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Abstract:

CO;-energized fracturing holds great potential for enhancing fracturing fluid flowback and
enabling effective CO, sequestration, while the effect of the choice of CO, energization
strategy on these processes is not yet fully understood. This study experimentally
investigated three representative CO; energization methods: Pre-fracturing injection, foam
injection, and co-injection. Nuclear magnetic resonance techniques were applied to
systematically analyze the influence of various CO; injection parameters on fracturing
fluid flowback behavior and CO; storage in tight formations. The results showed that
CO; pre-fracturing increases displacement pressure and significantly improves flowback
efficiency, with optimal performance achieved at a moderate injection volume. Reducing
the injection rate and increasing the volume further enhanced the CO; storage ratio. Foam
injection facilitated flowback by improving foam quality, particularly in macropores. Co-
injection achieved a favorable balance between high flowback efficiency and substantial
CO; retention. Furthermore, the three energization strategies were shown to lead to
distinct fluid redistribution patterns within porous media: Pre-fracturing promoted CO;
retention in micropores and mesopores, foam injection reduced retention in macropores,
and co-injection provided the most balanced performance in mesopores. These findings
provide new insights into CO;-energized fracturing and sequestration mechanisms and offer
technical guidance for optimizing CO»-based stimulation strategies in deep unconventional
tight gas reservoirs.

1. Introduction

Natural gas continues to play a strategic role in modern
energy systems due to its relatively low carbon intensity.
Meanwhile, its sustained development increasingly depends

on the effective exploitation of tight and shale gas reservoirs
(Gajanan et al., 2024; Kasala et al., 2024). As hydraulic
fracturing remains the dominant stimulation technology, con-
cerns regarding its water consumption, the resulting formation
damage, and environmental impacts have motivated the search
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for alternative approaches that simultaneously enhance recov-
ery and reduce operational footprint (Middleton et al., 2015;
Edwards et al., 2017; Osselin et al., 2019).

Among the emerging solutions, CO»-based fracturing has
attracted growing attention because it not only mitigates some
limitations of water-based fracturing but also provides oppor-
tunities for geological CO; storage (Iddphonce et al., 2020;
Prasad et al., 2023; Zhou et al., 2025). Under deep reservoir
conditions, CO, exhibits liquid-like density, gas-like viscosity
and very low interfacial tension, enabling efficient penetration
into micro- and nanopore systems and reducing capillary
resistance (Kim et al., 2017). These properties of CO, enable
a range of CO;-fracturing strategies, including pre-fracturing
injection, co-injection with fracturing fluid, and foam-based
systems that utilize higher viscosity and stability to improve
proppant transport and fluid management (Qiao et al., 2024;
Radhakrishnan et al., 2024; Harshini et al., 2025). Field
trials across multiple basins worldwide have demonstrated the
potential of these approaches to enhance fracture conductivity,
improve reservoir connectivity, and promote both the solubility
and mineral trapping of injected CO;, (Zhou et al., 2019; Shen
et al., 2024; Zhao et al., 2026).

Recent research has converged toward a mechanistic un-
derstanding of how CO; enhances stimulation performance
(Agarwal and Kudapa, 2022; Cong et al., 2022; Chen et
al., 2025). Studies of fracture propagation and CO,-rock
interactions show that the strong gas-expansion energy of CO»
plays a central role in driving fluid mobilization. Flowback
behavior is strongly governed by permeability and pore-
network connectivity, while the timing and spatial placement
of injected CO, influence the distribution of gas within
fractures and thus the effectiveness of liquid displacement
(Li et al., 2021; Xia et al., 2022). Meanwhile, advances in
CO;, foam technologies highlight the importance of foam
stability: More persistent foam structures can simultaneously
improve flowback efficiency and increase CO; retention (Han
et al., 2026). Numerical modeling further indicates that CO;-
induced fracture complexity, phase behavior, and mineral-
scale dissolution or extraction processes interact to enhance
both hydrocarbon recovery and long-term CO; immobilization
(Yekeen et al., 2018; Tao et al., 2025).

Despite the above advances, comparative analyses of dif-
ferent CO, energization methods, particularly with respect to
fracturing fluid flowback and CO, storage in various pore
structures, remain limited. Moreover, the solubility, miscibility
and mobility of CO, further complicate flowback perfor-
mance, and reservoir heterogeneities lead to inconsistent CO;-
enhanced recovery and sequestration outcomes.

To address these research gaps and optimize CO»-
energized fracturing under different energization modes, this
study conducted three controlled laboratory experiments using
cores from the Shanxi Formation in the Ordos Basin. This
work compares CO; pre-fracturing, CO, foam and CO, co-
injection, assessing their effects on fracturing fluid recovery
and CO, storage. Through employing nuclear magnetic reso-
nance (NMR) techniques to quantitatively analyze pore-scale
fluid distribution and retention, the findings offer theoretical
support for optimizing CO;-based fracturing and technologies

in deep unconventional tight gas reservoirs.
2. Materials and methods

2.1 Description and preparation of specimens

The tight sandstone samples used in this study were
collected from the Shan 1 member of the Shanxi Formation
in the Qingyang Gas Field, Ordos Basin (Fig. 1). This area
features deep gas reservoirs, with the Shan 1 member typ-
ically buried at depths greater than 3,800 m and exhibiting
an average reserve abundance of 0.58 x 108 m3/km?. The
reservoir is characterized by low porosity, low permeability,
low abundance, and low pressure, along with a homogeneous
gas-bearing sequence, small sand-body scale, and thin gas
layers (Fu et al., 2019).

Samples were collected from depths ranging from 4,427.48
to 4,482.24 m, and the cores primarily consisted of gray
medium-grained sandstone. The statistical analysis of 74 cores
showed an average porosity of 5.37% and an average perme-
ability of 0.1967 mD. Overall mineralogical analysis indicated
that the tight sandstones were uniformly quartz-rich, with
quartz typically accounting for 76.5%-79.1%, accompanied
by moderate clay minerals (approximately 12.1%-14.5%) and
minor feldspar (about 5.1%-7.3%), while other minerals re-
mained below 4%. For this experiment, simulated formation
water representing the gas reservoir was prepared with a
salinity of 20.94 g/LL and a CaCl, water type. Pure (99.99%)
CO; gas was used, and the fracturing fluids comprised a guar
gum-based system and a foam fracturing fluid supplied by the
oilfield.

2.2 Experimental apparatus and procedures
2.2.1 Experimental apparatus

This study included three types of CO, energization ex-
periments: CO, pre-fracturing energization, CO, foam en-
ergization, and CO; co-injection energization. As illustrated
in Fig. 2, the experimental setup comprised a core holder
equipped with a corrosion-resistant rubber sleeve, a syringe
pump (accuracy < +1%, flow rate range of 0.01 to 10
mL/min), a hand pump, a high-temperature and high-pressure
intermediate container, a wet gas flow meter (accuracy £1%
of full-scale reading, measurement range of 0 to 30 L/min),
and an electronic balance. To characterize pore-scale fluid
distribution and flowback behavior, a Niumag PQO01 NMR
instrument was used to obtain the 7, spectra of the fracturing
fluid before and after flowback. The key acquisition parameters
were set as follows: An echo time of 0.1 ms; a wait time of
2,500 ms; and 5,000 echoes were accumulated for each scan
to ensure a high signal-to-noise ratio.

2.2.2 Experimental scheme and procedure

To simulate the effects of various CO, injection methods
on energization and flowback, three experimental groups were
designed according to typical CO,-energized fracturing op-
erations. For CO, pre-fracturing, the injection volume was
set within the range of 0.3-0.7 pore volumes (PV) to en-
sure adequate pressurization while avoiding premature gas
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Fig. 2. Experimental device for CO;-energized fracturing fluid flowback and storage.

breakthrough. For CO, foam energization, foam qualities of
55%-75% were set, as this range has been shown to balance
foam stability while achieving an effective displacement of
fracturing fluid (Zhao et al., 2024). Similarly, for CO, co-
injection, a co-injection ratio of 25%-40% was selected based
on evidence that this range enhances the combined benefits of
CO;-induced energy and fracturing fluid displacement while
avoiding operational challenges associated with higher CO,
fractions (Wang et al., 2019).

These experiments aimed to evaluate the impacts of CO;
pre-fracturing energization, CO, foam energization, and CO;
co-injection energization. The experiments were conducted

under varying conditions, including injection volumes and
rates, foam qualities, and co-injection ratios, to systemati-
cally evaluate the CO,-enhanced flowback effects and storage
patterns. The experimental temperature and initial injection
pressure were set at 80 °C and 15 MPa, respectively. The
detailed experimental parameters are provided in Tables 1-
3. A comprehensive overview of the experimental workflow
is illustrated in Fig. 3. The diagram shows the process of
CO;-energized fracturing fluid flowback and CO, storage,
outlining the key stages involved, from initial CO; injection
and pressure stabilization to the flowback of fracturing fluid
and the subsequent evaluation of CO, storage.
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Fig. 3. Flowchart of CO;-energized fracturing fluid flowback and storage processes.

Table 1. Core properties and injection parameters for CO;
pre-fracturing energization.

Table 2. Core properties and injection parameters for CO;
foam energization.

Noo [ P el Ot e Py gegy™ - iy
(mL/min) (mL/min)

P-1 5.16 0.1242 0.03 0.3 F-1 6.58 0.1543 0.03 55

P-2 496 0.1052 0.03 0.5 F-2  6.55 0.1249 0.03 65

P-3  4.59 0.1153 0.03 0.7 F-3 534 0.1351 0.03 75

P-4 4.66 0.1341 0.06 0.5

P-5 7.54 0.1258 0.09 0.5 typical pore-structure characteristics of tight sandstone (Gao

2.3 Pore structure classification

The NMR 7, spectrum provides an effective characteriza-
tion of tight sandstone pore structures, where 75 is positively
correlated with pore size, while signal amplitude reflects pore
volume and spectrum continuity indicates pore connectivity
(Eyinla et al., 2023; Gao et al., 2023a; Luo et al., 2026). Using
conventional cutoffs of 10 and 100 ms (Wang et al., 2020),
pores are classified into micropores (0-10 ms), mesopores (10-
100 ms) and macropores (100-10,000 ms). As shown in Fig.
4, the samples exhibit bimodal to trimodal spectra dominated
by micropore signals, with mesopores moderately developed
and macropores being the least abundant, aligning with the

et al., 2025). Based on the representative spectra (P-1, C-1,
and C-1-fb), the integrated 7, areas before and after flowback
(Ap and Ap) were used to quantitatively assess the changes in
retained fluid.

2.4 Fracturing fluid flowback and CQO; storage
evaluation method

To eliminate the impact of CO; on the measured volume
of fracturing fluid, the flowback rate was calculated using the
gravimetric method:
mp
Ry my +my —mg M
where R; represents the flowback rate of the fracturing fluid,
%; mqy denotes the dry weight of the core, g; m; denotes the

x 100%
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Table 3. Core properties and injection parameters for CO,
co-injection energization.
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Fig. 4. Diagram illustrating the pore-structure classification of
typical tight sandstone samples.

wet weight of the core after flowback, g; and m; is the mass
of the flowback fluid, g.

A gas flow meter was used to measure CO, flowback,
and the CO, volume was corrected to the reservoir conditions
using the gas state equation to calculate the CO, storage ratio:

R, = Vo= Vi . 100% )
Vo
where R, represents the CO, storage ratio, %; Vj denotes the
injected volume of CO,, mL; and V) is the volume of CO,
produced during flowback, mL.

To quantitatively characterize the retention patterns of
fracturing fluid in the core under different CO, energization
methods, NMR technology was used to assess the distribution
of fracturing fluid across various pore scales. The retention
rate of the fracturing fluid in the core was calculated by
determining the ratio of the 7, spectral area within each pore-
size interval before and after flowback:

"
T
ZTZ/ Ay
2
R3 = 7

T,
A
ZTZ, 0

where Rj3 represents the retention rate of the fracturing fluid in
the core, %; A denotes the signal amplitude within a specific
pore size range of the NMR 7, spectrum after flowback, and
Ay is the signal amplitude corresponding to the initial NMR
T, spectrum of the core in the same pore size range.

It should be noted that potential sources of uncertainty
in the calculated flowback rate, CO, storage ratio, and fluid
retention include gas flow meter errors, volume measurement

x 100% 3)

deviations, pressure and temperature fluctuations, and the
heterogeneity of core permeability. To minimize these effects,
all instruments were calibrated before each test, and the
experimental procedures were performed under standardized
and controlled conditions.

3. Experimental results

3.1 Pressure variation in the core displacement
system

The pressure response of the displacement system clearly
differentiates the energization effectiveness of the three CO,
injection strategies (Fig. 5). CO, pre-fracturing generates the
strongest pressure enhancement, rising sharply with slug vol-
ume and peaking at 0.5 PV (Fig. 5(a)), beyond which further
pore filling leads to a plateau, while higher injection rates
accelerate the early pressure rise but yield similar stabilized
pressures of 26.54 MPa (Fig. 5(b)).

CO, foam energization also generates substantial pressure
buildup, and the effect strengthens systematically with foam
quality. Pressure increments rise from 10.61 to 12.15 MPa
as foam quality increases from 55% to 75%, producing final
system pressures of 25.61 to 27.15 MPa (Fig. 5(c)). However,
once the foam quality approaches the upper stability limit, the
pressure enhancement begins to level off due to reduced foam
robustness.

In contrast, CO; co-injection yields the weakest ener-
gization, with the maximum pressure increase reaching only
7.92 MPa at a 40% co-injection ratio and a final pressure
of 22.92 MPa (Fig. 5(d)). Although increasing the CO, co-
injection ratio elevates pressure through gas expansion, the
limited CO, fraction and early onset of gas-liquid phase
separation constrain the maximum pressure increase, which
remains significantly lower than that of pre-fracturing or foam
energization.

Overall, the pressure evolution trends indicate that pre-
fracturing and CO, foam mobilize fluids primarily through
compressible-energy storage and stabilized gas-phase displace-
ment, whereas co-injection provides only partial energization
due to restricted gas volume and reduced sweep continuity.

3.2 Variation in the fracturing fluid flowback
rate and CQ; storage ratio

The flowback behavior and CO; storage patterns further
distinguish the three energization strategies (Fig. 6). In CO,
pre-fracturing, increasing the initial CO; volume enhances
fracturing fluid flowback, peaking at 79.55% around 0.5 PV,
while CO, storage gradually increases due to effective pore
filling and compression (Fig. 6(a)). Higher injection speed
accelerates early fluid displacement but reduces overall CO,
retention, as rapid flow limits dissolution and capillary trap-
ping (Fig. 6(b)). With rising foam quality (77.27%-89.36%),
CO, foam energization progressively improves flowback while
maintaining relatively stable CO, storage (36.56%-39.11%),
reflecting the combined effects of gas expansion and re-
duced liquid-phase resistance (Fig. 6(c)). In contrast, CO, co-
injection yields moderate flowback, with most CO, dissolving
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Fig. 5. Pressure evolution in the core displacement system under different CO, energization conditions: (a) CO, injection
volume, (b) CO; injection rate, (c) foam quality and (d) CO, co-injection ratio.

into the fracturing fluid and returning simultaneously, resulting
in relatively low storage efficiency (average 37.62%, Fig. 6(d)).

The higher CO; storage observed at lower injection rates
is attributed to prolonged CO; residence and enhanced inter-
action with the pore network. Slower injections allow CO;
to dissolve more thoroughly into formation water under stable
pressure, reducing premature gas-phase breakout. Reduced vis-
cous forces enable CO, to penetrate smaller pores and become
immobilized via capillary trapping. Extended contact time
further promotes interactions with clay minerals, facilitating
partial carbonation and long-term mineral sequestration (Gao
et al., 2023b).

3.3 Microscopic retention patterns of fracturing
fluid

After the flowback of the fracturing fluid, retention patterns
were analyzed using NMR testing methods. Figs. 7-9 display
several peaks in the 7, spectrum: The micropore peak has the
highest amplitude, followed by the mesopore peak, and the
macropore peak shows the lowest amplitude. After flowback,
the signal amplitude for micropores remains the highest across
different energization methods, while mesopores and macrop-
ores exhibit relatively low amplitudes.

Figs. 7(a)-7(e) illustrate the T, spectra for fracturing fluid

retention under the CO, pre-fracturing energization method.
At an injection volume of 0.5 PV, the retention rates for
different pore sizes are relatively low, with those of micro-
pores, mesopores and macropores at 26.82%, 11.29%, and
11.81%, respectively. Increasing the injection speed leads to
decreased retention rates across all pore sizes. At an injection
speed of 0.09 mL/min, retention rates reach their lowest levels,
with micropores, mesopores and macropores retention rates
of 15.07%, 16.60% and 17.01%, respectively. The T, spectra
exhibit a dominant micropore peak (0-10 ms) both before and
after flowback. At 0.5 PV injection, the signal amplitude for
micropores decreases by 26.82%, while mesopores (10-100
ms) and macropores (>100 ms) show reductions of 11.29% and
11.81%, respectively. This indicates that CO, preferentially
displaces the fracturing fluid from larger pores due to its
low viscosity and high diffusivity. However, capillary forces
in micropores resist CO; penetration, leading to higher fluid
retention in these micropores.

Under the CO, foam energization method, the flowback of
fracturing fluid from macropores is highly efficient, resulting
in a retention rate of 0% (Fig. 8(a)-8(c)). At foam qualities
of 55%, 65% and 75%, the retention rates in micropores are
relatively high at 28.92%, 22.33% and 12.34%, respectively,
while the retention rates in mesopores are lower at 17.41%,
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Fig. 10. Correlation analysis of the key factors influencing
CO; energization and enhanced flowback.

17.84% and 13.01%. The T> spectra show near-complete elim-
ination of the macropore peak (> 100 ms) after flowback. For
instance, at 75% foam quality, macropore retention drops to
0%, while micropore retention decreases to 12.34%. This can
be attributed to the foam lamellae bridging macropore throats,
reducing fluid mobility and promoting efficient flowback. The
bimodal 7, distribution post-flowback reflects the stability of
foam in larger pores, while residual fracturing fluid remains
trapped in smaller pores due to high capillary resistance.

In contrast, the CO, co-injection energization method
shows higher overall retention rates in micropores after flow-
back (Fig. 9(a)-9(c)). For co-injection ratios of 25%, 33% and
40%, the retention rates in micropores are 50.66%, 41.64% and

4. Discussion

4.1 Influencing factors of CO; energization and
flowback effects

To analyze the effects of various CO, energization meth-
ods, a Pearson correlation analysis was conducted to quan-
titatively assess the influence of experimental parameters on
core displacement system pressure, fracturing fluid flowback
rate, and CO; storage ratio. The correlation coefficient r was
calculated to quantify the degree of correlation, as given by:

(6 -9)0i )

“4)

Iy = —
Y (x—%)*
i=1

where r,, represents the Pearson correlation coefficient be-

tween variables x and y, n represents the number of observa-

tions, x; and y; denote the individual sample points indexed

with i, and X and ¥ denote the sample means of variables x

Z(y —5)?

i=1
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and y, respectively.

Typically, a coefficient » > 0.8 indicates a strong correla-
tion, 0.5 < r < 0.8 signifies a moderate correlation, and r < 0.5
reflects a weak correlation (An et al., 2022). The results of the
correlation analysis are presented as a correlation heatmap in
Fig. 10.

The correlation coefficient results reveal significant differ-
ences in the effects of various CO, energization methods on
displacement system pressure, fracturing fluid flowback rate
and CO; storage ratio. For CO, pre-fracturing energization, the
amount of injected CO, shows a low correlation with system
pressure and fracturing fluid flowback rate but a high correla-
tion with the CO, storage ratio. This indicates that variations
in CO;, injection volume have minimal impact on system
pressure and fracturing fluid flowback, especially regarding the
influence of increased injection volume. In the experiments,
the narrow CO; injection range and the low porosity of tight
sandstone characterized by abundant micropores allow the
rock matrix to buffer pressure increases. Furthermore, the high
compressibility of supercritical CO; and its partial dissolution
in the fracturing fluid leads to complex gas-liquid interactions,
resulting in minimal pressure changes despite the increased
CO, injection rate.

The injection speed shows a high negative correlation with
the CO, storage ratio, with minimal effects on fracturing
fluid flowback and displacement system pressure. A higher
injection speed hinders pressure diffusion, weakening the CO»
energization effect. With less time for CO, to dissolve into
the fracturing fluid and interact with the reservoir rock, CO»
retention in the reservoir decreases.

In the CO, foam energization mode, a strong positive
correlation with displacement system pressure, fracturing fluid
flowback rate and CO, storage ratio can be observed. This
indicates that increasing the CO, foam quality effectively
enhances the energization effects as more CO, dissolves in
the fracturing fluid. During depressurization and flowback,
the dissolved supercritical CO, escapes, reducing resistance to
fluid flow and enhancing liquid production. As foam quality
increases, the gas phase becomes more dominant and the foam
becomes less viscous, which improves the mobility of the
fracturing fluid. This is especially true for macropores, where
CO,; displacement is more efficient.

In the CO; co-injection energization mode, the high com-
pressibility of CO, compared to the fracturing fluid indicates
that increasing the co-injection ratio can improve both CO,
storage and fracturing fluid flowback rates. Higher CO; ratios
increase the amount of injected CO;, enhancing the energy
available for fluid displacement.

In summary, CO, pre-fracturing energization has a rel-
atively weak effect on displacement system pressure and
fracturing fluid flowback, whereas foam energization and co-
injection energization methods significantly impact fracturing
fluid flowback, core displacement system pressure and CO»
storage. Increasing foam quality and co-injection ratios can
enhance fracturing fluid flowback rates and improve CO;
storage efficiency. Overall, optimizing the foam fracturing
fluid system benefits CO, energization effects. A significant
negative relationship exists between injection speed and CO»,

storage ratio, which can be attributed to the fact that higher
injection speeds reduce the residence time of CO; in the
reservoir. With less time for CO» to dissolve into the fracturing
fluid and interact with the reservoir rock, CO, retention in
the reservoir decreases. Additionally, faster injection speeds
may bypass smaller pore spaces, where CO, dissolution and
retention are the most effective, thus leading to reduced CO,
storage efficiency.

The energization and flowback outcomes are clearly illus-
trated by the quantitative assessment of various CO, energiza-
tion methods on core displacement system pressure, fracturing
fluid flowback rate and CO, storage ratio. As shown in Fig.
11, displacement system pressure is positively correlated with
CO; injection volume, foam quality and CO; co-injection
ratio, but it is negatively correlated with CO; injection speed.
Notably, CO, pre-fracturing energization has the weakest
impact on displacement system pressure, while foam and co-
injection methods exert a more substantial influence. This
suggests that, given a constant injection volume, increasing
the proportion of injected CO, enhances reservoir pressure.
The efficiency of fracturing fluid flowback is significantly
influenced by various injection parameters, with a positive
correlation between different energization methods and fractur-
ing fluid flowback rates. This indicates that CO, energization
effectively improves the fracturing fluid flowback rate, which
can be enhanced by further optimizing the CO, injection
parameters.

The CO, storage ratio is highly sensitive to the injection
parameters: It increases with CO; injection volume, foam
quality, and co-injection ratio, while it decreases with injection
speed. This quantitative correlation is consistent with our
experimental observations. For instance, as shown in Section
3.2, reducing the CO; injection speed from 0.09 to 0.03
mL/min raises the average storage ratio from 34.07% to
37.63%. These results confirm that adopting lower injection
rates is an effective strategy to enhance CO; storage efficiency
in tight sandstones.

4.2 Distribution of fracturing fluid before and
after flowback

The flowback patterns of fracturing fluid under CO, pre-
fracturing energization method were quantitatively character-
ized by NMR testing at different stages. Fig. 12 presents the
distribution of pore fluid in the core at different scales before
and after fracturing fluid flowback. The pie charts, indicated
by the blue arrows, illustrate the post-flowback distribution of
fracturing fluid in the pores under each experimental condition.
The proportion of pore fluid in micropores increases after
flowback, while that in mesopores and macropores decreases.
During flowback, as displacement system pressure declines,
CO; in the pores expands, preferentially displacing fluid from
macropores and mesopores, which leads to a greater volume
of fracturing fluid being retained in micropores. This phe-
nomenon aligns with the findings of Zhou et al. (2023), who
reported that in tight sandstone, CO, preferentially displaces
fluids from larger pores, while capillary forces lead to higher
retention in micropores.



Luo, K., et al. Advances in Geo-Energy Research, 2026, 19(1): 58-71

67

CO, pre-fracturing CO, foam CO, co-injection
energization energization energization
Storage
effect
Flowback
effect
Pressure
0.3PV 0.5PV 0.7PV 0'06. 0'09. 55%  65% 75% 25% 33% 40%
mL/min mL/min
A Hi 4 High
- Higher High igher High
correlation correlation
Positive Negative
. . Hich .
Higher Low correlation 4 Higher Low correlation
correlation correlation

Fig. 11. Correlation analysis of energization effects under different CO, injection parameters.

For the FI-F3 cores, CO, foam energization facilitates
flowback, increasing fluid proportions in both micropores and
mesopores after flowback, while the proportion in macropores
decreases (Fig. 13). The average proportions of pore fluid in
micropores before and after flowback are 90.92% and 94.92%,
respectively. The presence of CO, foam reduces the seepage
resistance in the pores, enhancing efficient flowback from
macropores. Zheng et al. (2023) suggested that the CO, foam
effect alters pore size and connectivity, impacting fluid distri-
bution and flowback efficiency. This aligns with our findings,
which show that CO, foam-enhanced recovery improves fluid
flowback by modifying pore structure and reducing seepage
resistance.

In the C1-C3 cores using CO, co-injection for energization,
the proportion of pore fluid in micropores increases after
flowback, while a decrease is observed in mesopores; changes
in macropores are more complex (Fig. 14). Under CO; co-
injection conditions, flowback from mesopores is particularly
effective, with proportions before and after flowback at 22.75%
and 7.26%, respectively. Co-injecting energizing foam with
a quality of less than 52% significantly increases the return
speed and rate of the fracturing fluid, reduces its retention, and
mitigates water blocking damage, thereby improving stimula-
tion effectiveness.

4.3 Mechanisms of CO; energization and
geological storage

During the CO; energization and flowback process, in-
jected CO; serves two main functions: It dissolves in the frac-
turing fluid, thus reducing flow resistance, and expands during
flowback, facilitating efficient fluid return. Fig. 15 illustrates
how CO; is utilized in fracturing operations through capture
and transport. After the injection phase, the well is closed
for a certain period, allowing interactions among the injected

CO,, fracturing fluid and reservoir. This interaction enhances
reservoir properties, such as effective permeability and pore
connectivity, by reducing mineral blockage and increasing
porosity. It also modifies wettability and lowers capillary
forces, promoting more efficient flowback of the fracturing
fluid. When the well reopens, CO» aids in effective flowback,
with some CO; retained in the reservoir for geological storage.
A portion of CO; is permanently stored underground through
physical and chemical mechanisms. In physical terms, CO;
is trapped in reservoir pore spaces by capillary forces and
dissolved in formation water. Chemically, CO, reacts with
minerals like calcite to form stable carbonate compounds, a
process known as mineral trapping (Prasad et al., 2023). This
mineral sequestration converts CO, into a solid, enhancing the
effective permeability and stability of the reservoir.

The effects of different CO, energization methods vary
significantly, influenced by injection parameters affecting dis-
placement system pressure, flowback rate and CO, storage
efficiency. In CO, pre-fracturing, the initial CO, slug, due
to its low viscosity and high mobility, invades larger pores
and fractures in the rock. During the subsequent injection
of fracturing fluid, this pre-positioned CO;, is compressed,
storing significant elastic energy. The NMR results indicate
that the highest residual fracturing fluid saturation is found in
micropores, suggesting that the compressed CO, preferentially
expands and displaces fluid from macropores and mesopores
upon pressure release. However, due to strong capillary forces,
it remains trapped in the micropores, leaving them water-
saturated.

The foam energization method improves the efficiency
of fluid injection, enhances flowback rates and minimizes
damage to reservoir permeability and fracture conductivity.
The NMR data reveals a remarkable, near-complete clearance
of fracturing fluid from macropores after flowback, especially
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at high foam quality. This occurs because the lamellae of the
foam effectively block the throats of large pores, preventing
gas channeling and forcing the displacing front to efficiently
displace resident fluid. Additionally, the expansion of CO»
generates energy that enhances the flowback capacity of the
fluid. During flowback, the release of elastic energy from the
gas due to pressure drop rapidly lifts the fluid to the surface,
allowing compressed foam bubbles to expand and exit through
the wellbore.

CO, co-injection energization simplifies fluid injection,
promoting the dissolution of CO, in the fluid. The NMR
results demonstrate that this method is uniquely effective at
displacing fluid from mesopores, showing the lowest average
retention rate in this range. This suggests that the co-injected
CO; can access and mobilize fluid from these intermediate-
sized pores more effectively than the other methods. The
expansion of heated CO; in the formation increases reservoir
energy, while CO; also reduces the surface tension of the fluid,
enhancing both flowback speed and rate.

In summary, injected CO, dissolves in the fluid, easing
injection difficulty and improving energization effectiveness.
The reaction of supercritical CO, with water can dissolve
specific minerals in the core, enhancing transport properties
and injectivity. During flowback, dissolved supercritical CO,
causes volume expansion, increasing pressure and facilitating
the rapid flowback of fluid. The properties of supercritical
COg, such as low viscosity, high diffusion coefficient and ex-
tremely low surface tension, contribute to increased flowback
energy and reduced seepage and capillary resistance. Overall,
injected CO, plays a crucial role in expanding fractures,
improving reservoir properties and enhancing the flowback
of fluid. During fracturing, well soaking and flowback, a
substantial amount of CO, is consumed through the synergistic
effects of adsorption, dissolution and expansion, facilitating
geological storage.

4.4 Application of CO;-energized fracturing
methods in oilfields

Supercritical CO», given its low viscosity, high diffusivity
and near-zero surface tension, efficiently penetrates micro-
fractures and promotes fracture-network development, making
CO; fracturing well suited for low-permeability and water-
sensitive reservoirs. Furthermore, it reduces water use and en-
ables partial CO; sequestration during injection and flowback.

Field applications across multiple basins consistently show
accelerated fluid cleanup and enhanced early production when
CO; is introduced as an energizing agent (Wang et al., 2014;
Abdel et al., 2024; Tang et al., 2025). Pre-fracturing CO»
slugs expand rapidly during flowback, improving fluid return
and stimulated reservoir volume, while CO, foam systems
couple energization with superior fluid and proppant transport
to deliver substantial production gains.

Our experimental results align with these observations,
showing that CO, foam and pre-fracturing outperform co-
injection due to stronger pressure buildup and more effec-
tive gas expansion. Each energization mode displays pore-
structure-dependent advantages: CO, pre-fracturing enhances
mobilization in micropores, CO, foam performs best in macro-
pores, and CO;, co-injection suits mesoporous media. These
insights support more targeted designs for CO;-energized
fracturing and improved predictions of flowback and storage
performance.

5. Conclusions

1) CO, pre-fracturing energization at an optimal injection
volume of 0.5 PV significantly boosts fracturing effi-
ciency and system pressure, primarily enhancing fluid
flowback from micropores and mesopores. CO, foam
energization, with a foam quality of 75%, facilitates near-
complete fluid recovery in macropores. In contrast, CO;
co-injection energization demonstrates superior efficiency
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in mesopores, achieving an average retention rate of
11.31%.

2) Lower injection rates improve the CO, storage ratio,
aligning fracturing operations with carbon sequestra-
tion goals. The suitability of each energization method
varies with pore structure: CO, pre-fracturing energiza-
tion is ideal for tight sandstones with micropores, CO;
foam energization benefits macropore-rich formations,
and CO; co-injection energization is suited for mesopore-
dominated reservoirs.

3) All three CO; energization methods enhance reservoir
properties through mechanisms such as CO; dissolution,
fluid expansion and chemical reactions. These processes
promote effective geological CO, storage and improve
flowback efficiency. Optimizing CO, energization strate-
gies can significantly enhance both fracturing fluid flow-
back and CO; storage capacity, offering substantial ben-
efits for the development of deep unconventional gas
Ieservoirs.
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