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Abstract:

Converting depleted gas reservoirs into underground gas storage (UGS) is a critical strategic
measure for ensuring national energy security and meeting peak-shaving and supply demand-
s. During long-term multi-cycle injection—production operations, the rock pore structure and
fluid distribution within the reservoir undergo dynamic evolution, leading to marked changes
in gas—water relative permeability characteristics, which in turn directly affect the evaluation
of effective working gas capacity and the design of pressure-boosting and capacity-expansion
schemes. In this study, typical core samples were collected from a depleted-gas-reservoir
UGS facility in Xinjiang. Multi-cycle gas—water alternating displacement experiments were
performed using the unsteady-state method under high-temperature and high-pressure con-
ditions (95 °C, 40-45 MPa), while triaxial cyclic loading—unloading was applied to simulate
in-situ stress perturbations. The results reveal that with increasing injection—production
cycles, the gas phase becomes trapped as isolated bubbles under the influence of the strong
water-wettability of the rock and interfacial tension, causing the residual gas saturation to
rise significantly (average increase of approximately 12%—-15%). The gas-phase relative
permeability curve shifts downward as a whole, exhibiting a pronounced cyclic hysteresis
phenomenon. Concurrently, the irreducible water saturation gradually decreases, and the
isotonic point of the two phases moves toward the lower left. A comparison of different
operating pressure conditions shows that after boosting the pressure to 45 MPa, although the
total gas-filled pore volume increases slightly owing to the reduction of irreducible water,
the residual gas trapping effect intensifies, and the effective working gas capacity faces a
risk of decline. This study elucidates the evolution mechanisms of gas—water flow capacity
under multi-cycle injection—production and provides a crucial theoretical foundation and
data support for the dynamic evaluation of storage capacity and the engineering practice
of pressure boosting and capacity expansion.

1 Introduction

from depleted oil and gas reservoirs have become the dominant
type worldwide and in China owing to their well-characterized

Natural gas, as a clean and efficient fossil fuel, plays an
irreplaceable role during the energy transition. Underground
gas storage (UGS) serves as a “regulator” and “stabilizer” in the
natural gas production, supply, storage, and marketing system,
and its peak-shaving and supply-security capability is directly
linked to national energy security. UGS facilities converted
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geological conditions, existing infrastructure, and low construc-
tion costs (Wei et al., 2026; Hu et al., 2024; He et al., 2026).
However, unlike newly developed gas reservoirs, a depleted gas
reservoir repurposed for injection—production operations un-
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dergoes a complex succession of processes—from water-drive
gas/oil recovery to gas-drive water displacement and eventually
to multi-cycle alternating gas—water displacement.

Over the full life-cycle of UGS operation, frequent cyclic in-
jection—production loads not only induce periodic fluctuations
in formation pressure but also cause irreversible damage to or
restructuring of the microscopic pore structure of the reservoir,
thereby altering gas—water two-phase flow characteristics. In
particular, relative permeability—a key parameter—is not con-
stant but exhibits dynamic evolution influenced by wettability
changes, stress sensitivity, and fluid saturation history (Foroudi
et al., 2022; Amri et al., 2024; Carlson, 1981; Land, 1968;
Killough, 1976; Spiteri et al., 2008). Current UGS capacity
evaluation methods are mostly based on static geological mod-
els or single-cycle displacement experiments, often neglecting
the relative permeability hysteresis effect and the progressive
accumulation of residual gas saturation induced by multiple
injection—production cycles (Gao et al., 2023; Wang et al., 2024;
Song et al., 2024; Gao et al., 2025; Fatemi , 2015). Furthermore,
“pressure boosting and capacity expansion” has become an
important technical approach to further unlock the potential
of aging UGS facilities (Yang et al., 2023; Gao et al., 2022).
Raising the maximum operating pressure alters the in-situ stress
state and fluid occurrence environment, yet the mechanisms
by which this influences gas—water flow behavior under multi-
cycle injection—production remain unclear (Wei et al., 2026).

Based on the engineering background of a depleted-
gas-reservoir UGS in Xinjiang, representative core samples
were selected, and a high-temperature, high-pressure phys-
ical simulation experimental platform for multi-cycle injec-
tion—production was established (Thabit and Stephen, 2025;
Johnson et al., 1959; Jones et al., 1978; Mehdi et al., 1986).
Multi-cycle gas—water alternating displacement experiments
were designed under different confining pressures (40 M-
Pa and 45 MPa) to systematically analyze the effects of in-
jection—production cycles, stress perturbations, and operating
pressure on the shape of gas—water relative permeability curves,
characteristic saturations, and flow capacity (Wang et al., 2024;
Jello et al., 2022; Yang et al., 2024; Deng et al., 2023; Wang
et al., 2025; Mi et al, 2018).

2 Experimental procedure
2.1 Sample selection and preparation

The experimental cores were obtained from Well X of a
UGS in Xinjiang, from the sampling interval of 3289-3778 m,
with a coring depth of 4091.8 m. The reservoir lithology in
this block is predominantly sandstone, exhibiting typical low-
to-medium porosity and low-to-medium permeability charac-
teristics. In accordance with the Standard for Test Methods of
Engineering Rock Mass (GB/T 50266-99), the field-retrieved
cores were machined into standard cylindrical specimens with
a diameter of 2.50 cm (tolerance +0.03 cm) and a length of
5.00 cm (tolerance £0.05 cm), with strict control of end-face
parallelism and perpendicularity. Through basic petrophysical
property measurements (porosity and permeability) on multiple
candidate cores, four representative cores were selected for the
experiments, covering two typical reservoir types: “medium
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porosity and medium permeability” and “low porosity and
low permeability”. The specific petrophysical parameters are
presented in Table 1. Cores 1 and 2 represent the medium-to-
high permeability zone, while Cores 3 and 4 represent the low
permeability zone, thereby adequately reflecting the influence
of reservoir heterogeneity on flow behavior.

2.2 Experimental apparatus and conditions

The experiment employed a high-temperature, high-pressure
multi-functional core flooding system, as shown in Fig. 1. The
main components are as follows:

1. Core holder: capable of applying a confining pressure of
up to 60 MPa to simulate the overburden formation pressure
and variations in pore pressure.

2. Fluid injection system: a high-precision dual-cylinder
constant-rate/constant-pressure pump, used for injecting syn-
thetic formation water (CaCl_2 type) and the experimental gas
(high-purity nitrogen/methane).

3. Measurement and control system: comprising high-
sensitivity pressure transducers (accuracy 0.1% FS), a back-
pressure valve, and a gas mass flow meter, enabling real-time
monitoring of the inlet—outlet differential pressure, flow rate,
and temperature.

4. Data acquisition system: automatically records parameters
such as pressure, flow rate, and temperature, with an adjustable
sampling frequency.

The experimental conditions were set to closely match the
actual field conditions of the target underground gas storage:

Temperature: constantly controlled at 95°C (the original
reservoir temperature).

Pressure system: two upper pressure limits were estab-
lished—the original design pressure of 40 MPa and the post-
boosting pressure of 45 MPa to investigate the influence of pres-
sure boosting and capacity expansion on relative permeability.

Fluid properties: synthetic CaCl 2 formation water was pre-
pared with a salinity identical to that of the field water; high-
purity nitrogen was selected to replace natural gas for the
displacement experiments, considering both safety and the sim-
ilarity in physical properties.

2.3 Experimental procedure and design

The gas—water relative permeability was measured using the
unsteady-state method (modified JBN method). The detailed
procedure is as follows:

1. Core pretreatment: The core samples were cleaned to
remove residual oil, dried, weighed, and the air permeability
and pore volume were determined.

2. Vacuum saturation: The samples were evacuated to below
133 Pa and saturated with synthetic formation water for more
than 48 hours, after which the initial water saturation was
calculated.

3. Establishment of irreducible water state: Under constant
temperature and confining pressure, gas was injected to displace
water from the core until no water was produced at the outlet
and the gas production rate stabilized (displacement exceeding
20 PV). The volume of produced water was recorded, and the
irreducible water saturation, Sy, and the gas permeability at
irreducible water saturation were calculated.
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Tab. 1 Experimental core data

Core No. Diameter (cm) Length (cm) Porosity (%) Permeability (mD)

Core 1 2.52 5.00
Core 2 2.51 4.97
Core 3 2.49 5.02
Core 4 2.50 5.03

15.29 22.75
13.92 26.09
10.58 1.10
10.92 2.10
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Fig. 1 Relative permeability measurement apparatus

4. Multi-cycle alternating displacement: First cycle (simula-
tion of initial UGS construction): A complete water-displacing-
gas process was performed, with pressure and production data
recorded until the residual gas saturation state was reached.

Stress perturbation simulation: Between the first and second
cycles, triaxial cyclic loading—unloading tests (axial pressure
cycling between 15-40/45 MPa) were conducted on the cores to
simulate the modification of the pore structure caused by forma-
tion stress fluctuations during injection—production operations.

Second cycle (simulation of multi-cycle operation): After re-
saturating with water, another gas-displacing-water followed
by water-displacing-gas cycle was carried out to simulate the
second injection—production cycle.

5. Data processing: Based on the real-time monitored pres-
sure differences and cumulative production, the gas and water
relative permeabilities, K, and K., were calculated at different
saturations.

A total of four experimental schemes were designed (see
Tab.2), corresponding to different permeability levels and oper-
ating pressure conditions. Two cycles of testing were completed
for each scheme to compare the cyclic variations.

3 Experimental results
3.1 Saturation evolution

After two cycles of gas—water alternating displacement, the
characteristic saturation parameters of the four cores changed
significantly. Tab.3 summarizes the irreducible water saturation
(Swe), residual gas saturation (Sgr), and recovery efficiency for
each core from the two cycles.

The data show that for all cores, the irreducible water satura-
tion decreased and the residual gas saturation increased signif-
icantly in the second cycle. In particular, the low-permeability

cores (Cores 3 and 4) exhibited a substantial increase in residual
gas saturation. For Core 3, the value surged from 4.63% to
35.19%, indicating that low-permeability reservoirs are more
prone to gas phase trapping during multi-cycle operations. Con-
currently, some cores (e.g., Cores 1 and 2) showed a slight
increase in pore volume after the second cycle.

3.2 Changes in relative permeability curve
morphology

Figs. 2-5 present the comparison of gas—water relative per-
meability curves for each core from the two experimental cy-
cles.

For the medium-permeability cores (Cores 1 and 2):

Water phase: The water relative permeability (Krw) curve in
the second cycle is overall slightly higher than or close to that
of the first cycle, with flow capacity improvement particularly
evident in the low-to-medium water saturation range. This may
be associated with improved pore connectivity resulting from
multi-cycle flushing.

Gas phase: The gas relative permeability (K,,) curve in the
second cycle shifts markedly downward. At the same water sat-
uration, the gas flow capacity declines. For Core 1, for example,
at a water saturation of 20%, the second-cycle Krg decreased by
approximately 15% compared with the first cycle.

The relative permeability curves of the low-permeability
cores exhibit greater dispersion between the two cycles. For
Core 3, the second-cycle Krw curve drops extremely rapidly,
approaching zero at a water saturation of 55%, whereas the first-
cycle Krw still maintains a value of 0.30.

Gas breakthrough occurs earlier but with a limited peak: In
the second cycle, gas permeability initiates at a lower water
saturation (i.e., earlier gas breakthrough), but the overall peak
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Tab. 2 Experimental design parameters

Experimental Confining Pressure Temperature Saturation Confining Axial pressure
Group No. Core Sample (MPa) “C) Water Type Test Method Pressure (MPa) (MPa)
1 Core 1 40 95 CaCl, Unsteady-state 40 15-40
2 Core 2 45 95 CaCl, Unsteady-state 45 15-40
3 Core 3 40 95 CaCl, Unsteady-state 40 15-45
4 Core 4 45 95 CaCl, Unsteady-state 45 1545
Tab. 3 Experimental results of relative permeability
Core Experimental Dry weight Wet weight Pore volume Porosity Irreducible Residual gas Recovery
No. cycle (2) (2 (cm?) (%)  water saturation (%) saturation (%) (%)

Core 1 Cycle 1 56.06 59.87 3.81 15.29 8.14 25.20 72.57
Core 1 Cycle 2 56.15 60.08 3.93 15.77 5.09 37.15 60.86
Core 2 Cycle 1 53.79 57.12 3.33 13.92 12.61 21.62 75.26
Core 2 Cycle 2 54.19 57.78 3.59 15.00 13.65 32.03 62.90
Core 3 Cycle 1 59.32 61.91 2.59 10.58 4595 4.63 91.43
Core 3 Cycle 2 59.58 61.74 2.16 8.82 21.30 35.19 55.29
Core 4 Cycle 1 58.46 61.15 2.69 10.92 42.38 3.72 93.55
Core 4 Cycle 2 58.77 61.12 2.35 9.54 28.51 14.89 79.17

value does not increase significantly and declines rapidly during
the high-recovery stage. This indicates that although gas breaks
through more easily, the number of effective flow channels does
not increase; instead, the later-stage flow is impeded due to
substantial bubble trapping.

3.3 Effect of pressure boosting and capacity
expansion on relative permeability: a
comparison

Under the pressure-boosted condition of 45 MPa, the ir-
reducible water saturation of the cores was generally lower
than that under the 40 MPa condition, indicating that elevated
pressure helps overcome capillary resistance and expel more
irreducible water from micropores, thereby increasing the the-
oretical gas-filled pore volume. However, the higher pressure
simultaneously intensifies gas dissolution and diffusion effects,
which, combined with stress sensitivity, results in a higher
absolute value of residual gas saturation in the second cycle.
This implies that although pressure boosting and capacity ex-
pansion increase the “total storage capacity”, they may sacrifice
a portion of the “effective recoverable reserves.”

4 Results and discussion

4.1 Mechanism of relative permeability
hysteresis under multi-cycle
injection—production

The experimental results clearly reveal the relative
permeability hysteresis effect during multi-cycle injec-
tion—production in depleted-gas-reservoir UGS. The core
mechanisms are as follows:

(1) Jamin effect and gas bubble trapping: The reservoir rock
is generally strongly water-wet. During the water-displacing-

gas stage (gas withdrawal period), edge and bottom water in-
vades gas-filled pores. Owing to capillary forces, the continu-
ous gas phase is segmented into isolated bubbles (ganglia) and
trapped in pore throats or dead ends. As injection—production
cycles increase, this “snap-off and trapping” process recurs,
causing residual gas saturation to accumulate cycle by cycle.
The trapped gas occupies effective flow channels but cannot
participate in flow, directly resulting in an overall downward
shift of the gas relative permeability curve.

(2) Stress sensitivity of the pore structure: Pressure fluctua-
tions during injection—production (simulated by triaxial cyclic
loading—unloading) induce elastic/plastic deformation of the
rock skeleton. For low-permeability tight sandstones, stress
loading may cause closure of some micropores, while the hys-
teresis effect during unloading may generate new microcracks
or enlarge existing throats. The observed changes in pore vol-
ume and relative permeability curve morphology confirm the
remodeling effect of stress perturbations on the microscopic
flow field.

(3) Dynamic evolution of wettability: Prolonged gas—water
interaction may alter the wettability of the rock surface (change
in contact angle), thereby affecting the capillary pressure curve.
Although this study focuses primarily on macroscopic relative
permeability, slight shifts in wettability are sufficient to cause
movement of the isotonic point (a shift toward the lower left
was observed in the experiments).

4.2 Implications for UGS capacity evaluation

Traditional storage capacity evaluation often assumes that
relative permeability curves are constant or only consider-
s single-cycle displacement characteristics. This study shows
that such assumptions lead to significant deviations in UGS
subjected to multi-cycle operations. With increasing years of
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Fig. 3 Water—gas relative permeability curves (experimental group 2)

operation, the continuous rise in residual gas saturation means
that an increasing proportion of pore space is occupied by
“dead gas” and the recoverable fraction of effective working gas
(recovery efficiency) exhibits a declining trend. Experimental
data indicate that the recovery efficiency in the second cycle
decreased by 10%—15% on average compared with the first
cycle.

The double-edged sword effect of pressure boosting and ca-
pacity expansion: Although pressure-boosting operation (45 M-
Pa) increases the total gas-bearing space by reducing irreducible
water saturation, which is beneficial for enhancing total storage
capacity, it simultaneously intensifies the gas trapping effect,

leading to a decrease in the proportion of effectively recover-
able reserves. Therefore, when formulating pressure-boosting
schemes, one cannot rely solely on the increase in geological
storage capacity; rather, the multi-cycle relative permeability
evolution pattern must be incorporated to dynamically calculate
the effective working gas volume, thus avoiding blind pressure
boosting that may reduce peak-shaving efficiency.

4.3 Specific challenges for low-permeability
reservoirs

A comparison between medium-permeability and low-
permeability cores reveals that low-permeability reservoirs
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(Cores 3 and 4) are more sensitive to multi-cycle injec-
tion—production. They exhibit a larger increase in residual
gas saturation and greater dispersion in relative permeabili-
ty curves. This is primarily because the pore throats in low-
permeability reservoirs are small and capillary forces dominate,
making gas more easily snapped off and trapped. For such UGS
facilities, it is recommended to adopt a more moderate pressure
fluctuation range in operation strategies, or consider measures
such as surfactant injection to improve gas—water interfacial
tension, thereby alleviating gas phase trapping and enhancing
turnover efficiency.

5 Conclusions

(1) Significant relative permeability hysteresis: during multi-
cycle injection—production in depleted-gas-reservoir UGS,
gas—water relative permeability exhibits pronounced cyclic
hysteresis characteristics. With increasing injection—production
cycles, the gas relative permeability curve shifts downward
overall and the flow capacity declines; the change in water
relative permeability is relatively small, but distinct variations
in threshold pressure gradient are observed in low-permeability
TeServoirs.

(2) Cumulative effect of residual gas: Multi-cycle operation
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leads to a significant accumulation of residual gas saturation,
with an average increase of 12%—15%, and the increase is even
more drastic in low-permeability reservoirs. This is the main
reason for the decline in gas flow capacity and the attenuation
of effective storage capacity.

(3) Complexity of pressure boosting and capacity expansion:
Raising the operating pressure (from 40 MPa to 45 MPa) can
lower irreducible water saturation and increase the total gas-
filled pore volume; however, it simultaneously exacerbates gas
phase trapping, causing a further increase in residual gas sat-
uration. The pressure boosting and capacity expansion scheme
must comprehensively balance the contradiction between the
increase in total storage capacity and the decrease in effectively
recoverable geological reserves.

(4) Engineering recommendations: In the full life-cycle man-
agement of UGS, a storage capacity evaluation model based
on dynamic relative permeability should be established, and
the relative permeability parameters should be updated reg-
ularly. For low-permeability UGS and aging UGS undergo-
ing pressure-boosting operations, particular attention should
be paid to monitoring the evolution of residual gas saturation
and optimizing the injection—production pressure differential
system, so as to delay the decline of flow capacity and maximize
the peak-shaving benefits of UGS.
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