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ABSTRACT 

 CO2 as cushion gas of underground natural gas 
storage can not only effectively save the initial capital 
investment, but also slow down the greenhouse effect 
and realize the geological burial of CO2. It has important 
strategic significance and social value for the 
development and construction of underground natural 
gas storage. Based on a large number of literature 
research at home and abroad, this paper summarizes 
and combs the differences in physical properties 
between carbon dioxide and natural gas, the mixing 
mechanism of carbon dioxide as cushion gas and natural 
gas in natural gas underground storage, the influence of 
multiple rounds of injection and production in the 
operation of natural gas underground storage and the 
influence on the capacity and stability of gas storage 
under fluid solid coupling, so as to provide reference for 
the implementation of CO2 as cushion gas in natural gas 
underground storage. In addition, it also puts forward 
the deficiency of theoretical understanding of cushion 
gas in CO2 as natural gas underground storage, including: 
①High-speed non Darcy seepage of gas, the movement 
law of displacement phase front and the distribution 
characteristics of mixing zone under the action of 
alternating load; ②The accuracy of three-dimensional 
three-phase oil, gas and water injection production 
dynamic multi physical field coupling model is improved; 
③For geological activities in the early stage of natural 
disasters, which may lead to gas leakage, specific 
measures shall be taken to deal with emergencies;  ④
The geological conditions of gas storage construction are 
more complex, and its development is more difficult. In 
addition, the mathematical model of injection 
production operation evaluation in the whole life cycle 
of natural gas underground storage operation is 
established.  
 

Keywords: Underground natural gas storage, Cushion 
gas, Mixing mechanism, CO2 deep burial, Permeation-
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Fig. 1. Global and major sources of carbon emissions 
(Data source: IEA, Haitong Securities Research Institute) 

1. INTRODUCTION 
The "2021 China Natural Gas Development Report" 

pointed out that in the future, the development of the 
natural gas industry should be based on the "dual-
carbon" goal and the new economic and social 
situation[1]. As an important strategic reserve energy 
source for the country, the advantages of natural gas are 
mainly reflected in high heating value, significant 
economic benefits, and small environmental pollution. 
The development and utilization of natural gas are of 
great significance to China's development and 
construction. However, due to seasonal, regional, and 
supply-demand contradictions, the significance of 
natural gas emergency peak regulation and strategic 
reserves is becoming more prominent. The construction 
of underground natural gas storage facilities can 
effectively solve supply-demand contradictions, adjust 
the energy structure, and mitigate greenhouse effects.  
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The amount of natural gas that a gas storage facility 
can hold at a certain temperature and pressure is called 
its storage capacity, of which 25% to 75% must be kept 
inside the storage facility during operation as cushion gas 
to provide pressure for gas extraction work, suppress 
formation water flow, prevent water intrusion, and 
ensure the stability of the storage facility. Nitrogen (N2) 
and natural gas (CH4) are commonly used as cushion 
gases[2-9]. However, N2 is prone to mixing with natural 
gas, increasing impurities in extracted gas, lowering its 
heating value, and affecting normal use of natural gas. As 
for natural gas itself used as cushion gas, the portion of 
natural gas used as cushion gas remains in the storage 
facility and cannot be extracted or sold, resulting in 
direct economic losses and energy waste. 

Compared with CH4 and N2, the high-pressure 
compressibility and high viscosity of carbon dioxide in its 
supercritical state under storage conditions indicate that 
it is more suitable as cushion gas for natural gas 
storage[10, 11]. In addition, a large amount of CO2 storage 
experience has been accumulated in oil and gas field 
development, providing important reference value for 
using CO2 as cushion gas. In terms of enhanced oil 
recovery, CO2 has also achieved certain economic 
benefits through experiments. Furthermore, the rapid 
development of the global economy has led to massive 
CO2 emissions, posing a serious threat to the Earth's 
ecosystems and human social development. To address 
global climate change and achieve sustainable 
development of human society and the Earth's 
ecosystem, the 21st United Nations Climate Change 
Conference adopted the Paris Agreement, proposing to 
achieve carbon neutrality around 2030, that is, net zero 
emissions of carbon dioxide[12]. Therefore, deep burial of 
CO2 as cushion gas in underground natural gas storage 
not only meets the needs of China's economic 
development for natural gas but also reduces 
greenhouse gas effects, providing a new way to achieve 
the "dual carbon" goal[11]. Therefore, the deep burial of 
CO2 as cushion gas in underground natural gas storage 
not only meets the demand for natural gas in China's 
economic development, but also reduces greenhouse 
gas effects, providing a new pathway for achieving the 
"dual carbon" targets. Based on extensive research of 
domestic and foreign literature, this paper summarizes 
the feasibility and mechanism of using CO2 as cushion gas 
in underground natural gas storage, providing a 
reference for the engineering practice of CO2 as cushion 
gas. 

 
Fig. 2. Global carbon emissions predictions to 2100 

(Data source: Science) 

2. CURRENT STATUS OF UNDERGROUND NATURAL 
GAS STORAGE  

According to the International Gas Union (IGU), there 
are currently 715 underground gas storage facilities 
operating in 37 countries and regions worldwide, with a 
total working gas volume of 3.53×108m3, accounting for 
approximately 11.7% of the global natural gas 
consumption. Of these, 549 underground gas storage 
facilities have a working gas volume of less than 5×108m3, 
accounting for 77% of the total. Among the four types of 
underground gas storage facilities, reservoir-type has the 
largest working capacity, accounting for about 75% of 
the total, followed by aquifer-type at 12%, salt cavern-
type at 7%, and oil reservoir-type at 6% [13]. 

In the late 1960s, Daqing Oilfield conducted its first 
gas storage experiment, and in 1975, China's first 
reservoir-type underground gas storage facility, 
Lamadian Underground Gas Storage, was built and put 
into operation. In the late 1990s, the first commercial 
underground gas storage facility, Dagang Dazhangtuo 
Gas Storage, was completed and took on the task of 
"valley filling and peak shaving" for natural gas in the 
Beijing-Tianjin-Hebei region and winter peak regulation 
and supply guarantee for Beijing. This marked the 
beginning of China's underground gas storage 
construction and signaled a new development stage for 
China's underground gas storage facilities[14]. So far, 
China has built and operated 27 natural gas underground 
storage facilities, with a cumulative peak regulation and 
gas extraction volume of about 50 billion cubic meters, 
benefiting more than 200 million people in over 10 
provinces and cities, and replacing 50 million tonnes of 
standard coal. Despite starting later compared to foreign 



 3  

countries, China's development in underground gas 
storage has been rapid, and after more than a decade of 
hard work, China's gas storage facility construction has 
entered a mature stage. 

In terms of technology, since 2000, units such as 
China National Petroleum Corporation and Southwest Oil 
and Gas Field have independently innovated for over a 
decade, forming a complete set of technologies and 
standard systems with independent intellectual property 
rights in the geological evaluation of underground gas 
storage sites, drilling, injection and production 
processes, surface processes, equipment manufacturing, 
operation control. These achievements have gained 
worldwide attention, paved the way for China's 
industrialized construction of gas storage facilities, 
established the foundation for the strategic reserve 
pattern of natural gas, and promoted the historic 
transformation and upgrading of China's energy supply 
from gas production and transmission peak regulation to 
underground gas storage peak regulation. In October 
2021, the Nanpu Gas Storage Project of Jidong Oilfield 
was put into operation smoothly, marking the successful 
transformation of China's gas storage construction from 
onshore to offshore, from reservoir-type to oil reservoir-
type, broadening the ideas for constructing gas storage 
facilities in China, laying the theoretical foundation for 
converting oil reservoirs into gas storage facilities in the 
future, and having important reference and guidance 
significance. 

Currently, there is limited research on using CO2 as 
cushion gas in natural gas underground storage both 
domestically and internationally. The theoretical and 
methodological aspects of controlling the diffusion and 
migration of CO2 in the storage facility are still in the 
conceptual stage, and related technical studies are not 
yet mature. There are many challenges that need to be 
addressed, such as the displacement front propagation 
under high-intensity injection and production, mixing of 
CO2 and CH4 under injection and production pressure 
differential, and multi-physical field flow-solidification 
coupling. In terms of technology, further research is 
needed on issues such as the risk of CO2 leakage as 
cushion gas, the impact of geological activities such as 
natural disasters on CO2 storage, and the strong 
corrosive reaction of CO2 on metal materials during 
transportation and storage.  

3. FEASIBILITY AND MECHANISM RESEARCH STATUS 
OF CARBON DIOXIDE AS CUSHION GAS IN 
UNDERGROUND NATURAL GAS STORAGE 

Whether in depleted oil and gas fields, underground 
aquifers, or salt rock formations used as gas storage 
facilities, during the injection and production operations 
of gas storage peak regulation, a portion of gas must be 
kept in the storage facility, which is called cushion gas. 
Initially, natural gas itself was used as cushion gas in 
underground gas storage facilities. In China's 
Dazhangtuo Underground Gas Storage Facility, the 
volume of cushion gas accounted for 50% of the total gas 
storage capacity, approximately 7.23×108m3. However, 
because the natural gas used as cushion gas could not be 
extracted, it caused serious financial burden and 
pressure on gas storage facility construction and 
operation companies. In 1986, the Gas Research Institute 
selected the Hansen Storage Facility of Texas Gas 
Transmission Corporation as an example to analyze the 
injection of N2 into the west side of the storage facility[15]. 
Long-term simulation showed that no N2 was detected in 
the extracted gas. However, this does not mean that 
inert gases are suitable for all gas storage facilities, such 
as those with very small total capacity (less than 
8.5×104m3), which results in insufficient economic 
benefits to recover expected economic effects due to 
inability to pay for data collection, engineering analysis, 
and other costs. 

 
Fig. 3. CO2 as cushion gas for underground natural gas 

storage (By Intragaz) 
The injection of CO2 into depleted oil and gas 

reservoirs has attracted great attention due to its 
potential for underground storage of greenhouse gases 
and enhance oil and gas recovery. The former Soviet 
Union's Gas Scientific Research Institute first proposed 
the possibility of using CO2 as cushion gas in underground 
natural gas storage facilities, which received high 
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attention and promotion from many countries[16]. 
However, because there is no engineering practice of 
using CO2 as cushion gas in underground natural gas 
storage facilities in the world, related research at home 
and abroad has not formed a complete theoretical 
system for CO2 as cushion gas. Scholars' research on the 
feasibility and mechanism of using CO2 as cushion gas in 
underground natural gas storage mainly includes the 
differences in physical properties between CO2 and CH4, 
the mixing law of CO2 and natural gas, and the flow-solid 
coupling during the operation of gas storage facilities [17-

21]. 

3.1 Physical properties of CO2 and CH4 

The selection of cushion gas for underground natural 
gas storage reservoirs should have physical properties 
that firstly, have a high compressibility to provide more 
storage space and greater gas support during the 
injection and withdrawal process. Secondly, it should 
have a large density difference with natural gas to greatly 
reduce the degree of mixing with natural gas under the 
action of gravity. Additionally, cushion gas should also 
have a large viscosity difference with natural gas to limit 
the flow of cushion gas during the gas recovery stage, 
prevent CO2 impurities from mixing with the extracted 
gas, and affect the natural gas recovery rate. Therefore, 
to demonstrate the feasibility of using CO2 as cushion gas 
in underground natural gas storage, it is necessary to 
conduct in-depth research on the physical property 
differences between CO2 and CH4 (the main component 
of natural gas). 

Tan[16], Wang[22], Curtis[23], Liu[24] et al. analyzed the 
thermodynamic properties of mixed gases composed of 
different mole fractions of CO2 and CH4 using the BWRS 
equation, and studied the relationship between the 
density, viscosity, and compressibility factor of the mixed 
gas and pressure at different temperatures, and 
theoretically demonstrated that CO2 could be used as 
cushion gas for gas storage reservoirs[25-30]. The results 
showed that at the same temperature and pressure, the 
viscosity of CO2 was 10 times that of CH4. In addition, Hu 
et al. proved through mixed gas experiments that 
supercritical CO2 and CH4 show a layered state and could 
be used as cushion gas for depleted gas reservoir-type 
gas storage reservoirs[31]. Oldenburg et al. obtained 
simulation experiment results indicating that when the 
formation temperature was slightly higher than the 
critical point of CO2, its density and viscosity were both 
greater than CH4. The relatively high viscosity of CO2 is 
conducive to the migration of CH4, which reduces the 
tendency of interaction and mixing between CH4 and 

CO2. The relatively high viscosity of CO2 is conducive to 
the migration of CH4, which reduces the tendency of 
interaction and mixing between CH4 and CO2. The 
migration process in the gas reservoir is more inclined to 
CO2 displacement of natural gas, forming a inclined 
miscible transition zone without large-scale mixing. It 
shows that CO2 can not only be used as cushion gas in 
underground gas storage, but also improve gas recovery 
of gas reservoir[25,32]. Furthermore, Oldenburg conducted 
research on CO2 flooding to increase natural gas recovery 
and noted that converted depleted gas reservoirs into 
underground natural gas storage reservoirs. In this 
context, CO2 trapped in the reservoirs acted as cushion 
gas, which helped reduce the initial investment required 
for building underground gas storage reservoirs[32]. 
Although the successful engineering practices of using 
inert gases as cushion gas for underground gas storage 
reservoirs exist, to demonstrate that CO2 has advantages 
over N2 and CH4 as cushion gas, Zhang et al. compared 
the changes in compressibility factor, density, and 
viscosity of CH4, CO2, and N2 under reservoir conditions. 
The study found that: 1) The compressibility factor of CO2 
is much higher than that of CH4 and N2, indicating that 
CO2 can provide more storage space and driving force 
during injection and extraction stages when used as 
cushion gas; 2) The density of CO2 is much higher than 
that of CH4 and N2, and under the influence of gravity, 
CO2 as cushion gas tends to concentrate at the bottom of 
the reservoir, reducing the degree of mixing with natural 
gas; 3) The viscosity of supercritical CO2 is between gas 
and liquid phases and significantly different from that of 
CH4. This reduces the degree of mixing, providing better 
mobility for CH4

[34]. 
The development of mixed gas experiments is 

beneficial for a better understanding of the mixing 
mechanism between CO2 and natural gas. Hu et al. 
designed an intermediate container mixing gas 
experiment. The experimental results showed that 
significant gas mixing occurred between the two gases 
when the experimental environment was at the low-
pressure subcritical point of CO2. When the experimental 
conditions were near the high-pressure subcritical point 
of CO2, the gas chromatograph detected only 0.05% CO2 
in the extracted CH4 gas at the outlet end, indicating that 
near the critical point of CO2, the CO2 gas maintained a 
good stratification state with the upper CH4 and did not 
undergo extensive mixing. However, this experiment did 
not consider the diffusion mixing of CO2 and CH4 in 
porous media, which requires overcoming capillary 
forces and takes a long time to form[34]. Therefore, Li 
added two groups of CO2 displacement natural gas long 
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core diffusion experiments based on the experiments of 
Hu et al. One group continuously injected CO2 to displace 
natural gas, and the other group injected CO2 at a volume 
ratio of 0.2 PV and held it under pressure for 2 hours. The 
experimental results showed that the process of CO2 
displacement of natural gas has some characteristics of 
piston-type displacement. Although the molecular 
diffusion strength of CO2 and CH4 in the long core is weak 
after holding under pressure, it cannot be completely 
ignored, and ultimately presents a pure natural gas flow 
zone, a mixed zone of CO2 and natural gas, and a pure 
CO2 flow zone[35]. The experimental results are consistent 
with the results of gas property analysis when CO2 is used 
as a cushion gas. 

Although CO2 as a cushion gas for underground 
natural gas storage has not yet been implemented in 
practice, the comparative analysis of the physical 
properties between CO2 and CH4 shows that CO2 has 
significant advantages and potential as a cushion gas. It 
can not only "activate" the "dead gas" in underground 
gas storage, but also alleviate the greenhouse effect. 

3.2 The feasibility of using carbon dioxide as cushion gas 
in underground natural gas storage was studied by 
numerical simulation 

Numerical simulation technology is commonly used 
to study the gas migration behavior inside gas storage 
facilities. In 1968, Henderson et al. used a three-
dimensional two-phase gas flow model to simulate the 
injection-production operation dynamics of natural gas 
storage facilities, which was the earliest report on 
numerical simulation of gas storage facilities[36]. So far, 
researchers have developed three main types of 
mathematical models, including three-dimensional gas 
flow models, three-dimensional gas-water displacement 
models, and two-dimensional gas-oil mixture models [37, 

38]. ① The three-dimensional gas flow model was 
primarily used to simulate the injection-production 
operation of depleted gas reservoirs with a closed 
volume and no water drive. The model assumed that the 
reservoir contained only single-phase gas and considered 
the non-Darcy effect of fluids and the compressibility of 
gas and rocks, which could simulate the injection-
production dynamics of single-phase gas. ② The three-
dimensional gas-water displacement model was mainly 
used to simulate the injection-production operation of 
underground aquifer-type gas storage facilities and 
water-driven depleted gas fields. When coupled with the 
three-dimensional gas diffusion model, it could be used 
to study the mixing problem of cushion gas and working 
gas in gas storage facilities[39-45]. However, solving the 

model was relatively difficult[46-48]. Wang et al. 
established an integral averaging model for the dynamic 
migration of natural gas in underground aquifer-type gas 
storage facilities. Compared with the three-dimensional 
two-phase gas-water seepage model, this model was 
easier to solve and had higher computational accuracy[49, 

50]. ③ The two-dimensional gas-oil mixture model was 
primarily used to simulate the injection-production 
operation of non-water-driven depleted oil reservoir gas 
storage facilities. However, currently, the vast majority 
of oil reservoirs are developed using water injection. 
Therefore, this model is not applicable to simulating the 
injection-production operation of water-driven depleted 
oil reservoir gas storage facilities. 

The interaction between CO2 as cushion gas and CH4 
in gas reservoirs is affected by a variety of factors 
including molecular diffusion, microscale convection and 
diffusion, reservoir properties, operating conditions of 
the gas reservoir, injection methods, and injection rates 
of the cushion gas. The process of gas mixing 
displacement between cushion gas and working gas 
under multiple cycles of high-speed injection and 
extraction conditions is substantially different from the 
mechanisms of gas-liquid displacement and liquid-liquid 
displacement, presenting a unique seepage-diffusion 
coupling problem. Tan et al. pointed out that the mixing 
process between cushion gas and working gas in 
underground gas storage reservoirs is a complex and 
nonlinear process, accompanied by phenomena such as 
microscale mixing, viscous fingering, and gravity 
override, exhibiting obvious spatiotemporal chaotic 
behavior. Therefore, chaos theory can be used to 
describe the internal uncertainty changes caused by the 
action of multiple factors in porous media. This research 
approach fills a theoretical gap in the gas storage system 
and provides important academic value for further 
research on gas mixing mechanisms. However, the study 
of the chaos theory in the mixing of CO2 as cushion gas 
and natural gas has only stayed at the feasibility stage[51].  

In terms of mathematical model solving, the 
traditional Cartesian orthogonal grid and finite 
difference (FD) algorithm are generally used to solve the 
established mathematical models mentioned above. 
However, they have poor adaptability for complex 
boundaries and suffer from grid orientation issues. 
Zhang et al. established a three-dimensional 
compositional model that coupled convection and 
diffusion to describe gas mixing in porous media 
surrounding a water well, and investigated the effects of 
fluid flow and immiscible displacement on the process. 
The solution method employed an unstructured prism 
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mesh and a mixed control volume finite element (CVFE) 
and finite difference (FD) approach for increased 
flexibility. By measuring the mole fraction of CO2 gas in 
the upper, middle, and lower layers, the researchers 
analyzed the degree of mixing and concentration 
distribution between CO2 cushion gas and working gas. 
The results indicated that during the injection period, the 
mole percentage of CO2 in the lower layer gradually 
decreased as CO2 was displaced to the bottom of the 
well, forming a distinct zone of CO2-natural gas mixture. 
During natural gas extraction, the mole percentage of 
CO2 in the middle layer gradually increased, showing that 
the mixture zone of CO2 and natural gas moved upward, 
with most CO2 concentrated in the lower layer, providing 
power for natural gas extraction. Additionally, if the 
mixture zone was located at a mid-high position, CO2 
recovery rates were enhanced; if it was located at a low 
position, injected CO2 could be used as cushion gas to 
provide power for gas production and achieve deep 
burial of CO2. However, the pure ideal model used to 
study the theoretical and methodological aspects of CO2 
diffusion and transport in gas storage facilities 
mentioned above neglected many geological and 
engineering factors[34]. To address this issue, Cao et al. 
simulated 15 operating cycles using geological data from 
the East China Sea gas reservoir and analyzed the 
detailed effects of geological and engineering 
parameters on reservoir pressure, gas mixing 
characteristics, and CO2 content in extracted gas. The 
results showed that the mixing zone curve was divided 
into four stages throughout the entire operating cycle: 
an increasing stage, a smooth stage, a sudden increase 
stage, and a cyclic variation stage. The thickness of the 
mixing layer was negatively correlated with reservoir 
temperature, permeability, and residual water. The CO2 
component in the cushion gas, reservoir permeability, 
and production had a significant impact on the 
breakthrough of CO2 in the production well, while the 
effects of water saturation and temperature were 
relatively small[52]. 

4. IMPACT OF CARBON DIOXIDE CUSHION GAS ON 
THE CAPACITY AND STABILITY OF UNDERGROUND 
NATURAL GAS STORAGE. 

CO2 has a certain solubility. Injecting CO2 into the 
reservoir will react with the reservoir rocks and 
formation water to generate mineral precipitation, 
resulting in changes in reservoir properties, increased 
complexity of fluid migration, and impact on injection 
and production capacity as well as storage capacity. In 
addition, the alternating load of injection and production 

will change the mechanical parameters of the rock, such 
as compressive strength, tensile strength, and Young's 
modulus, affecting the stability of the gas storage. 
Therefore, fully understanding the impact of CO2 deep 
burial as cushion gas on the storage capacity and stability 
of the gas storage is essential for ensuring efficient and 
safe operation of the gas storage. 

The results of CO2 core displacement experiments 
conducted by Gu et al. showed that when CO2 was 
injected into the top of the core, the dissolution of 
minerals in the upper part of the core was the most 
significant, while the relative solubility of minerals in the 
middle part of the core was less. The pore volume was 
influenced by the solubility of minerals and increased 
accordingly, resulting in an increase in porosity in the 
upper part and a slight increase in porosity in the middle 
part. However, during the displacement process, some 
precipitation and particles generated by geochemical 
reactions moved downward and counteracted the 
increase in pore volume caused by mineral dissolution. 
The upper and lower parts of the core were blocked by 
precipitation generated during the reaction, which 
significantly reduced their permeability due to the 
influence of mineral dissolution[53]. Zhao et al. core 
displacement experiments also confirmed that the pore 
structure changed significantly during CO2 injection, and 
triaxial rock tests showed a significant decrease in rock 
mechanical strength. This was due to the relationship 
between tensile strength and cementing strength of the 
rock. The CO2 dissolution eroded the rock cementing 
material, causing the core to become loose and even 
produce micro-cracks, resulting in a significant decrease 
in rock mechanical strength. The impact of CO2 
dissolution was very significant, ultimately leading to a 
decrease in rock stability. As for CO2 as cushion gas, the 
gas used as cushion gas is not extracted. When the  
underground natural gas storage is abandoned, CO2 is 
directly buried underground for storage. The above 
experiments were conducted under conditions where 
the geochemical reaction cycle between gas, water, and 
rock was relatively short. However, CO2 storage requires 
thousands of years, making long-term geochemical 
reaction experiments between gas, water, and rock 
challenging to carry out [54]. The results of the numerical 
simulation by Kihm[55], Zhang et al.[30] indicate that the 
effectiveness of CO2 geological storage is largely 
influenced by the mineral composition of the geological 
strata, and significant changes in the composition of iron 
ions and magnesium ions occur under long-term 
geochemical reactions. There are very few specific 
research cases for CO2 storage as cushion gas for natural 
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gas underground storage, although the above research is 
focused on the impact of CO2 geological storage on 
geological strata, it also provides a theoretical basis and 
scientific basis for studying the impact of CO2 as cushion 
gas on reservoirs. 

On the other hand, whether it is a depleted oil and 
gas reservoir or an aquifer gas reservoir, the essence of 
its injection-production operation is a gas-driven water 
process, with only a higher intensity than a general gas-
driven water process. During the multi-round injection-
production process in the gas storage, some pores that 
were originally occupied by water and crude oil are filled 
with injected gas, and frequent injection and production 
causes changes in reservoir temperature, pressure, 
geological structure and so on, resulting in changes in 
injection and production capacity and storage capacity[56-

58]. Researchers obtained the following conclusions 
through multiple rounds of "gas-water" interdrive 
experiments: 1) Wettability had a significant effect on 
the characteristics of gas-water co-driving and infiltrating 
flow; 2) Multi-cycle gas-water co-driving could cause an 
increase in the relative permeability of the gas phase, a 
decrease in the relative permeability of the water phase, 
and an increase in the residual gas saturation in the 
coexisting zone of gas and water; 3) The reciprocating 
movement of water during the operation of the gas 
storage caused the formation of a large number of dead 
zones in the pore space of the reservoir, resulting in a 
decrease in the availability of the pore space and storage 
capacity utilization; 4) For reservoirs with widely 
developed fractures, multi-cycle gas-water co-driving 
produced certain water blockage damage, reducing the 
effectiveness of storage capacity utilization[59-65]. 
However, the above conclusions may not necessarily 
apply to the gas storage of CO2 as cushion gas. In the 
research of gas storage expansion and injection-
production operation laws, Xiong et al. studied the 
variation of rock core gas storage space based on gas-
driven indoor experiments. The results indicated that 
after three rounds of injection-production operations, 
the gas saturation of the gas storage could only reach 
about 40%, and it tended to reach its capacity after five 
rounds, with the gas saturation reaching around 50%. 
This shows that due to the influence of water and oil 
content, the maximum storage capacity of depleted oil 
reservoirs could reach only half of the entire storage 
space of the depleted oil reservoir[66]. Furthermore, the 
gas and water at the gas-water front always remained in 
contact, and the infiltrating flow characteristics of the 
two-phase mutual drive and displacement occurred at 
the gas-water transition zone formed by the cyclic 

operation of the gas storage[67]. He et al. conducted 
experiments on the changes in gas-water phase seepage 
during multiple injection-production cycles, and 
investigated the migration and distribution laws of gas 
and water in the multi-cycle gas-water interaction 
displacement at the gas-water transition zone[60]. From 
the perspective of micro-scale displacement 
mechanisms, during the gas-water co-driving process, 
the combined effects of driving pressure difference, 
capillary force, frictional force that liquid flow must 
overcome, and the high compressive elastic force of gas 
make it difficult to remove gas after water intrusion into 
the two-phase zone. As a result, the storage capacity and 
working gas volume of the gas storage are reduced. 
Additionally, related research results have shown that 
the expansion effect is better in the early stages of multi-
cycle injection-production, but the expansion effect 
deteriorates in later stages. The research mentioned 
above provides good guidance for the initial expansion 
and construction of underground natural gas storage in 
depleted oil reservoirs. However, there is currently a 
relative lack of related research on the reconstruction of 
depleted oil reservoirs as natural gas underground 
storage facilities and their subsequent expansion in 
China. Additionally, there is relatively little quantitative 
research focused on the gas saturation during the 
construction process of such facilities. 

5. CONCLUSIONS AND PROSPECT 
This paper systematically summarizes the 

development of underground natural gas storage in 
China, as well as explores the feasibility of using CO2 as 
cushion gas for natural gas underground storage through 
physical properties and numerical simulations. In 
addition, the "gas-water-rock" interaction has a 
significant impact on reservoir structure and stability. 
Although the study of CO2 as cushion gas is still in the 
conceptual stage, the current research provides 
important reference value for the implementation of 
natural gas underground storage projects, while also 
providing new ideas for CCUS. 

In the process of accelerating the implementation of 
the "2030 peak carbon emissions" and "carbon neutrality 
by 2060" goals, high-quality and efficient natural gas is 
playing a critical role in China's energy transition and has 
become the optimal choice for promoting high-quality 
economic development in China. Drawing on the 
construction of gas storage facilities abroad, China's 
strategic natural gas reserves should mainly rely on 
underground storage. The dual requirements of peak 
shaving and strategic reserve have determined the 
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importance of natural gas storage. Using CO2 as cushion 
gas in underground natural gas storage not only meets 
the demand for natural gas in China's economic 
development, but also achieves geologic carbon 
sequestration to mitigate greenhouse gas emissions. This 
can lay a foundation for the country's long-term and 
sustained high-speed economic development. However, 
there is still room for improvement in the theoretical 
understanding and specific implementation plan of using 
CO2 as cushion gas in underground natural gas storage, 
and there are certain shortcomings in commercial 
software used for storage facility construction.        

Therefore, the following issues need to be urgently 
researched in the future: 
(1) In terms of gas storage facility construction, the 

high-quality resources for building new facilities are 
becoming increasingly scarce in China. The 
geological conditions for developing new storage 
facilities are more complex, and the difficulty of 
constructing new facilities continues to increase. 
Existing technologies may not be able to meet the 
demand for efficient construction. Additionally, 
existing facilities that have already been put into 
operation are in the late stage of expansion, making 
it increasingly difficult to expand production 
capacity significantly; 

(2) Under gas storage conditions, the impact of 
parameters such as displacement front motion, 
density, and injection speed on the movement of 
the displacement front and the distribution of CO2 
and natural gas mixing zones is not yet fully 
understood. This is particularly true when there is a 
presence of oil, gas, and water three-phase fluids, 
where underground seepage does not follow 
conventional Darcy flow completely. Additional 
constraints are required to simulate these 
conditions, which can result in significant 
uncertainty and greatly affect the simulation 
accuracy; 

(3) In terms of engineering implementation, injecting 
CO2 as cushion gas has a significant impact on 
surface injection and gas processing, requiring 
higher anti-corrosion standards for injection and 
production pipelines. Additionally, a series of 
geological activities, such as earthquakes or ground 
subsidence or uplift, can lead to the formation of 
numerous micro-cracks in the reservoir, potentially 
causing CO2 leakage. Once leaked, the large amount 
of CO2 entering the atmosphere or water layer could 
have unimaginable impacts on the Earth. Therefore, 

there is no comprehensive solution for handling 
emergencies related to gas storage facilities yet. 
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