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ABSTRACT

Background: The intensifying impact of climate change demands innovative approaches to reduce
atmospheric CO, levels. Carbon Capture and Storage (CCS) offers a viable solution by sequestering
CO. in geological reservoirs. However, understanding the role of capillary hysteresis in CO, trapping is
critical for optimizing CCS performance.

Aim: This study aims to investigate the influence of capillary hysteresis on CO, trapping efficiency
in saline aquifers using detailed simulation models and varying hysteresis values.

Materials and methods: Advanced CMG simulation software was utilized to model CO, injection
and migration in saline aquifers spanning depths of 1200—1300 meters. The model, initially saturated
with brine, applied water-alternating-gas (WAG) injection at hysteresis values of 0.2, 0.3, 0.4, and 0.5
to evaluate their effect on CO, trapping efficiency.

Results: The simulations demonstrated a direct positive correlation between hysteresis values and CO,
trapping efficiency. At a hysteresis value of 0.5, nearly 100% CO, trapping was achieved. This increased
efficiency was attributed to stronger capillary forces immobilizing CO, more effectively and reducing
mobility towards caprock, thereby minimizing leakage risks.

Conclusion: The study highlights the key role of capillary hysteresis in enhancing CO, sequestration.
Higher hysteresis values improve long-term storage stability, emphasizing the need for optimized WAG
injection strategies in CCS applications.
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OerMHaanoe unccnegosaHue

Ponb kanunnsapHoro rucrtepesuca B NoBbIlWeHUN 3pheKTUBHOCTU
yrnaBnuBaHuA U ctabunbHocTn xpaHeHus CO,

P. Xopamuan, . NMypacwapu, M. Puasu
Lllkona eopHo2o Oena u Hayk o 3emne, Hazapbaee YHusepcumem, 2. AcmaHa, KazaxcmaH

AHHOTALMUA

O6GocHoBaHMe. YcureHve BO3OEWCTBUS WM3MEHeHUst krnvumata TpebyeT WMHHOBAaUMOHHBLIX MOOXOAOB
K CHwxeHuto ypoBHss CO, B aTtmocdepe. YnaeBnvBaHuMe W XpaHeHue yrnepopa obecnevvBaet
OelcTBeHHoe pelueHve nyTém cekBecTtpaumm CO, B reonormyeckux konnektopax. [MoHvmaHue ponu
KanunnsapHoro ructepeanca B ynaenueaHum CO, vMeeT peluatollee 3HayYeHWe aAnst onTumusauum
3(hbdheKTUBHOCTN yNaBNMBaHNA N XpaHeHUs yrnepoaa.

Uenb. Llenb gaHHOro wuccrnegoBaHus SBMNSIETCS WU3yYeHUE BMUSIHAS KanWMMspHOro ructepesnca
Ha adpekTmBHOCTE ynaenmeaHns CO, B COMNEHbIX BOOAOHOCHBLIX FOPU3OHTaX C MOMOLLLIO AeTanbHbIX
MMUTaLMOHHBIX MOAENen U NepeMeHHbIX 3Ha4eHUn rnctepesunca.

Matepuanbl 1 metogbl. [ns mogenupoBaHust 3akadkm n murpaumm CO, B COMEHble BOOOHOCHBLIE
ropu3oHThl rmy6buHon 1200-1300 M 6bINO MCNONbL30BAaHO COBPEMEHHOE MporpammHoe obecneyeHue
CMG. B mopgenu, nepBoHayanbHO HaCbILEHHOM PaccornoMm, MpUMeHsANacb noodepeaHas 3akadka
BOAbl M rasa npu 3HadyeHusx ructepesuca 0,2, 0,3, 0,4 n 0,5 AnA OUEHKN BNUSHWUS 3TUX 3HAYEHWUW
Ha acbdekTnBHOCTL ynasnueaHus CO,.

PesynbraTbl. MogenvpoBaHue nokasano NpsMYyo MOMOXWUTENbHYK KOPPENsUU0 MeXay BenMuuHon
rmctepesunca u aekTBHOCTbI0 ynaenuaaHns CO,. MNpu 3HavyeHuu ructepesuca 0,5 6610 AOCTUTHYTO
noyTn cronpoueHTHoe ynaenueaHue CO,. Takoe noBbiweHne 3PEKTUBHOCTM OOBACHAETCS TEM, YTO
bonee cunbHble KanunnapHble cunbl addekTeHee nMmooumnuaytoT CO, 1 CHMXKAKT ero NoaBMKHOCTb
B CTOPOHY MOKPOBa MPOAYKTUBHOTO Mracta, TeM CaMbiM MUHUMU3UPYST PUCKN YTEYKU.

3aknwuyeHune. lccrnegoBaHue nogyepkMBaeT  KMKOYEBYH  POMnb  KanwummnspHoOro  rmucrepesuca
B MNoBblWeHnn addpekTnBHOCTU cekBecTpauumn CO,. bonee BbiCOKMe 3Ha4YeHNs rMcTepesunca ynyyiiawT
[OONTOCPOYHY CTaBUNBHOCTL XpaHunuLia, rnogyvepkMBasi HeobXxoaMMOCTb OMTUMM3auuu CTpaTerui
nooyvepenHo 3aKkaykm BoAbl U ra3a B CUCTEMAX YraBnnBaHWs U XpaHeHus yrnepoaa.

Krnroueewle crioga: xpaHeHue CO,, KanunnispHbIU aucmepesuc, ConeHble 8000HOCHbIE 20PU30HMbI,
riooyepeOHas 3akayka 800bl U 2a3a, cMsigdeHue rnocredcmeauli USMeHeHUs Knumama.

Kak uumtupoBatb:
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ynaBnuBaHus n ctabuneHocTn xpaHeHusi CO, // BecTHuk HedbTerasoBow oTpacnu KasaxcraHa. 2025. Tom 7,
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TynHycka 3epTTey

Kanunnsapnbik ructepesuctiyq CO, TyTy TMimMAiniri MeH cakray
TYPaKTbINbIFbIH apTTblpyAarbl peni

P. Xopamuan, M. Nypacwapu, M. Puasu
Tay-KkeH ici xoaHe XKep myparnbl fbiibiMOap mekmebi, Hasapbaee YHusepcumemi, AcmaHa Kanacel,
KasakcmaH

AHHOTALMUA

Herizpgey. KnumatTbiH e3repyiHiH acepiH kywenTy atmocdepagarbl CO, OeHreriH TemeHaeTyaiH
WHHOBaUWMANbIK TOCINAepiH kaxeT eteni. KemipTekTi ycTay xaHe cakray reonorvsnblk konnekropnapaa
CO, cekBecTprney apkbinbl THiMAI wewimai kamTamacbid etepi. Kanunnapnblk ructepesuctii CO,
TYTyAarbl peniH TYCiHY KeMIpTEeKTi yCTay XaHe cakTay TMIMAINIriH OHTannaHabIpy YWiH eTe MaHbI3abl.
MakcaTtbl. Byn 3epTTeydiH MakcaTbl — KanunnsiprblK rMCTEPE3NCTIH TOMbIK MMUTaLUAIbIK Modensaep
MEH TUCTEPE3NC MSHAEPIHIH aliHbIManbinapbl apkbiibl Ty3gbl Cynbl ropusoHTTapgarbl CO, TyTy
THiMAiniriHe acepiH 3epTTey.

Martepuanpap meH aaictep. TepeHnairi 1200-1300 m Ty3gbl cynbl ropu3doHTTapra CO, angay xaHe
Ke3yiH Mogenbgey yuwiH 3amaHaym CMG Gargapnamanblk xacaktamachl kongaHbingel. bactankbiga
Ty30bl epiTiHAIMEH KaHblkkaH mMogenbae 6yn maHaepain CO, TyTy TuiMAiniriHe acepiH Garanay yLiH
ructepesuc 0,2, 0,3, 0,4 xaHe 0,5 MaHAepiHAe Ke3eKTecin Cy MeH ras angay KongaHbingbl.
HaTtuxenepi. Mogenbaey ructepesuc menwepi meH CO, TyTy TuiMainiri apacbliHAafFbl Tikenen
OH KoppensauusiHbl kepceTTi. [uctepeanc MmaHi 0,5 GonrFaH ke3ge CO,-Hbl XKy3 nambi3fa XKyblk
TYTyFa Kon xeTkidingi. Bbyn TuimainikTiH apTybl kywTi kanunnapnblk kywTtep CO,-Hbl  TUiMAI
NMMOBMNU3aUMANanTEIHOBIFBIMEH XOHE OHbIH ©eHiMAI KabaTTbliH KaknafbiHa Kapan KO3fFanfbILUTbIFbIH
TemeHaeTeTiHAIrIMeH TyciHaipineai, ocbinanilia afbin KeTy kayniH azantagpl.

KopbiTbiHAbl. 3epTTey kanunnapnblk ructepesnctii CO, cekBeCTpiHiH TMIMAINITIH apTThipyaarbl Herisri
peniH kepcetedi. MMCTepe3ncTin, Xofapbl MBHAEPI KOMIPTEKTI TYTY XOHE cakTay XymenepiHae cy MeH
rasgbl Kesek-ke3ek avigay cTpaTernsinapbiH OHTannaHAbIpy KaxeTTiniriH kepceTe OTbIpbIn, y3aK Mep3imai
caKTay TYpaKTbIbIFbIH XakcapTaabl.

Hezizzi ce3dep: CO, cakmay, Kanunnsap/blK aucmepesuc, my30bl Cyilbl 20pU30HMMap, Ke3eKkmecin cy
MeH 2a3 aliday, KnumammbiH e32epyiH asalmy.
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Introduction

Industrialization, urban growth, and migration
to cities significantly drive up carbon dioxide (CO,)
emissions [1]. CO, absorbs heat from the sun
and traps it in the atmosphere, leading to ozone
layer depletion and alterations in atmospheric
circulation patterns [2]. CO, geological storage
has emerged as an effective approach to reducing
carbon footprints and addressing environmental
concerns, providing a solution for managing future
emissions as part of a comprehensive strategy
to combat climate change [3]. Carbon emissions
are captured from power plants and permanently
stored underground in saline aquifers or abandoned

hydrocarbon reservoirs, known for securely
storing gases [4]. Four main mechanisms -
structural trapping, capillary trapping, solubility

trapping, and mineral trapping—hydrodynamically
or geochemically immobilize CO,.

Structural and stratigraphic trapping, prominent
in the initial stages of a CO, storage project, relies
on an overlying caprock to prevent capillary leakage
of CO, [5]. Capillary trapping occurs when CO,
becomes immobile, forming isolated ganglia within
pore spaces, enclosed by brine in storage aquifer
formations [6]. Solubility trapping is considered
a secure storage method, where CO, bubbles
dissolve in the aqueous phase, creating carbonic
acid [7]. This acid interacts with metal ions (Ca?',
Fe?*, Mg?*) within the geological structure through
geochemical reactions, producing durable solid
carbonate minerals known as mineral trapping [8].
However, structural and stratigraphic trapping,
which relies on the presence of an overlying
caprock, may encounter geological complexities
and may not be feasible in all geological formations.
Similarly, dissolution trapping requires time
for significant storage, and mineral trapping,
involving the formation of solid carbonate minerals,
is a slow process, further delaying effective
CO, storage. In contrast, capillary trapping,
a rapid process, occurs early in storage, offering
an immediate solution and serving as a key element
for successful CO, storage. This mechanism
involves water entering pore spaces, displacing
CO, and leaving isolated pockets or droplets
behind. Residual trapping is crucial for securely
storing CO, underground over time, significantly
enhancing storage efficiency and encapsulation
within geological formations.

Previous studies have employed two methods
to examine residual trapping behavior. The first
method involves utilizing different ratios of vertical
to horizontal permeability [9], as well as varying
injection rates, temperatures, and pressures
for a specific set of relative permeability curves [10].
The second method isolates the impact of changes
in relative permeability curves by measuring
the variations in trapped gas saturations. This is done
by altering endpoint values such as residual gas
saturation, critical gas saturation, irreducible water
saturation, and wetting conditions, while maintaining
other factors constant [11]. This research employs
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the second method by using different hysteresis values
in relative permeability curves to investigate CO,
capillary trapping. The commercial CMG simulator
is utilized to monitor the distribution of CO, after
injection into an aquifer, followed by alternating water
injections. The influence of four different hysteresis
values (0.2, 0.3, 0.4, and 0.5), which reflect differences
between drainage and imbibition relative permeability
curves, is systematically studied to assess the CO,
plume shape and trapping efficiency underground.

Model Characteristics

A The aquifer model comprised 2000 blocks:
100 in the i-direction, 1 in the j-direction, and 20
in the k-direction, each block measuring 10 meters
inlength and widthand 5 metersinthickness. Stratified
between 1200 and 1300 meters depth, the model
had an initial pressure of 1800 psi at 1200 meters
(Fig. 1) and maintained a constant temperature
of 55°C, characteristic of deep saline aquifers.
The aquifer was initially saturated with 6% salinity
brine, with water compressibility at 3.102x107 psi™*
and rock compressibility at 3.793x107® psi~™.

A uniform porosity of 0.13 was applied across
all layers to accurately simulate fluid flow, while
permeability was set at 60 millidarcies in all
directions to model CO, plume movement.
To represent an infinite reservoir, boundary cell
pore volumes were exponentially increased using
a volume modifier of 1000, allowing unrestricted
fluid flow. Using the CMG-GEM simulator, CO,
was injected at a rate of 10,000 m®*day to a depth
of 1285-1300 meters for one year, followed
by a year of water injection at 50 m®*day to 1220—
1235 meters after a one-year pause. A 10-year
observation period tracked CO, migration, focusing
on structural and capillary trapping. The simulation
revealed that CO, displaces water initially but is
later trapped as water re-injection lowers CO,
permeability, achieving residual water saturation.
The effectiveness of structural and residual trapping
depends on CO,’s mobility through the rock
relative to water, controlled by relative permeability
curves hysteresis, which is critical for predicting
and optimizing CO, storage strategies.

Wetting relative permeability (krw) and non-
wetting relative permeability (krg) were derived
from the experimental study conducted by Edimann
et al. [12]. They injected water into strongly water-
wet sandstone cores until reaching steady-state
flow, marking the primary imbibition phase, followed
by CO; injection representing the primary drainage
phase. This alternating injection process was
repeated for five cycles, each revealing a progressive
hysteresis effect on the relative permeability curves
They employed a critical CO, saturation (S )
and irreducible water saturation (S, ) of 0.05and 0.2,
respectively, to determine drainage relative
permeability. Initially, S was fixed at 0.2 for the first
imbibition relative permeability curve and then
shifted by 0.1 for the next five cycles of imbibition
for the sandstone cores. The relationship between
water saturation (Sw) and relative permeability

....................................................... 93
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Figure 1. 2D aquifer model with perforations at a depth of 1220-1235 meters for water injection
and 1285-1300 meters for CO, injection. An infinite boundary was also established by applying
a volume modifier of 1000 to the right boundary
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Figure 2. The utilized relative permeability curves for both water and CO, in highly water-wet sandstone
cores through the primary drainage and imbibition phases, as inferred from the experimental study
by Edimann et al. [12] and mathematically represented using the Brooks-Corey-Moalem model [13]

for both the wetting (water) and non-wetting
(CO;) phases in water-wet sandstone is visually
summarized in Fig. 2. This figure includes
the observed hysteresis effect, evident throughout
successive experimental cycles, which is the shift
from drainage to imbibition relative permeability.
The relative permeability curves are used in this
study to examine the role of hysteresis in the efficacy
of CO, capillary trapping within geological formations.

Results and Discussions

The study meticulously examines the role
of hysteresis in the efficacy of CO, trapping within
geological formations, an integral component

Q4 e
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of carbon capture and storage (CCS) initiatives.
Using CMG simulation software, a comparative
analysis is conducted, contrasting four scenarios
with hysteresis values of 0.2, 0.3, 0.4, and 0.5, which
mimic drainage and imbibition processes through
WAG injection.

Saturation Profiles

Fig. 3 illustrates saturation profiles for the first
drainage process in a strongly water-wet aquifer,
initially saturated with water and subjected to CO,
injection. The hysteresis value in this process
is assumed to be 0.2, as established in the lab study
by Edimann et al. [1]. Injected CO, from the bottom
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left corner displaced the water and moved upward
due to buoyancy, eventually reaching beneath
the caprock, which acts as a no-flow boundary. This
upward movement is clearly shown in the total gas
saturation profile (Fig. 3a), where the highest gas
saturation values are near the bottom left corner.
The no-flow boundary at the caprock forces the CO,
to spread horizontally, resulting in a broad distribution
of gas saturation. As the system is strongly water-
wet, the displaced water tends to return to pore
spaces invaded by CO,. The returning water
moves back from lower layers with lower gas
saturation, effectively snapping off and trapping
CO, in isolated phases. The trapped gas saturation
profile (Fig. 3b) shows a high concentration
of trapped gas near the injection point and lower
layers where the returning water has immobilized
the CO; in the pore spaces due to capillary forces.

The results of water injection following the first
drainage process are illustrated in Fig. 4.

This injection, simulating the imbibition phase
with a hysteresis of 0.3, pushes CO, into areas
with high saturation, leading to more gas being
trapped within the aquifer. The injected water
displaces the CO,, causing it to become trapped
inisolated pockets. This processis driven by capillary
forces, which are stronger during the imbibition
phase due to hysteresis. During alternating drainage
and imbibition cycles, the relative permeability
curves shift, reflecting changes in the wetting
and non-wetting phase saturations. This shift,
known as hysteresis, results in a different saturation
path during imbibition compared to drainage.
Specifically, the non-wetting phase (CO,) becomes
trapped in the pore spaces during imbibition
as the wetting phase (water) re-enters the pores
and isolates the CO,. The presence of this
hysteresis-induced trapping reduces the mobility
of the CO,, preventing further migration due
to buoyancy.

Figure 3. (a) Total gas saturation profile showing CO, injected from the bottom left corner spreading
upward and horizontally beneath the caprock. (b) Trapped gas saturation profile showing CO,
immobilized by returning water in lower layers

Figure 4. (a) Total gas saturation profile after water injection, showing reduced gas saturation at the
top; (b) Trapped gas saturation profile, illustrating the hysteresis effect enhancing CO, immobilization
during the imbibition phase with a hysteresis of 0.3

Fig. 5 presents the results of a subsequent drainage
process where CO, is injected again, visualized
in the saturation profiles. This time, the hysteresis
value was increased to 0.4, up from the previous
0.3, reflecting an additional 0.1 increment. The total
gas saturation (Fig. 5a) and trapped gas saturation
(Fig. 5b) indicate significant changes compared
to the previous drainage cycle. In Fig. 5a, the total
gas saturation profile reveals that less CO, has
moved to the top layers, with only a small section
in the top layer exhibiting a light orange color,
indicating a gas saturation of around 45%, whereas
it was 60% and more extensive in the previous
cycle. This reduction in gas saturation at the top
layer suggests that CO, mobility has decreased

DOI: 10.54859/kjogil1 08781

due to the increased trapping from the prior cycles.
Fig. 5b highlights the trapped gas saturation,
showing a significant increase in the amount of CO,
immobilized by capillary forces. This enhanced
trapping results from the hysteresis effect observed
during the alternating drainage and imbibition cycles.
As the relative permeability curves shift, the wetting
phase (water) re-enters the pores, further isolating
and trapping the CO,. The increased trapping
efficiency ensures more CO, remains securely
immobilized within the aquifer, reducing the risk
of CO, migration and enhancing long-term storage

stability.
In the final simulation, water was injected
again to simulate the imbibition process,

....................................................... 95
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with the hysteresis in relative permeability set to 0.5.
The resulting saturation profiles are shown in Fig. 6,
with Fig. 6a representing the total gas saturation
profile and Fig. 6b depicting the hysteresis-trapped
gas profile. The profiles indicate that all the injected
CO, has been effectively trapped, leaving
no free gas in the system. This complete trapping
is due to the increased hysteresis effect, which
enhances the capillary forces during the imbibition
phase, ensuring that the returning water isolates

and immobilizes the CO, more effectively.
The increased hysteresis value contributes
to a stronger trapping mechanism, resulting

in the complete immobilization of the CO, within
the pore spaces. In conclusion, water-alternating-gas

injection progressively traps more gas, eventually
leading to the absence of mobile gas.

Capillary Trapped Gas Efficiency

Fig. 7 presents the capillary trapped gas percentage
as a function of dimensionless time (tD) for varying
hysteresis values, with the main plot on the left
and an enlarged view on the right to accentuate
the initial trapping phase. The data elucidates
a positive correlation between hysteresis and CO,
trapping efficiency, indicating that an increase
in hysteresis enhances capillary forces, thereby
augmenting CO, entrapment within the reservoir’s
pore network and subsequently reducing post-
injection mobility.

Figure 5. (a) Total gas saturation profile from the drainage process showing less CO, movement
to the top layers, with a smaller section exhibiting a gas saturation of around 45%; (b) Trapped gas
saturation profile indicating increased CO, immobilization due to the hysteresis effect during
the drainage process

Figure 6. (a) Total gas saturation profile showing complete trapping of injected CO, with no free gas
remaining; (b) Hysteresis trapped gas profile illustrating the enhanced capillary trapping due
to a hysteresis value of 0.5 during the imbibition process

Figure 7. Capillary trapped gas percentage as a function of dimensionless time for different hysteresis
values

DOI: 10.54859/kjogi1 08781
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In the primary plot, the capillary trapped gas
percentage is depicted for hysteresis values of 0.2,
0.3, 0.4, and 0.5. A hysteresis value of 0.2 reflects
the drainage process, wherein CO, displaces water
from the pore spaces. The trapping efficiency for this
value initiates at a low level and increases gradually,
achieving a maximum trapped gas percentage
of approximately 30% by the end of the simulation
period. This gradual increase suggests that
lower hysteresis results in less efficient trapping
over time. In contrast, the trapping efficiency
for a hysteresis value of 0.3, simulating imbibition
through the post-injection of water, escalates more
rapidly with a plateau around 75%. This indicates
improved trapping efficacy through the snap-off
of CO, by water in pore spaces.

For a hysteresis value of 0.4, the trapped gas
percentage increases swiftly, reaching roughly
80%, demonstrating that a higher hysteresis value
significantly enhances capillary forces, resulting
in more efficient gas trapping. The highest hysteresis
value tested, 0.5, exhibits the steepestrise in trapping
efficiency, nearly achieving 100%. The rapid
increase and elevated plateau imply that the highest
hysteresis value results in the most efficient
trapping. The zoomed-in plot on the right highlights
the initial phase of the trapping process. All curves
commence at zero, reflecting the absence of initial
trapped gas. The green line (hysteresis 0.5) shows
the most rapid increase in trapped gas percentage,
followed sequentially by the blue (hysteresis 0.4),
red (hysteresis 0.3), and black (hysteresis 0.2) lines.
The fluctuations observed in the zoomed-in plot
for higher hysteresis values (0.4 and 0.5) can be
attributed to the dynamic interplay between capillary
and viscous forces during the trapping process.
Higher hysteresis engenders stronger capillary
forces that effectively trap CO, in the pore spaces.
However, as CO, injection proceeds, the viscous
forces associated with the injection can momentarily
reconnect trapped CO, clusters, causing them
to form a stream and be released from the pore
spaces, resulting in the observed fluctuations.
These fluctuations are absent for lower hysteresis
values (0.2 and 0.3) due to weaker capillary forces,
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leading to more stable and gradual trapping without
significant interplay between capillary and viscous
forces.

The plots unequivocally demonstrate that increased
hysteresis through post-water injection enhances
the capillary trapping efficiency of gas within
the aquifer. Elevated hysteresis values amplify
capillary forces, which trap more gas more rapidly.
As hysteresis intensifies, the ability of the wetting
phase (water) to isolate and trap the non-wetting
phase (CO,) improves, owing to the increased
capillary forces associated with higher hysteresis
values, thereby preventing the mobilization of CO,
and resulting in higher trapped gas percentages.
These findings hold significant implications
for CO, sequestration projects, where maximizing
the trapped gas is pivotal for ensuring long-
term storage stability. Implementing processes
that augment hysteresis, such as WAG injection, can
enhance the efficiency and security of CO, storage.

Conclusions

This study highlights the crucial role of hysteresis
in enhancing CO, capillary trapping within a water-
wet aquifer. The analysis reveals that lower
hysteresis values (e.g., 0.2) lead to gradual and less
efficient CO, trapping during the drainage process,
achieving a maximum trapped gas percentage
of around 30%. In contrast, higher hysteresis values,
such as 0.3 and beyond, considerably improve
trapping efficiency, with imbibition processes
reaching up to 75% and subsequent drainage
and imbibition cycles approaching nearly 100%
trapped gas. The intensified hysteresis enhances
capillary forces, ensuring CO, remains immobilized
within the pore spaces, thereby reducing its mobility
and preventing further migration. These findings are
essential for CO, sequestration projects, suggesting
that techniques like WAG injection can substantially
improve storage security and long-term stability
by amplifying hysteresis effects. Overall, strategic
management of hysteresis through appropriate
injection methods can maximize CO, trapping
efficiency, contributing to effective and reliable CO,
storage solutions.

validation, writing—review and editing, supervision,
project administration, funding acquisition; Masoud
Riazi — conceptualization, methodology, validation,
writing—review and editing, supervision.

AONONHUTENBLHO

UcTo4uHuK ¢pmHaHCHMpoBaHus. HaHHoe
nccrnegoBaHve 6biNo NpoBeAeHO NpU NoAAEpKKe
HazapbaeB YHuBepcuTeTa B pamkax nporpamMmbl
KOHKYPCHbIX FPaHTOB Ha pa3sutue dakynsreta HY
(Ne rpaHTa: 201223FD2608).

KoHdnukt wuHTEepecoB. ABTOpbl Aeknapupylot
OTCYTCTBME SIBHbIX W MOTEHLMAmNbHBIX KOHIUKTOB
MHTEPEeCOB, CBSA3aHHbIX C Nybnukauuen HacTosLen
craTtbu.

Bknap aBTopoB. Bce aBTOpbl noartBepxaaroT
COOTBETCTBME CBOEr0 aBTOPCTBA MEXAYHapOOHbLIM
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kputepusm  ICMJE  (Bce  aBTOopbl  BHecnu ctatbu; [lypacdwapu [1. — KoHuenTyanusauwms,
CYLLEeCTBEHHbIA Bknag B pa3paboTky KOHUenuuwW, MeTomosiorus, Banupauusi, HanucaHue paboThbl
npoeeneHue nccrefoBaHus " NnoaroToBKy  (peueH3upoBaHWe W peaakTUpoBaHWe), KOHTPOIb,
cTaTtby, Npounu 1 opobpunun duHanbHyl BEPCUID  aaMUHUCTPUPOBaHWE npoekTa, npueneyYeHne
nepea  nybnukauven). HanbonbLuunin BKrag uHaHcupoBaHus; Pruasm M. — koHuenTyanusaums,
pacnpefenéH cnegytlowyMm ob6pa3om: XopamuaH METOAONOorvsl, Banuaauusi, HanucaHve paboTbl
P. — koHuenuusi, meTogororusi, MogenupoBaHue, (peueH3upoBaHME W peaakTMpoBaHWE), Haa3op
MoOAroTOBKa MepBOHAYanbHOrO MNpoeKkTa Hay4yHOW —3a NpoBeAeHUEM.
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