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Abstract

As global carbon emissions continue to increase and climate change intensifies, the importance of
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carbon dioxide geological storage (CCUS) technology is becoming increasingly prominent, with
deep saline and coal seams becoming the main storage sites due to their enormous potential. Inte-
grating numerical simulation and machine learning technology has become the key to breaking
through bottlenecks. This article reviews the research progress and application of this fusion method
in the field of carbon sequestration. In terms of numerical simulation, multi physics coupling soft-
ware represented by COMSOL can accurately simulate the transport of CO:z in porous media, such as
two-phase flow, dissolution diffusion, rock deformation, etc. The mathematical model construction,
key parameter setting, and boundary condition treatment of coal seam adsorption expansion effect
are the basis for reliable simulation. In terms of machine learning, algorithms such as support vec-
tor machines, random forests, and neural networks can efficiently construct algorithm models us-
ing datasets generated from numerical simulations, significantly accelerating parameter optimiza-
tion, uncertainty analysis, storage prediction, and stability evaluation. Engineering examples have
verified the significant advantages of this fusion framework, reducing the computational complex-
ity of historical fitting by several orders of magnitude through proxy models. Research has shown
that the synergy between numerical simulation and machine learning has significantly improved
the efficiency and accuracy of carbon sequestration prediction, solved the problems of strong het-
erogeneity and ultra long term prediction, provided strong technical support for efficient decision-
making and optimization of CCUS engineering, and effectively promoted the integrated develop-
ment of oil and gas development and carbon sequestration technology under the goal of carbon
neutrality.
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1. 53|

BEE CO, i FEHE, RS BRI, SRR O E BN R ™ IR kR —, AEkEHER
ERFAIRKAE AR B A R R E B H R 1]-[3].  (EEUCE ) ¥ COo, FINEESAZ
W, HEAFRREEEGE. RREOKER LA ZME KA BN E ST, BEN SRR
Fe KR (ECBM) S B AF I E M . T HURAE R R 248 . Z AT & 1F F DL K A7 2 5%
HME AT A7 B T T A R PR . A% SR BUE AL AT DU A B R, (R A, B IR B A
TR Z W)FRLI . COMSOL S5 HLA% 2% 2] (Rl & 2 i X — [ B OB, BT 2 T8 I 2 M3 37 R A A AU
tH CO, iIZ B PE AL S AR, S5 2 M AR B IE S B A S AT e b, TR “WIEENLEE + X
PEIXBN” HIX 5| BETIHESE

X7 B AR, BIER COx fERI/KZEHMIZF W KA IKE . MY BUCA AT R %R il
T, Tl 2 RS BAE TR (4] [5]. TR 3 T IR NI IK SRR B E RSN, T
FEAFIETE COMSOL B i [ AR G AR7R 1 R IR N R BRI 03 i B2 s ma 6], 7RIt 26 )L H4F
W, SRR I H (W Sleipners In Salah FIFfAE/RE TFESE)IE T CCUS HARMATATHE7] [8].
SR BUE RN FAT — O EH R U R E AR IER, £ LR s — s R T SuE v R
EIHE BRS8NI, R — MR b T B R IR S B R T . IR EEAR S
SE WA b RIR — R BB S LA ST Rl 1 O
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Figure 1. Numerical simulation flowchart
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ZHRA R A RN A ) E IR ATR G ARG, @i A PR T SRR S IR
43 )5 FE4H(PDEs).

2.1. BEERGE

1E COy HAFM A, 386 2 FLA BTG PI AR I &2 S E A . O T RR RIS, s —
FRASE FH 2 TR 8 5 K 2 LA T 2 AR T RE AT R AE[4] [5]. COMSOL 38 & #Aik 78 & it FH Kedhiid 2 4L
BB Fick 78OS @ 20 4 73158 KoKV T7 B AT SR A B ER

PASI] i A6 A A ST R R I S CO- 2R /K AR AL N [4], Az 5 2 a4

d(¢p.S.)
ot

Hor g NFLBRZR, p NEE, SRNBME, u NETERGE, O NIEILHI[4]. ZEA4E S Peng-Robinson 1tk
ATTEHIRE IR T COy IR, it e BOEASEALIR 2 R ZIE I B, s EIL T CO,
SPRAEAR [ AN [A) T RS AU . BEZEAE W FHI G| NIEE R AT TR . I T IK 5 B 5 02 2
1k K A Shi-Durucan £ 7 ;

+V-(pu,)=0,, a=CO,,brine (1)

e = kye (om0 )
Forr y NNJUR BRI e MRS, B ONREE RE[4]-[6]. HEN XEFH HHBLLER, COfER
XN AT IR SRR, BB A IR L EA 63.52% (FEAFFIR 95 m i), BeiE 1R
BB EA AR FE FIER 7], FEEEY BTN 1.
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Table 1. Core physical modules for carbon sequestration simulation in COMSOL

5% 1. COMSOL HkE fF Rl iz D YIR a5

R XF REAREER RELHE
ZILAIREN Darcy’s Law V-(pu)=0(pp)/ot
e 598 Transport of Diluted Species oc/ot+V-(-DVe)=R
A - WHAR Level Set/Phase Field oplot+u-Vo=yV-(Vp)
A% Solid Mechanics V.o+F=0
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F#2(0.05~0.3)« BE LI Z 0 Brooks-Corey 54! KAHX BB R ESH . JHEZE TR EFIREZ, &
KH Langmuir J7F2F1 )22 50map s . Jakath[4] [5].
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Figure 2. “Physics-Data-Experiment” three-driven framework diagram
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