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CO, Hi 5T 17 2% SR fifp A BRAZ I 5| S IR A8 A RN S BB Hh R A 1 BT R 2 — (Alllen et al., 20255 S04
o6 et al, 2014). W E=AER, ZEARACERKEEABRTZHASRMH. 8%, COy BN TMER T
MEHERCE S, TR RRI K R R KR AR 4E (Kim et al., 2019; Lin et al., 2024). FfiJ5,
FHERI COL B NI R URF b o A b AT KRB A, 3 I IR B A7 I bk G A5 A v B R 53 (R 0. R Rk 2
KT TF RIS (Nath et al., 2024; 32 et al., 2023). L2 T, REBUKEKERKE 20, EFs,
Wil e B L F11 CO R B 777 T2 — (Bachu, 2015; 323 et al., 2024). SR1T, TREBBUKZH £ fhs gl
B WK R WESNIE, FEELRESBER ALY, RIS AR BT (Pettersson et al., 2022;
W etal., 2024), X AR B 1R )2 ERE R AR AL COL 7EHZ HH B R AT vid i 35 52, 38 T 24
MR 22, M2 24 5 @ R Bk E A7 R PK (Kim et al,, 2019; Wei et al., 2025; B PHIE et al., 2025). 7E
CO VEANWI, #ik 5 BYl ENLHNE R & 3 SHAL, XHIRE AT =4 v g Y20 (Bashir et al., 2024;
Massarweh and Abushaikha, 2024). #R1f0, IXEEIHEENLE] 2 KA T RO R, HE I FEH AR fLIRE 513
TR E ST, FEOTEAFE R G A B AR 1 B ARSI 9 R

O K2 ZE WL LA A FSRR R A O, 7R T FLIRE 51208 2810 23 [0 A8 R A% X CO, 704
[R5 35 5 (Al et al., 2022; Fujii et al., 2024; Shi et al., 2011). R, = N SZEGEHE KT A RS OREAR, X
YRR ACR R A &5, HARAE T VAR R IEA K2 IS RFE (Ershadnia et al., 2020; Pavan et al., 2024). SF5Z
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b HZ AR B B W R R RN, M RUE T W% 380 PR Tl AL B 45 e S Aok 22 £ J2 RUPE T 118 2 WAL
Bk R, TR, AR REBOR T EHRAR S A RHESEAT BT FE, A Al SE AR U7 A R0 s K 2
ff] CO, #7775 & (Hosseini et al., 2024; Li and Benson, 2015). Guo et al. (2017)1 Keykhosravi et al. (2025)[] SZ4
FARTR 1 75 RS2 A R A 5T 11 /N RUBE AR A AE FR0IN AR A7 A Bt P B B 7 ThI R B . teAh, BT FLBR
FEAIEEI, EARBIEZAR FEAUARE, HE LRSS R kA R E A . Pini and Benson (2017)F1 Jonk
et al. 2022)IWFFLRI, HZMIESE (BFFALRE 52ER) MR SBEEME L1 EIIEY FERHE,
EMEME AR ST RSB MG, REPHRY RIaHE, #mEmEFRieR 52et. B2, £ COy
B RS, ALESWEESAVHESE (WFLBRE. BERELBMERD WAEIEFIERE, UiRm
SRR ST LR

R FEAES IR BUKJZ H COL PIRBNAS, AW FLLR G BB KFAHR AL % ZFLIRE 52BN
AR U AESFR &M FIREX CO, MMESE CHERE. MR, LWEMMKTE) Mgm, HIlA
Leverett J BRECK BAE R 1E 8T BB HOREE, RALAEAEI A5 A 125 18] 40 A S ARG RN . AE b JE it
b M 7RG K- R AR BUE AL, B DUBL R PPl AR 35 RK 2 e COL 35 47 1 Bh A& T AL
FHIE S B

1 MRS

B B AR RUKE A THE T 1000 m PR, K 5000 m, J& 100 m: HulBAREE 25 Kikm, MRy 288.15
K, B, 28R A AT LAMRIE COL &b T#IG A4S (JE71>7.38 MPa, ##&fE>31.1 °C) , HF|T CO, HR
B17# (Bashir 5%, 2024; Pavan %%, 2024). COVEANAEHFURUKE G, MEBME KM Lk, fE/= TR,
TERE S MBRPIR . IR AR 2 IF IR, [FN A2 BN CO, 5 MK IR BE 22 BT 51 ARG 7 10
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Fig.1 Schematic diagram of the conceptual model for CO2 storage in deep saline aquifers
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X, QNREIRILBRIEL-]s pw oo, 70 AR ARAT COL ARV L [kg/m®]s wy, Alug 70 I AZK AT CO2 HH 12 TTIE
FEm/d]; eI TaI[d]e 2475 B8 E JIAE AT, KA UM V2 U 2 AT I 78 58 S 20 70 27 O

kkrw

Uy = L (pr - pwg) (3)
kkrco
u002 = - Tozz (Vpcoz - pcoz g) (4)

A, kRZAN T LRBIE R[] ke Mk 73 WK AR IIAIRTB B[] phyy o, 73 A K AR AN
SARRIBN SR EE[Pass]: Vpy, FIVpe,, 73R 7K AT COL AT FE JIBEEE[Pa]: g v B JJ N B [m/s?] o

it J2 KA FD COL AH LRI 23 R I R R R

Sw+ Sco, = 1 (5)
A, s KBIERIEZ-]: s, N COLMRIE[-].

TERMAMERT, ARIERAR AR 2 8] 2772 ) 2%

Pc(Sw) = Prw — Pw (6)
X, p ABIE L J[Pal: p, SIEHAHIE JI[Pals ppy, AAEEMEAE K I [Pa].  HIFLEREEANEE R S BB E
JE AR S 2 S OR B TR Eh 3h 112 o ASCAE ] Leverett J R $(Leverett, 1941)iH5 T BEFLER RS8R 4
HHIBE )

J(sy) = 0.1 % se(_’ll) (7

pc(sw) =B ](Sw)\/% (®

A, J(sw) N Leverett ] BREL; B4 Leverett ] BREHNAE R o AKAHAT COL AH BIAH XS 12 %8 2 181 ] Brook-Corey
% Z 3 (Brooks and Corey, 1966)11 5 1]:

2431
Ky = SS * ) ©)
(39
kyg = (1—s.)* (1 —s, ) (10)
S, = M) (11)

1-Swr—Sgr

A, s NARBIBME-], sy AFRRIKMRIEZ-], sg MERARTEHIE]-].

1E COTENS RS, FENI AT K AR, 25l &K 2L 5EE Rk, FLBREEFIEE %
5¥LKE & J12 8] K122 & ~N(Dong et al., 2010; Pavan et al., 2024):

¢ = B,eco@Po) (12)

k = koeCk(p—po) (13)
K, ¢ R AR ILREE[-]: ko, NEEIATIRIZIE R[] po W#)EIRIGE R JI[Pa]s ey My 73 il Ju il 2
() FL B s 48 ZR A [ 1/Pa) FIE I % s 48 R 5U [ 1/Pa] -

F ARSI SRS COx VEANERR M REM, MR Re s fE e, ZIE g2 T RS Pt T R ) 7 R

N
oT
(OCp)esr 52+ (PwCowliw + PgCrgtig) - VT =V - (AegfVT) = Qr (14)
(pCZ))eff = ¢(pWCPWSW + ngpgSg) + (1 - ¢)prcpr (15)
Aerr = P(Awsw + A45,) + (1 — $)A, (16)

A, THIREK]: Cpus CpgMCpp 73 HINIK S COr MUE A I ELAE [M(kgK)]s Qr NI W/m®); p,
HAEEkgmY]: Ao NA R FEEIW/(mK)]: A, A5 5IK COFIAA HE R W/(m-K).

3



BTN CO, iR S WM HZ IR B R 2= 5, R

Qn = Cpg X Mip; X (Tpnj — T) 17)
X, My COL NI &8 & [kg/m/s]; Tin, NTEN CO2 IR E[K] o 25 B BIRF A2 R0, iy
THE, AWK AR EEE LU ER, HHEB COMSOL Multiphysics®f) “ 42117 DhfghnbAsesl, FH
A BE N 0.1 m.

BTN COL IS EUZ At 2 0 TR BRI 2, DR AR SO CO ITES L R 2
EL A RIS ) B 2 IR FE AN 11 B $(Gudala et al., 2023; Qu et al., 2017), FrRHARIAK K ZEH T 15
MPa-40 MPa ][5 7B Al 273 K-553 K (IR ETEE, M.

(o) = |1+ 107°T2 — 5.642 x 107°T — 5.71 x 10~p,? s
HolTrPg) = +2.186 X 1075p, + 0.0011 (18)
0.00036T% — 0.3693T2 + 122T — 0.333p,?
Po(Topg) = +32.54p, — 12720 (1)
—4.9 X 1075T% + 0.084T2 — 49.11T + 0.47p;
Cpg(T1pg) = 42.1p2 (20)
42.1p2 + 1200p, + 276.3

2, (T.py) = [ —1.75 X 107873 + 2.29 x 1075T2 — 0.01T .
9\"Pg) = |-1.89 x 1075p3 + 0.0007p,* — 0.006p, + 1.46 (2]

Rt 1g(Topg)~ Pg(ToPg) Cog(Tipy)s Ao(T,pg) FBRFEHIGHE COL HIREIE . BEFE . HLAA I FH IR
REFIE J1 (5

2.2 FIIR ARG %A%
TRV E bRl 2 W) U 557K s 0 AR R BE TR P 2 38 0 Ay, AL (R 4 26 AF B e I R
Py, )le=0 = P + +Pwgz (22)
Ty, )|tz =T + Gz (23)

SRS BE B AR IZ 00 1532 A 1 RS RS 4 IO AS S LB A R AE . BIAEZKT 5 1) B
TIEZ SHGE RN, BB AL R %R

PGy, Olx=L = Pr + +pwgz (24)

TV, )=y =T + Gz (25)
X, p AT A AR )Z LS E FI[MPalRR EE[K]s G oA )E IR AR FE [K/km]. & 1 51 T AR 78 R4l

RERAE T IS4
R AW BUE AR I 2 5

Table 1. Parameters used in the numerical model in this study

ZH i ZH e
ENEEE (M) 0.02 kg/m/s AKARGE () 0.001 Pa-s
FRARIKMBAEE (syp) 0.1 KA FER (4,0 0.59 W/(m-K)
PRARTMBAIE (sgp) 0.05 [EAHZE B Cpp) 2600 kg/m?
B (LD 5000 m [ AH EE A (Cpp) 874 J/(kg-K)
it 2 JERE (HD 100 m FEARMGER (2,0 1.5 W/(m-K)
fitfz EIFIREE (To) 313.15K FLBR /N Aida 3 (D 2
fl#ff= BIAFHETT (po) 10 MPa R ALBUE A8 R AL () 1x10°® Pa’!
KA (py) 1000 kg/m? ik ZBE R4 R (o) 1x10°8 Pa’!
IKAHEEAAE (Cpy) 4200 J/(kg'K) TENIRE (Tin) 288.15K
ZHRIR: Pavan 55 (2024) , BTRM&EE (2025) , Wei 5§ (2025)
3ERER
3.1 BUE MR HIRAIE

AW T TH IR T A COMSOL Multiphysics F & T — 44k CO, BUKJZE A7 B K-FA- 7786 & HUE A .
W IHE G AL AR AR AL R TR, MRS T COL-3h K R EI AR . A7 I B IR FH B RS 41 1)
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PUT R DU T SR eI, DABR SR R . FE S AR B U . WA 3 RO UK E COL A7 AL 3E 47 4L
BT, SREKA 58I 5 COMRITRIE « SRR 23 A o MBI E A 1500 K, IFTAEK N 1 K.

NIGAEAT TR R BUEARE TR AT S50, K i8R COL SARMIATEE 20 4ii 5 Buckley and Leverett (1942)32 H!
(R ARIT AR TR JEAT 0 b o B0 AN BE ATVRAE BK 2 TP I HEER R, mT DATE MR 2. A5 R ARSI RS A0
i IEFLB AR LT, AW AT R O BUE Y e R I v AN FE AR 4K a4 55 Buckley and Leverett (1942)#RiE
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Fig.2 Comparison of the gas saturation curves of the numerical model proposed in this study with the analytical model of Buckley
and Leverett (1942)

3.2 JEHSIHEXT CO2 PITAFHE KIFEMH

EARW T A, BUKZREAES BRI WG AL () ARG AR, HiBER- LR E R R0 H
T %122 X ZiH (Costa, 2006):

ko = Cc(

) (26)

X, CAmIy 72 Kozeny RECFIES R 1o AR ALBREE 73 A IR IEZS 43 41 (GhojehBeyglou, 2021; Safari et al.,

2021), J7ZN 0.01, HIHME N 025 A1 0.3, ABFAFEE T CHAMmENAAEE, DLERANFEZERPIEM,

B40 T 4 RS 5 32 (Costa, 2006; Pavan et al., 2024). 1, €, = 1.46 x 1073 FIm = 147 HERERBHE
(L(a)fl L(b)) , TMC, = 2.8 x 1072fIm = 2.76 A EREXEZEHZ (H@M Hb)) . £ 2 FIH T AH iy

VYR RS S st M S HGE . B 3 R T DY RIS o A R AR AR L B RE 43 AT A 100 o

2 AR TR TR B35 K S H0E

Table 2 Four heterogeneous scenarios and parameter ranges constructed in this study

EX SFEIFLBRE (O BIEREJEE (mD) F¥BIEE (mD)
L(a) 0.25 2.32-79.4 26.40
L(b) 0.30 6.16-102 36.80
H(a) 0.25 1.12-534 92.70
H(b) 0.30 6.64-788 160.0
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Fig.3 Heterogeneous saline aquifers with different cases of porosity and permeability distributions (Y-axis magnified by 5 times)
(a) Porosity distribution characteristics; (b) Permeability distribution characteristics
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Fig.4 Gas saturation distribution of COz at 1500 days for different heterogeneous conditions (Y-axis magnified by 5 times)
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Fig.5 Variations in the average pressure and CO; saturation along the top boundary for different heterogeneous conditions
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Fig.6 Spatial variation in the thermal front for different heterogeneous conditions (Y-axis magnified by 5 times)
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JIENTT M AREAE — 3. Bk, RIS EMFLIBTE 52 2R 1R rgsgm, s R FLIR B R Kz
FERL A 12.8%A1 1.13, 40 L@ L(b)ion: M, miB = I FLERT e 1A e R, HALRRFEAE
R B EF BN 8.69%A1 1.09, W1 H(a) Al H(b)FT7R. X 1] LLIH K TARIE A4 2 R S BOR AL FR 3 FE 12
SBURBMHZENIEMIEE R EE, BESETHMENLE.
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Fig.7 Spatial variation of porosity of the reservoir at 1500 days (Y-axis magnified by 5 times)
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Fig.8 Spatial variation of permeability of the reservoir at 1500 days (Y-axis magnified by 5 times)
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BT, ALIINT AN EENSH—BERERE (o), HEONBIGR CO» SEFR & s I FLER AR S5
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MEHF R R ZIFR R
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BRI AR T LB E A 5B IERFL. BERE, REMHENEAHERRAL (o) Er KTz, £
REMZ T, COy PITHE LR, (HEEEEANRIFFEE, CO, AU B W F2 2 R MR ) X . JELE
ANIEREHE 5 1 ARAEARSLRR B X IR 097 5L TR i 7 BAFRCR R Wi LBr. M, SfLEE
Bmnt, RE COPRIEM B, (HlrTHMR e mfLEIEZE, SRR IR AR N, 7R
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Fig.9 Temporal variation in the storage efficiency coefficient (€) of the saline aquifer for different heterogeneous conditions
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NV AR BRI UK ZE T COy SIS L, ARG HIE T /KA RSB 55
BERMBSEACTRE . PUARER AT TIREEX COMMES RN, Mg T IR - EHEE, KRR
T E AR B AR R K E T IR COL i B2 KB BRI, FELIRUR .

(D) fERig T, COx PRI B AR FIER R 210y 1782 m, i #idin E B AP AETE A AR IL X3,
PVEEAE K2 T R KB R BE 408 161 mo X FE AP TEAI L CO M LA B A1, HE
T 0200 PEE A — RS L 4] ARG X I I G

(20 R AR BAER P B LR DA B A RE R . ~FESLEEE Y 0.3 HIfEE T, EIEIELAN 1.64
MPa, /N FEFLBREE Y 0.25 2 14 1.96 MPa I3 IE . tbAh, o ALBE R 20 Al SRR 7252 F AR Xt s 3
RERIFEMIRE L, T FLRR A B AR A I R 5

(3) CO EANMREPFIE T i Z LB, WKFI7 A KRB B Es, BSR4
B 5980 Z 0 I AR O U . BANAE R ER, 2 LB IR 2.10%-12.8% 2 [7], EB@EFHREHN 1.01-
1.13,

(4) FEMRBALIBEOKZEH, COx MIEAF R R R IAZ) 0.88, 23 T2 AR k= H 1912 0.75.
XM, EREGEE TP RIRT A AR R R RS, FA BT CO A Rt /7 fig
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BHER IR E VR VE P, JFEIERR 1T R & b 2 OB OB B0AIE 5 T 20 A, BLSE 3 COp SR 171
AT AR
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Thermo—Hydro—Gas—Mechanical coupled numerical simulation of

geological CO: sequestration in heterogeneous saline aquifers

Jin Liao" 2, Cai Li?, Qihui Yang3, Aohan Jin?, Quanrong Wang3"
1. School of Earth Resources, China University of Geosciences (Wuhan), Wuhan 430078, China;
2. CNOOC Limited Hainan, Haikou 570100, China;

3. School of Environment Studies, China University of Geosciences (Wuhan), Wuhan 430078, China
Abstract: A deep understanding of reservoir heterogeneity and multi-field coupling effects is important for assessing
CO; flow and migration behavior during geological CO, storage. This study comprehensively considers the two-phase
flow mechanism, the dynamic evolution of reservoir porosity and permeability structures, and the influence of temperature
on the physical properties of CO;, under non-isothermal conditions. A thermal-hydraulic-gas-mechanical (THGM)
coupled model is developed to investigate CO, migration behavior and storage efficiency behavior in heterogeneous
saline aquifers. Simulation results indicate that reservoir heterogeneity significantly influences average pressure build-up
within the reservoir. In low-porosity reservoirs, the increase in pore pressure is approximately 1.96 MPa, whereas in
higher-porosity reservoirs, it is only approximately 1.64 MPa, thereby affecting the physical properties and migration
pathways of injected CO,. Additionally, the maximum migration distance of the thermal front is only approximately 161
m, while the maximum lateral migration distance of the CO; plume can reach approximately 1,782 m. The permeability
and porosity within the reservoir vary at a ratio of approximately 1.01-1.13 and an amplitude of 2.10%-12.8% during CO,
injection, respectively. The porosity and permeability of low-permeability reservoirs is more sensitive to pressure
disturbances. The maximum CO storage efficiency factor reached approximately 0.88 in low-permeability heterogeneous
reservoirs, significantly higher than those in high-permeability reservoirs, demonstrating that maintaining an injection
rate below the rock fracture pressure in such formations helps enhance the effective storage capacity and long-term
stability of COs.

Keywords: CO; geological storage; Heterogeneous saline aquifers; Thermal-hydraulic-gas-mechanical coupling;

Numerical Analysis



