Advances in Water Resources 179 (2023) 104499

ELSEVIER

Contents lists available at ScienceDirect
Advances in Water Resources

journal homepage: www.elsevier.com/locate/advwatres

Advances
in Water
Resources

t.)

Check for

Pore-scale characterization of residual gas remobilization in CO> | e

geological storage

a,b,*

Ramin Moghadasi
Auli Niemi”

& Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden

Y Department of Earth Sciences, Uppsala University, Uppsala, Sweden

¢ Department of Earth Science and Engineering, Imperial College, London, United Kingdom
d James Watt School of Engineering, University of Glasgow, Glasgow, United Kingdom

, Sepideh Goodarzi ¢, Yihuai Zhang “, Branko Bijeljic ¢, Martin J. Blunt ¢,

ARTICLE INFO ABSTRACT

Keywords: A decrease in reservoir pressure can lead to remobilization of residually trapped COs. In this study, the pore-scale
Geological CO storage processes related to trapped CO5 remobilization under pressure depletion were investigated with the use of high-
Pore-scale

resolution 3D X-ray microtomography. The distribution of CO» in the pore space of Bentheimer sandstone was
measured after waterflooding at a fluid pressure of 10 MPa, and then at pressures of 8, 6 and 5 MPa. At each stage
CO, was produced, implying that swelling of the gas phase and exsolution allowed the gas to reconnect and flow.
After production, the gas reached a new position of equilibrium where it may be trapped again. At the end of the
experiment, we imaged the sample again after 30 hours. Firstly, the results showed that an increase in saturation
beyond the residual value was required to remobilize the gas, which is consistent with earlier field-scale results.
Additionally, Ostwald ripening and continuing exsolution lead to a significant change in fluid saturation:
transport of dissolved gas in the aqueous phase to equilibriate capillary pressure led to reconnection of the gas
and its flow upwards under gravity. The implications for CO, storage are discussed: an increase in saturation
beyond the residual value is required to mobilize the gas, but Ostwald ripening can allow local reconnection of
hitherto trapped gas, thus enhancing migration and may reduce the amount of CO; that can be capillary trapped

Residual trapping

Gas remobilization
X-ray microtomography
Ostwald ripening

in storage operations.

1. Introduction

Carbon Capture and Storage (CCS) is a key technology to reduce
atmospheric CO, emissions and thereby prevent climate change (IPCC
2005, Alcalde et al., 2018, Michael et al., 2010). In CCS, the captured
anthropogenic CO; is injected into deep porous and permeable subsur-
face media (such as saline aquifers) where it will be retained by pro-
cesses that act over various spatial and temporal scales (Niemi et al.,
2017, Ali et al., 2022, Bui et al., 2018). The main mechanisms that trap
the injected CO; are structural trapping, residual trapping, dissolution,
and mineralization (Zhang and Song, 2014, Lebedev et al., 2017, Leb-
edev et al., 2017, Yu et al., 2019). The focus in the present study is on
residual trapping, a process in which a fraction of the injected CO; is
immobilized in the form of isolated blobs or ganglia in the pore space by
capillary forces, usually after CO5 injection when water displaces a
migrating CO, plume (Rasmusson et al., 2018, Qi et al., 2009).
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While residual trapping of COs is inherently a pore-scale mechanism,
it affects the plume extent over long distances, and its stability con-
tributes significantly to the overall CO5 storage capacity, safety, and
security on both short and long timescales (Krevor et al., 2015).
Conventionally, the residual CO5 ganglia are expected to remain trapped
and not become mobile until eventually dissolving into the aqueous
(brine) phase, in particular under in situ post injection reservoir condi-
tions where viscous forces due to fluid flow are not sufficient for
remobilization (Goodman et al., 2011). However, there are several
mechanisms and processes where CO5 saturation can increase leading to
remobilization of the trapped gas. An obvious situation is when CO3 is
again injected into the reservoir, which could happen, but is unlikely.

Pressure depletion is another process that can lead to trapped gas
remobilization (Kortekaas and van Poelgeest, 1991, Moghadasi et al.,
2022, Moghadasi, 2022). This process can be triggered, after the injec-
tion has stopped, by any sort of leakage (a leaky wellbore, fracture or
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permeable fault; Alcalde et al., 2018; Moghadasi, 2022; Shaffer, 2010;
Celia et al., 2011) or simply due to the dissipation of the pressure
build-up near the wellbore (Jiang et al., 2014, Shi et al., 2013). It can
also be caused during active pressure management (also known as
Active CO, Reservoir Management, ACRM (Buscheck et al., 2011, Bir-
kholzer et al., 2012)) during which resident brine is extracted to lower
the reservoir pressure. During pressure depletion the CO; saturation will
increase due to both gas expansion and exsolution of CO2 from the
aqueous phase.

With a drop in pressure, remobilization of the residual gas has been
shown to take place at a value higher than the residual saturation (where
the gas became immobilized). This value is known as the critical gas
saturation (Sg) (Moghadasi et al., 2022, Berg et al., 2020, Fishlock et al.,
1988, Li and Yortsos, 1993, Ligthelm et al., 1997, McDougall and Sor-
bie, 1999). Furthermore, even after remobilization the gas will have a
substantially lower relative permeability compared to that under pri-
mary drainage or imbibition (Moghadasi et al., 2022, Ligthelm et al.,
1997, Egermann and Vizika, 2000). While this delayed and slower
remobilization of residually trapped gas under pressure depletion con-
ditions is well-established in the context of oil and gas recovery, it has
been unnoticed and typically not considered in the context of CO2
geological storage. Recently, however, the pilot-scale CO; injection ex-
periments at Heletz, Israel (Niemi et al., 2020, Joodaki et al., 2020)
showed the importance of this process in the CCS context as well. During
the second set of experiments, known as the Heletz residual trapping
experiments II (RTE-II), the observed delayed tracer arrival could only
be explained by introducing a critical gas saturation which was higher
than the residual value (Moghadasi et al., 2022). In this field test, the
injected partitioning gas tracer was recovered from the residual zone,
over the course of 24 hours, which caused a reservoir pressure decline of
0.5 MPa. Due to this occurence, part of the tracer, which was partitioned
into the residual gas phase, was not recovered until the gas phase
became mobile — at a saturation 5% higher than the residual saturation
(Sgc — Sgr = 0.05). This is the first-ever observation of critical gas satu-
ration in CCS at field scale. In CCS, critical saturation is a safety
enhancing feature as it delays the flow and migration of the remobilized
gas, in comparison to the classical model, where remobilization takes
place right after the residual saturation is exceeded. The observations
from the Heletz experiments prompted the interest to study this phe-
nomenon and the underlying processes at the pore scale, thus being the
motivation for the present study.

The common practice in the oil and gas industry is to quantify the
critical gas saturation in the laboratory at the core-scale during which
the remobilization of the gas is inferred from flow measurements (Berg
et al., 2020). However, these experiments, in addition to being
error-prone, are unable to unravel the salient pore-scale physics
involved. Recent advances in 3D X-ray micro-computed tomography
(micro-CT) have, however, made it possible to non-invasively image and
visualize the fluid distribution at micron-scale resolution (at the pore
scale) under in situ conditions (Andrew et al., 2014, Iglauer et al., 2011,
Blunt et al., 2013). This has allowed direct and accurate determination
of critical gas saturation. A recent example is the work by Berg et al.
(Berg et al., 2020) where they used micro-CT to take direct measure-
ments of the critical gas saturation. Although their work provided
valuable insights into the pore-scale physics of gas remobilization under
pressure depletion, a model hydrocarbon system was studied, rather
than COs.

In this work, we used pore-scale imaging to characterize the remo-
bilization of residually trapped CO, phase during pressure depletion.
Micro-CT images of the distribution of CO2 were obtained on a system
where CO, was initially residually trapped by brine and the pressure was
stepwise decreased from 10 to 5 MPa. At the end, the system was left for
30 hours at 5 MPa and the final scan was taken. Each scan was recon-
structed into a 3D volume on which image analysis was performed.

The remainder of this paper is organized as follows. Section 2 pre-
sents an overview of the materials and methods, including X-ray
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microtomography, and details of the image processing technique. Sec-
tion 3 presents the results and discusses the main findings of the work.
The concluding remarks are in turn presented in the final section 4.

2. Experimental materials and equipment

A Zeiss Xradia 510 Versa micro-CT was used to obtain high-
resolution 3D images of the rock sample and the fluids it contained.
The sample was a Bentheimer sandstone (typical composition of quartz:
91.7%, feldspar: 4.86%, clay: 2.68%, pyrite and iron hydroxides: 0.17%
(Wim Dubelaar and Nijland, 2015, Peksa et al., 2015)). The porosity was
approximately 20.4% and the permeability was 1.47 +£0.03 x 10~'2 m?
(Lin et al., 2018). The sample is naturally water-wet with in situ contact
angles averaging approximately 48° through water in the presence of
both oil and gas (Blunt et al., 2019). The sample had a length of 21.02
mm and diameter of 6.03 mm. The sample was first wrapped in
aluminum foil and then tightly fitted into a cylindrical Viton sleeve. It
was then inserted into a Hassler-type X-ray transparent carbon fiber
core-holder. The core-holder was in turn wrapped with a flexible heating
jacket, and then securely mounted on a rotating plate inside the
micro-CT apparatus. The top and bottom of the core-holder were con-
nected to flow lines that went outside the scanner. Two thermocouples
connected to a PID controller were also attached to the core holder with
aluminum tape to measure and control the temperature. Four
high-precision syringe pumps (ISCO, model 1000D) were used to inject
and receive the fluids, and to apply confining pressure. A schematic of
the whole apparatus is shown in Fig. 1.

The aqueous phase was a solution of 3.5 wt.% potassium iodide (KI),
which provided an effective X-ray contrast between brine (wetting
phase) and CO, (non-wetting phase).

2.1. Experimental protocol and image acquisition

The experiment was designed to mimic conditions in an aquifer
wherein CO; is contained at the residual state, and the system then
undergoes pressure depletion. We studied a wide pressure range, start-
ing at 10 MPa, representative of a storage reservoir at a depth of around
1 km with a study of the transition of the CO; from a supercritical to a
gaseous state.

After loading the sample into the core holder, the following steps
were taken:

1. A confining pressure of 1MPa was applied around the sample with
deionized water.

2. The core holder was then heated up gradually to reach a temperature
of 50 °C.

3. The system was flushed with air to fully dry the sample and the
connecting lines. A dry scan was taken.

4. The sample and system were vacuumed for 12 hours, thereafter more
than 20 pore volumes (1 PV ~ 0.12 mL) of KI doped brine that had
not been equilibrated with CO4 were injected from the base at a rate
of 0.5 mL/min with 1 MPa back pressure and 2 MPa confining
pressure, to fully saturate the sample with brine. Full saturation was
confirmed by the absence of any gas bubbles in the fully-saturated
scan taken in the next step.

5. The confining pressure and pore pressure were increased by 10 MPa
in steps of 1 MPa. A fully brine-saturated scan was taken. A difference
of 1 MPa was maintained between confining pressure and pore
pressure.

6. Primary drainage: 20 PV of CO, was injected from the base at a very
low flow rate of 0.04 mL/min (6.66 x 10710 m3/s). This corresponds
to a capillary number N, = pv/c of around 1.8 x 10~8, which ensures
a capillary dominated regime. Here,  is the CO viscosity (28.34 x
107° Pa.s), v is the Darcy velocity of the injected COy, and 6 is the
COg-brine interfacial tension (IFT) (approximately 36 x 1073 N/m;
Iglauer et al., 2011) at the experimental conditions.
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7. Imbibition: the residual state of CO, was established by injecting 2
PV of brine from the base at a very low flow rate of 0.04 mL/min
(6.66 x 1071% m3/s). Using the brine viscosity of 0.93 x 1073 Pa.s,
the capillary number N, was determined to be 6 x 1077, which en-
sures a capillary dominated regime.

8. The fluid pressure was reduced in steps of 0.1 MPa to 8, 6 and 5 MPa,
while maintaining 1 MPa pressure difference between confining and
pore fluid. Each step took approximately 20 minutes to allow pres-
sure equilibrium to be reached. The valves to the receiving and
confining pumps were opened to allow this. X-ray CT scanning was
performed at each pressure level.

9. The system was finally left at 5 MPa with all valves closed for 30
hours, and the final X-ray CT scan was then taken.

To minimize the fluid rearrangement during the scan, the system was
allowed to equilibrate for about 20 min before the scan. This was suf-
ficient time for the average pressure to stabilize, but not necessarily - as
we discuss later — for the phase distribution to reach equilibrium. All
scans took approximately 75 min to acquire, which consisted of 3001
projections of the sample at regular angular intervals. The projections
were in turn reconstructed into a three-dimensional (3D) volume using
software on the micro-CT scanner.

2.2. Image processing

In total, 7 images with a voxel size of 3.84 ym were acquired during
the experiments including scans of the sample when it was fully dry (i.e.,
the fluid was air), fully saturated with brine; scans after setting the
system’s pressure to 10, 8, 6, and 5 MPa, and an additional scan after
resting the system for 30 hours at 5 MPa. The images were acquired in
the central section of the full sample, over a length of 5.8 mm with 1523
x 1553 x 1514 voxels. The images were processed and visualized using
Avizo 2020.1 (Thermo-Fisher Scientific) software. For illustrative pur-
poses, a smaller sub-volume of 500 x 500 x 1500 voxels was selected to
visualize CO, ganglia.

The image processing workflow is as follows. First, an edge preser-
ving non-local means filter was applied to remove noise from the

1SCO Syringe
Pump

BT

Temperature controller

ISCO Syringe
Pump

Fig. 1. Schematic presentation of the experimental apparatus.

grayscale images and thereby improve the segmentation, which was in
turn performed using a seed-watershed algorithm. The algorithm is
based on the grayscale intensity of each individual voxel, which allows
for the elimination of partial volume artifacts as well as the voxel
misidentification that is present with simple grayscale segmentation.
The pores and grains were identified from the segmentation of the dry
sample, which was then used as the mask for the wet segmented images
(when the sample contained brine, COs, or both). The porosity obtained
from the segmented volume was 20.4 %, which agrees with the reported
values on Bentheimer sandstone (Wim Dubelaar and Nijland, 2015,
Zhang et al., 2018). The uncertainty in slice-averaged saturation is
approximately +5%: this is a systematic error, as dependent on the
thresholds used in the segmentation all the saturation values can in-
crease or decrease (Raeini et al., 2022). We can, however, accurately
compare the differences between images. In this work, the same routine,
developed by Raeini et al. (2022), was applied on all images, and thus
the uncertainties between different images are minimized. Fig. 2 shows
an example slice on which the image processing was applied.

3. Results and discussion

First, in Section 3.1 the results from the analysis of the images at
various pressures are presented, including saturation profiles and 3D
visualizations that illustrate the connectivity of the gas phase during the
depletion sequence. Then, in Section 3.2 pore-scale ganglia rearrange-
ment is investigated when the system was left at 5 MPa for 30 hours (i.e.,
under no pressure depletion) at the end of the experiment.

3.1. Pore scale ganglion dynamics under pressure depletion

Fig. 3 shows the saturation profile of CO, across the length of the
image, 5.8 mm, at the end of imbibition when COs is residually trapped.
The slice-averaged saturation varies between 0.30 and 0.70, with an
average residual saturation Sg of 0.48: this high value is consistent with
CO3, being the non-wetting phase, trapped in the larger pore spaces.

The saturation profiles of CO, at the different pressures of 10, 8, 6
and 5 MPa are plotted in Fig. 4. It can be seen that with decreasing
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1 mm

Fig. 2. Image processing workflow illustrated on a two-dimensional cross-section of a three-dimensional image: a) raw image (noisy), b) filtered image (noise
removed), ¢) segmented image (red is COo, blue is brine, and gray is rock). Note that the white space in (a) and (b) are minerals that are counted as the rock phase.

0.8

M)

0.6

0.4

Gas saturation (S

0.2

— towpal;

average S =0.48
ar

/

0.1

0.2 0.3

0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized distance (x/L)

Fig. 3. CO, saturation profile at the end of imbibition (water flooding). A central section of the sample, 5.8 mm long, is imaged. The fluids are injected from the left
and produced from the right. (x: distance from base of the image, L: length of image, 5.8 mm).
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Fig. 4. CO, saturation profiles at different pressures from 10 MPa, 8 MPa, 6 MPa, and to 5 MPa: a) from x/L = 0 to x/L = 0.50; b) from x/L = 0.50 to x/L = 1.0 (x:
distance from the base of the image, L: length of the image, 5.8 mm).
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pressure from 10 to 6 MPa the CO» saturation exhibits an increasing
trend in the profiles overall, and then decreases once the pressure is
reduced to 5 MPa. On average, the CO5 saturation increases from 0.48 to
0.52 to 0.55, when the pressure is decreased from 10 to 8 to 6 MPa
respectively, and then decreases to 0.46 at 5 MPa. The reduction in
saturation is particularly noticeable towards the outlet (see Fig. 5b be-
tween x/L = 0.85 and x/L = 1.0). Since data on CO; density are available
(ToolBox, Megawatsoft), we can determine the mass of gas contained in
the sample at each pressure. In turn, by material balance, we calculate
the amount that leaves the system (i.e., produced) once the pressure is
dropped. The calculated values are given in Table 1.

To investigate the gas-phase connectivity, Fig. 5 presents 3D visu-
alizations of the CO5 at different pressures. At 10 and 8 MPa, thereisno a
ganglion that is connected across the image. At 6 MPa, however, a near
percolating gas ganglion can be seen (shown in red).

We can use the images to interpret what happens during the exper-
iment. As the pressure drops, the gas phase expands. In addition, some
gas comes out of solution, and it is assumed that this gas is added to the
existing ganglia. Once the gas phase becomes connected across the
sample, it can be produced: from Table 1 it is evident that this occurs
after each pressure depletion step. Gas production leads to a reduction in
saturation: the gas reaches a new position of equilibrium and may
become disconnected again through snap-off in some of the narrower
pore spaces (Iglauer et al., 2011, Singh et al., 2017). Hence, there is an
intermittent process of increases in gas saturation with a drop in pres-
sure, and decreases due to production and aqueous phase reinvasion.

We assume that the residual gas saturation is 0.48 determined from
the end of waterflooding at the highest pressure. We assume that at 8
and 5 MPa the saturation is below the critical gas saturation, Sgc when a
percolating gas ganglion is formed in the sample (Li and Yortsos, 1993,
Li and Yortsos, 1995) since we do not observe a connected cluster of gas
in the small region we investigated. However, at 6 MPa there is a con-
nected ganglion as evident in Fig. 5 and we make the assumption that
the saturation in this image is Sg.. The difference between S, and Sy is
referred to as remobilization saturation Sgmop. Here, values of Sg. and
Sgmob are determined to be 0.55 and 0.07, respectively from comparing
the saturations at 10 MPa after imbibition and at 6 MPa in Table 1.

Reducing the pressure further to 5 MPa, the percolating gas ganglia
again loses its connectivity. This further confirms that gas remobiliza-
tion is intermittent in nature, meaning that a continuous and stable flow
of remobilized gas-phase may not be retained during pressure depletion
(it is possible that reconnected gas ganglia become disconnected again

2 mm
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Table 1
Calculated values of the mass of gas in the sample. Only the mass of CO, in its
own phase is considered.

Pressure Saturation ~ Volume Density Mass in Produced
(MPa) (m® x (kg/m3) place (kg mass (kg x
1079 x 107%) 107

10 0.48 1.62 384.4 6.23

8 0.52 1.75 219.2 3.85 2.38 (from
10-8 MPa)

6 0.55 2.51 135.2 2.51 1.33 (from 8-
6 MPa)

5 0.46 1.62 104.8 1.62 0.89 (from 6-
5 MPa)

due to capillary forces). This could explain the reduced relative
permeability of remobilized gas that has been observed in our earlier
studies (Moghadasi et al., 2022).

To quantitatively characterize the gas connectivity at different
pressures, we quantify the Euler characteristics of the gas phase on the
imaged section of the sample. The Euler characteristic is a topological
measure of connectivity, and it is calculated as the number of ganglia
minus the number of redundant loops inside the ganglia (Herring et al.,
2019). A large positive Euler number for a phase indicates that the phase
is trapped in discrete, isolated regions or ganglia within the pore space,
while a large negative number means that the phase is interconnected
with many loops (Alhosani et al., 2021, Alhosani et al., 2021). To
calculate the Euler characteristic, we considered a segmented image
comprising 1523 x 1553 x 1514 voxels. The initial step involved
isolating the gas phase within the image. Subsequently, we utilized the
Euler number module within the image analysis software to process the
isolated gas phase. The module generates dimensionless Euler charac-
teristic values, which we normalized by dividing them by the total

Table 2
Euler characteristics per unit volume of the gas phase.

Normalised Euler characteristic

Pressure (MPa) 1/mm®
10 42

8 10

6 9

5 12

5 (30 hours) 9

Fig. 5. 3D visualization of CO, in the pore space: a) 10 MPa, b) 8 MPa, ¢) 6 MPa, d) 5 MPa. Note that the colors are assigned at random and indicate discrete ganglia

of the CO,.
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volume of the image. The results are given in Table 2 as the Euler
characteristic per unit volume. The numbers confirm that that under
pressure depletion conditions, gas phase connectivity increases once the
pressure drops from 10 to 8, and to 6 MPa, indicated by a decrease in
Euler number. From 6 to 5 MPa, Euler number increases, and hence
poorer connectivity is observed, as the gas is trapped again, which is
consistent with the 3D visualizations of CO2 ganglia in Fig. 5.

3.2. Pore scale ganglia dynamics under no pressure depletion

At the end of the depletion sequence, the system was left to rest for
30 hours to investigate gas-phase redistribution; see Fig. 6. On average
across the part of the sample that was imaged, an approximately 10%
increase in gas saturation is found: gas may have migrated upwards from
the lower part of the sample under gravity. Fig. 7 shows in 3D how after
30 hours the initially dispersed and disconnected gas ganglia are
redistributed, creating an enlarged and sizable percolating gas ganglion
(shown in blue) that extends the entire length of the sub-volume. The
higher gas phase connectivity after 30 hours is confirmed by a fall in
Euler characteristic given in Table 2. The increase in saturation implies
that exsolution of gas continues over a prolonged period and that
equilibrium is not reached instantly. It could also be that on closing the
valves, the overall fluid pressure dropped, leading to additional exso-
lution and gas expansion.

Since the gas is initially trapped at 5 MPa - see Fig. 7 — the redis-
tribution of gas needs to be initiated by both the exsolution of gas and
the transport of gas dissolved in the aqueous phase. The merging and
reconnection of gas ganglia can be explained by Ostwald ripening,
which occurs due to capillary pressure differences among immobile gas
ganglia (Li et al., 2021, Blunt, 2022). In this process, the inter-ganglion
diffusion of gas dissolved in the aqueous phase is driven by the capillary
pressure gradient throughout the sample, causing trapped gas ganglia to
either grow or shrink until all the gas ganglia approach the same equi-
librium capillary pressure. It is possible that Ostwald ripening in this
experiment leads to better connectivity of the gas ganglia, facilitating
flow. The time-scales for this phenomenon have been estimated and it is
possible to have significant changes in the fluid distribution over dis-
tances of a millimeter in the 30 hours of the experiment; equilibrium
over larger distances takes a longer, but this local rearrangement is
sufficient to reconnect the gas and allow flow (Blunt, 2022, Zhang et al.,
2023).

4. Concluding remarks

High-resolution 3D X-ray microtomography was used to characterize
pore-scale fluid rearrangement due to the remobilization of residual
carbon dioxide during pressure depletion. The pressure range was from
10 to 5 MPa spanning both supercritical and gaseous phases in a water-
wet Bentheimer sandstone.

Advances in Water Resources 179 (2023) 104499

2 mm

Fig. 7. 3D visualization of CO, in the pore space: left) 5 MPa; right) 5 MPa after
30 hours. Note that the colors are assigned at random and indicate discrete
ganglia of the CO,.

After primary drainage followed by subsequent waterflooding the
residual gas saturation was large — 0.48 on average. As pressure drop-
ped, gas was produced. This implies that swelling of the gas phase,
combined with exsolution, allowed the gas to reconnect through the
pore space and flow out of the system. However, when an image was
taken, when the pressure was kept constant, in all but one case the gas
was disconnected. This implies intermittent production, with the gas
phase reconnecting and being produced, followed by the acquisition of a
new position of equilibrium where snap-off allows the aqueous phase to
strand the gas in larger pores. At one pressure value, the gas was con-
nected across the sample: the average saturation was 0.55, or 0.07 more
than the residual value. This may imply that an increase in saturation is
required to allow the gas to reconnect and flow. In any event, the
intermittent nature of the displacement could explain the low gas rela-
tive permeabilities observed on pressure depletion in the literature
(Moghadasi et al., 2022, Fishlock et al., 1988, Egermann and Vizika,
2000, Egermann et al., 2010, Xu et al., 2017)

The observations made in this study are consistent with the findings
from our field-scale CO5 injection experiments at Heletz, both in terms of
the general behavior and the mobilization saturation. At Heletz, a Sgnob
value of 0.05, similar to our measured value, and around 90% reduction
to gas relative permeability was inferred — under pressure depletion
conditions — through extensive history matching and model analysis of
the field data (Moghadasi et al., 2022). Furthermore, the observations
made in this work closely match the results of pore-network modeling,
where the depletion experiment was simulated on extracted networks of
Bentheimer and Heletz sandstones which predicted remobilization sat-
urations of 0.064 and 0.061 respectively (Moghadasi et al., 2023). Such
studies consistntly applied across field- to pore-scale, significantly
improve our understanding of residual gas remobilization and critical
saturation in the context of CCS, and in turn enables us to perform more

0.8 T end of depletion, Sy = 0.46
after 30 hours, 5[,30 = 0.56
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Fig. 6. CO, saturation profile at 5 MPa at the end of depletion process (shown in blue) and after 30 hours (shown in red). Average gas saturation for each case is
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accurate characterization of in situ phenomena affecting the security of
residual trapping in both the short- and long-term.

At the end of the experiment the system was left for 30 hours and
then imaged again. The gas reconnected with an increase in saturation of
approximately 0.10 on average. This suggests that continued exsolution
combined with Ostwald ripening — the transport of gas dissolved in the
aqueous phase to equilibriate local capillary pressure — can lead to
reconnection of the gas phase. This implies reduced storage security and
trapping: the rearrangement of trapped gas by Ostwald ripening could
lead to local reconnection of gas ganglia, which may facilitate flow and
enhance migration, thus reducing the amount of CO, that can be
residually trapped.

We suggest that further research should focus on: (i) investigating
this phenomenon at a wider range of pressures and temperatures with
consideration of the time-scales to reach equilibrium; (ii) studying the
effects of various operational variables such as pressure depletion rate as
well as the effects of rock and fluid properties; and (iii) determining the
averaged properties, including relative permeability and residual satu-
ration, to use in reservoir simulation models to predict and design car-
bon dioxide storage. Additionally, we suggest that future studies use
brine that is pre-equilibrated with CO,, to study the sole effects of Ost-
wald ripening under no pressure depletion. In terms of modeling, future
research can validate the existing pore-network simulator (Moghadasi
et al., 2023) on a pore-by-pore basis using micro-CT images, and further
modify/develop the code to consider Ostwald ripening on its own.
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