during Stage G may be attributed to heterogeneous CH4 gas and 
CO2 gas distribution within pore. Note pressure at P2 was simulta
neously equal to that at P1 until Stage H. This suggested good connec
tivity during MD for larger size diameter (5 mm) of beads. 

The responses of NCT in Exp3 of larger diameter beads (Dg = 5 mm) 
were different from those in Exp1 and Exp2 of smaller diameter beads 
(Dg = 2 mm and Dg = 3 mm). The overall NCT values were below 1.0 

throughout MD, indicating that hydrate reformation dominated or more 
gas-water migrated and distributed in these three cross-sections after 
MD. Due to no obvious pressure drops observed during shut-in period, 
the inhibition of NCT was attributed to gas-water redistribution. This 
was further supported by NCT (P1) and NCT (P2) decrease whist NCT 
(PM) increase during Stage C, indicating gas-water migrated from the 
middle of core towards P1 and P2. Inverse fluid migration was noticed 
during Stage F at which NCT (P1) and NCT (P2) increased whist NCT 
(PM) decreased, i.e. water moved towards P1 and P2 while gas 

Fig. 13. 2D images of phase characterization for P1 cross-section at selected point-in-time in Exp2 (Dg = 3 mm). The hollow white rectangles are for comparison at 
same positions. 

Fig. 14. Variations of pressures, gas compositions and NCT values of CH4/CO2 
hydrate dissociation during multistep depressurization for pure water at Exp3 
(Dg = 5 mm). 
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accumulated around the middle. 
Phase characterization showed the enlargement and shrinkage of 

phases at P1 cross-section for selected point-in-time in Exp3 (Dg = 5 
mm) in Fig. 15. It was seen from Fig. 15(a–c) that gas phase enlarged 
during Stage A and Stage B, with NCT values remained close to 1.00. 
Combined with XCH4 growth mentioned above, this indicated CH4-rich 
hydrate dissociation without much water production. According to 
Fig. 15(b–c), hydrate phase enlarged during Stage C while gas phase 
shrank with NCT values reduced to 0.94. Combined with XCH4 reduc
tion exhibition without pressure drop during Stage C, this identified 
partial re-distribution of CH4 gas and CO2 gas, water and hydrate instead 
of CO2-rich hydrate reformation. Similar observations were repeated for 
Fig. 15(c–d) and the corresponding NCT values were decreasing and 
increasing. However, no obvious pressure variations denoted that these 
changes in phases and CT values were mainly correlated with fluid 
migration and distribution rather than massive hydrate dissociation and 
reformation during Stage D-F. Comparably, apparent gas phase 
enlargement in Fig. 15(e–f) together with NCT value decreases were 
mainly connected with hydrate reformation as pressure rebounds 
appearing during Stage H. And the dissociating hydrates were deter
mined as CO2-rich based on obvious decreases of XCH4. 

Fig. 16 summarizes the variations of XCH4, CH4 recovery percentage 
(RCH4) and CO2 storage ratio (SCO2) with depletion pressure during MD 
in Exp1-4 with different diameters of glass beads. Note Pend was the 
ending point at which stepped depletion should be terminated. As shown 
in Fig. 16(a–c), XCH4 for Exp1 and Exp2 were enhanced through stepped 
depletion. The highest XCH4 reached 78.7 mol% and 79.1 mol% for 
Exp1 and Exp2 at the ending point. XCH4 for Exp3 was, however, 
inhibited after stepped depletion and only 53.5 mol% at the ending 
point, at which RCH4 (78.2%) was slightly higher than those (74.4% and 
73.1%) for Exp1 and Exp2, but SCO2 (55.7%) was much lower than 
those (83.8% and 83.4%) correspondingly. The data above illustrated 
that hydrate-bearing sediments with glass beads of higher diameters (Dg 
= 5 mm) presented low efficiency of dissociation parameters. 

The influences of bead diameter on CH4/CO2 hydrates during MD 
were analyzed. A smaller diameter of 2 mm caused pressure differential 
across whole process of MD, while a mediate diameter of 3 mm gener
ated pressure relief during shut-in period and a larger diameter of 5 mm 
only had pressure differential at the end of MD. On the one hand, smaller 
size of sand particles may form HBS of low permeability that was 
unbeneficial to fluid mobilization. Given the beads in this work were 
water-wet, gas tended to occupy larger pore spaces (Waite et al., 2009). 
Thus, larger size of beads may have larger pore spaces and higher 
permeability that favors gas production. It was noted from phase char
acterization that the hydrate type in this work was pore-filling with a 
weak hydrate cementation effect. The mechanical strength of 
hydrate-bearing sediments was larger for host sediments with larger size 
sands due to stronger friction force and hydrate cement (Luo et al., 2018; 
Miyazaki et al., 2010), providing more guarantee for safe exploitation of 
hydrate. In contrast, exploitation of hydrates in sediments with smaller 
sizes of sands had more chances of suffering skeleton failures of reservoir 
and sand production (Wu et al., 2021). To sum up, effective and safe 
fluid production in reservoirs needs full consideration of particle size of 
specific type of sediment and exploitation scheme designs. An enhanced 
technique e.g. thermal simulation could be coupled to dissociate the 
blocking hydrates to promote gas-water flow behaviors in HBS with 
smaller particle size, or to facilitate low efficiencies of hydrate dissoci
ation parameters in HBS with larger particle size. 

3.2.2. Influence of L-methionine on multistep depressurization 
Amino acids are environmentally friendly and effective kinetic pro

motors influencing water chemistry/activity and thus affecting hydrate 
formation kinetics. L-methionine is a hydrophobic amino acid that im
proves CO2 hydrate storage effectively at appropriate concentrations 
(Cai et al., 2017; Liu et al., 2022). Our previous studies proved that 
L-methionine showed higher gas uptake and lower induction time for 
hydrate formation and effectively assisted CH4–CO2 swapping for high 
CO2 storage, and the highest performances were obtained with 

Fig. 15. 2D images of phase characterization for P1 cross-section at selected point-in-time in Exp3 (Dg = 5 mm). The hollow white rectangles are for comparison at 
same positions. 
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L-methionine of 3000 ppm (Pandey et al., 2020b, 2021b). Thus, 
L-methionine of 3000 ppm was employed in this work to study disso
ciation characteristics during MD after CH4–CO2 swapping. 

Fig. 17 presents the patterns of pressures, temperatures and NCT 
values for CH4/CO2 hydrate dissociation during MD in Exp4 with L- 
methionine. Gas compositions showed no apparent variations with 
stepped depletions until Stage F. Thus, varying NCT values were 
attributed to fluid migration within core affecting phase distribution at 
specific cross-section. Stage F witnessed a continuous pressure rebound 
and a growth of XCH4, denoting massive CH4-rich hydrate dissociation 
with depletion pressure below PCH4 but above PCO2. Sudden drops of 
both NCT (P1) and NCT (P2) during Stage F also ascertained a large 
amount of gas release and gas accumulation at two ends of core. After 
Stage F, pressure rebounds and XCH4 reductions supported occurrences 
of CO2-rich hydrate dissociation at depletion pressures below PCO2. 

Profiles of phase characterization for P1 cross-section at selected 
point-in-time in Exp4 with L-methionine are shown in Fig. 18. Only 
slight differences of gas phases were seen in Fig. 18(a–c), supporting the 
explanation of fluid migration aforementioned affecting pressures, gas 
compositions and NCT values. However, no more changes in phases 
were detected in Fig. 18(d–f). This was inconsistent with the description 
above in pressures, gas compositions and NCT values. This inconsistency 
may be caused by heterogeneity within core. The combined indication of 

Fig. 16. Summary of dissociation parameters during MD in Exp1-3 of different diameters glass beads: (a) XCH4 with depletion pressure; (b) CH4 recovery percentage 
(RCH4) with depletion pressure and, (c) CO2 storage ratio (SCO2) with depletion pressure. 

Fig. 17. Variations of pressures, gas compositions and NCT values of CH4/CO2 
hydrate dissociation during multistep depressurization for L-methionine at 
Exp4 (Dg = 3 mm). 
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pressure and gas compositions elucidated CO2-rich hydrates dissociated 
at one side of core even though blockage may prevent mass transfer at 
other side. However, the CT images were only concerned with one slice 
of a cross-section of core. Hence, inconsistency of hydrate dissociation 
existed and real scenario complied with the overall responses of pressure 
and XCH4 rather than the localized features of CT images. 

The influence of L-methionine could be determined in Fig. 19 of 
summarized dissociation parameters during MD in Exp2 and Exp4. In 
Fig. 19(a), XCH4 in water was below that in L-methionine throughout 
MD. This was mainly caused by promoted CO2 storage before MD, e.g. 
SCO2 of 61.4% with L-methionine compared with 40.7% without L- 
methionine (boosted by 20.7%). This brought a relatively high initial 
XCH4 of 77.0 mol% with L-methionine compared with 59.5 mol% 
without L-methionine (boosted by 17.5 mol%). However, this promoting 
effect on CO2 storage became weak during MD in Exp4 with SCO2 
enhanced from 61.4% to the highest 88.8% in Fig. 19(c). One reason 
may be that mass transfer was hindered in Exp4 with continuous pres
sure differential i.e. hydrate blockage existed throughout MD. And no 
massive hydrate dissociation and reformation were observed in Exp4 
according to mixed hydrate characteristics with time. In contrast, 
improved CO2 storage was notable in Exp2 of water with SCO2 increased 
from 40.7% to the highest 83.4% in Fig. 19(c), with apparent pressure 
rebounds and declines as well as sudden pressure relief during shut-in 
period. In terms of CH4 production, it can be seen from Fig. 19(b) that 
RCH4 increased with depletion pressure decreased in Exp2 and Exp4. 
Comparably, RCH4 in Exp4 was lower than that in Exp2 after depletion 
pressures reduced just below PCH4, and the former exceeded the latter at 
depletion pressure of 20 bar. This suggested that L-methionine could 
significantly boost CH4 production at pressures between PCH4 and PCO2 
because it highly helped CO2 hydrate storage. This was consistent with 
the enhancement of L-methionine on hydrate formation in CH4–CO2 gas 
mixture systems (Prasad and Kiran, 2020; Prasad and Sai Kiran, 2018). 
Moreover, the mechanism behind enhanced CO2 hydrate storage was 
that L-methionine acted as a surfactant and reduced surface tension 

between gas phase and water phase, promoting gas molecules to diffuse 
into water for hydrate nucleation (Cai et al., 2017; Raza et al., 2019). It 
was also concluded that CH4 recovery was beneficial from depletions of 
mixed gas with higher XCH4 and thus Exp4 of L-methionine out
performed Exp2 of water. 

3.3. Comparison of CH4 recovery and CO2 storage 

Table 4 summarizes the production parameters at suggested ending 
point of MD. It can be seen that at a similar suggested ending point, 
higher XCH4 (78.7 mol%/79.1 mol%) and SCO2 (83.8%/83.4%) were 
obtained in smaller bead diameters (Dg = 2 mm/3 mm), compared with 
those (XCH4=53.5 mol% and SCO2=55.7%) in larger bead diameter 
(Dg=5 mm) This indicated unconsolidated sediments with smaller par
ticles were more beneficial to CH4 gas recovery and CO2 storage. L- 
methionine further improved production performances of XCH4 and 
SCO2 by effectively enhancing CO2 hydrate storage in terms of both 
maximum XCH4=86.1 mol% and SCO2=88.8% in Exp4. Fig. 20 
compared the XCH4 and SCO2 in this work with those in previous studies 
of unconsolidated sediment of CH4-rich hydrates. It was seen in Fig. 20 
that lower efficiencies of CH4 recovery (XCH4 = 76.8–81.3%) and CO2 
storage (SCO2 = 82.5–85.3%) were obtained in natural sandstone 
because it is consolidated type of sediment. This type of sediment had 
the lowest efficiency of mass transfer compared with unconsolidated 
loose sand and unconsolidated artificial core. The particle size of un
consolidated loose sand was 0.9–1.6 mm while that of unconsolidated 
artificial core was 2/3 mm. It seemed that production parameters (XCH4 
= 74.9–79.1% and SCO2 = 83.4–88.2%) in loose sand with the highest 
efficiency of mass transfer didn’t obtain much higher performances 
compared with those (XCH4 = 78.7–86.1% and SCO2 = 83.4–88.8%) in 
aritificial core with mediate efficiency of mass transfer. This was 
because the surface properties of loose sand and artificial core were the 
other critical parameters affecting CH4 productivity and CO2 storage. 
Furthermore, chemical promotor (e.g. L-methionine) affecting pore 

Fig. 18. 2D images of phase characterization for P1 cross-section at selected point-in-time in Exp4 with L-methionine (Dg = 3 mm). The hollow white rectangles are 
for comparison at the same position. 
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water chemistry can enhance mass transfer during MD for more CO2 
hydrate formation and thus boosting CO2 storage with the highest XCH4 
and SCO2 among these scenarios. 

The characteristics of CH4/CO2 hydrate variation during MD can be 
divided into five types that were identified comprehensively by pressure 
responses, gas compositions and NCT values, as summarized in Fig. 21. 
When depletion pressures at P1 were reduced just below PCH4, CH4-rich 
hydrate dissociation was detected with pressure rebounds and increases 

of XCH4. When pressures were further reduced between PCH4 and PCO2, 
CO2-rich hydrate reformation was observed with pressure declines and 
decreases of XCH4. It was noticed that NCT values showed an unobvious 
change because CT values of hydrate and water were not largely 
different (Jin et al., 2004, 2006; Sato et al., 2005). These two charac
teristics of CH4/CO2 hydrate dissociation and reformation during MD 
favored CH4 recovery and CO2 storage, as similar observed in our pre
vious works of multistep depressurization (Ouyang et al., 2022a, 2022b; 
Pandey et al., 2022b) and in other references of slow stepwise depres
surization (Phillips et al., 2019) and intermittent depressurization (He 
et al., 2022). However, when depletions were conducted at pressures 
above PCH4, CH4-rich hydrate reformation occurred with slight pressure 
reductions and decreases of XCH4. And when depletions were performed 
at pressures below PCO2, CO2-rich hydrate dissociation emerged with 
remarkable pressure rebounds and decreases of XCH4. It was also noted 
that NCT showed only small variations because of hydrate-water con
version. These two patterns of CH4/CO2 hydrate dissociation and 
reformation during MD were, however, unbeneficial to CH4 recovery 
and CO2 storage. It was therefore suggested that depletion pressures 
should be controlled between PCH4 and PCO2. In addition, greatly 
varying NCT values from below 1.00 to above 1.00 without varying 
CH4/CO2 gas fraction indicated gas-water migration and redistribution 
of gas-water-hydrate from P1 cross-section to somewhere else within 
core. This scenario to the benefit of CH4 recovery and CO2 storage was 

Fig. 19. Summary of dissociation parameters during MD in Exp2 of water and Exp4 of 3000 ppm L-methionine: (a) XCH4 with depletion pressure; (b) RCH4 with 
depletion pressure and, (c) SCO2 with depletion pressure. 

Table 4 
Summary of production parameters for MD at the suggested ending point of 
Exp1-4. XCH4 is CH4 gaseous mole fraction. RCH4 is CH4 recovery percent. SCO2 
is CO2 storage ratio.  

No. Dg 

(mm) 
Solution Suggested 

ending point 
(bar) 

XCH4 

(mol%) 
RCH4 

(%) 
SCO2 

(%) 

Exp 
1 

2 Water 22.3 78.7 74.4 83.8 

Exp 
2 

3 Water 23.4 79.1 73.1 83.4 

Exp 
3 

5 Water 22.8 53.5 78.2 55.7 

Exp 
4 

3 L-meth 22.6 86.1 70.1 88.8  
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Fig. 20. Comparison of XCH4 and SCO2 in this work of artificial core and those in previous work of natural sandstone and loose sand (Ouyang et al., 2022a,b; Pandey 
et al., 2022b). More information is provided in Table B1. 

Fig. 21. Five types of characteristics concerning hydrate dissociation, hydrate reformation and gas-water-hydrate redistribution during multistep depressurization. 
To the benefit of CH4 recovery and CO2 storage: √ favorable; × unbeneficial; ⚪ undetermined. 

Fig. 22. Schematic of the enhancements of CH4 recovery and CO2 storage by multistep depressurization in hydrate-bearing sediment after direct depressurization 
and hydrate swapping. 
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undetermined directly. Hence, pore-scale investigation of X-ray CT in 
this work can be useful to provide supplementary information for 
varying hydrate mass during MD. To sum up, five types of characteristics 
of pressure, gas composition and NCT values can be jointly employed to 
affirm hydrate dissociation, hydrate reformation and gas-water-hydrate 
redistribution, eventually contributing to scheme design for enhance
ment of CH4 production and CO2 storage. 

It was confirmed above that CH4-rich hydrate dissociation, CO2-rich 
hydrate reformation and gas-water-hydrate redistribution promoted 
CH4 recovery and CO2 storage. The schematic of enhancements behind 
MD after direct depressurization and hydrate swapping is illustrated in 
Fig. 22. First of all, CH4 hydrate reservoir is exploited by direct/slow 
depressurization to produce pure CH4 gas at depletion pressures above 
PCH4. The majority of CH4 gas produced comes from free gas zone in 
hydrate-bearing reservoir or partial CH4 hydrate dissociation due to 
chemical discrepancy. After that, CO2 gas together with inhibitors and 
anti-agglomerates is injected into the depleted CH4 hydrate reservoir to 
perform CH4–CO2 swapping exploitation at pressures above PCH4. The 
purpose of keeping above-PCH4 pressure is to maintain the mechanical 
stability of hydrate-bearing sediments without dissociating massive CH4 
hydrates, while CO2 injection triggered CO2 hydrate formation acting as 
the skeleton to increase HBS mechanical stability. The inhibitors and 
anti-agglomerates are introduced to prevent CO2 hydrate blockage at the 
injection point and thus enlarge CO2 diffusion area. The key point is to 
conduct well-controlled schemes of multistep depressurization on CH4- 
rich hydrates with CH4-rich gas production and CO2-rich hydrate stor
age at depletion pressures between PCO2 and PCH4. 

4. Conclusions 

Morphologies and compositions of CH4/CO2 hydrates in hydrate- 
bearing sediment play vital roles during exploitation. Multistep 
depressurization (MD) was conducted on hydrate-bearing core by X-ray 
computed tomography (CT). The distributions of co-existing phases (gas, 
water and hydrate) and kinetic data (pressures and gas compositions) 
were combined for improved understandings of hydrate morphology 
evaluation and fluid migration. The influences of sediment particle sizes 
and additive L-methionine on CH4 gas recovery and CO2 hydrate storage 
were examined. The major conclusions were summarized as follows.  

• Pore-scale hydrate morphologies and distribution showed dispersed 
pore-filling hydrates, in the shapes of clusters or crusts, formed 
heterogeneously within pore spaces in core. 

• Varying hydrate morphologies and corresponding pressure varia
tions indicated existences of concurrent hydrate dissociation and 
hydrate reformation in different pores during MD.  

• Artificial core with particle size of 3 mm presented more apparent 
hydrate dissociation and reformation during MD due to its sufficient 
pore connectivity and mass transfer, which was beneficial to the 
hydrate exploitation efficiencies.  

• L-methionine enhanced CO2 storage by 20.7% and CH4 gas fraction 
by 17.5 mol% by mainly promoting CO2-rich hydrate formation, 
proving it is beneficial to CH4 gas recovery and CO2 hydrate storage.  

• Five-type characteristics of hydrate compositions, hydrate variations 
and fluid migration were determined during MD to guide efficient 
CH4/CO2 hydrate exploitation. 

• Reservoir pressures need to be reduced in steps and controlled be
tween CH4 hydrate stability pressure and CO2 hydrate stability 
pressure for high-efficient exploitation of CH4/CO2 hydrates. 

From these results, the presented multistep depressurization in this 
study is recommended for application during CH4/CO2 hydrate exploi
tation. Production schemes should pay more attention to achieving CH4- 
rich hydrate dissociation and CO2-rich hydrate reformation. This will 
benefit highly-efficient CH4 gas recovery and CO2 hydrate storage in the 
pilot-scale test. Future work is suggested in characterizing and 

identifying different occurrences and saturations of CH4/CO2 hydrates 
in sediment for targeted and improved depressurization exploitation. 
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