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Abstract
Microbubble (MB) CO₂ injection has been proposed to improve sweep efficiency and dissolution trapping, yet its
implications for injectivity and near-wellbore integrity in high-permeability formations are not well constrained.
We conducted repeated volume-balance core-flooding experiments on high-permeability Berea sandstone (~ 
980 mD) under deep saline aquifer conditions (40°C, 10.7 MPa), comparing MB and conventional supercritical
CO₂ injections across flow rates of 0.05–0.5 cc/min (Ca : 1.15–11.5 × 10⁻⁹) while monitoring brine permeability.

At 0.05 cc/min, MB injection increased average CO₂ saturation by 8.9% relative to conventional flooding due to
temporary microbubble-induced blockage of dominant flow channels. This benefit diminished at higher flow
rates (0.1–0.5 cc/min), where MB injection consistently yielded lower final CO₂ saturations. Across sequential
floods, MB injection caused brine permeability to decline up to four times faster than conventional injection,
indicating accelerated near-wellbore damage likely driven by fines mobilisation and enhanced mineral reactions
associated with rapid microbubble dissolution.

These results demonstrate a clear trade-off in MB CO₂ injection: potential sweep-efficiency gains at low flow
rates versus permeability loss and injectivity difficulties at higher flow rates. The results of this study suggest
the need for further research under higher flow rates considering practical operation and optimising
microbubble-based storage strategies will require careful control of flow rate and consideration of reservoir
heterogeneity in high-permeability systems.

1. Introduction
Carbon dioxide is the principal emitted greenhouse gas responsible for unprecedented fast climate change. It is
the co-product of every industry sector at the society’s base and more globally, from every main source of
energy used by mankind (IPCC, 2023). Moderating emissions is a current challenge that will persist in the next
decades. Carbon capture, utilization and storage is considered a major actor in the transition to net-zero carbon
by 2050 (IEA, 2020). Particularly, carbon storage is a major challenge in economic scales: Building a storage
project includes many safety considerations with relative uncertainties (Mahjour & Faroughi, 2023).

Microbubble CO₂ is a new injection method that may be used in all storage settings. It has mainly been studied
as displacing liquid for Enhanced Oil Recovery (EOR) (Xue et al., 2018). This technology benefits from a higher
oil recovery by reducing entry capillary pressure (Li et al., 2024). By being able to penetrate smaller pores, CO₂
microbubble also implies a lower injectivity overall. Microbubbles can plug the main pathways, allowing flow
through the smallest pores (Yu et al., 2022), resulting in a higher ΔP. This injection type has also been shown to
be effective in aquifer settings as there is also potential for a more efficient storage. In these particular settings,
microbubble injection has been mainly studied in a high salinity environment (Jiang et al., 2019; Park et al., 2018;
Patmonoaji et al., 2019; Wang et al., 2022; Zhai et al., 2020). Overall, microbubble injection has a potential for a
higher sweep efficiency, higher dissolution rate and a slower CO₂ plume rising velocity (Li et al., 2023).

The current state of the art in microbubble injection applied to laboratory-scale core flooding tests performed in
deep saline aquifer conditions demonstrates a relative increase in average CO₂ saturation at the steady state.
This improvement is attributed to the addition of a microbubble generation filter (Fig. 1). All values within
sandstone rock samples never go above 20% increase in CO₂ saturation and on average 6.2%. Mainly Berea
sandstone is used as test sample in literature floodings. Interestingly, it shows disparate results on the most
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tested permeability: 100 mD. Samples done in rock cores show an average of 0 to 5% improvement thanks to
microbubble injection.

Overall, a trend is showing up, where higher permeability samples have more potential to have better results with
microbubble injection. This could be explained by the “Jamin effect”, detailed in publications (Dubey &
Majumder, 2024; Le et al., 2022; Li et al., 2024; Telmadarreie et al., 2016). Jia et al. (2023) observed on
microchips large channels plugged by microbubbles, which allowed smaller pores to be penetrated. A
microbubble or a swarm of microbubbles with a larger diameter to the pore can block it and create a local higher
pressure. CO₂ can then reach pores that required a higher capillary entry pressure to be swept. In the case of
high-permeability sandstone samples, they possess high-diameter channels through which CO₂ can easily
transit. Microbubble CO₂ agglomerates can temporarily plug them and allow other smaller channels to be
penetrated.

From literature results, it can be noted that floodings on cores with a similar permeability may not obtain similar
CO₂ saturation results. In fact, the relation between permeability and final CO₂ saturation after drainage is
complex and no direct relation exists between them (Zhang & Arif, 2024). However, the microbubble effect on
sweep efficiency and injectivity appears to depend on permeability, which can be seen from the correlation
shown in Fig. 1. The effectiveness of microbubble injection can vary significantly, as the way microbubbles move
through the rock may lead to inconsistent blockage; in addition, microbubbles of different sizes may interact
with and block different pore spaces during each injection. Literature results also employed different salinities,
ranging from 0.58 (Xue et al., 2013) to 187 g/L eqNaCl (Jiang et al., 2019; Patmonoaji et al., 2019; Zhai et al.,
2020) which may have an impact on microbubble generation and flood.

The physical properties of microbubbles lead to improvements in sweep efficiency, injectivity and dissolution
rate, as seen in the literature (Li et al., 2018; Park et al., 2018; Patmonoaji et al., 2019; Ueda et al., 2021; Wang et
al., 2022; Xue, 2021; Xue & Matsuoka, 2008; Xue et al., 2014; Xue et al., 2018; Xue et al., 2011; Yu et al., 2022;
Zhai et al., 2020). However, other effects of microbubbles could be considered and have the potential to
antagonise the previously mentioned mechanisms. In near-wellbore environments, where the rock is exposed to
high concentrations of CO₂ during injection, the fast dissolution of microbubbles can cause the surrounding
brine to become acidic more quickly. This can accelerate the dissolution of minerals and chemical reactions
within the pore spaces of the rock. Moreover, microbubbles negative charges on their boundaries could interact
with clay particles and cause swelling. Overall, all these effects could cause fines migration and faster rock
decay.

Most comparative laboratory tests have relied only on a single flowrate per experiment, which does not reflect
real field conditions where the injection rate tends to be variable. Microbubble injection studies on a flowrate
comparison point have noticed significant differences in results (Le et al., 2022; Wang et al., 2025b). In the case
of Wang et al. (2025b), 0.05 cc/min on a standard syringe pump injection is seen as the most optimal case for
microbubble injection. However, this injection flowrate on a closer reservoir is not to be expected but at least a
hundred meters from the well in medium-sized projects. Economic viability is also unlikely if microbubbles must
be generated at such a low rate, as it is insufficient for the field. Sequential flooding is used in this study to
investigate microbubble injection rate sensitivity ; the effects on saturation and global microbubble behaviour
are discussed.
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This study investigates whether microbubble injection improves CO₂ saturation in high-permeability rocks, using
CO₂ flooding experiments on Buffi Berea sandstone with a permeability of ~ 1000 mD. The flooding protocol of
Zhai et al. (2020) was replicated at a flow rate of 0.05 cc/min on one sample (BO5). A second sample (BO3) was
subjected to sequential CO₂ injections at increasing flow rates (0.05, 0.1, and 0.5 cc/min) to evaluate how
changes in injection rate influence steady state saturations relative to conventional injection. The impact of
microbubble injection on permeability reduction was investigated by monitoring brine permeability after the
initial imbibition, for both conventional and microbubble injection, using sample BO3. To the best of our
knowledge, this is the first study to systematically quantify flow-rate–dependent microbubble CO₂ behaviour and
permeability decay in high-permeability sandstone under repeated injection cycles. By comparing microbubble
and conventional CO₂ injection across sequential flow rates, we capture both efficiency gains and integrity
losses. The findings provide insight directly relevant to CO₂ subsurface utilisation and geological storage
operations.

2. Materials and Methods
Volume balance core flooding is a technique that measures the water volume output from the sample at all
times during the CO₂ injection experiment. By subtracting the volume contained in the tubing (dead volume), the
sample’s global CO₂ saturation can be estimated. CO₂ saturation calculation from volume change is detailed:

Dead volume was measured previous to the flooding. The core holder is empty, and sleeves are connected
directly. Water was injected until the tubing becomes full. Air is then injected to chase the water and recover the
corresponding volume. This process has been done 20 times to ensure consistency of the dead volume.
Experiments volumes are corrected by the dead volume, and the time is corrected to match zero when the dead
volume has been reached.

Dead volume and cylinder measurements uncertainties resulted in an absolute uncertainty of 1.39% to 5% in CO₂
saturation depending on the used setup layout at the time of the experiment. It is mainly dependent on the
standard deviation obtained through dead volume measurements (Table 1). Cylinder readings also introduce a
volume measurement error of ± 0.25 ml. For microbubble tests, the filter pore volume was not sufficient to
notice a significant dead volume measurement change. Therefore, similar dead volume measurements have
been taken for both injection types. In all shown experiments, the mean value and standard deviation have been
taken as the output results of a given setting.

Sg = ∗ 100 (%)
Vobserved − Vdead volume

Vpore

Sg : CO2 gas saturation (%)

Vobserved : Observed water volume in cylinder (ml)

Vdead volume : Dead volume (ml)

Vpore : Connected pore volume in Core (supposed 100% filled with brine after saturation) (ml)
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Table 1
Absolute uncertainty associated with dead

volume and measuring cylinder.
Test number Absolute uncertainty (%CO₂)

1–2 1.91

3–13 2.01

14–28 4.98

29–33 1.39

These absolute uncertainties are expected to be found on the measured dataset; they are averaged to compute
an expected variance and compared to the measured data.

Upon discharge from the back-pressure regulator, the brine undergoes two competing volumetric effects:
expansion associated with pressure release and contraction associated with cooling. Upper-bound estimates of
these effects were evaluated. Isothermal decompression of a 12.5 wt% NaCl brine from 10 MPa to 0.1 MPa at
40°C results in a volumetric expansion of approximately + 0.36%, based on an isothermal compressibility of 3.64
× 10⁻¹⁰ Pa⁻¹. The concurrent cooling of the brine from 40°C to 25°C produces a volumetric contraction of
approximately − 0.6%, using an average volumetric thermal expansivity of 4.085 × 10⁻⁴ K⁻¹ over this temperature
interval. Values for brine compressibility and thermal expansivity were taken from Rogers and Pitzer (1982).

The combined effect of decompression and cooling therefore corresponds to a net volumetric decrease of
approximately 0.24%, equivalent to 0.048 mL for a nominal volume of 20 mL, representing the maximum
recoverable volume. This correction is significantly smaller than the uncertainty associated with dead-volume
estimation and volumetric cylinder readings. Consequently, no correction for pressure- and temperature-induced
volume changes was applied to the measurements.

2.1. Experimental apparatus
Core floodings setups are shown in Fig. 2. A Vinci double syringe pump was providing injection pressure. ISCO
pumps were guaranteeing back pressure (260D) and confining pressure (500D). The setup temperature is
guaranteed through a circulation model, where temperature is guaranteed by a circulating confining fluid, heated
at an accumulator and moving thanks to a circulation pump (Eldex 1021 bb-4-2). Volume measurements are
made from a 0.25ml precision water cylinder. Supercritical CO₂ is fed from a Parr reactor where it is prepared to
be water-wet at the experimental conditions (1550 psi, 40°C).

2.2. Core Characteristics
The porosity and permeability of the Buffi Berea sandstone samples (Fig. 3) have been measured using a
CoreTest AP-608 Poro Permeameter. Sample BO5 exhibited a porosity of 24.10%, with an air permeability of
985.15 mD and an absolute permeability of 966.97 mD. Its measured pore volume was 20.36 cc. Sample B03
showed a similar porosity of 23.95%, along with air and absolute permeabilities of 982.81 mD and 955.32 mD,
respectively, and a pore volume of 20.10 cc. The high porosity and permeability makes the chosen cores suitable
for this investigation of the microbubble injection in a high permeability setting. High permeability Berea
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represent the upper range of permeabilities encountered in saline aquifers, where injectivity and near-wellbore
effects are expected to be critical for CO₂ storage operations.

2.3. Experiment protocol
Volume balance core floodings have been carried out under different settings which have all been compiled in
Table 2. Test numbers are in chronological order. Some numbers are missing as the experiment has been
carried out but failed due to a recording or injection issue. Most experiments in this study were conducted at a
base flow rate of 0.05 cc/min, matching the conditions used by Zhai et al. (2020) to investigate microbubble
flow away from the injection wellbore. In sequential tests, higher flow rates of 0.1 and 0.5 cc/min were
subsequently applied to evaluate the flow-rate sensitivity of microbubble injection. Reference floodings at 0.1
and 0.5 cc/min from full water saturated core were realised to compare with the sequential injection protocol in
both injection types,

Table 2
Volume balance core flooding experimental tests settings and
brine permeability monitoring test indented for both BO5 and
BO3 samples. Brine permeability was monitored for the test

numbers 20 to 31.
Sample name Test number Test type

BO5 2–5, and 13–18 Conventional injection

0.05cc/min only

6–9 and 12 Microbubble injection

0.05cc/min only

11 Microbubble injection

0.1cc/min only

10 Microbubble injection

0.5cc/min only

BO3 19 Conventional injection

0.5cc/min only

20 Conventional injection

0.1cc/min only

24–28 Microbubble injection

Sequential

0.05 ◊ 0.1 ◊ 0.5 cc/min

30–31 Conventional injection

Sequential

0.05 ◊ 0.1 ◊ 0.5 cc/min
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The flow rates used in this study are sufficiently low to maintain a capillary-dominated regime (Ca = 1.15–11.5 ×
10⁻⁹) and to avoid inertial effects, while remaining high enough to generate a measurable pressure drop across
the ~ 1 D cores. The porous-media Bond number is estimated to be , which is much smaller than
unity and demonstrates that buoyancy forces are negligible at the pore scale. As a result, gravity segregation is
not expected during the horizontal core-flood experiments, and the observed displacement behaviour is
governed by capillary forces rather than density contrasts. In comparison, the mobility ratio is inherently
unfavourable: the brine-to-CO₂ viscosity ratio is 16.6, so within the Buckley–Leverett framework the mobility ratio
can be expressed as the ratio of relative permeabilities multiplied by this large factor. This qualitatively
highlights the strong tendency for CO₂ to be more mobile than brine, implying that any improvement in sweep
efficiency or injectivity must arise from reductions in effective gas mobility (e.g., microbubble effects) rather
than from favourable viscous or gravitational stability.

The injected brine is synthetic, prepared from deionised water. The salinity is only contributed by NaCl at 125 g/L
(12.5 wt%). This value has been chosen to remain close to previous work on microbubble injection (Jiang et al.,
2019; Patmonoaji et al., 2019; Zhai et al., 2020).

For any given flooding setting, the protocol remained similar. The Teflon-jacketed core with a Viton rubber layer
was inserted in the core holder. The cell was filled with deionised water with a red colour dye to spot any
confining leaks during the flooding. The confining pressure was first set to 750 psi (5.17 MPa). The sample was
then put under vacuum for at least 24 hours. The vacuuming process was completed when the pore pressure
had dropped to a plateau. Following this, the brine was injected at 5 cc/min until the pore pressure reached 100
psi. Both pore and confinement pressures were then increased at the same rate until the target was reached
(pore: 1550 psi (10.7 MPa), confinement: 2175 psi (15 MPa)).

From there, for all sequential floodings, a brine permeability test under flooding pressures was performed after
the initial brine imbibition: the inlet and outlet pressure transducers recorded their pressures while three flow
rates were applied: 10, 20, and 30 cc/min, with short breaks in between to allow the pressure to drop. The
pressure difference (ΔP) was then extracted, and brine permeability was calculated using Darcy’s law and
sample characteristics.

The CO₂, pre-equilibrated with brine, was fed to the pump with the required amount of CO₂ for the experiment (2
pore volumes were estimated to be sufficient to reach breakthrough and recover all the brine, 45 cc was chosen
as a higher boundary estimation). Confinement and injection pumps were heated at 40°C and left for one day for
the temperature to equilibrate to the target. Once reached, the CO₂ flooding started, the flowrate was set as an
input with the required injection amount, and the scale and pressure transducers were set to record until the
flooding ended. The pore pressure rose from 1550 psi to 1580 psi (Back pressure regulator cutoff pressure) and
the experiment stayed at this pressure until the flooding ended.

Upon ending, both confinement and pore pressure were let down progressively to 750 psi and zero respectively.
The sample was vacuumed again, and another experiment could then be carried out.

For sequential tests, once 45 cc of CO₂ was injected, the new flowrate was set, and 45 more ccs were injected
until the three flowrates had been carried out. It should be noted that the core holder was changed for these
sequential tests, and dead volume measurements were run again for adjustments.

2.4. Recording

1.3 × 10−7
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To record the output water volume, a camera was installed in front of the recovery cylinder. Photos were being
taken every 1 to 2.3 mins and directly stored in the recording computer under its shoot date and time. The
confinement pressure was monitored via its own pressure transducers, both in the pump and in the core holder
confinement output. The inlet and outlet pressure were recorded by transducers connected to the recording
computer.

2.5. Microbubble generation and injection
Microbubbles were generated using a filter provided by RITE (The Research Institute of Innovative Technology
for the Earth) / Tokyo Gas and placed at the sample inlet. In this study, brine is flowing through the filter, then
CO₂ follows. With an average pore size of 4 microns, it created bubbles expected to be in the order of tens of
micrometres in size.

The filter was also expected to generate an extra pressure drop, caused by both its lower permeability and by
fines migration from particles present in the brine. During microbubble tests, these particles could stop at the
filter and decrease the overall permeability, likely in a different order of magnitude compared to the core alone.
Therefore, quantitative comparison in permeability between conventional and microbubble experiments could
not be made. Instead, only the decay rate was compared, as it provided more insights into the impact of
microbubble injection on the sample permeability.

2.6. Permeability measurements fit and uncertainties
During repeated CO₂ floodings, the rock sample undergoes multiple mechanisms of alteration, which may lead
to permeability decay:

Fines migration: with a narrow distribution of pore throat sizes ,the case in Berea sandstone, events of
clogging lead to exponential decay of open pore throats (Borisova & Adler, 2005).

Many models of mineral dissolution precipitation are based on exponential laws with asymptotes due to the
limited quantity of reactive material and decay in reactive surface (Noiriel, 2015).

To estimate the characteristic decay time τ associated with the permeability decay of samples, a single
exponential with asymptote model is applied to both conventional and microbubble injection decay curves
measured for the sample BO3. This curve fit is commonly used in the literature to fit permeability decay data
(Hall, 2025). The sample BO5 with a before-and-after flooding permeability measurement has undergone a
similar decay. The exponential permeability decay curve fit is expressed as follows:

Where:

k (t) = k∞ + (k0 − k∞ )exp(− )
t

τ

K∞ : Asymptotic permeability (mD)

K0 : Fixed initial permeability

t : Exposure time (days)

τ : Decay time constant (days)
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The global permeability relative uncertainty is up to 6.3%. It is dominated by viscosity as water temperature after
flooding may not be consistently up to the desired temperature during the permeability test. It contributes to
80% to the measurement uncertainty). The reading pressures (± 0.1%), flow rates, and sample dimensions barely
matter in comparison (less than 2.6% relative uncertainty impact on the measurement).

3. Results

3.1. Replica experiment (0.05 cc/min)
Replication experiments with a similar protocol to Zhai et al. (2020) have been carried out to investigate the
microbubble injection potential on high-permeability samples. Microbubble and conventional injection flooding
have been carried out the Berea sample BO5. Results are expressed in a violin plot (Fig. 4). The mean steady
state CO₂ saturation is higher for microbubble injection by 8.89%. Saturation distributions and their error bars
overlap substantially. Conventional flooding results are mostly clustered around 25%, whereas microbubble
injection tends to show values closer to 45%.

As per their respective saturation curves, examples of the ΔP variation along with sample CO₂ saturation from
effluent collection are displayed in Fig. 5. The CO₂ saturations curves are mostly subdivided in two zones: A
sharp almost-linear increase and a plateau with little episodic increases. There are a few differences between
injection types ; the saturation gradient seems to be slower in the conventional case. The remarkable detail is a
ΔP up to 3 times higher in the microbubble than conventional injection. It is partly due to the presence of the
filter, which has a significantly lower permeability than the sample itself.

3.2. Sequential flowrate tests
Sequential tests have been performed on BO3 sample to test microbubble sensitivity to injection rate. Four tests
have been carried out for each injection type. They have been compiled in three violin plots to understand their
distribution. The first stage, like replication experiments (Fig. 6), shows a clear and drastic distinction of
saturations between conventional and microbubble injection. The microbubble saturations are more spread, and
in globality always lower than conventional, with a difference of 25.7% CO₂ on average.

In the case of the later stages of sequential injection (Fig. 7). Distributions are in this case clearly more in favour
of conventional injection, where microbubble injection’s mean saturations are lower by 13.43% and 9.98% for 0.1
and 0.5 cc/min respectively. Microbubble saturation performance at higher flowrates has narrowed the gap with
conventional injection, the saturation difference at 0.05 cc/min has partially faded.

The performed reference floodings show the importance of the flooding protocol on saturations. They show an
advantage of microbubbles over a large difference (respectively 31.66 and 13.9% for 0.1 and 0.5 cc/min).

3.3. Sequential tests permeability monitoring
Brine Permeability results are shown in Fig. 8. Data from microbubble injection is up to test 28 as the
permeability has been recorded but does not evolve from there. They record the permeability evolution of BO3
during its exposure to CO₂ floodings. Curve fitting equally shows a decay rate difference four times higher for
microbubble in comparison to conventional.
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4. Discussion

4.1. Filter impact on pressure and global permeability
Microbubble floodings are characterized by a significant higher-pressure difference between inlet and outlet.
Figure 5 has shown a 3 times higher pressure difference between microbubble and conventional injection.
Microbubbles effect on pressure is documented: Their small size or their collection can cause pore plugging (Le
et al., 2022; Telmadarreie et al., 2016).

It is important to note that the microbubble experiments employed a filter with permeability far lower than that
of the Berea sandstone core. As a result, the pressure drop in the microbubble experiments is dominated by the
filter rather than the rock. Therefore, ΔP values between microbubble and conventional injections cannot be
directly compared, and the observed higher ΔP in microbubble tests does not reflect primarily microbubble–rock
resistance but the hydraulic limitation of the filter. Interpretation of pressure signals must therefore be restricted
to within-experiment trends rather than cross-mode comparisons. To allow such comparison, a separated
generation device would be required to separate both phenomena.

Both conventional and microbubble injection saturation curves are distinguished by their absence of transition
zone. Under capillary-dominated conditions (low capillary number), displacement is controlled by pore-scale
capillary entry pressures, leading to sharp invasion fronts and saturation gradients that may be unresolved at the
experimental scale (Blunt, 2017).

4.2. Flow Rate–Dependent Performance of Microbubble
Injection
Our volume-balance core flooding experiments on high-permeability Berea sandstone (~ 980 mD) reveal a
strong dependence of microbubble efficacy on injection flow rate. At the lowest tested rate (0.05 cc/min),
microbubble injection increases average CO₂ saturation by 8.89% on average relative to conventional injection, a
modest but statistically discernible improvement consistent with prior studies in high-permeability media (Wang
et al., 2025b; Zhai et al., 2020). This enhancement is likely due to Jamin effect: microbubbles temporarily block
high-permeability pathways, diverting flow into less-swept intermediate pores and improving displacement
efficiency.

However, this advantage vanishes at higher flow rates (0.1–0.5 cc/min), where conventional outperforms
microbubble injection by 14–10% in final saturation. At these rates, the added hydraulic resistance from the
microbubble generation filter (which increases ΔP by up to 4 times; Fig. 5) may exacerbate preferential flow
along dominant channels, worsening sweep uniformity. These findings indicate that the benefits from low-flow
laboratory studies may not be directly applicable by extrapolation to field-scale injection scenarios, where near-
wellbore flow rates are typically much higher, and suggest the need for further research under higher flow rates
considering practical operation. Microbubble injection is significantly affecting the flow, for better or worse. The
filter permeability is much smaller than the sample permeability, inducing a stronger ΔP, which induces
microbubble smaller saturation results.
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At the investigated flow rates (0.05–0.5 cc/min), the experiments remain within a capillary-dominated regime.
However, in high-permeability samples, the characteristic capillary pressure contrast between large and small
pores is small. This reduces the stabilizing effect of capillary forces on the displacement front. Under these
conditions, CO₂ invasion becomes highly sensitive to pore-network geometry, connectivity, and experimental
layout. Consequently, small differences in sample heterogeneity or injection sequence can lead to markedly
different saturation outcomes, as observed between BO3 and BO5.

For the sequential injection protocol, microbubble injection offers worse results than conventional. Whereas
floodings from full saturation show the opposite trend. CO₂ microbubbles can be hypothesised as being
generated on the first injected volumes, as water is available in the filter’s pores. However, It can be inferred that
once CO₂ breaks through the filter, the conditions for microbubble generation are no longer met, resulting in few
to none being created. This shows the need for CO₂ to be co-injected in the brine to effectively work after filter
breakthrough, which has not been done in many publications (Jiang et al., 2019; Park et al., 2018; Patmonoaji et
al., 2019; Wang et al., 2022; Xue et al., 2014; Zhai et al., 2020).

4.3 Saturation Variability and Sample History Effects
Saturation distributions show a widespread distribution, going above the expected variance by 3.24% for
conventional and 4.28% for microbubble injection on average. Microbubble having a larger variance due to
experimental setup, one cannot conclude on a higher variability caused by microbubble injection itself. The
permeability monitored sample (BO3) shows a gradual permeability decay which suggests a high pore space
alteration due to chemical reactions or other mechanical effects (Fig. 8). The saturation results spread could be
caused by several mechanisms in action in these experiments:

The use of high-permeability samples, where their flow dynamics can be very variable from one flooding to
another due to potential channelling effects (Tawiah et al., 2021).

Progressive geochemical alteration of the core due to repeated CO₂ exposure. Even after brine re-saturation
between floods, residual acidic brine and dissolved CO₂ may persist in pore spaces, altering wettability or
precipitating secondary minerals (Zhao et al., 2015). Over successive cycles, this can reduce effective
porosity and shift capillary pressure curves, leading to inconsistent displacement behaviour.

Heterogeneity in microbubble generation and transport. The mechanical filter produces a polydisperse
bubble population whose size distribution may vary slightly between runs. In high-permeability media, where
pore-throat sizes exceed typical microbubble diameters (1–50 µm), minor changes in bubble size or
concentration can significantly affect plugging dynamics and sweep pathways.

Overall, these observations highlight the value of repeated-flood laboratory studies in capturing cumulative
effects that may not be apparent in single-injection experiments, but which are likely to play an important role
during prolonged CO₂ injection under field-scale operating conditions.

4.4 Sample alteration
Brine permeability monitoring shows a different aspect of the multiple flooding cycles dynamic: The decay of the
BO3 sample follows a single exponential with asymptote model. When identifying the decay time constant,
microbubble injection has a higher value compared to conventional (≈ 4 times higher), showing a potentially
higher reactivity and sample decay. Microbubbles have a larger surface area and can dissolve in the brine at a



Page 12/22

faster rate (Xue et al., 2011). While dissolution can initially increase porosity, it often leads to pore collapse, fines
mobilisation, or clay swelling, ultimately reducing permeability (Bhuvankar et al., 2023; Xu et al., 2004).

On a field scale, prolongated injection can cause injectivity issues due to CO₂-brine rock interactions altering the
pore structures to diminish the pore throat radius (Zhao et al., 2015). Critically, this effect is most pronounced in
the near-wellbore region, where CO₂ concentration and contact time are highest, which is precisely the zone
governing injectivity in field operations. Thus, while microbubble injection may improve storage efficiency in the
far field, a potential challenge is the long-term maintenance of well injectivity.

A multiple flooding approach with monitoring of permeability allows for a better estimation of the field expected
saturation, as well as its potential to decay in permeability due to the presence of CO₂. Nonchemical
microbubble injection is a technique that presents an economical interest in applying it to large scale due to its
simple generation and reliance on self-stability.

4.3 Study limitations
This study suffers from several limitations:

The Buffi Berea sandstone studied here has high permeability which has a few comparison points with
current literature on microbubble injection.

The large gap between variance and absolute uncertainty for CO₂ saturations given for each flowrate makes
it difficult to conclude on a definite number.

The pressure drop between conventional and microbubble injection is not perfectly understood and
comparable. The current setup is not able to separate the action of the filter and the microbubble flow on
the ΔP.

The pressure difference curves are influenced by the back pressure regulator behaviour. It creates artifacts,
mainly pressure bumps, caused by the difficulty of the regulator to stabilise CO₂-brine flow.

The data given by low flowrate (0.05cc/min) sequential tests (on sample BO3) does not match previous
data on replication floodings (BO5), which can reveal a sample dependency on results.

The BO3 core experienced several consecutive CO₂ floods, so the observed permeability decay accumulates
over time and cannot be attributed uniquely to the injection mode. The fitted decay time constant appears
higher during microbubble injection; this should not be taken as a definite proof of enhanced chemical
reactivity driven specifically by microbubbles. The microbubble filter may introduce hydraulic resistance or
host geochemical alteration, adding uncertainty to the decay trend. The apparent difference in decay rates
suggests only a possible tendency rather than a microbubble-specific mechanism. Further tests on fresh
cores without filters are necessary to draw mechanistic conclusions.

5. Conclusion
Microbubble CO₂ injection is an emerging injection technique, predominantly investigated through mechanical
generation using microporous filters at different injection rate protocols. Conclusions are listed below:

The replication experiments (0.05cc/min) show disparate results between samples. Microbubble injection
is likely to perform better on average, shown by a mean of 37.00% in comparison to 28.11% for conventional
on the BO5 sample. However, the BO3 sample shows an opposite trend, where conventional is advantaged
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by 25.72% in CO₂ saturation compared to microbubble injection. Overall, many factors such as the high
permeability, sample heterogeneity and sample gradual change during experiments might explain these
results.

Higher injection flowrates in sequential injection are globally advantageous to conventional injection.
Reference floodings done from complete water saturation (reference floodings) show an opposite trend to
sequential injection, where conventional performs less than microbubble. This could be explained by the
need of a water phase for microbubbles to be generated. This supports the need for co-injection on the field
scale.

All tests are affected by an important standard deviation in comparison to the expected variance, in
particular with microbubble injection (conventional: 3.24%, microbubble: 4.28%). The difference is however
not large enough to be conclusive. The optimal flowrate and ratio for microbubble injection are still to be
found and optimised.

The sample BO3 brine permeability has been monitored before every flooding. The permeability has
drastically decreased along all the observed floodings from 955.318 mD to 288.2 mD. Single exponential
with asymptote fits on separated conventional and microbubble injection data shows a much higher
characteristic decay time τ for microbubble injection. A higher permeability decay for microbubble injection
warrants further investigation.

Finally, these results support the broader conclusion of the study: while previous work on microbubble CO₂
largely focused on low-permeability formations has shown consistent improvements in sweep and trapping, our
experiments demonstrate that in high-permeability systems, MB CO₂ behaviour is strongly rate-dependent and
may lead to injectivity difficulties under certain conditions.

Sequential flooding allows us to capture cumulative and rate-sensitive effects, providing realistic insight into
potential trade-offs for CCS deployment. While microbubble CO₂ is beneficial in low-rate or far-field regions, it
may pose near-wellbore injectivity difficulties. These findings underscored the need for further research under
higher flow rates considering practical operation, and emphasising the need for careful rate optimisation,
injection design, and long-term integrity assessment.
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Figures

Figure 1

Mean post flood steady state saturation difference (microbubble saturation improvement) over studied sample
permeability observed among current flooding studies of microbubble CO₂ injection on sandstone samples in
the literature. Triangles: Literature. Diamond: This study. Literature references used : Aizawa et al. (2021); Jia et
al. (2024); Jiang et al. (2019); Park et al. (2018); Patmonoaji et al. (2019); Wang et al. (2022); Wang et al.
(2025b); Xue et al. (2014); Xue et al. (2018); Xue et al. (2013); Zhai et al. (2020). Xue et al. (2014) and Xue et al.
(2013). Aizawa et al. (2021) reports a difference between microbubble and conventional injection to be within
5%, which has been assumed in favour of microbubbles and overall, 2.5% displayed on the graph. The shaded
region highlights the trend of greater MB efficacy in high-permeability media.
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Figure 2

Volume balance core flooding setup. a) Setup diagram. b) Setup photo: A-B) Vinci double pump. C) Confining
pressure pump. D) Back pressure pump. d-e) Accumulator and heating tape. f) Circulation pump. g)pressure
transducer (back pressure showed). h) Back pressure regulator.
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Figure 3

High-permeability Berea sandstone core samples photo. a) BO3. b)BO5.
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Figure 4

Violin plots of CO₂ saturation results from replica experiments of Zhai et al. (2020)protocol (0.05cc/min) based
on 5 floodings for each injection type. The mean, standard deviation and expected variance of each dataset is in
black. Diamonds: data points. White line: median. Microbubble yields an average saturation 8.89% higher than
conventional.

Figure 5
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ΔP and saturation curve examples in the volume balance core flooding replicas of Zhai et al. (2020). Orange
dots: CO₂ saturation (%). Blue curve: Sample pressure difference (psi). Test no 5 is showing conventional
injection trend. Test 7 is showing microbubbles injection trend.

Figure 6

Violin plots of CO₂ saturation results for the BO3 sample from the first stage of sequential injection
(0.05cc/min). The mean, standard deviation and expected variance of each dataset is in black. Diamonds: data
points.
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Figure 7

Violin plot of CO₂ saturation results at 0.1 and 0.5 cc/min CO₂ for conventional and microbubble injection. The
mean, standard deviation and expected variance of each dataset is in black. Black hollow diamonds: Reference
floodings from zero. Blue and orange diamonds: data points.

Figure 8

Evolution of brine permeability in Berea sample B03 over sequential CO₂ floods. Microbubble injection causes a
fourfold faster permeability decline than conventional injection, fitted with a single exponential with asymptote
model.


