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Abstract:

As China’s dominant shale gas hub, the Sichuan Basin faces declining recovery during
late-stage reservoir development. This study uses an integrated approach to investigate
the potential of COj-enhanced shale gas recovery and geological storage in the normal-
pressure marine shale of the Nanchuan block. Isothermal adsorption experiments reveal
that the Nanchuan shale exhibits a preferential selectivity for CO, over CHy and a higher
gas adsorption capacity compared to other basins, highlighting its inherent potential for
both enhanced recovery and carbon sequestration. Using foundational parameters from
core experiments and historical production data, a dual-permeability numerical model
is constructed. This model is then validated via history matching, demonstrating strong
agreement with China’s first COy huff and puff field test in this normal-pressure gas
reservoir, achieving a recovery boost of 2.9%. Leveraging this validated model, sensitivity
analyses are employed to identify the key controlling parameters, optimizing the COj
injection amount to 0.3-0.5 pore volumes at a reservoir pressure depletion of 45%-55%,
followed by a shut-in period of 15-60 days. The findings confirm the feasibility of CO»-
enhanced shale gas recovery in Nanchuan shale and provide a robust theoretical and
technical basis for practical application.

1. Introduction

Shale gas, as one of the most promising clean and effi-

of supercritical CO, to efficiently transform the reservoir,
displace adsorbed CH4, and improve recovery while achieving

cient energy sources, plays an increasingly vital role in the
global energy supply (Zou et al.,, 2023). However, during
late-stage production, shale gas wells generally exhibit low
recovery, typically less than 30% (Zou et al., 2010). Driven
by carbon capture, utilization and storage technology, the
utilization of greenhouse gases in shale gas development has
garnered significant attention. CO, enhanced shale gas recov-
ery (CO,-ESGR) leverages the low density and high viscosity

geological carbon storage, which has important economic and
environmental significance (Godec et al., 2014; Hamza et
al., 2021; Chang et al., 2024). Furthermore, the CO;-based
enhanced recovery approach has been extensively studied and
applied in shale oil development (Song et al., 2024; Liu et
al., 2025a, 2025b; Yu et al., 2025).

Research on the mechanisms of CO,-ESGR primarily
focuses on three aspects: Eompetitive adsorption, diffusion
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seepage, and geological storage. Numerical simulation meth-
ods have formed a multi-scale research system from molec-
ular dynamics simulation at the molecular scale, the lattice
Boltzmann method at the pore scale, to numerical simulation
of reservoirs at the macro scale (Zhang et al., 2020; Tang et
al., 2023; Zhang et al., 2024). The matrix-fracture dual pore
model has been widely adopted, while the adsorption model
mostly adapts the Langmuir or extended Langmuir equation,
and the transport model needs to consider the slip effect and
non-Darcy flow. Extensive experimental and simulation studies
have highlighted that CO, generally exhibits an adsorption
capacity that is 2-5 times higher compared to CH4. This
difference is mainly due to the larger quadrupole moment
and stronger surface interaction of CO, molecules (Iddphonce
and Wang, 2021; Yang et al., 2021; Liao et al., 2023; Zhao
et al., 2024). The adsorption energy of CO; is 15-25 kJ/mol
lower than that of CHy4, and it is more ready to be adsorbed and
replace CHy in kerogen nanopores. Gas migration in the shale
matrix involves various mechanisms including Knudsen diffu-
sion, surface diffusion, and viscous flow (Du et al., 2017; Du
et al., 2019; Xie et al., 2023), where the diffusion coefficient
of CO; is usually 10%-30% lower than that of CHy4, while the
concentration gradient can still drive effective replacement.
The mechanisms of CO; storage mainly include structural,
residual, solubility, and mineral storage (Jia et al., 2022; Zhao
et al., 2023; Li et al., 2024). Recent molecular studies continue
to provide new insights into the sequestration mechanisms
and enhanced recovery potential even under more complex
conditions such as in water-bearing shale systems (Yang et
al., 2025). Numerous studies have demonstrated that 30%
to 55% of injected CO, is adsorbed onto the shale matrix
pore surfaces, promoting CHy4 desorption and contributing to
an additional natural gas recovery of 8% to 16% (Omari et
al., 2022). Numerical modeling has quantified the parameter
effects (CO,/CHy4 adsorption capacity ratio, reservoir pressure,
injection rate/timing) on CH4 recovery and CO, sequestra-
tion, providing operational optimization guidelines (Wang et
al., 2025a). In terms of engineering practice, the Chattanooga
shale layer was subject to a 510-ton CO, huff and puff test
(Louk et al., 2017), which confirmed the potential of CO,-
ESGR and CO, storage. Godec et al. (2013) studied the
enhanced gas recovery and CO; sequestration potential of
the Marcellus shale and used reservoir simulation to examine
the injection effect under varying well spacing. A numerical
simulation of a single well in the mid-deep shale gas reservoir
in the Sichuan Basin (Liu et al., 2024) showed that higher CO,
ratio and shut-in time are beneficial to enhancing gas recovery.
Compared with gas wells without CO, injection, the injection
of CO; can increase the estimated ultimate recovery (EUR)
of a single well by 14.2%-19.8%. The above research on the
CO, storage mechanism provides a sound theoretical basis
for CO,-ESGR, and relevant engineering practices have also
verified the feasibility of this technology (Afari et al., 2023;
Wang et al., 2024, 2025b).

The Sichuan Basin hosts a substantial resource of normal-
pressure marine shale gas, while a significant volume of
adsorbed gas remains trapped within depleted wells, posing
a challenge for effective production. CO; injection into these

wells presents a promising strategy to unlock this resource
through competitive adsorption mechanisms, thereby substan-
tially enhancing ultimate recovery. To explore this possibility,
China’s first CO; huff and puff field test in a normal-pressure
marine shale gas reservoir was conducted in the Nanchuan
block. To this end, this study establishes a systematic work-
flow in which experimental core data and field production
history provide direct inputs for building a representative
numerical model. This model, calibrated via history matching,
is employed to systematically elucidate the impact of key
operational parameters, including CO, injection amount, shut-
in time, and injection timing. The findings offer a scientific
basis for optimizing CO,-ESGR operations and highlight the
potential for revitalizing depleted shale gas assets.

2. Methods

2.1 Key recovery mechanism

Natural gas in shale reservoirs exists in three primary
states: Free gas (Gy), adsorbed gas (G,), and solution gas
(Gy). The total gas content (G;) can be expressed as (Zhou et
al., 2023):

In depleted shale gas wells, a significant portion of gas
remains trapped within the pore-fracture system. CO,-ESGR
aims to unlock this resource by injecting CO; to replenish
reservoir energy. During the shut-in stage of the huff and
puff process, CO, penetrates micro-fractures and nanopores,
promoting the desorption of shale gas from the adsorbed to
the free state. Upon well reopening, this displaced gas flows
through the fracture network to the wellbore.

Gas adsorption behavior on shale is typically described by
the Langmuir model (Zhan et al., 2021):

_ PVLP @)
L+P
where V represents the adsorbed gas volume, V; represents
the Langmuir volume, P, represents the Langmuir pressure,
and P is gas pressure.

The stronger adsorption affinity of CO, compared to CHy
enables CO; molecules to displace pre-adsorbed CH4 via
competitive adsorption (Duan et al., 2016; Gu et al., 2017; Hu
et al., 2019). The competitive adsorption selectivity coefficient
a can be defined as (Yang et al., 2015):

_x /X2 3)
yi/y2

where x; and y; represent the mole fractions of adsorbed and
free CO», and x, and y; are those of CHy, respectively. Studies
have confirmed that the adsorption heat, negative Gibbs free
energy change, and negative surface potential of CO; on shale
are greater than those of CHy, with « typically exceeding 2.5,
underscoring the preferential adsorption of COs,.

In addition to competitive adsorption, CO; injection in-
creases reservoir pressure, enhancing both the adsorption
capacity and the storage potential of CO,. Concurrently, the
influx of CO, reduces the partial pressure of CHy, further pr-
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Table 2. Evaluation parameters of high-quality shale layers
in the Longmaxi Formation.
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Fig. 1. Research information: (a) Location of the test well and i-
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Table 1. Temperature-pressure variation during well shut-in. layer 2
Wufeng-
4.65 70.0 18.1 5.0 5.5
Wellhead Bottom hole layer 1
Stage
Pressure Temperature Pressure Temperature
(MPa) °O) (MPa) (°C) quent isothermal adsorption and CO, displacement CHy ex-
periments. This pretreatment strictly followed standard proce-
Initial ~ 1.07 23.01 2.05 107.00 dures for the shale gas adsorption-desorption experiments.
Day 2 4.89 14.09 18.71 104.59 2.2.2 EXperimthaI S_ystem
Day 8 5.02 17.79 13.29 109.30 . . . .
W To investigate shale gas adsorption and displacement char-
Day 14 5.10 20.08 12.51 110.17 acteristics, an integrated experimental system was employed
Day 17 5.17 20.15 12.53 110.18 (Fig. 2). The experimental setup comprises an adsorption unit

omoting CHy desorption, which is known as the partial pres-
sure reduction effect (Lu et al., 2022).

Mass transfer and diffusion also play crucial roles in gas
recovery (Wang et al., 2012). In the supercritical state (31.1
°C, 7.38 MPa), CO, exhibits low viscosity, high diffusivity,
strong solubility, and zero surface tension, allowing it to
access narrow pores and displace CHy (Wang et al., 2012).
The desorbed CHy4 is then driven toward production wells by
continuous CO; convection. Gas migration in shale involves
various mechanisms including Darcy flow, Knudsen diffusion,
and surface diffusion (Du et al., 2017). The diffusion coeffi-
cient D can be modeled as (Du et al., 2019):

Do
Di(l)-r-(l—i—Kn) @)
where Dy represents the free-space diffusion coefficient, &
represents porosity, T represents tortuosity, and Kn is the
Knudsen number. This model accurately characterizes shale
gas diffusion capacity, showing a negative correlation with
pressure and a positive correlation with pore diameter.

2.2 Experiments
2.2.1 Materials

Core samples were obtained from a test well in the
Pinggiao anticline, Nanchuan block (Fig. 1), with a buried
depth interval of 1,810.82-1,888 m. The core sample was
mechanically crushed and sieved to obtain 60-80 mesh uniform
particles. These were dried at 105 °C constant temperature
for 24 hours to completely remove free water and part of the
bound water in the sample, to ensure the reliability of subse-

(Fig. 2(a)) and a displacement unit (Fig. 2(b)), with operational
switching achieved through valve 3.

When valve 3 is closed, the system operates as the isother-
mal adsorption device. For the adsorption tests, the double-
chamber equilibrium method was applied. An ISCO pump
controls gas injection, and the ideal gas equation of state is
used to calculate the molar quantity of gas molecules, enabling
the accurate quantification of the adsorption capacity of the
shale sample.

After opening valve 3, it forms a displacement experi-
mental system. The displacement experiment was carried out
on a self-built high-pressure platform. The system outlet was
equipped with a high-precision flow monitor and a GC2060
gas chromatograph, enabling the real-time recording of output
gas flow and the dynamic composition analysis of CH4/CO;.

2.3 Field test
2.3.1 Site characterization

The Nanchuan shale gas field, situated in the Pinggiao
anticlinorium on the southeastern margin of the Sichuan Basin,
contains proven geological reserves of nearly 0.2 x 10'? m?,
and is characterized by a low formation pressure coefficient of
1.05-1.35, satisfying the criterion for normal-pressure marine
shale gas (0.9 < pressure coefficient < 1.3). The reservoir
exhibits typical features of low formation energy and high
adsorbed gas content. The lithology consists primarily of dark
gray-black laminated carbonaceous shale and silty carbona-
ceous shale, with radiolarian carbon present. Siliceous shale
and silty shale are the dominant rock types. The high-quality
shale intervals (Table 2) have an average cumulative thickness
of 40 m, a reserve abundance of 10.42 x 108 m3/km?2, and an
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Fig. 2. Experimental system: (a) Adsorption unit and (b) displacement unit.
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Fig. 3. Composite stratigraphic column of the Wufeng-Longmaxi formations.

adsorbed gas proportion of 44%.

The integrated multi-parameter logging curves (Fig. 3)
provide critical data for hydrocarbon exploration, development
and geological research. The subsurface exhibits a distinct
vertical stratification composed of sub-layers 1 to 9. Lithology
can be accurately identified through combined analysis of
gamma ray (GR), density (DEN), and neutron (CNL) logs:
High GR values indicate mudstone, while sandstone and other
reservoir rocks show relatively low responses. Porosity logs
directly characterize the pore development of each sub-layer,
serving as a core parameter for evaluating reservoir storage

capacity. Permeability is estimated empirically from porosity
and lithological data. Hydrocarbon-bearing zones are evaluated
by analyzing the resistivity contrast between shallow (LLS)
and deep (LLD) lateral logs, complemented by total hydro-
carbon content (THC) logs for quantitative evaluation. The
minimum horizontal principal stress (oy) log offers essential
mechanical parameters for understanding the in-sifu stress
state and optimizing drilling and fracturing operations.
Compared to the high-pressure Fuling shale gas reservoir,
the normal-pressure Wufeng-Longmaxi Formation shale in
Nanchuan exhibits distinctly different characteristics, notably
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a lower formation energy and a higher proportion of adsorbed
gas (Shi et al., 2022). Given these specific properties, CO; huff
and puff technology holds a significant potential to enhance the
single-well production and EUR, as demonstrated in analogous
reservoirs with low energy and high adsorption capacity (Liu
et al., 2013, 2017, 2019). To verify this potential, gas injection
huff and puff tests were conducted on selected wells in this
area.

2.3.2 Production performance of test well

The test well had a vertical depth of 3,864 m and a
horizontal section length of 1,659 m. It was completed with
26-stage hydraulic fracturing and produces through casing.
The initial daily gas production was 60 x 10> m3. Before CO,
injection, the well had been in production for 1,259 days,
undergoing four stages: Pressure control production, liquid
unloading production increase, intermittent production, and
pressurized production. The shut-in operation was performed
to unload wellbore liquids, restore production, and enhance
flow. In the late production stage, despite various measures
to improve well drainage capacity, it became more and more
difficult to maintain stable production. The well is currently

in a low-pressure, production stage. The predicted EUR is
61 x 10° m?, with a current daily gas production of 9.3 x 10
m? (Fig. 4) and a cumulative production of 30 x 10% m>3. The
recoverable reserves at this stage account for 30%, which is
an important stage for enhancing the recovery of gas wells.

2.3.3 CO; injection and shut-in

The cumulative amount of CO, injected into the test well
was 708.3 t (Fig. 5). During injection, the wellhead pressure
ranged from 1.3-3.5 MPa, with an average injection rate of 5.3
m3/h. The average daily injection time was 12 hours, resulting
in an average daily injection amount of 64.39 tons. The tubing
was initially cleared by high injection pressure to establish
stable CO; flow. The injection time and pressure were adjusted
daily, reaching a maximum injection rate of 85.5 tons/day on
the sixth day. Due to transportation constraints, daily injection
remained below 100 tons. In the early stage of injection, casing
pressure was significantly affected but stabilized in the later
stage, indicating increased injection difficulty.

After CO, injection, the well was shut in for 18 days.
Table 1 illustrates the temperature and pressure changes at
the wellhead and the bottom hole during the shut-in event. In
general, in the shut-in stage, compared with the parameters
before shut-in, the most obvious change after shut-in is the
bottom hole pressure, which increased by 10 MPa on average
during the experiment. In contrast, other parameters remained
relatively stable, showing only slight changes.

2.4 Numerical simulation
2.4.1 Governing equations

A dual-permeability model was employed to represent
the shale reservoir system, conceptualized as two interacting
continua: The matrix and the fracture systems. In this model,
fractures provide the primary pathways for Darcy flow, while
the matrix contains both free gas and adsorbed gas on the
pore surfaces. The model accounts for gas desorption from
the matrix, diffusion into fractures, and subsequent flow to
the wellbore through the fracture network.

The mass control equation describing the fluid-rock cou-
pled flow and mass transfer process is expressed as (Liu et
al., 2016):

% (N =NP) = Zk:ATkPkyikAq)k + Zk:AADikAPkYik +ritqi
4)
where V represents grid block volume, At denotes time step,
N} represents moles of component i at time step n, k repre-
sents fluids phase (oil (0), gas (g), or water (w)); A denotes
difference operator, 7; denotes transmissibility, p; denotes
molar density, y; represents the mole fraction of component
i in phase k, ¢ denotes porosity, D; denotes the diffusion
coefficient of component i in phase k, A is an empirical
correction factor for Dy, r; is source/sink term from chemical
reactions, and ¢g; represents injection/production rate.
The Corey (1954) model is used to simulate the changes
in relative permeability:
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Fig. 6. Schematic of the numerical model and fracture net-
work.

Table 3. Model parameters.

Parameters Value Unit
Model size 50 x 30 x 10 grid numbers
Fracture half
length 125 m
Fracture height 90 m
Reservoir depth 3,796 m
1/Pp of CHy 0.00083 1/kPa
Vi, of CHy 0.08 mole/kg
1/P, of CO, 0.001 1/kPa
Vi, of CO» 0.18 mole/kg
3-dimension 0.0001, 0.0001, md
permeability 0.00001
K =S$* (6)
K, =(1-5)*(1-5?) (7
N
§— _PL7Plr (8)
-8, — Sgr

where § denotes normalized saturation, K; and K, respectively
denote liquid and gas relative permeability, S; represents liquid
saturation, S;, denotes irreducible liquid saturation, and S, is
residual gas saturation.

The gas adsorption behavior follows the extended Lang-
muir isotherm mode (Zhan et al., 2021):

C = CimBiyigP 9)
1+ PY,; Biig

where C; represents the adsorbed amount of component i per
rock mass, Cj, represents the maximum adsorption capacity
of component i, B; is a Langmuir constant for component i,
Yig is mole fraction of component i in gas phase, and P is
pressure.

Residual gas saturation is predicted using the Land (1968)
model:

Sem — Sge
I+ C(Sgn—Sg0)
where So, represents residual gas saturation, S,. represents
critical gas saturation; Sy, represents maximum gas saturation,
and C is Land parameter calculated from S,..

Sgr = Sgc+ (10)

2.4.2 Model setup

To evaluate the displacement efficiency and storage poten-
tial in the Nanchuan shale gas reservoir, a three-dimensional,
dual-permeability numerical model was constructed using the
CMG-GEM compositional simulator (Zhang et al., 2021). This
model simplifies the reservoir into two interacting continua: A
matrix system governing gas storage and transport in nano- to
micropores, and a fracture system accounting for rapid flow
through natural and hydraulic fractures. Gas adsorption and
desorption for CH4 and CO; are represented by the Langmuir
and extended Langmuir isotherm models, respectively, while
the effects of aqueous phase and geomechanical responses are
neglected to focus on the fundamental mechanisms of gas-
phase transport and competitive adsorption.

The reservoir was initialized with pure CHy at 40 MPa and
383K, consistent with observed pressure and temperature gra-
dients. Closed boundary conditions were applied to represent
a volumetrically bounded reservoir. Local grid refinement was
employed near the wellbore and fractures, with the grid sizes
progressively reduced from 50 m in the matrix to 0.5 m near
the well (Fig. 6). The key model parameters are summarized
in Table 3.

2.4.3 Simulation workflow

To ensure the predictive reliability of the model, it was
first calibrated via history matching using production data
from the field test. The validated model then simulated the
CO» huff and puff process, with CH4/CO, displacement and
storage dynamics monitored through the component tracking
module of CMG. Eight huff and puff scenarios were set up
to investigate the effects of CO, injection amount, shut-in
time, and injection timing on shale gas recovery (Table 4).
Groupl served as the control group, Group 2 and Group 3
corresponded to different CO; injection amounts, and the main
control parameter was the STG of the injection well. Group
4 and group 5 were set up to evaluate different shut-in times.
Groups 6-8 were created to assess different CO; injection
timings.

3. Results

3.1 Isothermal adsorption

CH4 isothermal adsorption data for the crushed core
samples at 90 °C were fitted using the Langmuir equation.
Samples A1-A3 and B1-B10 were collected from two distinct
wells. The high coefficients of determination (R > 0.97)
demonstrated excellent fitting performance, confirming the
applicability of the Langmuir model for characterizing shale
adsorption behavior (Table 5).

Subsequently, three sets of experiments were designed to
investigate CH4 and CO, adsorption on shale at 30, 60 and 90
°C. As illustrated in the isothermal adsorption curves (Fig. 7),
temperature exhibits an inhibitory effect on adsorption, while
pressure promotes adsorption within a certain range. Notably,
CO;, has a maximum adsorption capacity two times higher
than that of CH4. For instance, at 60 °C and 6 MPa, the CO,
adsorption capacity reaches 0.18 mol/kg, compared to 0.09
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Table 4. Parameter settings for the simulation scenarios.

Variable Injection Shut-in ij e.ction
description Group  amount time (days) timing
(tons) (date)
Control 1 2,500 20 2023-03-02
group
Injection 2 1,600 20 2023-03-02
amount 3 900 20 2023-03-02
Shut-in 4 2,500 60 2023-03-02
time 5 2,500 5 2023-03-02
6 2,500 20 2022-03-02
Injection
timing 2,500 20 2021-03-02
8 2,500 20 2020-03-02

Table 5. Langmuir parameters for CHy adsorption isotherms

at 90 °C.

No. Well depth (m) V. (cm3/g) P (MPa) R?

Al 3,391.00 1.88 1.71 0.98
A2 3,395.27 1.41 1.55 0.98
A3 3,397.35 1.43 1.33 0.98
Bl  3,695.41 1.21 1.62 0.97
B2  3,700.36 0.70 1.16 0.99
B3  3,705.39 0.74 1.40 0.98
B4  3,715.46 0.67 0.69 0.98
B5  3,727.50 0.63 1.04 0.98
B6  3,737.50 1.41 1.20 0.99
B7  3,740.15 1.14 1.53 0.98
B8  3,742.42 1.46 0.96 0.99
B9  3,746.06 3.26 1.09 0.99
B10 3,749.84 137 0.93 0.98

mol/kg for CHy, highlighting the stronger adsorption affinity
of CO, for the shale matrix.

The CO; adsorption curve at 30 °C exhibits a distinct
trend compared to other temperatures. Repeated experiments
obtained reproducible trend curves, while the 40 °C isothermal
adsorption curve showed no significant increase. This sug-
gests that the inhibition effect of temperature on adsorption
is less pronounced near the CO; phase transition critical
point, leading to different adsorption characteristics. For the
30 °C adsorption curve, the Brunauer-Emmett-Teller model
provides a better fit to the experimental data than the Langmuir
equation (Marlow, 2014). The slight deviations in the repeated
experiments are attributed to challenges in maintaining a
constant temperature near ambient conditions during manual
pressurization.

054 = 90°C-CH, @ 90°C-CO,
S & 60°C-CH, @ 60°C-CO,
% 0.44 = 30°C-CH, 30°C - CO,
= @ 40°C-CO, 30 °C - CO,
‘{e’ 0.34 - Langmuir fitting
(@]
8 02
2
< 0.1

0.0

Pressure (MPa)

Fig. 7. Isothermal adsorption curves.

3.2 CO; displacement

To evaluate the effects of CO, injection pressure (3-6 MPa)
and injection rate (10-40 mL/min) on CHy4 displacement effi-
ciency, systematic displacement experiments were conducted
using CHy pre-adsorbed shale samples.

As depicted in Fig. 8, the experimental data reveal that the
breakthrough time of CO, is notably influenced by the injec-
tion pressure. Higher injection pressures are associated with a
faster penetration rate of CO,; however, this also results in a
longer duration required for CO, to achieve 90% displacement
efficiency of CH,. Additionally, when the injection rate is held
constant at 10 mL/min, pressure fluctuations within the range
of +0.3 MPa lead to a fluctuation coefficient of 8.7% in the
produced gas composition. This indicates that the influence
of the injection rate parameter on displacement efficiency is
significantly less pronounced compared to that of the pressure
parameter.

3.3 Pilot test performance

Two rounds of CO, huff and puff operations were im-
plemented in Well JY201-3HF. The first round, involving the
injection of 700 tons of CO,, natural gas production increased
by 134.9 x 10* m? (average of 1.2 x 10* m3/day) and the CO»
backflow rate reached 94%. For the second round, with 1300
tons of CO; injected, the average daily yield increased by
1.02 x 10* m?, and the flowback rate decreased to 19%.

The comparative analysis of the first round of huff and puff
shows that CO; huff and puff significantly improved gas well
production, which was better than the traditional production
mode of direct shut-in recovery pressure. After CO, injection,
the average daily gas production increased from 0.95 x 10*
to 1.75 x 10* m>, as presented in Fig. 9. Material balance
analysis predicted a single-well EUR rise from 0.75 x 108 to
0.9 x 108 m3, the reserves of single well at 5.186 x 108 m?,
and the increase in expected recovery from 14.5% to 17.4%,
an increase of 2.9%, showing good production potential and
application prospects.

The evolution characteristics of gas components (Fig. 10)
show that the content of CO, decreased from 46.67% to
6.03%, and the content of CHy4 increased from 52.89% to
92.97%, which confirms the effective displacement of CO,.
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The production calculation based on component analysis
shows that in the three months after the well was opened, the
cumulative gas production was 190.73 x 10* m?, of which CH,
accounted for 163.14 x 10* m?, CO, was 26.20 x 10* m3, and
the carbon storage rate was 26.1%. This effective sequestration
aligns with the mechanisms observed in CO, flooding in
ultra-low permeability sandstones, where a significant portion
of injected CO, is immobilized through various trapping
mechanisms (Liu et al., 2025c). The CO, huff and puff test
results for this pilot well demonstrates that CO; injection
effectively enhances the reservoir energy through pore pressure
increase, promoting CHy4 desorption and production.

3.4 Model verification

Through a global sensitivity analysis performed with
CMG-CMOST, the influence of key parameters on production
forecasting was quantified. The results indicate that fracture
conductivity and Langmuir volume are the dominant factors,
contributing 42% and 28% to production prediction, respec-
tively. For every 1 percentage point increase in permeability
and porosity, the recovery increases by 0.8%-1.2%.

The model calibrated by automatic parameter inversion
can accurately reproduce the actual production dynamics, with
the history matching results shown in Fig. 11. The goodness
of fit for critical reservoir parameters including permeability,
porosity, water saturation, and fracture properties (conductiv-
ity, half length) are all above 0.9. In particular, the model uses
the experimentally measured Langmuir parameters (CO,: 0.18
mol/kg, CHy: 0.08 mol/kg) and diffusion coefficient (CO;:
8.5 10'0 cm?/s, CHy: 1.2 x 10'° cm?/s) to accurately simulate
competitive adsorption behavior in the shale reservoir.

Taking the validated model as a basis, various injection
schemes were designed to study the influence of gas injection
amount, shut-in time and injection timing on well production.
The prediction error was controlled within 8%. By optimizing
the CO» injection parameters, this analysis provides a theoret-
ical basis for the further development of shale gas reservoirs.
It should be noted that the purpose of planned shut-in during
sand cleaning operation is to stabilize downhole pressure,
facilitate effective sand discharge, and reduce equipment cor-
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Table 6. Comparison of shale adsorption characteristics among different blocks.

45 °C, 3 MPa
Mineral constituent (%) Adsorption quantity
Sampling block Formation (mol/kg)
pressure factor
Quartz  Clay minerals Others CHy CO,
Yanchang 0.80-0.90 42.14 47.65 10.21 0.035 0.085
Changning 1.30-2.00 53.11 32.73 14.16  0.056 0.127
Nanchuan 1.05-1.35 54.40 22.74 22.86  0.122 0211
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Fig. 11. History matching results of gas well production
performance.

rosion by reducing fluid flow rate, so as to ensure operational
safety and maintain wellbore integrity.

4. Discussion

4.1 CO; displacement potential of Nanchuan
shale

The technical feasibility of enhanced gas recovery by
injecting CO; into normal-pressure marine shale reservoirs is
supported by a multi-scale mass transfer mechanism. From the
molecular scale, CO; has a smaller kinetic diameter and molar
mass than CHy4, resulting in a Knudsen diffusion coefficient
that is 1-2 orders of magnitude higher, demonstrating superior
mass transfer ability in nanoscale pores. Concurrently, the
stronger surface affinity of CO, promotes surface diffusion
and effectively replaces the adsorbed CHy4 through competitive
adsorption. The experimental data show that the adsorption
ability of CO, is 30%-50% stronger than that of CHy at
45 °C/3MPa. This is a dual advantage that is particularly
significant in reservoirs with strong pore connectivity. Darcy
flow in macropores (> 50 nm) and diffusion mass transfer in
micropores (< 2 nm) collectively enhance gas recovery.

The CH4/CO; mass transfer in shale is controlled by
temperature-pressure-pore structure coupling. Increasing tem-
perature enhances molecular thermal motion, increasing the
Knudsen diffusion coefficient by 20%-30% and reducing gas
viscosity by 5%-8%, thus improving the Darcy seepage con-
ditions. The pressure system shows a dual effect: Before the

critical adsorption pressure is reached, the pressure increase
promotes adsorption and enhances surface diffusion; mean-
while, as the driving force of seepage, the increase of pressure
gradient can also increase the seepage velocity by 30%-
50%. Furthermore, the miscibility and pore-scale confinement
effects can significantly alter the fluid phase behavior and
transport efficiency, adding another layer of complexity to the
multi-scale recovery mechanism (Chen et al., 2022).

By comparing the reservoir characteristics and adsorption
properties of the three typical blocks (Table 6), it is found
that the mass transfer advantage of Nanchuan normal pressure
shale has a clear geological origin. The high brittle mineral
content in this block forms a developed pore network. The
micro-nanopores provide an ideal channel for Knudsen diffu-
sion and the permeability is relatively improved. Under the
same conditions, the level of CO, adsorption at 0.211 mol/kg
is significantly higher than that of the Changning (0.127
mol/kg) and Yanchang blocks (0.085 mol/kg) (Du et al., 2019).
This difference shows a significant positive correlation with
the pore structure parameters including adsorption surface
area and pore size distribution. Notably, the low clay mineral
content in the Nanchuan shale effectively reduces the binding
effect on gas molecules and increases surface diffusion ability.
These characteristics provide an important geological basis
and engineering targets for optimizing CO,-ESGR technology
in normal-pressure shale gas reservoirs.

4.2 Optimization of CO; injection amount

The simulation results of CO, huff and puff show that
increased CO; injection boosts single-well cumulative gas
production, as presented in Fig. 12(a). This is attributed to two
mechanisms: Enhanced competitive adsorption (raising the
adsorption replacement efficiency by 38%-48%) and improved
reservoir pressure maintenance (reducing the pressure attenu-
ation by 30%-40%), which are shown in Fig. 13(a). Similar
to other gas reservoirs, a larger CO, injection amount gen-
erally benefits adsorption replacement and storage. However,
when injection exceeds 0.8 PV (pore volume), gas channeling
occurs, advancing CO, breakthrough and decreasing CHy
recovery by 5%-8%, suggesting that the injection interval has
an optimal value.

Based on the current engineering practice and the numer-
ical simulation results of normal-pressure marine shale, the
optimal injection range of CO, was determined to be 0.2-
0.5 PV. This injection range ensures balanced CO, diffusion
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within the matrix-fracture system while maximizing marginal
benefits when the single-cycle production increase reaches 8%-
12%. Moreover, it aligns well with the operational capacity
range of 2-5 m3/min of conventional injection equipment.
Herein, an innovative stepwise low-dose multi-cycle in-
jection strategy is proposed. In the initial cycle, a relatively
low injection amount (within the 0.2-0.5 PV range) is applied
to establish a baseline CO, saturation in the matrix. Subse-
quently, the injection amount is incrementally increased by
15% per cycle, with dynamic adjustments based on compo-
sitional changes in produced gas from previous cycles. This
approach enhances ultimate recovery while minimizing CO;
leakage, thereby optimizing overall development efficiency.

4.3 Shut-in time effect

As shown in Fig. 12(b) the simulation results reveal the
influence mechanism of shut-in time on the interaction of CO,-
shale. Shut-in time is a key parameter to regulate the interac-
tion between CO; and shale, and its duration directly affects
the gas diffusion depth and displacement efficiency (Tai and
Gates 2024). Short-term shut-in (< 7 days) is found to cause
CO;, to fail to fully diffuse to nanoscale pores, resulting in a
30%-40% reduction in the adsorption replacement efficiency.
Although long-term shut-in (> 30 days) can increase the CHy
desorption rate to 1.8 times the reference value, it will lead to
prolonged production cycle and diminishing marginal benefits

where the increase is only 2%-3% for every 10 days.

A correlation exists between reservoir pressure dynamics
and gas production characteristics, with the shut-in process
having a decisive influence on reservoir pressure recovery
and gas migration mode (Keles et al., 2020). In the early
development stage, free gas is mainly produced (accounting
for more than 70%). As formation pressure declines, the
proportion of adsorbed gas desorption gradually increases,
reaching 60%-80% in the late development stage. Numeri-
cal simulations indicate that the high adsorbed gas content
(> 45%) of Nanchuan shale gas wells determines its long-
term production potential, and a moderate shut-in time (5-60
days) can effectively stimulate the desorption of adsorbed gas
in nanopores.

Extended shut-in (60 days) expands the gas sweep range.
After 60 days of shut-in, the proportion of CO, diffusion
and storage in the normal pressure shale reservoir reaches
61%, which is significantly better than that of the short-term
shut-in scheme (< 50%). This feature helps maintain stable
productivity in the late stage of depletion wells. However, the
gas production effect of 60-day shut-in is significantly reduced,
and the replacement efficiency is also 43% lower than that of
short-term shut-in (5 days).

On the basis of the reservoir characteristics and develop-
ment economics, a differentiated shut-in strategy is proposed.
For production wells with the goal of rapid production boost,
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short-term shut-in (5-7 days) can be implemented. Although
the gas storage rate is reduced in this case, the single-cycle
production and replacement efficiency can still be improved.
For reservoirs that focus on improving ultimate recovery, it is
recommended to use medium- and long-term shut-in (15-60
days) to increase cumulative production by fully stimulating
the potential of adsorbed gas. It is particularly noteworthy that
although the short-term shut-in scheme is not conducive to
CO; sequestration (12%-30% reduction), the multi-cycle huff
and puff production mode is better suited to the development
characteristics of normal-pressure shale gas wells, achieving
an optimal balance between gas recovery and economic effi-
ciency.

4.4 Optimal CO; injection timing

The degree of reservoir depletion D; was quantitatively
characterized on the basis of the proportion of cumulative gas
production (Wang et al., 2025a):

_ 9 (11

0.+ G,
where Q. denotes cumulative gas production, and G, denotes
the remaining reserves. The correlation analysis between the
degree of depletion and the effect of CO; indicates that the
gas injection timing has a significant regulatory effect on the
CO» huff and puff performance (Fig. 12(c)) The degree of
depletion D, is significantly positively correlated with the
CO; sequestration rate, but when D; > 60%, the growth rate
slows down (Fig. 13(b)). The relationship between R and CHy
replacement ratio increases first and then decreases, reaching
a maximum of 2.1 at D; = 45%, and then decreases by 15%-
20% due to the deterioration of matrix permeability.

The nonlinear response results from the coupling of three
mechanisms. At low pressures, CO, adsorption site saturation
drops by 20%-25% when a certain condition exceeds 50%.
Stress sensitivity closes the seepage channels, causing 30%-
40% permeability loss. Micro-nano pore competitive adsorp-
tion kinetics change, reducing surface diffusion contribution
by 15%-18%. These findings help to optimize the CO, huff
and puff strategy for normal-pressure shale gas reservoirs.

The choice of CO, injection timing is essentially a dy-
namic balance between reservoir energy maintenance and gas
replacement. Early gas injection (D; = 60%) will reduce the
matrix permeability due to stress sensitivity, making desorp-
tion more and more difficult. In the medium depletion stage
(Dg =45%-55%), the CO, sequestration rate and the CH4/CO;
replacement ratio can reach the peak synchronously, and the
mass transfer efficiency of the matrix-fracture system is the
best.

Adsorbed gas is crucial for CO; sequestration and CHy
production, contributing 2-3 times more than free gas. Normal-
pressure shale in the Nanchuan block has over 40% adsorbed
gas and a well-developed pore network (70% of pores < 5 nm),
ideal for CO,-ESGR. The simulation shows that an injection
parameter combination of 0.3-0.5 PV injection amount, 45%-
55% pressure attenuation during medium-term injection, and
15-60 days of shut-in maximizes gas recovery and CO;
sequestration; this combination optimizes the interactions be-

x 100%

Dy

tween CO; injection and shale reservoir properties, guiding
local CO,-ESGR field applications.

5. Conclusions

With the aim to evaluate the feasibility and potential of
CO; huff and puff of normal-pressure marine shale gas, this
study presents a refined numerical model by integrating data
from laboratory experiments and a field injection test. The key
findings are as follows:

1) The Nanchuan shale exhibits a strong preferential adsorp-
tion for CO, over CHy, with a CO, adsorption capacity
of 0.211 mol/kg at 45 °C and 3 MPa, approximately twice
that of CHy4 and significantly higher than its counterparts
in the Changning and Yanchang blocks. This fundamental
property is a cornerstone for both enhanced recovery and
effective CO, sequestration.

2) China’s first field pilot test in a normal-pressure shale
gas reservoir demonstrated direct success. The EUR of
a single well was boosted by 2.9%, increasing daily gas
production from 9.5 x 10° to 17.5 x 10°> m?. The analysis
confirmed a carbon storage ratio of 26.1% during the
production phase, validating the dual objectives of the
technology.

3) Our sensitivity analysis based on the history-matched
model identified a precise operational envelope for max-
imum efficiency. The optimal strategy involves injecting
0.3-0.5 pore volumes of CO, when reservoir pressure
depletion reaches 45%-55%, followed by a controlled
shut-in period of 15-60 days. Adhering to this window
maximizes CHy displacement while ensuring significant
CO, storage.
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