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Abstract

CO2 pre-fracturing is a potential stimulation method for the Sulige tight sandstone gas
reservoir, where low permeability and limited reservoir pressure constrain gas production.
CO2 has attracted interest in tight-reservoir stimulation because of its low viscosity and
high diffusivity, which may influence fluid flow and pressure propagation in the formation.
However, the effects of CO2 injection volume and rate on fracture propagation and reservoir
energization remain insufficiently quantified, making treatment parameter optimization
difficult. In this study, a thermo-hydro-mechanical-damage (THMD) model based on con-
tinuum damage mechanics was developed to describe the coupled processes of fluid flow,
stress evolution, heat transfer, and rock damage during CO2 pre-fracturing in the Sulige
tight sandstone gas reservoir. The model was validated against FracproPT predictions of
fracture half-length and field measurements of breakdown pressure, with relative errors
of 5.88% and 6.56%, respectively. Numerical simulations were conducted at CO2 injection
volumes of 25, 50, and 75 m3 and injection rates of 2, 3, and 4 m3/min to evaluate fracture
geometry, damage, and pressure distribution. Four indicators—fracture half-length, dam-
age area, fracture symmetry coefficient, and energized area increment—were integrated
using the entropy weight method. Results indicate that larger injection volumes generally
increased fracture half-length and damage area but also exacerbated fracture asymmetry.
The energized area increment showed a non-monotonic trend, while an injection rate of
3 m3/min generally provided a favorable balance between fracture extension and symmetry.
Scheme 8 (75 m3, 3 m3/min) achieved the highest comprehensive score of 0.8855, whereas
scheme 5 (50 m3, 3 m3/min) was recommended for engineering applications because it
provided substantial reservoir energization with lower CO2 consumption and comparable
fracture extension. The results provide a quantitative basis for optimizing CO2 injection
volume and rate in tight sandstone gas reservoirs.

Keywords: CO2 pre-fracturing; fracture propagation; reservoir energization; injection
parameter optimization; numerical simulation; tight sandstone gas reservoir
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1. Introduction
Tight sandstone gas is an important unconventional natural gas resource widely dis-

tributed in major sedimentary basins worldwide. In 2024, global tight gas production
reached 577.4 billion m3, accounting for 14.2% of total natural gas production. China
produced 67.6 billion m3 of tight gas in 2024, representing 11.7% of global tight gas produc-
tion [1]. China’s tight gas resources are mainly concentrated in several major sedimentary
basins, particularly the Ordos, Sichuan, and Songliao basins. The Sulige Gas Field, lo-
cated in the Ordos Basin, is the largest tight sandstone gas field in China, with an annual
production of 30.05 billion m3 in 2024, accounting for 44.5% of China’s total tight gas
production [2].

Since 2000, the Sulige Gas Field has undergone more than two decades of development.
With the continuous depletion of high-quality reservoirs, low-pressure and low-abundance
gas reservoirs have gradually become dominant, resulting in a decline in the stable produc-
tion capacity of gas wells after conventional hydraulic fracturing [3]. CO2 pre-fracturing
was subsequently tested in the Sulige Gas Field, with CO2 injected ahead of the fracturing
fluid to exploit the energy-enhancement effect associated with CO2 expansion [4]. Field
tests demonstrated that CO2 pre-fracturing improved reservoir pressure maintenance and
prolonged the stable production period of gas wells.

CO2 pre-fracturing combines CO2 pre-injection with subsequent conventional hy-
draulic fracturing. Compared with conventional hydraulic fracturing alone, CO2 pre-
injection may promote rock damage and reservoir pressurization owing to its low viscosity
and high diffusivity, making it a potential stimulation option for low-pressure formations.
Although N2 and other gases have also been investigated for unconventional reservoir stim-
ulation, the present study focuses on CO2 because it has been applied in pre-fracturing field
trials in the Sulige tight sandstone gas reservoir, providing a field-specific basis for evaluat-
ing its effects on fracture propagation and reservoir energization. CO2 pre-fracturing may
also offer opportunities for carbon capture, utilization, and storage (CCUS) [5,6]; however,
the present study focuses on the short-term mechanical and hydraulic responses during
CO2 injection and does not evaluate long-term geological CO2 storage.

CO2 pre-injection reduces formation breakdown pressure by 17.6–31.6% compared
to conventional hydraulic fracturing [7,8]. True triaxial fracturing experiments reveal that
pre-injecting CO2 into shale triggers massive acoustic emission events, primarily due to
the extensive activation of bedding planes [9]. During the subsequent hydraulic fracturing
phase, trans-layer fracturing dominates, with propagation behaviors characterized by
branching, penetrating, and deflecting [7,8]. Owing to its low viscosity and high diffusivity,
CO2 effectively penetrates the rock matrix to elevate formation pressure. This process
consequently reduces the effective stress and minimizes the stress contrast, thereby driving
the propagation of branch fractures [10]. CO2 pre-fracturing increased the proportion of
shear fractures, forming a more complex fracture network and expanding the stimulated
reservoir volume (SRV) of the Chang 7 shale by 2.07% [11]. International laboratory studies
have also investigated the effects of CO2 properties on fracture initiation and propagation.
Ha et al. combined laboratory experiments and phase-field simulations to examine liquid
CO2 permeation, breakdown pressure, and cracking behavior, showing that rapid fluid
permeation can promote pore-pressure buildup and distributed microcracking before major
fracture propagation [12]. Ishida et al. compared hydraulic fracturing using supercritical
CO2, liquid CO2, water, and viscous oil in granite specimens. Their results showed that
fracturing with low-viscosity CO2 produced more tortuous cracks and secondary branches
than fracturing with more viscous fluids, highlighting the influence of fluid properties on
fracture morphology [13].
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Furthermore, CO2–water–rock interactions can dissolve carbonate minerals such as
dolomite in shale, thereby increasing porosity and permeability [14]. However, for shale
reservoirs with high clay mineral content (such as the Gulong shale oil reservoir), clay
swelling and migration reduce the connectivity of micropore throats, thus decreasing
matrix permeability [15]. Additionally, experiments by Tang et al. showed that after 7 days
of CO2–water–rock reaction, permeability increased by 300% under the dominance of
dissolution, while after long-term reaction, clay mineral swelling led to a permeability
decrease of up to 80% [16]. Therefore, the impact of CO2–water–rock reactions on shale
porosity and permeability characteristics is closely related to the content of carbonate and
clay minerals in the reservoir and the soaking time. Rock hardness and Young’s modulus
decrease exponentially with well soaking time [14]. In clay-rich reservoirs, proppant
embedding is significantly aggravated, reducing fracture conductivity [15].

CO2 pre-fracturing can effectively enhance formation energy. Lv et al. found that,
compared with the injection of linear gel alone, CO2 pre-injection can increase the pressure
of the core system by 24.1% [17]. Zhu et al. found through experiments that a CO2 pre-
injection ratio of 20–30% and a shut-in time of 5 h provide a favorable energy-enhancement
effect [18]. Long et al. conducted numerical simulations and found that a CO2 injection
rate of 2 m3/min and a shut-in time of 4 d result in a relatively large CO2 swept area and a
significant energy-enhancement effect within the stimulated zone [19]. Field applications
in Chang 7 oil shale area showed that CO2 pre-fracturing increased wellhead pressure
retention by 17.1% and initial oil production by 28.6% compared with adjacent wells [11].

Experimental studies on CO2 pre-fracturing were also conducted on conglomerate
reservoirs. After CO2–water–rock interaction, the deformation resistance of conglomerate
decreased, while its fracture toughness initially increased and then decreased [20]. CO2

pre-fracturing can reduce formation breakdown pressure by 5–36.0%, increase fracture
fractal dimension by 0.17, and improve fracture complexity. However, compared to shale,
the fractures formed after CO2 pre-fracturing in conglomerate are narrower and more
tortuous, which is unfavorable for proppant addition [21,22].

Despite progress in CO2 pre-fracturing research on shale and conglomerate reservoirs,
how CO2 injection volume and rate jointly affect fracture propagation and reservoir ener-
gization in low-pressure tight sandstone gas reservoirs remains insufficiently understood.
In tight sandstone gas reservoirs, CO2–water–rock interactions can induce mineral dis-
solution, resulting in a 9.56% increase in porosity and a 52.6% increase in permeability.
Meanwhile, the formation breakdown pressure decreases by 29.5%, while the fracture width
increases by 0.05 mm and fracture complexity is enhanced. CO2 injection also increases
the pressure of the core–fluid system, leading to a 6.0% increase in fluid flowback effi-
ciency [4]. At an injection volume of 0.5 PV, the additional formation energy generated by
CO2 injection can effectively enhance fluid flowback from micropores and mesopores [23].

Besides experimental studies, numerical simulations have also been performed to
investigate CO2 pre-fracturing. Song et al. developed a three-dimensional coupled fracture
propagation model for shale using GOHFER. The simulation results showed that a higher
CO2 injection rate led to shorter fracture length and narrower fracture width [24]. Liu et al.
conducted numerical simulations of fracture propagation during CO2 pre-fracturing in
ultra-deep tight sandstone reservoirs using RFPA3D-HF. They found that optimizing the
CO2 pre-injection volume could effectively improve the stimulation effect in reservoirs
with a small horizontal stress difference [25]. Zhang et al. used CMG to predict the first-
year cumulative production of CO2 pre-fracturing in Mahu conglomerate reservoirs. By
considering CO2 oil displacement efficiency and overall costs, an optimal CO2 injection
volume of 100 t per stage was determined [26]. Zhang et al. established a CMG-STARS
model by incorporating fracturing-fluid imbibition and CO2–oil interaction mechanisms to
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evaluate their effects on oil recovery in tight sandstone reservoirs. The results indicated that
asphaltene precipitation reduced oil recovery by 1.25%, whereas fracturing-fluid imbibition,
CO2 energization, and hydraulic fracturing contributed 3.44%, 3.92%, and 23.06% to oil
recovery, respectively [27]. Yan et al. investigated CO2 distribution and its impact on
crude oil during CO2 energized fracturing in tight oil reservoirs using CMG-GEM. The
simulation results showed that CO2 diffused approximately 4 m from the fracture surface
into the matrix after a 15-day soaking period, and crude oil viscosity within 3 m of the
fracture surface was significantly reduced due to CO2 effects [28]. Tian et al. developed a
THMD coupled model to study CO2 pre-fracturing in shale oil reservoirs. The results show
that thermal stress mainly affects fracture propagation within 5 m of the wellbore, while
fluid pressure controls fracture growth farther away. The damage area first increased and
then decreased with increasing CO2 injection volume, reaching a maximum of 629.9 m2 at
500 m3. Increasing the CO2 injection rate from 2 to 8 m3/min further increased the damage
area by 21.6 m2 [29]. Beyond fracture propagation models, international research has also
investigated the coupling between geochemical reactions and rock mechanics. Clavijo et al.
developed a coupled phase-field and reactive-transport framework to investigate fracture
propagation in poroelastic media, highlighting the potential influence of mineral reactions
and reaction-induced porosity changes on fracture evolution [30]. Experimental investiga-
tions by Rathnaweera et al. further showed that CO2–brine–rock interactions can alter the
mineralogical and mechanical properties of sandstone, with the direction and magnitude
of the changes depending on the cementing minerals and injection conditions [31].

Although experimental and numerical studies have investigated CO2 pre-fracturing
in shale, tight sandstone, and conglomerate reservoirs, the findings are based on different
lithologies, mechanical properties, fracture characteristics, and in situ stress conditions.
Consequently, the results cannot be directly generalized to the low-pressure Sulige tight
sandstone gas reservoir. A consistent modeling and performance evaluation framework
is therefore needed to assess the combined effects of CO2 injection volume and rate on
fracture propagation and reservoir energization under the reservoir conditions considered
in this study.

The stimulation mechanisms of CO2 pre-fracturing vary with reservoir lithology, rock
mechanical properties, natural fracture characteristics, and in situ stress conditions. In tight
sandstone gas reservoirs, the contribution of CO2-induced viscosity reduction to enhanced
gas recovery is generally less significant than in liquid-rich hydrocarbon reservoirs. By
contrast, reservoir energization is particularly relevant to low-pressure formations. In
this study, reservoir energization refers to the increase and redistribution of reservoir
pressure induced by CO2 injection, which expands the pressure-affected region around the
stimulated fractures. For quantitative comparison among injection scenarios, the energized
area is defined as the region where the reservoir pressure exceeds 35 MPa. This study-
specific threshold is selected relative to the initial formation pressure of 31.3 MPa and is
used as an operational criterion for comparing the simulated pressure-affected areas, rather
than as a universal physical threshold.

The Sulige tight sandstone gas reservoir is characterized by low formation pressure
and low permeability, making fracture extension and reservoir energization important
considerations in stimulation design. In natural formations, hydraulic fracture propagation
is influenced by in situ stresses, rock mechanical properties, bedding structures, and pre-
existing natural fractures. The development and hydraulic behavior of natural fractures
in tight sandstones depend on both mechanical conditions and diagenetic processes and
cannot be inferred solely from the present-day stress state [32].

In the present study, the maximum and minimum horizontal principal stresses are
55.0 and 47.3 MPa, respectively, giving a horizontal stress difference of 7.7 MPa (approxi-
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mately 8 MPa). These values define the stress conditions used in the numerical model but
are not taken as evidence of limited natural fracture development or as a critical threshold
for fracture branching. A dominant bi-wing hydraulic fracture is adopted as a simplifying
representation of fracture propagation, while explicit natural fracture networks and fracture
branching are not resolved. Accordingly, the model is intended to compare the responses
to different CO2 injection scenarios under the specified conditions rather than reproduce
the full fracture complexity of the field.

Existing numerical tools provide valuable capabilities for simulating hydraulic fracture
propagation and CO2-related reservoir processes. However, different modeling approaches
represent the relevant physical processes, constitutive relationships, and simulation outputs
in different ways. Given the heterogeneity of subsurface formations, empirical correlations
and experimentally derived parameters can help represent complex rock behavior that is
difficult to resolve explicitly. However, their applicability and the associated uncertainty
depend on the calibration data and reservoir conditions. The objective of the present study
is not to eliminate such uncertainty or replace established numerical tools, but to establish
a THMD coupled model for consistently evaluating fracture propagation and reservoir
energization during CO2 pre-fracturing in the Sulige tight sandstone gas reservoir. The
model is formulated to represent the interactions among rock deformation, fluid pressure,
temperature, and damage evolution and to evaluate the effects of CO2 injection volume
and rate within a consistent computational framework. This approach enables a controlled
comparison of injection scenarios under specified reservoir and stress conditions, while
recognizing that reservoir heterogeneity, natural fracture networks, and fracture branching
are not fully represented. Although CO2–water–rock interactions may alter pore structure
and permeability, these geochemical processes are not explicitly incorporated into the
present model, which focuses on the coupled thermo-hydro-mechanical-damage responses
during the simulated injection period.

Therefore, this study establishes a THMD coupled numerical model in COMSOL
Multiphysics 5.6 using the finite element method to investigate the effects of CO2 injection
volume and injection rate on fracture propagation and reservoir energization in the Sulige
tight sandstone gas reservoir. The model describes the interactions among rock deforma-
tion, fluid pressure, temperature, and damage evolution through the governing equations
and constitutive relationships. Specifically, pore pressure affects rock deformation through
Biot’s effective stress theory, while damage evolution modifies the elastic modulus, porosity,
and permeability. The resulting damage and pressure fields are analyzed to quantify frac-
ture half-length, damage area, fracture symmetry coefficient, and energized area increment.
These four indicators are integrated into a comprehensive performance evaluation index,
with their respective weights determined using the entropy weight method. The injection
scenarios are then ranked to identify parameter combinations that balance fracture exten-
sion, damage development, propagation symmetry, and reservoir energization. The results
provide a numerical basis for CO2 pre-fracturing parameter optimization in low-pressure
tight gas reservoirs.

2. Numerical Model and Methods
2.1. Numerical Model Establishment
2.1.1. Model Assumptions

To simulate the fracture propagation of CO2 pre-fracturing in tight sandstone gas
reservoirs, A coupled thermo-hydro-mechanical-damage (THMD) model was established
using COMSOL Multiphysics, as illustrated in Figure 1 [33,34]. The model captures the
dynamic interaction among rock deformation, CO2 pore-pressure diffusion, heat transfer,
and progressive brittle damage during the injection process.
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Figure 1. Schematic illustration of the THMD coupling framework.

To balance computational efficiency and physical accuracy, the following assumptions
were adopted in the THMD model: (1) The sandstone reservoir was considered as a
saturated porous elastic medium prior to damage initiation, and the coupling between
pore pressure and rock deformation was described based on Biot’s effective stress theory.
(2) Deformation occurs under the small-strain regime, which is applicable for simulating
fracture initiation and propagation before significant macroscopic displacement occurs.
(3) CO2 was considered as the injected fracturing fluid, with its density and viscosity defined
as pressure- and temperature-dependent properties to account for fluid property variations
during injection. (4) CO2 migration in the intact sandstone matrix was described by Darcy’s
law, and the increase in permeability associated with damage evolution was considered to
capture the enhanced flow capacity of fractured regions. (5) Geochemical effects, including
mineral dissolution, precipitation, and long-term CO2–rock–brine reactions, were neglected
because the simulation focused on the short-term hydraulic fracturing process. (6) Fracture
initiation and propagation were represented by continuous damage evolution, without
introducing predefined fracture geometries or propagation paths.

2.1.2. Governing Equations

(1) Mechanical field

The mechanical equilibrium equation of the sandstone is expressed as [35]:

∇·σ + F = 0 (1)

where σ is the total stress tensor and F is the body force, Pa. The strain tensor is derived
from the displacement vector u:

ε =
1
2

(︂
∇u +∇uT

)︂
(2)
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Considering pore pressure and thermal strain, the constitutive relation is written
as [36]:

σ = 2Gε + λtr(ε)I − αBpI − KαT(T − T0)I (3)

where G and K are the shear modulus and bulk modulus, Pa; λ is Lamé constant; αB is the
Biot coefficient; p is the pore pressure, Pa; αT is the thermal expansion coefficient, 1/K; T
and T0 are the real-time and initial temperatures, K.

(2) Seepage field

The mass balance equation for fluid flow in the sandstone is given by [37]:

ρ f S f
∂p
∂t

+∇ ·
(︄
−ρ f

k
µ f

∇p

)︄
+ ρ f αB

∂εv

∂t
= −Q f (4)

where ρf is the fluid density, kg/m3; Sf is the storage coefficient, 1/Pa, which can be
calculated by Equation (5); k is matrix permeability, m2; µf is fluid viscosity, mPa·s; εv is the
bulk strain; Qf is the source/sink term.

S f = φχ f + (αB − φ)
1 − αB

Kd
(5)

where φ is the rock porosity; χf is the fluid compressive coefficient, 1/Pa; Kd is the drained
bulk modulus of sandstone, Pa.

(3) Temperature field

For non-isothermal CO2 fracturing, the energy equation is [38]:(︂
φrρ f C f + (1 − φ)ρrCr

)︂
∂T
∂t + ρ f C f u · ∇T + (T + T0)KαTT ∂εv

∂t

= ∇ ·
(︂(︂

φrλ f + (1 − φ)λr

)︂
∇T
)︂
+ Q

(6)

where Cf and Cr are the heat capacities of fluid and rock, J/(kg·K); λf and λr are the thermal
conductivities of fluid and rock, W/(m·K); Q represents heat exchange between the rock
and fluid or thermal source terms, W/m3. This equation accounts for conductive heat
transfer in the rock-fluid system and advective heat transport caused by CO2 migration.

(4) Damage field

Sandstone failure is evaluated using tensile and shear criteria. Tensile damage is
activated when the maximum principal stress exceeds the local tensile strength [35]:

F1 = −σ3 − σt ≥ 0 (7)

where σ3 is the minimum principal stress, Pa; σt is the tensile strength of the rock, Pa.
If tensile failure is not triggered, shear failure is checked using a Mohr-Coulomb

type criterion:

F2 = σ1 − σ3
1 + sin θ

1 − sin θ
− σc ≥ 0 (8)

where σ1 is the maximum principal stress, Pa; σc is the tensile compressive of the rock, Pa;
θ is the internal friction angle, ◦.

The damage formulation employs a scalar damage variable D to characterize the
degradation of the rock’s mechanical properties, where D = 0 represents intact rock and
D = 1 represents complete failure. In this study, regions with D > 0.9 are identified as highly
damaged zones to characterize fracture propagation. Separate criteria are adopted for
tensile and shear failure, and damage evolves according to the corresponding failure mode.
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However, the current formulation does not explicitly account for direction-dependent
damage evolution or anisotropic stiffness degradation.

When F1 ≥ 0, tensile failure occurs in the rock, and the relationship between the
damage variable D and strain ε is defined as follows [38]:

D =

⎧⎪⎨⎪⎩
0 ε < εt0

1 − σtr
εE0

εt0 ≤ ε ≤ εtu

1 ε > εtu

(9)

When F2 ≥ 0, shear failure occurs in the rock, and the damage variable is expressed as:

D =

{︄
0 ε < εc0

1 + σcr
εE0

ε ≥ εc0
(10)

where ε is the strain; σtr and σcr are the residual tensile strength and residual compressive
strength, Pa; εt0 and εc0 are the elastic-limit tensile strain and elastic-limit compressive
strain, respectively; and εtu is the ultimate compressive strain.

The elastic modulus of damaged sandstone is degraded as:

E = (1 − D)E0 (11)

where E0 and E denote the elastic modulus of the initial elastic modulus and the elastic
modulus after damage, Pa.

Damage also modifies the hydraulic properties. The permeability is updated by combin-
ing stress-dependent porosity variation and fracture-induced conductivity enhancement:

φ = φr + (φ0 − φr)e−αφσeff (12)

k = k0

(︃
φ

φ0

)︃3
eαk (13)

where φ0 and φr are the initial porosity and the residual porosity; k0 and k are the initial
permeability and the permeability after damage, m2; σeff is average effective stress, Pa; αφ

and αk are empirical coefficients. These updates represent the rapid increase in flow capacity
once connected tensile or shear damage forms around the wellbore and fracture tip.

2.1.3. Model Setup and Solution

The geometry of the CO2 pre-fracturing model is illustrated in Figure 2. The compu-
tational domain was established as a square model with dimensions of 1000 m × 1000 m.
The maximum and minimum horizontal principal stresses were assigned as 55.0 MPa and
47.3 MPa, respectively. The detailed geological, mechanical, and fluid parameters used in
the simulation are summarized in Table 1.

The model geometry and boundary conditions were kept identical across all nine simu-
lation schemes, with the maximum and minimum horizontal principal stresses maintained
at 55.0 MPa and 47.3 MPa, respectively. To isolate the effects of CO2 injection volume and
injection rate on fracture propagation and reservoir energization, only these two parame-
ters were varied. Assuming a constant injection rate during the pre-fracturing stage, the
injection duration for each scheme was calculated by dividing the prescribed CO2 injection
volume by the corresponding injection rate.

The coupled governing equations were solved using the finite element method. Prior
to simulation, the geometric configuration, in situ stress conditions, initial pore pressure,
reservoir temperature, CO2 thermophysical properties, and sandstone mechanical param-
eters were initialized. The injection wellbore was specified as a mass-flow or pressure

https://doi.org/10.3390/pr14213598

https://doi.org/10.3390/pr14213598


Processes 2026, 14, 3598 9 of 32

boundary, while the outer boundaries were constrained by prescribed stresses or normal
displacement conditions according to the simulated test or reservoir configuration.

Figure 2. Schematic diagram of the CO2 pre-fracturing model.The arrows along the upper and lower
boundaries indicate the applied maximum horizontal principal stress (σH), while those along the left
and right boundaries indicate the applied minimum horizontal principal stress (σh). The circular
marker indicates the location of the vertical well. The background texture schematically represents
the sandstone reservoir and has no physical significance.

Table 1. Parameters used in the CO2 pre-fracturing model.

Property Value Unit

Porosity 9.0 %
Permeability 0.4 mD

Young’s modulus 25.2 GPa
Poisson’s ratio 0.21 -

Compressive strength 108.0 MPa
Tensile strength 6.8 MPa

Rock density 2550 kg/m3

Maximum horizontal principal stress 55.0 MPa
Minimum horizontal principal stress 47.3 MPa

Pore pressure 31.3 MPa
Reservoir Temperature 99.0 °C
Fracturing fluid density 1000 kg/m3

Fracturing fluid viscosity 80 mPa·s
CO2 density Span–Wagner equation kg/m3

CO2 viscosity Peng–Robinson equation mPa·s

At each time step, the displacement, CO2 pressure, and temperature fields were solved
first. The principal stresses and equivalent strain of each element were then extracted to
evaluate tensile and shear failure. Once the failure criterion was satisfied, the corresponding
damage variable was updated, and the elastic modulus, porosity, permeability, and thermal
parameters were recalculated. The updated properties were passed to the next time step,
allowing hydraulic fractures to initiate and extend automatically from the damaged zone.
The calculation was repeated until the designed injection time or target injection volume
was reached.
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The calculation procedure was iteratively performed until the prescribed CO2 injection
volume was reached. The resulting damage and pressure fields were then extracted to
characterize fracture propagation and reservoir energization during CO2 pre-fracturing.

2.2. Model Validation

To evaluate the reliability of the developed THMD model, a two-step validation
strategy was adopted. First, the fracture propagation capability of the proposed model was
assessed by comparing the simulated fracture geometry with that predicted by FracproPT.
Since FracproPT is a commonly used hydraulic fracturing simulator for conventional
fracture geometry prediction, it was selected as a reference for model comparison.

However, FracproPT mainly focuses on conventional hydraulic fracturing processes
and does not consider the coupled thermo-hydro-mechanical-damage responses induced by
CO2 pre-injection. Therefore, only the hydraulic fracturing case without CO2 pre-injection
was simulated using both approaches. The simulation parameters were identical for the
two models, as listed in Table 1.

As shown in Figure 3, the fracture half-length predicted by FracproPT was 178.6 m,
whereas the THMD model yielded a fracture half-length of 189.1 m. The relative deviation
between the two results was 5.88%, indicating good consistency between the two simula-
tions. This agreement confirms that the proposed THMD model can reasonably capture
hydraulic fracture propagation behavior.

Figure 3. Comparison of hydraulic fracture geometry predicted by FracproPT and COMSOL.

Furthermore, the proposed THMD model was validated against a field-scale CO2

pre-fracturing case from the Sulige tight sandstone gas field. The reservoir properties used
in the field-scale validation were consistent with those listed in Table 1. This validation was
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conducted to assess the model’s capability to predict breakdown pressure during hydraulic
fracturing following CO2 pre-injection. In the field case, the breakdown pressure during
the hydraulic fracturing stage following CO2 pre-injection was 74.86 MPa (bottom-hole
pressure), compared with the THMD model prediction of 69.95 MPa, yielding a relative
error of 6.56%. The agreement between the numerical prediction and field measurement
supports the model’s capability to predict fracture initiation during hydraulic fracturing
following CO2 pre-injection. However, due to the lack of microseismic monitoring data or
other field measurements of fracture geometry, the predicted fracture propagation behavior
could not be independently validated against field observations. Accordingly, the present
validation demonstrates consistency with FracProPT predictions of fracture half-length
and agreement with field-measured breakdown pressure, while independent validation of
fracture geometry under CO2 pre-fracturing conditions remains a subject for future work.

2.3. Simulation Design

To investigate the effects of CO2 pre-injection parameters on hydraulic fracture propa-
gation and reservoir energization, a series of coupled simulations were conducted based
on the established numerical model. The simulation process consisted of two sequential
stages: CO2 pre-injection and subsequent hydraulic fracturing.

During the first stage, CO2 was injected into the reservoir before hydraulic fracturing
to modify the initial reservoir pressure and stress conditions. Three CO2 injection volumes
(25, 50, and 75 m3) and three injection rates (2, 3, and 4 m3/min) were considered, resulting
in nine CO2 pre-injection schemes (Schemes 1–9). In addition, a reference case without CO2

pre-injection (Reference case) was established for comparison.
During the hydraulic fracturing stage, water was continuously injected under identical

operating conditions for all cases to eliminate the influence of fracturing parameters and
enable a direct comparison of the effects of CO2 pre-injection treatment. In addition,
a reference case without CO2 pre-injection was established to evaluate the stimulation
effectiveness of CO2-assisted hydraulic fracturing.

The detailed simulation matrix is summarized in Table 2. By systematically varying
CO2 injection volume and rate, the coupled effects of CO2 pre-injection parameters on frac-
ture propagation characteristics and reservoir pressure enhancement were quantitatively
analyzed. The simulation results were further evaluated using multiple indicators related
to fracture geometry, damage evolution, and reservoir energization characteristics.

Table 2. Detailed simulation matrix for CO2 pre-fracturing.

Scheme No. CO2 Injection Volume (m3) CO2 Injection Rate (m3/min)

Reference 0 –
1 25 2
2 25 3
3 25 4
4 50 2
5 50 3
6 50 4
7 75 2
8 75 3
9 75 4

2.4. Quantitative Evaluation Indicators

To quantitatively characterize the influence of CO2 pre-injection parameters on fracture
propagation and reservoir energization, four evaluation indicators were selected from the
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damage and pressure fields, including fracture half-length, damage area, fracture symmetry
coefficient, and increment of energization area.

(1) Fracture half-length

The fracture half-length was used to characterize the extension capability of hydraulic
fractures after CO2 pre-injection treatment. It was determined as the maximum distance
between the fracture initiation point and the fracture tip along the fracture propaga-
tion direction:

Lf = max(xf − x0) (14)

where Lf represents the fracture half-length, m; xf is the fracture tip position, m; x0 is the
fracture initiation position, m.

A larger Lf indicates stronger fracture propagation capacity and a larger potential
stimulated reservoir volume.

(2) Damage area

The damage area was extracted from the tensile damage distribution obtained from
the numerical simulation. The region with tensile damage exceeding the critical threshold
was defined as the fracture-related damaged zone:

Ad =
∫︂

Ωd

dA (15)

where Ad represents the damage area, m2; Ωd denotes the region satisfying the dam-
age criterion.

Compared with fracture length alone, damage area can better reflect the overall dis-
turbance range induced by CO2 pre-injection and hydraulic fracturing, including fracture
extension and surrounding rock damage.

(3) Fracture symmetry coefficient

The fracture symmetry coefficient was introduced to evaluate the geometric balance
of the two fracture wings. It was calculated as:

Cs =
|LL − LR|
LL + LR

(16)

where LL and LR represent the lengths of the left and right fracture wings, m.
The value of Cs ranges from 0 to 1. A value approaching 1 indicates a highly sym-

metric fracture geometry, whereas a lower value indicates stronger fracture deviation and
asymmetric propagation.

(4) Increment of energization area

The increment of energization area was introduced to quantify the additional reservoir
pressure enhancement contributed by each 25 m3 increase in CO2 pre-injection volume. In
this study, the energized area was operationally defined as the region where the reservoir
pressure exceeded 35 MPa. The initial reservoir pressure was 31.3 MPa; thus, the selected
threshold represents a pressure increase of 3.7 MPa (approximately 11.8%) relative to the
initial state. This threshold was adopted as a practical criterion to delineate regions experi-
encing a discernible pressure elevation, rather than as a universal reservoir-engineering
standard or a production-based critical pressure. Accordingly, the energized area is used as
a comparative indicator to evaluate the spatial extent of reservoir pressure enhancement
under different CO2 pre-fracturing conditions.

Unlike the cumulative energization area increase relative to the case without CO2

injection, the increment of energization area was calculated based on adjacent CO2 injection
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volumes under the same injection rate condition. This definition enables the evaluation
of the marginal contribution of increasing CO2 injection volume while eliminating the
influence of different injection rates.

For a fixed CO2 injection rate, the increment of energization area was calculated as:

∆Ae = Ae(Vi,Q) − Ae(Vi − 25,Q) (17)

where Ae (Vi,Q) represents the energization area obtained with a CO2 injection volume of
Vi and injection rate Q, m2; Ae(Vi − 25,Q) denotes the energization area corresponding to
the previous CO2 injection volume with the same injection rate, m2.

Here, ∆Ae represents the absolute difference in energized area between two adjacent
CO2 injection-volume cases at the same injection rate, whereas the percentage enhancement
ratio is calculated relative to the baseline case without CO2 pre-injection.

Accordingly, the calculation of ∆Ae was performed as follows:⎧⎪⎨⎪⎩
∆Ae(25) = Ae(25, Q)− Ae(0, Q)

∆Ae(50) = Ae(50, Q)− Ae(25, Q)

∆Ae(75) = Ae(75, Q)− Ae(50, Q)

(18)

where Q represents the CO2 injection rate (2, 3, or 4 m3/min).
A larger ∆Ae indicates a stronger incremental reservoir energization effect induced by

the additional CO2 injection. This indicator reflects the efficiency of increasing CO2 pre-
injection volume rather than the cumulative energization capacity, and therefore provides
a more reasonable measure for optimizing CO2 injection volume.

Since the performance of CO2 pre-fracturing involves multiple aspects, including
fracture extension, damage development, geometric stability, and reservoir pressure en-
hancement, no single indicator can fully describe the stimulation effectiveness. Therefore,
these four indicators were integrated using the entropy weight method to achieve a com-
prehensive evaluation of different CO2 injection schemes.

3. Results and Discussion
The effectiveness of CO2 pre-fracturing is governed by the coupled effects of CO2

injection volume and injection rate, which jointly influence the pressure redistribution,
effective stress alteration, and subsequent hydraulic fracture propagation. Therefore, the
influence of individual injection parameters cannot fully describe the complex response of
fracture development under CO2 pre-injection conditions. A comprehensive evaluation
considering the interaction between CO2 injection volume and rate is required to reveal the
stimulation mechanism.

To quantitatively evaluate the effects of CO2 pre-injection treatment, four evalua-
tion indicators were extracted from the damage and pressure fields after the completion
of hydraulic fracturing, including fracture half-length, damage area, fracture symmetry
coefficient and pressure enhancement area within the enhanced-pressure region. These
indicators characterize three key aspects of hydraulic fracturing performance: fracture
extension capacity, fracture geometric stability, and reservoir energization characteristics.

Accordingly, the synergistic effects of CO2 injection volume and rate on hydraulic
fracture characteristics and reservoir energization are analyzed from three perspectives:
fracture geometry, fracture symmetry, and pressure enhancement characteristics.

3.1. Effect of Injection Parameters on Fracture Geometry

The final hydraulic fracture geometry after CO2 pre-injection treatment was evalu-
ated based on the fracture half-length and damage area extracted from the damage field.
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These two indicators provide quantitative descriptions of fracture extension capacity and
reservoir damage extent during the combined CO2 pre-injection and subsequent hydraulic
fracturing processes.

Figure 4 presents the final damage field under different CO2 injection conditions. The
distribution of damage zones reflects the influence of CO2 pre-injection treatment on the
subsequent hydraulic fracture development. The variation in fracture geometry with CO2

injection volume and rate is further quantitatively analyzed in terms of fracture half-length
and damage area in the following sections.

Figure 4. Final damage field of hydraulic fractures under different CO2 pre-injection conditions.

3.1.1. Effect of CO2 Parameters on Fracture Half-Length

The variation in final fracture half-length under different CO2 pre-injection conditions
is presented in Figure 5, and the corresponding fracture extension enhancement ratios
relative to conventional hydraulic fracturing are summarized in Figure 6. Without CO2 pre-
injection, the final fracture half-length reaches 189.12 m. After CO2 pre-injection treatment,
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the fracture propagation response exhibits a nonlinear dependence on both CO2 injection
volume and injection rate, demonstrating that the stimulation effect is controlled by the
coupled interaction between these two parameters.

Figure 5. Synergistic effects of CO2 injection volume and rate on final hydraulic fracture half-length.

Figure 6. Fracture extension enhancement ratio under different CO2 pre-injection conditions.

At a low CO2 injection volume of 25 m3, the final fracture half-lengths are 180.96,
181.34, and 188.75 m at injection rates of 2, 3, and 4 m3/min, respectively. These values
are slightly lower than that of conventional hydraulic fracturing, with reductions of 4.31%,
4.11%, and 0.20%, respectively. This phenomenon does not necessarily indicate that CO2
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pre-fracturing inhibits rock failure, but rather suggests that CO2-induced damage is not
fully translated into effective fracture extension. Under low-volume CO2 injection, the
induced pressure disturbance may be concentrated mainly around the near-fracture re-
gion, resulting in localized tensile damage and stress redistribution. During subsequent
hydraulic fracturing, part of the injected hydraulic energy may be consumed in reopening
and extending the pre-damaged zone rather than directly driving the fracture tip forward.
In addition, the presence of compressible CO2 within the formation may affect pressure
transmission through compression, displacement, and pressure redistribution, potentially
reducing the effective pressure transmitted toward the fracture tip. The simulation results
further show that fracture width increases after CO2 pre-injection, even when the fracture
half-length decreases at an injection volume of 25 m3. This contrasting response indicates
that enhanced fracture opening does not necessarily lead to greater longitudinal propaga-
tion. Consequently, increased local damage and fracture opening do not necessarily result
in a longer fracture.

With increasing CO2 injection volume to 50 m3, the influence of injection rate becomes
more evident. The fracture half-length increases from 184.43 m at 2 m3/min to 195.65 m
at 3 m3/min, followed by a decrease to 188.90 m at 4 m3/min. The maximum fracture
extension at 50 m3 CO2 and 3 m3/min represents a 3.45% increase compared with conven-
tional hydraulic fracturing. This indicates that an appropriate combination of CO2 volume
and injection rate can generate a favorable pressure-disturbed region before hydraulic
fracturing, enabling the injected hydraulic energy to be more effectively converted into
fracture propagation.

A further increase in CO2 injection volume to 75 m3 produces the largest fracture
extension under the 3 m3/min injection rate, with a fracture half-length of 207.52 m,
corresponding to a 9.73% increase compared with the untreated case. However, increasing
the injection rate to 4 m3/min reduces the fracture half-length to 189.57 m. This suggests
that excessive injection rate may not continuously enhance fracture propagation, even under
high CO2 injection volume. A high injection rate may result in rapid CO2 accumulation
near the injection zone and insufficient pressure diffusion, thereby weakening the beneficial
effect of CO2 pre-conditioning on long-range fracture extension.

Overall, the fracture half-length results demonstrate that CO2 pre-fracturing exhibits
an optimal stimulation window controlled by the synergistic interaction between injection
volume and injection rate. Insufficient CO2 volume cannot generate an effective far-field
pressure modification, whereas excessive injection rate may reduce the utilization efficiency
of CO2-induced reservoir alteration. The maximum fracture extension is achieved at
75 m3 CO2 injection volume combined with a 3 m3/min injection rate, highlighting the
importance of coordinated optimization of CO2 injection parameters.

3.1.2. Effect of CO2 Parameters on Damage Area

The damage area obtained from the final damage field provides an additional perspec-
tive for evaluating the stimulation effectiveness of CO2 pre-fracturing. Unlike fracture half-
length, which mainly reflects the ability of fractures to propagate over long distances, the
damage area represents the overall volume of rock affected by tensile failure and mechani-
cal disturbance. Therefore, the combined analysis of fracture half-length and damage area
can provide a more comprehensive understanding of reservoir stimulation characteristics.

The variation in damage area under different CO2 injection volume and rate conditions
is shown in Figure 7, and the corresponding damage area enhancement ratios relative to
conventional hydraulic fracturing are shown in Figure 8. Without CO2 pre-injection, the
final damage area is 339.14 m2. Compared with conventional hydraulic fracturing, CO2 pre-
fracturing generally increases the damaged region, indicating that CO2 injection modifies
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the near-fracture mechanical environment and promotes additional rock damage during
subsequent hydraulic fracturing. However, the magnitude of damage expansion depends
strongly on the coupled effects of CO2 injection volume and injection rate.

Figure 7. Influence of CO2 injection parameters on final damage area after hydraulic fracturing.

Figure 8. Damage area enhancement ratio under different CO2 pre-injection conditions.

For the 25 m3 CO2 pre-injection cases, the damage areas are 365.05, 374.36, and
351.70 m2 at injection rates of 2, 3, and 4 m3/min, respectively. Compared with the
untreated case, the damage area increases by 7.64%, 10.39%, and 3.70%, respectively.
Although the corresponding fracture half-lengths are lower than that of conventional
hydraulic fracturing, the increase in damage area indicates that low-volume CO2 injection
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still induces additional rock failure around the fracture region. This difference between
fracture extension and damage expansion suggests that the mechanical effect of CO2 pre-
injection treatment is initially concentrated within the local damaged zone rather than being
effectively converted into long-distance fracture propagation. At this stage, the injected
CO2 mainly alters the local stress environment and promotes tensile damage initiation.
However, because the affected pressure disturbance range is limited, the damaged region
cannot provide sufficient guidance for continuous fracture-tip advancement. Therefore,
low-volume CO2 injection mainly contributes to local damage accumulation rather than
effective fracture extension.

With increasing CO2 injection volume to 50 m3, the damage area further increases to
390.33–399.52 m2. The maximum damage area under this condition occurs at 4 m3/min,
reaching 399.52 m2, corresponding to a 17.80% increase compared with conventional
hydraulic fracturing. The increased damage area indicates that a larger CO2 volume
produces a wider pressure disturbance region and enhances the interaction between CO2-
induced damage and subsequent hydraulic fracture propagation. However, the damage
area does not exhibit the same variation trend as fracture half-length. For example, the
largest fracture half-length at 50 m3 occurs at 3 m3/min (195.65 m), whereas the maximum
damage area occurs at 4 m3/min. This discrepancy indicates that a higher injection rate can
promote a larger damaged region, but it does not necessarily improve fracture extension
efficiency. Excessive local damage generation may increase the fracture complexity and
energy dissipation, limiting the conversion of injected energy into fracture-tip propagation.

At a CO2 injection volume of 75 m3, the damage area reaches the highest values among
all cases, ranging from 384.86 to 402.14 m2. The maximum damage area is obtained at
2 m3/min, reaching 402.14 m2, which is 18.58% higher than conventional hydraulic fractur-
ing. The results demonstrate that increasing CO2 injection volume effectively enlarges the
reservoir region affected by mechanical disturbance. However, a higher damage area does
not directly correspond to the maximum fracture half-length. The longest fracture occurs at
75 m3 and 3 m3/min, while the largest damage area occurs at 75 m3 and 2 m3/min. This
indicates that fracture propagation and damage development are governed by different
controlling mechanisms.

A lower injection rate allows sufficient time for CO2 diffusion and pressure redistribu-
tion, resulting in a broader damaged region. In contrast, an appropriate higher injection rate
improves the pressure transmission efficiency during subsequent hydraulic fracturing and
promotes fracture-tip extension. Therefore, the optimal conditions for damage expansion
and fracture extension are not necessarily identical.

Overall, the damage area results demonstrate that CO2 pre-injection effectively en-
larges the reservoir stimulation region, but the relationship between damage expansion and
fracture extension is nonlinear. Increasing CO2 injection volume enhances the extent of rock
damage, whereas injection rate determines whether the induced damage can be effectively
transformed into fracture propagation. The comparison between fracture half-length and
damage area reveals that evaluating CO2 pre-fracturing performance based only on fracture
extension may underestimate the reservoir modification effect. Conversely, excessive dam-
age development without efficient fracture propagation may reduce stimulation efficiency.
Therefore, an appropriate balance between fracture extension and damage expansion is
required for optimizing CO2 pre-fracturing parameters.

To further clarify the different responses of fracture propagation and damage devel-
opment to CO2 injection parameters, the fracture half-length and damage area obtained
under each injection condition are compared in Table 3. The comparison highlights the
differences between the parameter combinations that favor longitudinal fracture extension
and those that produce a larger damaged region.
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Table 3. Comparison of fracture half-length and damage area under different CO2 pre-injection
conditions.

CO2 Injection
Volume (m3)

CO2 Injection
Rate (m3/min)

Fracture
Half-Length (m)

Damage Area
(m2) Dominant Response

0 – 189.12 339.14 Reference case
25 2 180.96 365.05 Increased damage area but reduced fracture extension
25 3 181.34 374.36 Largest damage area at 25 m3, but limited fracture extension
25 4 188.75 351.70 Fracture half-length approaches the reference value
50 2 184.43 390.33 Damage expansion exceeds that at 3 m3/min
50 3 195.65 383.55 Maximum fracture half-length at 50 m3

50 4 188.90 399.52 Maximum damage area at 50 m3

75 2 190.09 402.14 Maximum damage area among all cases
75 3 207.52 395.38 Maximum fracture half-length among all cases
75 4 189.57 384.86 Neither metric reaches its maximum at this volume

As summarized in Table 3, the injection rate associated with the maximum fracture half-
length differs from that associated with the maximum damage area. At injection volumes
of 50 and 75 m3, the maximum fracture half-length is obtained at 3 m3/min, whereas the
maximum damage area occurs at 4 and 2 m3/min, respectively. At 25 m3, the maximum
damage area occurs at 3 m3/min, although the fracture half-length remains below that of
the reference case at all three injection rates. These results indicate that the spatial extent of
rock damage and the longitudinal propagation of the hydraulic fracture respond differently
to CO2 injection parameters. Fracture half-length primarily characterizes longitudinal
extension, whereas damage area quantifies the area exceeding the prescribed damage
threshold. The different optimal conditions therefore reflect the distinct nature of these
two indicators and support their joint consideration in CO2 pre-fracturing parameter
optimization. However, the present results do not establish a unique physical mechanism
responsible for each non-monotonic trend.

The present study focuses on the short-term hydraulic fracturing process and does
not explicitly account for geochemical interactions between injected CO2, formation water,
and reservoir minerals. These interactions may begin during CO2 injection and potentially
influence the local pore structure and fluid transport properties, particularly in the near-
wellbore region. The dissolution of CO2 in formation water can promote the formation
of acidic aqueous solutions, potentially enhancing the dissolution of reactive minerals.
Conversely, secondary mineral precipitation may reduce pore connectivity and permeabil-
ity. The net effect on permeability therefore depends on the mineralogical composition
of the reservoir, water availability, pressure and temperature conditions, and reaction
kinetics. Because these processes are not included in the current governing equations,
their effects on permeability evolution and the associated feedback on pore pressure re-
distribution and fracture propagation cannot be quantitatively evaluated. Although the
short duration of the simulated injection process may limit the extent of some geochem-
ical alterations, the magnitude of their influence under the conditions considered here
remains uncertain. A quantitative estimate of these effects would require reservoir-specific
mineralogical and fluid-chemistry data, together with reaction-rate parameters and the
corresponding reactive transport equations, which are not available in the present model.
Therefore, the omission of geochemical reactions represents a limitation of the current
model rather than a quantitative demonstration that such effects are negligible over the
simulated timeframe. Accordingly, the predicted fracture geometry, damage distribution,
and energized region should be interpreted within the scope of the adopted short-term
hydro-mechanical-damage framework rather than as a comprehensive representation of
coupled geomechanical and geochemical processes. Future studies should incorporate CO2
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dissolution, mineral dissolution and precipitation, and their effects on porosity and perme-
ability into a reactive transport framework to assess their contributions to near-wellbore
alteration and the evolution of fracture propagation and reservoir energization.

3.2. Effect of Injection Parameters on Fracture Geometric Stability

The fracture half-length and damage area discussed in Section 3.1 characterize the
extent of reservoir stimulation induced by CO2 pre-fracturing. However, an increase in
fracture extension or damage area does not necessarily indicate improved overall stimula-
tion performance. Hydraulic fracture propagation is governed by in situ stress conditions
and rock mechanical properties, while bedding structures and natural fractures may fur-
ther influence fracture geometry and complexity. In the present study, the reservoir is
represented as an equivalent continuum without explicitly incorporating natural fracture
networks. Accordingly, the dominant hydraulic fracture is idealized as propagating in
a bi-wing configuration under the prescribed stress conditions. The horizontal principal
stress difference of approximately 8 MPa defines the stress contrast adopted in the model
rather than a critical threshold for suppressing branch fracture generation. Within this
modeling framework, maintaining balanced bilateral fracture propagation is an important
consideration in evaluating the geometric characteristics of CO2 pre-fracturing.

CO2 injection volume and rate influence the evolution of the pressure field and dam-
age distribution, thereby affecting fracture extension and geometric stability. Variations in
these injection parameters may lead to differences in the propagation of the two fracture
wings, resulting in asymmetric fracture development. Such asymmetry can produce an
uneven distribution of the stimulated region and reduce the effectiveness of reservoir
contact. Therefore, the fracture symmetry coefficient is introduced as a quantitative indi-
cator to characterize the geometric stability of fracture propagation under different CO2

injection conditions.
The fracture symmetry coefficient was calculated based on the ratio between the

left and right fracture wing lengths obtained from the final damage field. A coefficient
approaching unity indicates balanced bilateral fracture propagation, whereas a lower value
represents intensified asymmetric extension. Figure 9 presents the variation in fracture
symmetry coefficient under different CO2 injection conditions, and Figure 10 shows the
corresponding reduction relative to conventional hydraulic fracturing.

Without CO2 pre-injection, the fracture symmetry coefficient reaches 1.00, indicating
nearly symmetric propagation of the hydraulic fracture. After CO2 pre-injection, the
symmetry coefficient decreases under all conditions, demonstrating that CO2-induced
pressure redistribution affects the subsequent fracture growth pattern. For 25 m3 CO2

injection, the symmetry coefficients remain within 0.95–0.97, with only minor reductions of
0.03–0.05 compared with conventional hydraulic fracturing. This suggests that a relatively
small CO2 volume produces limited disturbance to the initial stress and pressure conditions,
thereby maintaining stable fracture propagation.

When the CO2 injection volume increases to 50 m3, the influence of injection rate
becomes more evident. The symmetry coefficients are 0.93, 0.99, and 0.87 at injection
rates of 2, 3, and 4 m3/min, respectively. Notably, the combination of 50 m3 CO2 and
3 m3/min maintains a symmetry coefficient of 0.99, indicating that an appropriate injection
rate can enhance fracture extension while preserving balanced bilateral growth. In contrast,
excessive CO2 injection volume causes a significant deterioration in fracture symmetry. For
75 m3 CO2 injection, the symmetry coefficients decrease to 0.65, 0.85, and 0.28 at injection
rates of 2, 3, and 4 m3/min, respectively. The substantially reduced symmetry under the
75 m3 and 4 m3/min condition indicates that excessive CO2 volume combined with a high
injection rate promotes preferential fracture growth along one direction.

https://doi.org/10.3390/pr14213598

https://doi.org/10.3390/pr14213598


Processes 2026, 14, 3598 21 of 32

Figure 9. Variation in final hydraulic fracture symmetry coefficient under different CO2 pre-injection
conditions.

Figure 10. Reduction in the fracture symmetry coefficient (∆Cs) under different CO2 injection condi-
tions. Note: Larger values indicate greater reductions in the symmetry coefficient, corresponding to
more pronounced fracture asymmetry. Darker colors toward red represent larger reductions.
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The reduction in fracture symmetry under high CO2 injection conditions is mainly
associated with the enlarged pressure disturbance region generated during the CO2 pre-
injection stage. With increasing CO2 volume, the affected reservoir region expands, re-
sulting in more pronounced pressure redistribution before hydraulic fracturing. During
subsequent hydraulic fracture propagation, the fracture tends to extend preferentially
toward regions with more favorable stress and pressure conditions, leading to unequal
growth of the two fracture wings. Meanwhile, a high CO2 injection rate accelerates pressure
accumulation near the wellbore and limits pressure diffusion into the surrounding forma-
tion, which further intensifies the directional pressure imbalance and promotes asymmetric
fracture propagation.

CO2 pre-injection exhibits a dual effect on fracture geometry in tight sandstone reser-
voirs. Moderate CO2 injection can enhance fracture extension while maintaining balanced
bilateral propagation, whereas excessive injection volume or rate may induce unstable frac-
ture growth and deteriorate fracture symmetry. These results demonstrate that maximizing
fracture size alone is insufficient for evaluating CO2 pre-fracturing performance, because
excessive fracture extension may occur at the expense of geometric stability. Therefore,
the optimization of CO2 pre-injection parameters requires a comprehensive evaluation of
fracture propagation characteristics and reservoir energization behavior.

3.3. Reservoir Energization Characteristics

The previous sections demonstrated that CO2 pre-injection alters fracture propagation
behavior by modifying the initial pressure and stress conditions of the reservoir. Besides
fracture geometry, the pressure redistribution induced by CO2 injection is another impor-
tant factor controlling the effectiveness of CO2 pre-fracturing. Therefore, the reservoir
energization characteristics were evaluated based on the pressure distribution obtained
after the completion of hydraulic fracturing.

Figure 11 presents the final pressure fields under different CO2 pre-injection conditions.
In this study, the energized region was defined as the area where the reservoir pressure
exceeded 35 MPa after hydraulic fracturing. This threshold was selected to quantify
the spatial extent of pressure enhancement caused by CO2 pre-injection treatment. The
corresponding energized area was extracted as an indicator to evaluate the influence of
CO2 injection parameters on reservoir-scale pressure redistribution.

To assess the sensitivity of the calculated energized area to the pressure threshold,
a sensitivity analysis was conducted for the case with a CO2 injection volume of 50 m3

and an injection rate of 3 m3/min, using thresholds of 33, 34, 35, 36, and 37 MPa. The
corresponding energized areas were 6945.42, 5965.52, 5329.53, 4849.81, and 4465.60 m2,
respectively (Figure 12). The energized area decreased monotonically with increasing
pressure threshold, with a reduction of approximately 35.7% when the threshold increased
from 33 to 37 MPa. Relative to the reference threshold of 35 MPa, increasing the threshold
to 36 and 37 MPa reduced the calculated energized area by approximately 9.0% and 16.2%,
respectively. These results demonstrate that the absolute energized area is sensitive to the
threshold definition. The threshold of 35 MPa was retained because it is approximately
11.8% higher than the initial pore pressure of 31.3 MPa, providing a consistent operational
criterion for identifying regions with a noticeable pressure increase.

The variation in energized area under different CO2 injection conditions is shown
in Figure 13. Without CO2 pre-injection, the energized area after hydraulic fracturing
is 4295.62 m2. Compared with conventional hydraulic fracturing, all CO2 pre-injection
cases exhibit larger energized areas, indicating that CO2 pre-injection effectively promotes
pressure redistribution and expands the pressure-affected reservoir region.
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Figure 11. Final pressure field of hydraulic fracturing under different CO2 pre-injection conditions.

For a CO2 injection volume of 25 m3, the energized areas are 4491.00, 4421.70, and
4401.79 m2 at injection rates of 2, 3, and 4 m3/min, respectively, corresponding to increases
of 4.55%, 2.94%, and 2.47% relative to the case without CO2 pre-injection (Figure 14). The
limited enhancement suggests that a small CO2 injection volume generates insufficient
pressure disturbance to substantially expand the pressure-affected region. Although CO2

injection induces local pressure modification and damage development around the fracture
zone, the influence range remains relatively limited.
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Figure 12. Sensitivity of the calculated energized area to the pressure threshold.

Figure 13. Effect of CO2 injection parameters on energized area.

When the CO2 injection volume increases to 50 m3, the energized area increases signif-
icantly to 5147.37–5468.01 m2, corresponding to enhancements of 19.83–27.29% compared
with conventional hydraulic fracturing. The maximum energized area is obtained at 50 m3

CO2 injection with an injection rate of 2 m3/min, reaching 5468.01 m2. The increased
CO2 volume provides a larger amount of injected fluid and promotes pressure transmis-
sion before hydraulic fracturing, allowing the pressure disturbance to extend farther into
the surrounding reservoir. However, the energized area decreases with increasing injec-
tion rate, following the order of 5468.01, 5329.53, and 5147.37 m2. This indicates that a
lower injection rate facilitates CO2 migration and pressure diffusion, resulting in a larger
pressure-affected region.

At the maximum CO2 injection volume of 75 m3, the energized area further increases
to 5625.98–6495.30 m2, representing the largest values among all investigated cases. The
maximum energized area is achieved at 75 m3 CO2 injection with an injection rate of
2 m3/min, reaching 6495.30 m2, which is 51.10% higher than that of conventional hydraulic
fracturing. This result confirms that increasing CO2 injection volume can effectively enlarge
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the pressure-affected reservoir region. However, a larger energized area does not necessarily
correspond to the optimal fracturing performance, because excessive CO2 injection may
simultaneously intensify fracture asymmetry and reduce fracture geometric stability.

Figure 14. Enhancement ratio of energized area under different CO2 pre-injection conditions.

It is noteworthy that the conditions producing the maximum energized area and
maximum fracture extension are different. According to the fracture propagation results
discussed in Section 3.2, the longest fracture is obtained at 75 m3 CO2 injection with an
injection rate of 3 m3/min, whereas the largest energized area occurs at 75 m3 CO2 injection
with 2 m3/min. This difference indicates that fracture extension and reservoir energization
are controlled by different mechanisms. Fracture propagation is primarily governed by
fracture pressure transmission and crack growth during hydraulic fracturing, whereas
reservoir energization is more closely associated with CO2 migration and pressure diffusion
during the pre-injection stage.

With a fixed CO2 injection volume of 50 m3, increasing the injection rate from 2 to
4 m3/min resulted in non-monotonic variations in fracture propagation. The fracture
half-length and symmetry coefficient initially increased and then decreased, whereas the
energization area continuously decreased. These results indicate that an excessively high
injection rate is unfavorable for improving reservoir energization in low-pressure tight gas
reservoirs. At a constant CO2 injection rate of 3 m3/min, increasing the injection volume
from 25 to 75 m3 increased the fracture half-length, damage zone area, and energization area
by 14.4%, 5.6%, and 39.5%, respectively, while reducing the fracture symmetry coefficient
by 0.20. Larger CO2 injection volumes promote fracture propagation and expand the
energized reservoir region but may increase fracture asymmetry.

Overall, CO2 pre-injection enhances reservoir energization mainly by expanding the
pressure-affected region. Increasing CO2 volume enlarges the pressure redistribution range,
while injection rate controls the balance between CO2 diffusion and pressure accumulation.
Therefore, CO2 pre-injection parameters should be optimized by balancing fracture propa-
gation, damage evolution, fracture symmetry, and reservoir energization. An integrated
optimization considering these factors is presented in Section 4.
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4. Optimization of CO2 Pre-Injection Parameters
4.1. Multi-Objective Optimization Framework

The results presented in Section 3 demonstrate that CO2 pre-fracturing involves multi-
ple response characteristics, including fracture extension, damage development, fracture
propagation symmetry, and reservoir energization. These responses do not necessarily
achieve their optimal values under the same injection conditions. For instance, increasing
CO2 injection volume can enlarge fracture extension and expand the pressure-affected
reservoir region, but excessive CO2 injection may also intensify fracture asymmetry and
reduce propagation stability. Therefore, optimization based on a single evaluation indicator
may not provide a comprehensive assessment of CO2 pre-injection fracturing performance.

To determine the optimal CO2 pre-injection parameters, a multi-objective evaluation
framework was established based on the entropy weight method. Four evaluation indica-
tors were selected: (1) fracture half-length (Lf), representing fracture extension capability;
(2) damage area (Ad), representing the extent of rock damage induced by hydraulic fractur-
ing; (3) fracture symmetry coefficient (Cs), representing fracture propagation stability; and
(4) incremental energized area (∆Ae), representing the enhancement of the pressure-affected
reservoir region induced by CO2 pre-injection.

These indicators collectively characterize CO2 pre-injection fracturing performance
from three perspectives: fracture propagation, fracture geometry control, and reservoir
energization. The optimization procedure based on the entropy weight method is shown in
Figure 15.

Figure 15. Flowchart of the entropy weight-based optimization framework for CO2 pre-injection
parameters.
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4.2. Entropy Weight Analysis of Evaluation Indicators

The entropy weight method was applied to quantify the relative contribution of each
indicator based on the variation characteristics among different CO2 injection schemes. The
calculated weights of the four evaluation indicators are summarized in Table 4.

Table 4. Entropy weights of evaluation indicators.

Indicator Physical Meaning Weight

Lf Fracture extension capability 0.374
∆Ae Reservoir energization capability 0.333
Ad Damage development extent 0.169
Cs Fracture geometry stability 0.124

The results indicate that fracture half-length and incremental energized area possess
the highest weights, accounting for 70.7% of the total evaluation weight. This suggests
that fracture extension capability and reservoir energization capacity contribute most sig-
nificantly to the comprehensive evaluation of different CO2 pre-injection schemes. The
relatively high weight of fracture half-length highlights the importance of promoting effec-
tive fracture propagation in tight sandstone reservoirs, whereas the substantial contribution
of incremental energized area emphasizes the role of CO2 pre-injection in expanding the
pressure-affected reservoir region.

Although the fracture symmetry coefficient exhibits the lowest entropy weight among
the four indicators, it remains an important parameter in the optimization process. The
relatively low weight of Cs results from its limited variation among different injection
schemes rather than its negligible engineering significance. Excessive fracture asymmetry
may lead to uneven fracture extension and increase the risk of uncontrolled fracture growth
toward adjacent fractures or high-conductivity pathways. In such cases, the injected CO2

may migrate away from the intended stimulation region, reducing the effectiveness of
reservoir energization. Therefore, fracture symmetry was retained as an essential indicator
in the comprehensive evaluation to ensure a balanced assessment of fracture propagation
and reservoir energization performance.

It should be noted that the entropy weights reflect the relative information contribu-
tion of each indicator across the evaluated schemes, rather than its intrinsic engineering
importance or safety significance. Therefore, the relatively low weight assigned to Cs
should not be interpreted as an indication that fracture asymmetry can be neglected. The
comprehensive performance index is intended to rank the overall stimulation performance
of the investigated schemes, rather than to serve as an independent safety criterion. In
practical applications, schemes exhibiting unacceptable asymmetric fracture growth should
be screened against site-specific operational and geological constraints before field imple-
mentation, irrespective of their comprehensive scores.

4.3. Comprehensive Evaluation and Optimal CO2 Pre-Injection Parameters

The entropy weight method was applied to integrate the four evaluation indicators
into a comprehensive performance index (S). The calculated scores of the nine CO2 pre-
injection schemes are presented in Figure 16a, and the distribution of S within the CO2

injection parameter domain is shown in Figure 16b.
The comprehensive evaluation results demonstrate that CO2 injection parameters

strongly influence the overall fracturing performance. The schemes with a CO2 injection
volume of 25 m3 obtain relatively low comprehensive scores (0.1945–0.2271), indicating
that insufficient CO2 injection provides limited improvement in fracture development and
reservoir pressure redistribution. Increasing CO2 injection volume generally enhances the
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comprehensive performance by promoting fracture extension and enlarging the pressure-
affected reservoir region.

Figure 16. Multi-objective optimization results of CO2 pre-fracturing parameters: (a) Ranking
of comprehensive performance for different CO2 pre-injection schemes; (b) Optimization map of
CO2 injection volume and injection rate. Scheme 8 represents the maximum-performance sce-
nario (75 m3 CO2 + 3 m3/min), whereas scheme 5 represents the recommended engineering option
(50 m3 CO2 + 3 m3/min).

Among all investigated schemes, scheme 8 (75 m3 CO2 injection volume and 3 m3/min
injection rate) achieves the highest comprehensive score of 0.8855, representing the
maximum-performance scenario under the investigated conditions. This result is mainly
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attributed to its favorable fracture propagation and reservoir energization characteris-
tics. Specifically, scheme 8 produces a fracture half-length of 207.52 m, a damage area of
395.38 m2, and an incremental energized area of 840.94 m2. These results indicate that
a high CO2 injection volume combined with an appropriate injection rate can enhance
fracture extension and expand the pressure-affected reservoir region.

However, the highest comprehensive score does not necessarily identify the most
suitable engineering option. In practical applications, CO2 consumption, supply costs,
operational feasibility, and equipment capacity must also be considered. Scheme 5 (50 m3

CO2 injection volume and 3 m3/min injection rate) ranks second with a comprehensive
score of 0.7277 and provides a more balanced response among the evaluated indicators.
Compared with scheme 8, its fracture half-length decreases from 207.52 m to 195.65 m, a
reduction in only 5.7%, while its fracture symmetry coefficient increases from 0.85 to 0.99,
indicating more balanced bilateral fracture propagation. Meanwhile, scheme 5 achieves an
incremental energized area of 907.83 m2, exceeding that of scheme 8. These results suggest
that increasing the CO2 injection volume from 50 to 75 m3 primarily promotes further
fracture extension, without a corresponding increase in the incremental energized area.

The field applicability of these schemes also depends on site-specific CO2 supply costs
and the capacity of the available injection equipment. Scheme 8 requires 50% more CO2

than scheme 5, which may increase supply, transportation, and storage costs and impose
additional demands on CO2 delivery and injection systems. Where CO2 availability or
equipment capacity is constrained, scheme 5 may therefore be more practical to implement.
These considerations are operational constraints rather than variables explicitly quantified
in the present optimization model and should be evaluated against site-specific conditions
before field implementation.

The distribution of the comprehensive performance index in Figure 16b further re-
veals the influence of CO2 injection parameters on overall fracturing performance. The
high-performance region is mainly concentrated around an injection rate of approximately
3 m3/min, particularly for CO2 injection volumes of 50–75 m3. Both scheme 5 and scheme 8
achieve their highest comprehensive scores at this injection rate, indicating that 3 m3/min
provides a favorable balance among CO2 migration, pressure redistribution, fracture ex-
tension, and fracture propagation stability. In contrast, increasing the injection rate to
4 m3/min does not continuously improve the comprehensive performance. Particularly
for the 75 m3 CO2 injection condition, the comprehensive score decreases significantly to
0.3668, suggesting that excessive injection rates may induce unfavorable fracture propaga-
tion behavior and reduce the overall effectiveness of CO2 pre-injection treatment.

From an engineering perspective, increasing CO2 injection volume from 50 m3 to
75 m3 requires an additional 50% CO2 consumption, whereas the comprehensive score
increases only from 0.7277 to 0.8855, corresponding to a 21.7% improvement. Meanwhile,
the fracture half-length increases by only 11.87 m. Therefore, the additional benefit obtained
by increasing CO2 injection volume from 50 m3 to 75 m3 is relatively limited compared
with the increased CO2 requirement.

Consequently, scheme 8 (75 m3 CO2 injection volume and 3 m3/min injection rate)
represents the maximum-performance scenario and is suitable when maximizing fracture
extension and overall stimulation performance is the primary objective. Scheme 5 (50 m3

CO2 injection volume and 3 m3/min injection rate), although not the highest-scoring
scheme, provides a more balanced combination of fracture propagation, reservoir ener-
gization, and CO2 utilization. Considering potential CO2 supply costs and site-specific
equipment constraints, scheme 5 is recommended as the preferred engineering option for
CO2 pre-fracturing in tight sandstone gas reservoirs, while scheme 8 remains the preferred
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choice when maximum stimulation performance can be achieved within the available
operational capacity.

5. Conclusions
This study investigated the effects of CO2 injection parameters on fracture propagation

and reservoir energization during CO2 pre-fracturing in low-pressure tight sandstone gas
reservoirs. The main conclusions are as follows:

(1) In the Sulige tight sandstone gas reservoir, the relatively large horizontal stress differ-
ence (8 MPa) dominates fracture propagation during CO2 pre-fracturing. The induced
fractures maintain a typical bi-wing morphology and propagate preferentially along
the maximum horizontal principal stress direction.

(2) At a constant CO2 injection rate of 3 m3/min, increasing the injection volume from
25 to 75 m3 increased the fracture half-length, damage zone area, and energization
area by 14.4%, 5.6%, and 39.5%, respectively, while reducing the fracture symmetry
coefficient by 0.20. Larger CO2 injection volumes promote fracture propagation and
expand the energized reservoir region but may increase fracture asymmetry.

(3) With a fixed CO2 injection volume of 50 m3, increasing the injection rate from 2 to
4 m3/min resulted in non-monotonic variations in fracture propagation. The frac-
ture half-length and symmetry coefficient initially increased and then decreased,
whereas the energization area continuously decreased. These results indicate that an
excessively high injection rate is unfavorable for improving reservoir energization in
low-pressure tight gas reservoirs.

(4) The entropy-weight-based evaluation showed that scheme 8 (75 m3 CO2 at 3 m3/min)
achieved the highest comprehensive score (0.8855), representing the maximum-
performance scenario. Scheme 5 (50 m3 CO2 at 3 m3/min) achieved a score of 0.7277
and provided a more balanced engineering option, with a fracture half-length of
195.65 m and an energized area increment of 907.83 m2. Considering CO2 consump-
tion, supply costs, and site-specific equipment capacity, scheme 5 is recommended for
engineering applications, whereas scheme 8 is preferred when maximizing overall
stimulation performance is the primary objective.

(5) The present THMD model neglects CO2–water–rock geochemical interactions and
adopts a two-dimensional plane-strain assumption, which limits its representation of
three-dimensional fracture geometry. Future work should incorporate geochemical
effects and extend the model to three dimensions to improve the prediction of fracture
propagation during CO2 pre-fracturing.
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