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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.
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Abstract. With the growing importance of unconventional reservoirs in
meeting global energy demands, improving gas recovery from shale formations
has become a critical challenge. Primary recovery from such ultra-tight formations
typically remains below 10%, necessitating the use of Enhanced Gas Recovery
(EGR) techniques. This study investigates the potential of carbon dioxide Huff-n-
Puff (CO2-HnP) as an EGR method specifically tailored for shale gas reservoirs.
The main objective is to optimize key operational parameters — injection pressure,
injection rate, and soaking time — to maximize gas recovery in low-permeability
environments. Methods. To evaluate the effectiveness of CO.-HnP, a commercial
compositional reservoir simulator was used to model key operational parameters:
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injection pressure, injection rate, and soaking time. Sensitivity analyses were
conducted to determine the optimal set of parameters for maximizing gas recovery.
Results. The results support the hypothesis that including adsorption and diffusion
significantly enhances recovery. Specifically, a configuration of 800 MSCEF/
day injection rate, 5500 psi injection pressure, and zero soaking time yielded
the highest gas recovery. Gas adsorption improved cumulative recovery by 9%,
while the addition of molecular diffusion, modeled using the Sigmund correlation,
contributed an additional 19% over a 40-year period. Practical value. These findings
underscore the importance of mass transfer in gas displacement and demonstrate the
practical applicability of CO.-HnP for field-scale implementation. The study offers
a robust framework for designing efficient and sustainable strategies to optimize
gas production from shale formations.

Key words. CO2 injection, Huff-n-Puff, EOR, unconventional reservoirs, shale
gas.
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Annoranuss. CrnaHenrti KOJUIEKTOpJIapJaH KOMIpCyTeK eHIipy — OyriHri
TaHJa PHEPreTUKANBIK KayilCi3miK MeH TYpakThl JAaMy YIIiH epeKIle MaHBI3Ibl
OarpITTapapiH Oipi Oonbill OTBIp. JlereHMeH, AocTypili eMec KOJIEKTOopiapaaH
Oacrankbl ra3 eHIipy aeHredi omi e 10%-maH TemeH, OyJl eHAIPYIIH THIMII
omicTepiH i3geyai Kaxker erenmi. OChl FBUIBIMU JKYMBICTA KOMIPKBIIIKBIT Ta3bl
Herizigne Huff-n-Puff (HnP) omicin kommana oOTBIpBIN, CHaHENTI ra3 KeH
OpBIHAapbIHIA Ta3 eHaipyai apTTeipyasiH (EGR) TexHOMOTHANBIK MYMKIHAIKTEP1
KapacThIPbUIAAbI. 3epTTEy MaKcaThl — 6T€ TOMEH OTKI3TIIITIri Oap KoJIeKTopiaapaa
ra3 eHAIpy THIMIUTTIH apTTHIPy YIIiH HETi3r1 TEXHOJOTHSUIBIK MapaMeTpiepi
oHTainanaelpy. 9odicmep. CO.-HnP opiciniH THiMAiNiriH Oaranay YLIiH HeTisri
TEXHOJIOTHSJIBIK TapaMeTpiep — aijay KbICBIMBI, aiaay >XbUITAMIBIFBl KOHE
YCTamn TYPY YaKbIThl — ©3TepTiJie OTHIPBII, KOMMEPLHMIIBIK KypaMaac pe3epByap
CHUMYJIATOPBl  KONAaHbUIABL. Kabar QmiouarepiHiH KO3FaNbICHIH HAaKTHIPaK
KOpCeTy YIIIH MOAEJbre Ta3AblH aACcopOLMSCHl MEH MOJICKYNANbIK TUPQy3us
CHSIKTBI MaHBI3[IBI Macca anMacy MexanusMzaepi enrizingi. ['a3 ennipyai 6apsiama
apTTHIPY MaKCcaThIHIA Ce3IMTANABIK (CE3iMTal apaMeTpIiep) Talaybl Kypri3iiii.
Homeocuenep. Ce3MTaNABIKTEL TaJjay HOTHXKENEpl OOWBIHINIA Tra3 eHIIPYAiH
e xorapel kepcetkimrepi 800 MSCF/roynik aiimay xeurgamasirel, 5500 psi
KBICBIM JKOHE CIHIIpY YaKbITBIHBIH OONMaybl >karnaiibiana Oarikanael. COHBIMEH
KaTtap, MOJiellb Macca anMacyblH HETi3ri MpoLecTepiH — ra3 aacopOnuschl MEH
MOJIEKYJIaNbIK MU dy3usHbl — eckepeli. ['a3 agcopOIusachl KUBIHTBIK OHIIPY/Ti
9%-ra apTTHIpCa, MOJIEKyNaIbIK 11 Gy3usHbl (CUrMYyHA KOpPEeSIUUsACH HEeTi3iH/ae)
Kocy ra3 enaipyai 40 xbun immiHae mamamed 19%-ra apTThIpaThIHBI AaHBIKTAJJIBL.
Tpaxmuxanvix KyHObLILIK. By 3€pTTeY ra3/Ibl BIFBICTHIPY MEXaHU3M/IEPiHACT 1 Macca
alMacy IpoLecTepiHiH MaHBI3ABUIBIFEIH Kepcetin, CO2-HnP oxicinin eHAipicTik
ayKbIMJa KOJJaHyFa OONaTBIHIBIFBIH JoNeNnAeii. 3epTTey HOTHXKENepi CiaHI
KOJIJIGKTOpJIapbIHAH T'a3 OHAIPYAl THIML opi TYPaKThl apTTHIPY CTpaTerHsuIapbiH
Kacay YIIiH maiinanel Heri3 6omna anajabl.

Tyiiin ce3zxep. CO: aiinay, Huff-n-Puff omici, mynaii anyast aptteipy (EOR),
JOCTYPIIi eMecC KOJUIEKTopiiap, TaKTaTac Tasbl.
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AHHoOTanmMsa. B ycloBusSiXx pacTymiero 3HAYeHUS TPYAHOU3BIEKAEMBIX
KOJUJIEKTOPOB B OOECTEUeHHH TI00ANBHOTO CIIpOca Ha YIJIEBOJOPOJIBI, KpaiiHe
aKTyaJTbHOW CTAaHOBHTCA 3a/a4ya MOBBIMIECHNSA 3()PEKTHBHOCTH AOOBIYH Ta3a M3
ciaHIeBbIX Gopmanuid. [lepBudHas ra300Tmavya U3 TaKUX IJIACTOB, KaK MPaBUJIO,
He mpeBbimaer 10%, uTo TpeOyeT MpUMEHEHHS METOAOB yBETWYeHHUs Hedrte-
¥ Tra3o0TAadd. B gaHHOM WHCCIeZOBaHWUM paccMaTpUBAETCs HCIIONh30BaHUE
texronorun CO2 Huff-n-Puff (HnP) B xauecTBe crioco6a moBBIIIEHS Ta300TAAYH
(EGR) mis crmaHIEBBIX Ta30BBIX MeCTOpoXKAeHHH. llenmbio paboThl sBIsSETCS
ONTUMU3AIUS KITFOUEBBIX TEXHOJIOTMYECKUX MapaMeTpOB — JaBIICHUS 3aKadKH,
CKOPOCTH 3aKauKH ¥ BPEMEHH BBIACPIKKH — JJIs1 YBEITMUEHUS U3BIEKAEMOCTH ra3a
13 HHU3KOIPOHHUIIAEMBIX KOJIICKTOPOB. Memoodsl. s oneHKu 3¢ (GHEeKTHBHOCTH
metoga CO2-HnP ucnosnp3oBancss KOMMepUecKnii KOMITO3UIIMOHHBIA CHMYIISTOD
IJIaCTOB, B KOTOPOM BapbHPOBAIUCH KIIIOYEBBIE TEXHOJIOTUYECKHE MapaMeTphl:
JaBJIICHHWE 3aKadKW, CKOPOCTh 3aKa4Kd M BpeMs BBIIEpXKKH. B Momenp Obun
BKJIIOUEHBI BaKHEMIIME MEXaHW3Mbl MaccooOMeHa — aacopOmms raza u
MoekyisipHas auddy3us — 9To MO3BONMIO OOJee TOYHO OTPA3UTh MOBEACHUE
¢mronmoB B Heapax. Ilyrem mpoBeneHHsI UYyBCTBHTEIHHOTO aHAIM3a OBLIH
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OIIpENEIeHbl ONTUMAJIBHBIE MapaMeTpsl A MaKCUMHU3ALUM W3BJICUCHMS rasa.
Pesynomamer. lomydenHbie pe3ynbTaTsl IOATBEPAUIN TUIIOTE3Y O TOM, UYTO YUYET
angcopormm 1 auddy3un CYIMECTBEHHO YBEIMYHMBACT razoormady. Hawmmydmme
MoKasarenu Aocturarorcs npH aasineHun 5500 psi, ckopoctu 3akauku 800 MSCF/
CYTKH M OTCYTCTBUH BPEMEHH BBIJICPIKKH. YUeT aJIcOpPOIMK 00eCIIeUnBALT IPUPOCT
n3BNeueHus raza Ha 9%, a BKIIIOYEHHWE MOJEKyIsipHOW auddy3um Ha OCHOBe
koppessinun CUrMyHIa YBETMYMBAET COBOKYIHYIO 100buy Ha 19% 3a 40 ner.
IIpaxmuueckas yennocms. Takum o6pa3om, paboTa 1o J4epKUBAET KIIFOUEBYIO POJIb
MacCOOOMEHHBIX MPOLECCOB B MEXaHU3MAaxX BBITECHEHMS ra3a U JAEMOHCTPUPYET
BBICOKMH TpakTH4eckuid moteHuuan npumeHeHus CO:-HnP B nmpoMelnuieHHBIX
yCIOBHSX. Pe3ynbTaTel MOTYT OBITH HCIIOB30BaHbI 1151 pa3paboTku 3(h(HEeKTHBHBIX
U YCTONUYUBBIX CTPATETUH yBEINUEHHS I'a30400bIUN U3 CIAHIEBBIX KOJUIEKTOPOB.

KitroueBbie cioBa: 3akauka CO2, meton Huff-n-Puff, ysenuuenne negreornaun
(EOR), HEeTpaauLIMOHHbIE KOJUIEKTOPHI, CIIAHLIEBBIN ras3.

Introduction. In the dynamic landscape of global energy, unconventional oil and
gas reservoirs have emerged as pivotal players, reshaping the traditional paradigms
of hydrocarbon exploration and extraction. Unlike conventional enhanced oil
recovery (CO2-EOR), which has been widely applied in mature oil fields, CO--
EGR presents a promising alternative for boosting hydrocarbon recovery from tight
gas-bearing formations. This approach not only improves gas recovery but also
enables the permanent geological storage of CO-, addressing both energy security
and environmental concerns. The dual-purpose nature of CO.-EGR—enhancing
production from difficult-to-develop resources while contributing to long-term
carbon sequestration—aligns closely with global climate mitigation goals(IPCC,
2023, Ding, et al., 2019; Wang, et al., 2020).

In2022, the U.S. Energy Information Administration (EIA) approximates that the
production of dry natural gas from shale formations in the United States amounted
to around 28.6 trillion cubic feet (Tcf), constituting approximately 79% of the total
U.S. dry natural gas production for that year (EIA, 2021). Despite the significant
oil and gas reserves in the unconventional reservoirs and current advancement of
technologies, the oil and gas recovery factor from the primary depletion is limited
to a low recovery factor (<10%)(Alfarge, Wei, et al., 2017). This means that more
than 90% of the original oil and gas in place is left unrecovered in shale reservoirs.
One EGR method that has become frequently used in tight reservoirs is cyclic
gas injection (i.e., Huff-n-Puff, or HNP). One HNP cycle consists of three stages
(Figure 1). First, gas is injected into a well at a high pressure (huff), followed by a
period of shut-in to achieve miscibility (soaking), and lastly bringing the well back
to production (puff). One advantage of this technique is that it does not involve
drilling extra wells, since gas is injected into the same producing well. Even though
the performance is tied to the properties of injected gas, delivering gas supplies to
the field can be costly or impractical. This technique, though, allows produced gas
to be recycled back into the formation, and hence becomes particularly attractive if
there is adequate availability of produced gas on site.
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H&P in unconventional reservoirs has been tested in numerous field pilots and
scaled up, particularly in the Eagle Ford, over the last decade (Atan, et al., 2018;
Eltahan, et al., 2021; Ganjdanesh, et al., 2019; Zhao, et al., 2020).

Produced

Gas Soaking
L Fluids

Injection Period

Figure 1 — Schematic showing stages of a Huff-n-Puff EOR cycle (from GeoMark Research 2018).

The efficiency of the CO: injection process depends on various factors, which
can be categorized into controlled and measured parameters. Measured parameters,
such as reservoir rock and fluid characteristics, are beyond our control. On the
other hand, controlled parameters, including injection pressure, injection rate, and
soaking time, are within our influence. Li et al. (2023) investigated effects of various
injection rates, injection days, production days, shut-in time, and circulation cycles
on the final methane recovery rate through orthogonal experiments. Jing et al.
(2023) suggested that CO2 may be favorable compared to produced gas as an EOR
agent. They highlighted that increasing the injection rate can enhance the Recovery
Factor (RF) but up to certain limits, which is influenced by oil price or economic
conditions. As hydrocarbons are not being produced during the soaking time, certain
authors argue that this period is deemed irrelevant, (Mukherjee, et al., 2020; Yu,
et al., 2014). Consequently, initiating production immediately after the injection
phase is considered by some. While soaking time does increase overall downtime,
potentially causing production losses, certain researchers choose to incorporate it
into their models. Higher injection rates often lead to increased pressure in the
reservoir, promoting better displacement of the native gas and improving the sweep
efficiency. This, in turn, enhances the recovery of gas, especially methane, from
the reservoir. The choice of an optimal injection rate is crucial for maximizing
gas recovery while ensuring the economic feasibility of the operation. However,
it’s essential to strike a balance, as excessively high injection rates may result in
issues such as premature breakthrough and channeling, diminishing the overall
effectiveness of the CO: injection process. Understanding the nuanced relationship
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between injection rates and gas recovery is key to designing and implementing
successful CO: injection strategies for enhanced gas recovery in reservoirs. Some
study highlighted the significance of molecular diffusion as a transport mechanism
in unconventional fractured reservoirs, a factor often overlooked in conventional,
non-fractured multi-component petroleum upstream simulations dominated by
convection (Cronin, et al., 2021). In ultra-tight formations, where convection is
slow, and thin blocks surrounded by fractures increase contact area, molecular
diffusion becomes crucial for hydrocarbon production. In the shale matrix,
molecular diffusion is expected to dominate mass transfer, while convection viscous
flow prevails in natural fractures. Authors emphasized the significance of molecular
diffusion as a crucial flow mechanism in shale oil reservoirs characterized by low
matrix permeability and a densely fractured network (Jia et al., 2019). Investigations
into diffusion coefficients between gas and oil under high pressure, considering
the effect of low-permeability porous media, are limited. The validity of empirical
correlations widely used in the oil and gas industry, developed several decades ago,
might be questionable. Their work provided a brief review of methods for measuring
diffusion coefficients in liquid-saturated porous media. The authors suggested that
future research should focus on obtaining in-situ molecular diffusion coefficients
in tight porous media to enhance the understanding of this phenomenon. This is
crucial for modeling diffusion more accurately during composition and pressure
changes in the matrix/fracture system where gas injection and production occur.

This study investigates the application of EGR in unconventional reservoirs,
emphasizing to shale reservoirs, utilizing a commercial compositional reservoir
simulator. The primary objective is to analyze the mechanisms involved in gas
recovery during CO: Huff-n-Puff. The study thoroughly investigates the influence
of operational parameters namely injection pressure, injection rate, and soaking
time, on the processes of CO2- EGR, identifying the most critical factors controlling
these processes. Additionally, special consideration was given to processes such as
adsorption and molecular diffusion.

Materials and methods.

To analyze therealistic effects of CO: injection in an unconventional gas reservoir,
we have constructed a numerical model of shale reservoir. We have collected daily
pressure and gas production data of a shale gas formation in the Eagle Ford, that
is published from the literature. We addressed the uncertain or missing parameters
by assigning arbitrary values within reasonable ranges associated with shale gas
TEServoirs.

For numerical modeling, the compositional simulator CMG-GEM (CMG, 2022)
was used by setting up 3D reservoir model with dimensions of 545 ft x 800ft x 130
ft, which corresponds to length, width, and thickness, respectively (Figure 2).
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(a) 3D Grid Top view
Figure 2 - Shale gas reservoir model.

(b) 2D Permeability I view

Table 1 - Parameters used in basic reservoir model.

Parameter Value Unit
Number of grid blocks (x*y*z) 83x27x7 -
Model dimensions 545x800x130 ft
Depth to top layer 9785 ft
Matrix permeability 500 nd
Average water saturation 0.30 fraction
Reservoir temperature 256 °F

Total compressibility 2E-06 psi!
Initial reservoir pressure 4700 psi
Reservoir porosity 5 %

We acknowledge that the field gas composition in a typical gas reservoir consists
of multiple hydrocarbon components. However, for our study, we focus solely on
methane, the predominant component, and assume the reservoir fluid to be 100%
methane. Table 2 lists the critical properties of these pseudo components which
were used for phase behavior calculation. The gas properties were determined for
this well using the Peng-Robinson equation of state using CMG-WinProp.

Table 2 - Compositional data for the Peng-Robinson equation of state.

Component | Pc, atm | Te, K | Acentric | Molecular | Volume Shift | Ve for Parachor
Factor | Weight viscosity

CO2 72.8 304.2 |0.225 44.01 -0.111 0.094 78.0

CH4 45.4 190.6 {0.0080 |16.0 -0.175 0.099 77.3

Relative permeability strongly depends on the wettability of the shales. Figure 2
shows the relative permeability curves for matrix.
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Figure 3 - Relative permeability curves for matrix: (a) water/oil (b) liquid/gas

The local grid refinement (LGR) technique was used to represent the fractures
by assigning their properties to the innermost block of a refined block (see Figure
2). The reservoir model is designed for a 452 ft section of a horizontal well and
includes 10 fracture clusters, each of which is represented by a planar fracture
(Figure 3). The cluster spacing and fracture half-length are set at 52 ft and 200 ft,
respectively. Table 2 shows the other parameters of the fractures. Also, Figure 3.7
shows the fracture relative permeability curves used in this study.

L

Sy,

Figure 4 - Hydraulic fractures along the considered section of a horizontal well.

Table 3 - Parameters of the Hydraulic Fractures

Parameter Value Unit
Fracture permeability 50 md
SRV permeability 0.0325 md
Fracture width 0.6 ft
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Fracture half-length 200 ft
Fracture height 146.5 ft
Fracture spacing 200 ft

We investigate the impact of CO. H&P on our reservoir model presented in
Chapter 3 with single porosity system without considering mechanisms such as
adsorption and diffusion. In the simulation of CO. H&P scenario, we assume a
development plan that starts with initial production for three years, and then the
H&P cycles begin with CO: injection. Each H&P cycle consists of one year of CO-
injection, followed by one year of production and this process is repeated until
the completion of the 40-year period. Figure 4 illustrates the average pressure and
initial production of the reservoir for the base case without CO> H&P scenario with
initial reservoir pressure at 4700 psi for 16 0000 days (43 years).
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Figure 5 - Base case: reservoir average pressure and cumulative CH4 production.

Results

1. Sensitivity analysis of operational parameters

Injection Pressure

Three injection pressures—4500 psi, 5000 psi, and 5500 psi—were tested to
assess their impact on cumulative methane production over a 40-year period. The
simulations indicated that varying injection pressure had no significant effect on
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methane recovery, suggesting that within the tested range, injection pressure is not
a critical factor for Enhanced Gas Recovery (Figure 5).
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Figure 6 - Cumulative CH4 production under varying injection pressure.

Soaking Time

Three scenarios were evaluated to determine the effect of soaking time on
methane production:

* Case 1: 12 months injection, 12 months production, no soaking

* Case 2: 12 months injection, 6 months soaking, 12 months production

* Case 3: 12 months injection, 3 months soaking, 12 months production

The results demonstrated that the scenario without a soaking period yielded
the highest methane recovery, while longer soaking times resulted in decreased
production (Figure 6).
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Figure 7 - Cumulative CH4 production under varying soaking time plans.

Injection Rate
Injection rates of 200, 400, and 800 MSCF/day were tested at a constant injection

pressure of 5500 psi and no soaking time. The cumulative methane production
increased with higher injection rates, with the optimal rate identified as 800 MSCF/
day. CO: storage also increased proportionally with injection rate (Figure 7).
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Figure 8 - Cumulative CH4 Production under varying injection rate.
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Based on the sensitivity analysis, the optimal parameters for further study were
determined to be an injection pressure of 5500 psi, an injection rate of 800 MSCF/
day, and no soaking period. Under these conditions, the CO- Huff-n-Puff (H&P)
scenario resulted in a 2.5% decrease in methane recovery compared to the case
without CO: injection.
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Figure 9 - Cumulative CH4 production without and with CO> H&P.
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Figure 10 - Average reservoir pressure with and without CO2 injection over time.

2. Effect of Adsorption
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To explore the impact of adsorption on methane recovery Langmuir isotherm
adsorption curve is chosen to describe the adsorption of the two components
(Figure 10). The adsorption equation is used to describe the adsorption behavior
of CH4 and CO.. The Langmuir isotherm equation with two fitting parameters is
as follows (Langmuir, 1918):

V(P) =L (1)

P+Py
where V(P) is the gas volume of adsorption at pressure P, V| is the Langmuir
volume, referred to the maximum adsorbed gas volume at the infinite pressure,
and P, is the Langmuir pressure which represents the pressure corresponding to
a one-half Langmuir volume. In the model, an extended Langmuir isotherm is
implemented to model the competitive multicomponent adsorption and desorption
process:

w; = WimaxBiVigP (2)
14X Bjyjg

where w., is the moles of adsorbed component 7 per unit mass or rock, w, is the
maximum moles of adsorbed component i per unit mass or rock, B, is the parameter
for Langmuir isotherm relation, P is the pressure, and Vie is the molar fraction of
adsorbed component 7 in the gas phase. The Langmuir isotherm is often determined
in laboratory using core samples. The data on adsorption provided in this study is
drawn from existing literature on the Eagle Ford shale formation. (Yu, et al., 2013)
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Figure 11 - CH4 and CO: Langmuir isotherms.

When adsorption was considered in the simulations, methane production
increased by 9.2% by the end of the production period. This enhancement is
attributed to CO:’s higher adsorption affinity, which enables it to displace CHa from
the surface of organic matter, thereby improving gas recovery (Figure 11).
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Figure 12 - CH4 production before and after CO. Huff Puff with adsorption process being

activated.

3. Effect of Molecular Diffusion

The impact of molecular diffusion was assessed by simulating scenarios
with CO: diffusion coefficients of 10™* cm?s, 107 cm?/s, and using the Sigmund
correlation. CO: diffusion was modeled using CMG-GEM (CMG, 2022)
compositional reservoir simulator built-in capability to handle molecular diffusion.
Effects of adsorption are not considered for this case.

The results indicated that higher diffusion coefficients led to substantial increases
in methane recovery, with improvements of approximately 6% and 19% for the
10 cm?*s and Sigmund correlation cases, respectively, compared to the scenario
without diffusion.

Figure 12 shows the effects of different CO- diffusion coefficients on cumulative
methane production.
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Discussion.

1. Interpretation of Injection Parameters

The sensitivity analysis conducted in this study revealed that injection rate
significantly influences methane production and CO: storage, with higher rates
leading to increased recovery. This aligns with the findings of Liu et al. (2021),
who emphasized the importance of optimizing injection parameters to enhance
gas recovery in shale reservoirs. In contrast, variations in injection pressure and
soaking time showed minimal impact within the tested ranges, suggesting that,
under certain reservoir conditions, these parameters may be of lesser priority for
optimization.

2. Adsorption Effects

The incorporation of adsorption effects into the simulation models demonstrated
a significant enhancement in methane recovery. This outcome corroborates findings
from other researchers who have highlighted the role of CO:’s higher adsorption
affinity in displacing CH4 from adsorption sites. Figure 11 illustrates methane
production comparing scenarios of H&P injection to no injection while activating
adsorption during the simulation. Taking adsorption into account results in a 9.2%
increase in methane production by the end of the production period. It is evident
that methane production has declined during the first five years after injection
compared to the case without injection. This suggests that there is a time delay for
gas molecules to adsorb into the rocks until they reach a level at which they become
influential to the results.

3. Molecular Diffusion Implications

The study’s assessment of molecular diffusion effects underscores the importance
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of considering diffusion mechanisms in modeling CO: injection processes. The
significant improvements in methane recovery associated with higher diffusion
coefficients suggest that diffusion facilitates deeper CO: penetration into the
reservoir, enhancing CHa displacement. These findings are consistent with literature
emphasizing the role of molecular diffusion in gas transport within low-permeability
formations (Alfarge, Wei, et al., 2017; Cronin, et al., 2021).

4. Limitations and Future Work

This study provides valuable insights into the effects of operational parameters,
adsorption, and molecular diffusion on enhanced gas recovery. However, it is
limited by the specific reservoir characteristics and simulation conditions used.
To improve the generalizability of the findings, future work should investigate a
broader range of reservoir types and operational scenarios.

Incorporating field data and conducting pilot-scale tests would strengthen the
practical relevance of the results. Further research is also recommended on CO-
Huff’n’Puff and flooding methods in larger reservoirs and longer horizontal wells
with complex fracture networks. Natural fractures, which play a critical role in
tight formations, should be included in future models to better reflect real reservoir
behavior.

For greater accuracy, combining key mechanisms—such as diffusion and
adsorption—is advised. Their interaction significantly influences methane recovery
and CO: storage, and integrating them can enhance the predictive power of
simulation models.

Conclusions.

- Injection rate of 800 MSCF/day an injection pressure of 5500 psi, no soaking
period are chosen as the optimum parameters for CO: injection as a result of a
sensitivity analysis.

- CO: Huft-n-Puff for EGR could be a viable choice, especially when taking
into account mechanisms such as diffusion, adsorption.

- CO: huff-n-puff scenario is not suitable for CO: storage even considering
diffusion, adsorption, and the presence of natural fractures because more than 80%
of the injected CO: is reproduced quickly back to the surface.

- Gas adsorption leads to roughly 9% increase in gas recovery during 40 years
of gas production.

- Molecular diffusion of CO: significantly contributes to the improvement of
gas recovery in shale gas reservoirs. The utilization of the Sigmund correlation
results in an approximate 19% increase in gas recovery.
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