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Abstract: CO, geological sequestration-enhanced coalbed methane (CO,-ECBM) strengthens the development of coalbed
methane (CBM) and realizes the stimulation of coalbed methane wells. At the same time, CO, is stored in deep coal seams.
This technology has some great development prospects. Relying on the demonstration project, numerical simulation based
on geological modeling is still an important path for its technological development. Based on the analysis of the character-
istics for the corner grid geological model and the geological modeling ability of COMSOL Multiphysics, a geological
model that can clearly display the three-dimensional spatial morphology and heterogeneity distribution of gas content, ad-
sorption time, porosity, permeability, elastic modulus and Poisson’s ratio of the No. 3 coal in the Shizhuang South Block
of Qinshui Basin was established in COMSOL Multiphysics using the split-reconstruction method. On this basis, the nu-
merical simulation of CO,-ECBM for controlling gas injection pressure was carried out in combination with the adsorption-
hydraulic-thermal-mechanical-chemical (AHTMC) multi-field coupling mathematical model, and the impact of CO, injec-
tion pressure on CH4 stimulation, CO, storage and the geochemical environment of coal reservoir were analyzed.
Moreover, two kinds of shut-in modes, namely, simultaneous shut-in and sequential shut-in, and four CO,-ECBM engin-
eering objectives, namely, time saving, CH, stimulation, CO, storage and comprehensive consideration of the three, were
proposed. In addition, the CO, injection pressures were optimized according to the two shut-in modes with the four object-
ives. The results show that: (D Under the limit of 15-year and the injection pressure of 5.50—9.50 MPa for the CO,-ECBM
project, with the increase of CO, injection pressure, the CH, production rate of CBM wells and the CO, storage capacity of
coal reservoir increase, with the maximum of 14.39% and 8.31x10” m’ respectively, the area of coal reservoir containing
acid fissure water expands. The CO, storage rate decreases due to the large output of CO, from CBM wells with the in-
crease of gas injection pressure, but remains above 95%. (2) The heterogeneity of coal reservoirs has a great impact on the
production of CBM wells. The higher the CH, content and the greater the porosity and permeability of the coal reservoirs
around the CBM wells, the more significant the CH, stimulation effect. The stronger the CO, adsorption capacity of the
coal reservoirs surrounding CBM wells, the lower their CO, production rate. (3 Under the simultaneous and sequential
shut-in, CO, injection pressure has a significant impact on the CO, concentration and CH,4 production rate of gas produced
by well group, and the CH, recovery of coal reservoir decreases with the increase of injection pressure at the end of CO,-
ECBM project with 33.28% and 41.63% for 3.50 MPa, 18.90% and 28.03% for 6.50 MPa and 12.81% and 23.01% for
9.50 MPa, respectively. @) The optimal injection pressure of CO, for the engineering objectives of time saving, CH, stim-
ulation, CO, storage and comprehensive consideration of above three are 8.05, 3.50, 6.35 and 6.25 MPa for the simultan-
eous shut-in, respectively, and 9.50, 9.50, 3.50 and 9.50 MPa for the sequential shut-in, respectively. ® Compared with
simultaneous shut-in, the sequential shut-in can achieve better CH, stimulation and CO, storage effects by extending the
engineering time when using the optimal CO, injection pressure.

Key words: CO, geological sequestration-enhanced coalbed methane; 3D heterogeneous geological model; coalbed
methane stimulation; CO, sequestration; injection process optimization
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S MBS KA RN E s A EFTR], d; vy, 7K 95 L B
m/s; A FLBRIE N B DR Ab2z B 4 oy jAE K g
BB, m/s; 0 M ARZE BRI A, mol/(m’® - 5).
IAh, CH,. CO, FUKTEAR)Z NIRAE 52 0T, i
EILBE S B ERE S, ME SRR
N B L A 2 T A4k L A2 TR Bl A K
7 AV UTTE, M 2 FLBR RS B 15 R 0 AR f L R
CINYES )

+V . (Civy—19SD,VC;))=0; (3)

K, oy Biot RN T R EL e W BEAEZ N AS s T £
0 B URIRAS; PR IEAE ZFLBR 7, MPa; KR
L AR RS, GPaj e, A 0 35 o IR R AR REZ i 17 22 5
o AREA P IK R B K5 T2 IERTE, Ks en N HK)Z
AT 4307 A R B, mol/m’s M, S 7 AT B IR AR,
m’/mol.
22 XBESHESEMAR
221 XS

SEH A A SR R R T TR NS
B R ARG SCHik . ARG 2 N S I, W0 /K e 3
SHARZ CO, 22 [WIATRZY y CH, 2= IIRFRAY 1.8 4%,
CO, PR WK BB a1 2 R CH,, #1 45 W Ff s 8] 79 1.5 4% o
[, st )2 CH, i AR Y 0 A 52 JEE Xt
SR B R T B AR T . F TR BRI 5T
A OGS UL 2.
222 BUHEBHITE

CO,-ECBM TR MIZ I CaFRZE
A, FLRTARAR HE R — 2R 35 [ b oA A v i/ B 1Y
BiBR, TEJTE CO-ECBM SIS FY, A 25
AR 7 D s A LS AR R IR 3 R,
— R — RS T M BB R AHTMC s il iy
WERAPE . FETF AT, AR 4l TR 2 I I e 4 A
Ay MR AT CO,-ECBM R4 2 ANHYER (36 3).
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Table 2 Main key parameters of geological model'™ 4
P e 2 el KB Bl
HIRTREE/K 298.15 EIRE ik ey it 1.00
WIUAH Y BE/(mmol + L) 4.57x10°° MR (kg - m ) 1450
WIREHCOS e /(mmol - L) 5.76 KA E (kg - m ™) 1000
WILHCOZ M/ (mmol + L) 1.40x10°72 AR T R 0.50
HIHEOH e i/ (mmol + L") 2.19x1073 CHSMABUW + (m - K)) 3.01x107
BlfCa® e (mmol - L) 0.32 COFHARKUW - (m - K)) 1371072
CH,>% G J1/MPa 2.15 IKGFMEEU/W + (m - K)D 5.99x1072
CO,>: [GE J)/MPa 1.40 HEASIMARUW - (m - K) ) 0.19
JE 1 ZHUMPa™! 7.1x1072 CH, LB /(KT + (kg - K)7 222
TR R BUK! 2.10x1072 COLHAMA/KT + (kg - K)™) 0.84
CH, 8l 1B /(Pa - 5) 1.34x107 KIS /(KT + (kg - KO 4.19
CO BN IR /(Pa - 5) 1.84x107 /KD - (kg - KT 135
KB SIBE I (Pa - 5) 1.01x107° CH, W FH8Y/(kJ + mol ™) 16.40
CH AR B B -15.07 COLMHHHA/(KI - mol ") 19.20
COFEEUHEL -12.46 CH #f3(KT + mol ™) 14.12
CH IR #HUK 1545.00 COLEMA(KT - mol ) 19.99
CORIE R BUK 2258.50 BRAK ML 0.05
it BE /K 273.15 BRI ARIEE 0
FRUEIE J1/MPa 1.01x1072 Jr i PG AERE/KT - mol ) 23.50
CH " HUS AL A/ + mol ') 34.00 Jr A RIS AL RE/KY - mol ) 14.40
COL ¥ BIH AL A/(KT - mol ™) 18.00 H S R % 3 8 (mol - (m? -+ s) 1) 1.55x10°°
FESRS AU - (mol - L)) 831 WA IV 3 50 (mol + (m? - ) ) 0.50
SR FR B/ MPa 0.75 Jr A LR AV (m? - kg ) 9.8x1073
HEJRIE J3/MPa 1.00x1072 T AT (kg + m ) 2710
F3 HEERAER
Table 3 Scheme for numerical simulation
Sz HER K J)/MPa EAS CO,IEAJEJ)/MPa COTEARE/C BB /a
A7 D RS S — — _ Sz
CO,-ECBM# 1] 0.1 w3 55. 65,75, 85,95 20 15

B T2 B R LB AN B R A B AR
JE B RAARKAE, 7 CO,-ECBM BLALI I 77 224k 7K
A7 D3 SR UL b TR A
23 EFEHEMESERSSW

8 R T 45 I E A I CH, S =Sk B FIAR
PSR GO 2 CH, MAE G hZky
RES G M DT e S A= 7= it 26, G iR 250 7.56%~
18.67%, V¥R 12.14% . PIARCRIELFHIFHH WS I,
FIHAEL 1100 d Z R BT 500 mY/d, 1100 d
S 7E AR T R LA N 2 24 900.00 m*/d i 14 T AT

MRS IR 7 L A 4 SRS, i = 4y
Jo M AR AR AHTMC 22 378 A B0 B R Al E RS
TG IR I = 22 (B A | SRS EU i g 2 8 <tk
W B L 35 A FLE R IR A A TR

CH, A= 7 Iy s 400G S A 4l WA 2] A A 7= HER B
i, 0 I (1) A R R o HE AT o Y kMR
1.146x 107" m* i, 3 T #i (8 B 480 35 45 (0 452 <3
CH, 7S B 5 S0 7 =k B 1) A8 Al B 3 AR — 3,
RERUN (K] 8). LT, BAHIZPIIRB B R 0.488 5x
1075~2.252 2x107" m?%, -1 1.165x 107" m*([&l 9).
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Fig.8 CH, production history matching of CBM wells
LT, W6 Al W7 3 CH, 77 S 2 4 R B B A= 7 i

BT T T oV

0.6 1.0 1.4 1.8 2.2
BIBF/107 m?

Ko MEAEEWIIRE BRI
Fig.9 Initial permeability distribution of coal reservoir
24 CO,-ECBM #EHER SN
2.4.1 CH, 514>
K10 JB7n 1 A SRR P R A 2= CO, i W6
MW7 I/ CH, 7= U EARIR O o A2 F AR A 15

WIZAOE

Vi) J2E K T 2R T R I ) AR b B . 5 FARAE PR AR L, 2
FERY CH, P2 EETE CO, TE AW A W 5342 7,
B 25 B ] ) 2 K, B, ELRE iR A WTAE K
M HRA A U AR TS, W6 il WT Y CH, 7~
S BE R CO, T AR 7 (038 Jin i d2 3 v . e,
5 w7 A, W6 H- CH, P B B AR A, X
BRI TEAEZE CH, &R LB B B R IEY
oA R . W6 BT A K JE A2 CH, &
S, LR &R/ T WTIE, B2 R 1
CH,, IR AU 035 il il

% 4JE/RT CO,-ECBM .7 520t 15 a J5 A [A]
CO, AR F A4 CH, 3 ™= 5Bl . 5.50~
9.50 MPa i£ S H1F, CH, 3775 K 4.93%~14.39%.
Bl CO, A FEIIRIREIN, CH, 377 5 S 7= 3R 34 1
EHN ., XM, £ CO,-ECBM it b, & 51y CO,
TEAESHEAFT CH, 5™
2.42 CO, EAHEHF

B ER THEARRESRES T EAF WIH
CO, FEABEAMLIEN . B L, CO, AL
SRy Bt SRR T R T e, BB R RE K SR
WA TR . IRPEATE B, M2 N IRIZ
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Fig.10 CH, production rate of CBM wells

T4 AEFENEATHEA CH, EF=ER

Table 4 CH, stimulation of well group under different

P (' - d )

500

450

injection pressures

CO,EAJEJ1/MPa 5.5 6.5 7.5 8.5 9.5

CHJE #/10°m®> 111 152  2.00 2.57 3.23
CH 77 %/% 493 676 893 11.46 14.39

20

—=— 5.5 MPajf \ —v— 8.5 MPaiEA
—e— 6.5 MPajEA 9.5 MPaji: A\
7.5 MPajE N

—_
w
T

|

CO,FENFHFE/(10° m? - d)

\-\'\l—n-n—._- - =

0 3 6 9 12 15
COENIK-/a

5

E 11 W3 I COo, EABE
Fig.11 CO, injection rate of W3 well
W FEZAE T ARSI BEFIEES . CO,-ECBM
AR, CO, TEA RO, WIAEE NI CO, JE 1 Hk
JE R, (45 CO, FYI5 it 3 2 S W B T REBE T 1
CO, WA I i, Wi I [] 7 SE K, 556 0 2 ik 148

W NIt TRE, S Z AL RS i 05 Wik
It TiRE.

28 W3 HiE A MEGE 2 B CO, KFRI> W FF T 3
N 12 JBR T AR CO, HEAJE S (P,) TRy
BZETTN CO, T EMBELIIEN . h T
XA W B8 7 AR TR, )23 CO,
S ETE CO-ECBM sl 2 2 AR A i . B
i [] 19 22 K R CO, v AR 3 1 38 fin, I L5 Y CO,
BRI NI R AT JE AN, AR
T IXCBE R (35~50 m’/t) WK K.

B ABAE 21 CO, 18K 1R F 23k is
BEA IR =, B 13 RR T W6 Al W7
CO, "R EAIE I . 76 CO, TEAMPILG 6 a N,
2 OHILTHA CO, =, X THEAMZER COo,
FEB LI IL TR B . S, B R B ] A RE K
W6 Fl W7 I CO, A BB Wik, I i 4 1<
SR I . eAh, 2 O3 CO, PR IEAETE
Hf 22 52, Al —Ad 2] W6 FE CO, P i I I & T
W7, X F 2R A2 AR B s . =4k
256] b, 2 57 A W3 Frab i & i 42k
N, AL TR oK T L, W6 5 W3 B ES
W75 W3 R R B — 2, QR 2 AR
PR, MR 2] W6 (9 CO, Az s BE R Z IR,
SRIMT, 52 W7 BT A7 ] PRI it 2 %o AR T B i 0 ¢
W6 & IR Z B 5 , CO, 7E 18] W7 JHiE B iyt 12
2 Bl T R I B, A2 W7 1 CO, P
T We .

AR I3 A CO, A A A = CO,
7 TR ()5 ) B R CO, TEMEAE 2 N 1Y B
CO,-ECBM T F25Liti 15 a )&, % CO, I A JE 11
B, CO, Bk A, BITy= i LA S B 23
i, AT 4R 362 8.71x107 . 3.95%10°, 8.31x10” m’,
% CO, IWAEF=I 7= 52, CO, BAEFRBEESET)
Rk, AR AR S AR R TE 95% LA |
(£ 5). XFRMW, Mg 3 SEAEEHA KT H COo,
BAERE T, IR IEAA FITHE 5 CO, TEIERH)Z M
TER, B EEAA R TS CO, EMHH)Z Ay EHF AL
2.4.3  HEARZ MR IR AL

HATEABAEZ N CO, 2T AUk, 5
KA BT R AEACE RN, SR %2 1) i BR L 2F
BT, HVREE 1 H TR WA 2 4 BUK B R e,
298.15 K i, 4 H ¥ B 3 1.0x107 mol/L i}, 2L
JK s 24 HY BE/NT 1.0x1077 mol/L i, LB 7k
Bt B 148K T AFE CO, EAET M EEN
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Fig.12 Change of CO, content in coal matrix with different CO, injection pressures

12

W7

ol —=—55MPaiA
—e— 6.5 MPaji: A\
—a— 7.5 MPajE A\

.dl)

g —v— 8.5 MPajEA

®ol 9.5 MPajE A

b

r

(S

g o

0 3 6 9 12 15
COiENRK/a

B3 A dF CO, U
Fig.13 CO, production rate of CBM wells

HOVR BE (AR PR 0 o MR 00 B 24 B K ) P 2R 5%
(H BB E Hy 4.57%107° mol/L), 1 A B i i 2 24
B/K 7 CO, I A J5 P % 48 Sy g Pk (H'W R F
5.0x10° mol/L), ELKE CO, HAJE IR TIE, SRtk
B 7K B2 PR WS R . Bl BRI A B, T
PR UK 8 i )2 DXIBUR W 1) S e 320 i D % 2]

Az gk, TTRAFR UL, 2B 77 P K T i H R 255%
EHA N, T X AT A BA B R
3 CO,iENE

CO,-ECBM 1y F% H iy 248 & 2 Sk cH, 72
I CO, B TR, ESehr TR T, BEE A4
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Table 5 CO, injection and storage of coal reservoir

WA JIMPa BiHEAR/M B im® S Rm® %%

55 32853745 745129 32108616 97.73
6.5 44035 152 1208 946 42826206 97.25
7.5 56 801 441 1863 003 54938437  96.72
8.5 71155914 2757 821 68398093  96.12
9.5 87 100 860 3953 589 83147271  95.46

PRI AR CO IR ECR WS N, CO, FAFRCR
SR AR 22 RN G AR R I AN, BER
o FHafEAE LRR, HFAE TR AR . X EEffi1F CO,-
ECBM ) THRCR 28 —aEhil2y . B, FE%E
a2, Z54 CH, 38721 CO, EHFERCR, ik Co,
HEALMEH CO-ECBM Y TRSUR A B AR
3.1 ENEKFE
3.1 HbreRE

T ARFER; . CH, 34 72 F1 CO, 3 17 J& W4 CO,-
ECBM THRURMEASE R, — GO, TR

5.5 MPa

P=

6.5 MPa

P,=

7.5 MPa

Py=

8.5 MPa

Py,

9.5 MPa

P=

MUE . CH, =R CO, 7R MR, CO,-
ECBM T &R MAr . 6T b, M & TR H)
(CO, FF IR vE A% )2 2 Fr A A4 7 I G T B CO,-
ECBM T FEFriE#ERTISE]) . CH, /=<t CO, B ff i
F B AF R SF 8 AR AE N0 B bR eR 2 LLIEAY CO,-
ECBM T2 X (5)):

= (;p;n_hﬁi)(tp)} i [mq(;;n-liqzq)}+

& qs — min (qs)
2 [ max (qs) —min (qs)

Va :_ﬂll

rs—min(ry)

max (r;) — min (ry)

6]
Hot, V2 CO-ECBM TREHCRAH; 1,5 CO,-ECBM
TR, d; g, CH, 7=k, m's gk CO, B 7 1,
m’; i CO, i Ef 77 %, %; [a—min(a)]/ [max(a)—
min (@) 9 Xt A TG bRadtt AT 2k A — 1k, LIS — T
AARBRAI A By, o B5E I TREIAL, CH, 2
72 CO, BAFIALEE KL, B+ 5, +p; = 1. FEFIRIEY
WERECT, VK FER CO,-ECBM T REZUR BT .

0.25

H*¥ & /(mmol -+ L)

0.05

12a
14 KA CO, AR S #2248k P9 He B ARk

Fig.14 Change of H' concentration in water of coal fracture with different CO, injection pressures
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454 CO,-ECBM TR XF I 241 . CH, 3577 F1 CO, &
17 3 DNEARFEPRIIMIE, 2 L 4 F CO,-ECBM T-f2H
Fr: O 44 WAL CH, 3G 7= F CO, B 77 25 A e il ;
@ A EHERG B CH, 3™ @ CO, £ £, HHRMH
HOGH I 1) 2 S B ETUE W3 6.

xo6 BIRRHNERY
Table 6 Weight coefficient of objective function

TREHR B P Bs

ESNeE U 13 1/3 1/3

B 3/5 1/5 1/5

CH %™ 1/5 3/5 1/5

COL T 1/5 1/5 3/5
3.1.2 FEARRE

IF 78 IX 4 J2 JR 350 b X 19 e /s 5 6 f S i
9.5 MPa, 4L JETE A CO, 1R Al fE 23 5 244 6if 12 I
FEHEASRA 7 I [ ST B iE i, 80 A )2
() CO, Wy st 4 B 2 A P 3 = P, i A Ik
FIESE IAREA SOk CO, TEABAE R, Tk B 5
U1 CO-ECBM TRRZUR . EEH K CO, AL IR
il 7E 3.50~9.50 MPa, BRiE#E 3.50. 4.50. 5.50. 6.50,

—_
(=]
T

oo
T

s
=&
R
=S
L6l
S
4
AT ‘
= —=— 3.5 MPajE A
) —e— 6.5 MPajl \
m e 9.5 MPaj: A\
e
0 3000 6000 9000 12000 15000
COENRFK/d

(a) = A CO M5

7.50. 8.50, 9.50 MPa % 7 PESES14b, i IS
BEHL 5 R EOEAU A2 T 30 4> 3.50~9.50 MPa HyH:
ST o
3.3 XK
TR XHAA 8 FAEH, B LB A~
AT R BB UATIH = A H CO, R
BORF] 10% N ERERSLLAT 2 Fioedt oy . © [F
X, FE LIRS IX 8 A P2 P SE X 4, 24 8
F= S I BT B F 7= A CO, 1R B4 ik 3
10% B, [R50 5C F r 45 985 @ 7 B 56O, 8 7€ CO,-
ECBM i) #2 80 5 7t S CO, 7 R 43 4k 3
10% B, SCHZAE =3, M Pra A=  MAlE, CO,-
ECBM T 2450,
3.2 EBXHF CO, FANRK
321 JE IR CO, R ES CH, 7R
Al 20U, CO, AR FI A = I 4 7
S CO, R BB A K . 24 CO, IAE=3F
PR, A AR CO, IRFR MBI 1 A s ] 4iE K
AW, Hbl CO, ARSI (K 15()). &
A= A CO, AR EA R 10% ], CO, TEART
(1] R /N B R A SR IR R 9.5, 6.5, 3.5 MPa,

5000
o —=— 3.5 MPaj{f A\
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Fig.15 Change in CO, concentration and CH, production rate of gas produced by well groups with different CO, injection pressures

CO, AR iy &S m AL =4l CH, 4=
7= 15(b) JBR T 3.5, 6.5 1 9.5 MPa JESJE S F
WF5E X AE P2 4] CH, P2 S Bl CO, T[] 17 A8
fEIE M. B CO, TR RIIE R, H4l CH, =k
BREAR; B CO, AR A1, H-41 CH, F=A 0k
BEFFE . % CO,-ECBM T. 2 45 o i), 3.5, 6.5 Fil
9.5 MPa <K J1 N H-4H CH, 7= BE il 290
4750, 4 000 12 500 m’/d, BIBAFSE-2 CH, P i
35129 59375, 500.00 F1312.50 m*/d.,

El 16 8 /Rn T 3.5. 6.5 1 9.5 MPaiE S & H1 F
CO,-ECBM T RE5H I k)2 CH, &/ g il .

Z AW AR B R S, 62 CH, SR = TR
HEAHZ N 2 AR oA, BUEE R CO, AR ETIM
AP A TAEEEHRAT, 3.5, 6.5 A1 9.5 MPa i:/3K
1T B E CHy & S50 5h 0.63~19.47, 0.63~
22.80. 0.63~24.01 m’/t, F-¥{EH 53 5~ 9.42. 11.45,
12.31 m*/t. ARAEA) 46 A1 T RELE sl 4% )2 CH, &<
T ROEE, PRI 3.5, 6.5 A1 9.5 MPa I1:<UE /1
TEEZECRICR R 33.28% . 18.90% F1112.81%,
Rl CH, SRR BETE S 3G i FEAIK
3.2.2  HASERRIUA

K17 e 7 F9E X RN SC 7 20 CO,-ECBM
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Fig.16 CH, content in coal reservoir with different CO,
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Fig.17 Change of basic engineering effect index with CO,

injection pressure under simultaneous shut-in of wells

injection pressures at the end of CO,-ECBM project
TREEE] . CH, P2k CO, AT B 7 3R B 1S
FES ARSI . B CO, AR i3, TRER
[A], CH, "I CO, EFHRBHTH 5, T CO, BT
U SIS 98 o EATTZ 1A 5 AR AT LTS Kk
Z IR TR AL

1, =983.032 6 +56 492.741 0x 0.664 4Pn

g, =2.016 4x 107 +1.335 9 x 10® X 0.754 3"

gs =9.840 3x 10°+1.276 0 x 107 P}, — (6)
1.666 4x 10°P2 +62 363.434 2P

r=99.950 8 —11.891 2 x 0.780 6

323 CO, HRENtL

18 J&/R THFK (5) Ak (6) T M R S Ht:
THOLT 4 Fh BAs ) TREZSCRERE CO, H A KT 221
1. ARG, 44 B HER0R CO, B4R HARM T
FERCRAE B CO, ¥ A FE 738 Jin 5 Tt & Ja B A LA
CH, 38770 HFr 9 RCRAE NI Bl CO, 1 AR S8 4y
SR/ AR, LI BRI H AR M RCR R AR
41 '5.37 MPa LU FE/INF 0, BB R A ) i )2 1
A CO, AN 2 BUIS U 1 48 B 32 30 TR UR . 76 5L bR
CO,-ECBM T#if, X} CO, H: AJE S 5l A rl AE AR
FAGEAN, LA 0.05 MPa & Al 48 R BUR A CO, HEA
JEJ1. S50 RN, SRA M. A BT, CH, 34 ™= Al
CO, BHFXFI IRA CO, FEAJE J15051 0 6.25. 8.05,
3.50 Fl1 6.35 MPa.
33 FRXH COo, ENEK
331 FR= AR CO, RIS CH, PoAGR

FR ORI AT, A7 CO, IR R4 4GA 2]
10% BRIt G, S804 =41 A CO, IR FR 4y
$TE CO,-ECBM st F i RIZUE 5 (K 19(a)). 7EHEA
TAREAWIN, CO, HAEIIH 3.5 Fl 6.5 MPa i, 41
kA 8k K3k, 3.5 MPa 4B = 6 HH I F
W5-WI9-W2->W6-W7—->W4—->W8—-WI1, 6.5 MPa
A 7RIS H N E N W5 WI—-W2—-W6—Wi—
W7—-W8—W1; CO, i A 714 9.5 MPa I, 41 4t
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Fig.18 Change of engineering effect value with CO,
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Table 7 Basic indexes of different engineering objectives under optimal CO, injection pressures

A EEESiE FEERI
TR HR - - - X - X
ZEA A AR CH 7™ CO 17 LRI AR CH 7™ COE
TR /d 5370 3085 14 488 5194 12262 12 262 40218 12262
CH, =S /10" m® 43095 3.396 8 6.995 8 42458 48195 48195 8.613 1 48195
CO, 7 /108 m® 0.397 2 0.371 0 0.3676 0.396 4 1.8219 1.8219 0.999 6 1.8219
COHH7%/% 97.42 98.33 94.95 97.48 99.66 99.66 98.28 99.66
4 £ it 5 % 3K (References):

(1) F| ¥ 43— #) 75 76 COMSOL Multiphysics
N ) T 3L F Petrel 22 37 19 10 7K 25 Hb i FE B CO,-
ECBM #ff 5% IX B it 2 = 2 35 Jo b ST A AR 5 284 56,
TR ) 1 TR Y 5 G b R 2% S AR D, RS
BCRAESEAE 2 0 = 2 23 (8] @ A Al 2 CH, &% AU
CH, W BFEFR] . FLEREE | B i SR PR AR [
GRS BN AR BT AT FEAE; 28 AR R 3, B2
Hiy AR AL K1 43oh 8 370 ARG, A% -4 i N
0.75,

() HAEFIXRHL /K FE A FERS 3 SHE4%)2 CO,-
ECBM 1£75 . #5411, CO,-ECBM T #2500 15 a )7,
CO, EAJE TR, CH, 3 7= 2 R BH i . CO, £ 47
HHK ., 5 CO, FrAE M TRt 2 BUK 5k 25
FR; 2 A P2 CO, 7= I RE N, CO, BRI
JE 1 MR Sz 54482 CH, &S . CO, eFfiRE
TIFFLBAER R 20, W7 JEHE W6 iy CH, 3
FERCR AT HL CO, 7= HY R A1

(3) CO, FESE SR A = I 4l = R CO, IR
B, CH, P2 K HAi#)Z CH, SRR ) I 355 LA
BIHERL . CH, B4 7= . CO, 347 K 3 HLEG N T.
FE HARA CO, et A 176 R F R B 5 3 7 st
439K 8.05. 3.50. 6.35 Fl1 6.25 MPa, 1K 1 # 5
77 243 51 9.50, 9.50., 3.50 11 9.50 MPa; #f- ) CH,
B PO TR LUK ) T AR [ R 22 1 CO, FHAFKL
RN FEf L CO, AR T, SFRIE SCHAH L,
JF 51 DG 38 o REC TRR IS (R BB A% AR5 547 1Y) CH, 3
FEH CO, EAERR

(1] SRSFA, SR, RO, 5. COMKIRE R SOC A & K v ).
IR B, 2022, 47(11): 3952-3964.

ZHANG Shouren, SANG Shuxun, WU lJian, et al. Progress and ap-
plication of key technologies for CO, enhancing coalbed methane[J].
Journal of China Coal Society, 2022, 47(11): 3952—-3964.

[2] PAN Z1J, YEJ P, ZHOU F B, et al. CO, storage in coal to enhance
coalbed methane recovery: A review of field experiments in China[J].
International Geology Review, 2018, 60(5—6): 754—776.

[3] ASIF M, WANG L, PANIGRAHI D C, et al. Integrated assessment
of CO,-ECBM potential in Jharia Coalfield, India[J]. Scientific Re-
ports, 2022, 12: 7533.

[4] YAMAZAKI T, ASO K, CHINJU J. Japanese potential of CO, se-
questration in coal seams[J]. Applied Energy, 2006, 83(9): 911-920.

[5] YAMAGUCHI S, OHGA K, FUJIOKA M, et al. Field test and his-
tory matching of the CO, sequestration project in coal seams in Ja-
pan[J]. International Journal of the Society of Materials Engineering
for Resources, 2006, 13(2): 64—69.

[6] ZRA0, Wi, 25, 5. Z TR LY T CO,-ECBMIEhEJE I K

SEAIT]. BEAR 2R, 2020, 45(12): 4111-4120.
CAI Ying, SHEN lJian, LI Chao, et al. Principles and examples of
CO,-ECBM site selection under the constraints of multiple geologic-
al attributes[J]. Journal of China Coal Society, 2020, 45(12):
4111-4120.

(71 UM, B PRI, oK. ST Hl 4 1 CO,-ECBMAL{E L)
WFSE[I]. K444, 2022, 53(2): 162-169.

FAN Yongpeng, HUO Zhonggang, WANG Yong. Numerical simula-
tion of CO,-ECBM based on fluid-solid thermal coupled model[J].
Safety in Coal Mines, 2022, 53(2): 162—169.

[8] XUHHAF, JyWEke, Smill, 5. JET 2 YR G R R JZ CO,-
ECBMAUHBAUBTI[J]. HoRFIFHR, 2019, 47(9): 51-59.

LIU Shiqi, FANG Huihuang, SANG Shuxun, et al. Numerical simu-
lation study on coal seam CO,-ECBM based on multi-physics fields
coupling solution[J]. Coal Science and Technology, 2019, 47(9):


https://doi.org/10.1080/00206814.2017.1373607
https://doi.org/10.1038/s41598-022-10574-5
https://doi.org/10.1038/s41598-022-10574-5
https://doi.org/10.1038/s41598-022-10574-5
https://doi.org/10.1016/j.apenergy.2005.11.001
https://doi.org/10.5188/ijsmer.13.64
https://doi.org/10.5188/ijsmer.13.64

2790 # %

% 2023 4E4F 48 %

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

51-59.
SRAAL, FEBAE, TI%, 5. EIRICH A o CH I CO, 18 B LR
T B LR, 2012, 41(5): 770-775.
ZHANG Songhang, TANG Shuheng, WAN Yi, et al. The migration
of CH, and CO, in Jincheng anthracite coal[J]. Journal of China Uni-
versity of Mining & Technology, 2012, 41(5): 770-775.
WRZER, REMSNE, AR, 5. MR AR EA S BAE 1B B
FRAYFIRI]. RIS IT 4, 2021, 40(1): 146-153.
CHEN Junbin, XIONG Penghui, SUO Genxi, et al. Effects of the
adsorbed gas on the deformation and permeability of the coal mat-
rix[J]. Petroleum Geology & Oilfield Development in Daqing, 2021,
40(1): 146—153.
ZHANG B, YE J, L1 Y, et al. Simulation of key parameters in CO,
injection for enhanced coalbed methane recovery in a deep well
group[J]. Energy Sources, Part A. Recovery, Utilization, and Envir-
onmental Effects, 2018, 40(18): 2219-2226.
FAN C, ELSWORTH D, LI S, et al. Thermo-hydro-mechanical-
chemical couplings controlling CH,4 production and CO, sequestra-
tion in enhanced coalbed methane recovery[J]. Energy, 2019, 173:
1054-1077.
LIU S, FANG H, Sang S, et al. CO, injectability and CH, recovery
of the engineering test in qinshui Basin, China based on numerical
simulation[J]. International Journal of Greenhouse Gas Control,
2020, 95(4): 102980.
SAMS W N, BROMHAL G, JIKICH S, et al. Field-project designs
for carbon dioxide sequestration and enhanced coalbed methane pro-
duction[J]. Energy & Fuels, 2007, 19(6): 2287-2297.
PERERA M S A, RANJITH P G, RANATHUNGA A S, et al. Op-
timization of enhanced coal-bed methane recovery using numerical
simulation[J]. Journal of Geophysics and Engineering, 2015, 12(1):
90-107.
THANH H V, LEE K K. 3D geo-cellular modeling for Oligocene
reservoirs: A marginal field in offshore Vietnam[J]. Journal of Pet-
roleum Exploration and Production Technology, 2022, 12: 1-19.
YESTE L M, PALOMINO R, VARELA A N, et al. Integrating out-
crop and subsurface data to improve the predictability of geobodies
distribution using a 3D training image: A case study of a Triassic
Channel-Crevasse-splay complex[J]. Marine and Petroleum Geo-
logy, 2021, 129: 105081.
gk, PhaEte, FilA. 22T COMSOL Multiphysicsfit = 2 1 i 1
HET R[], BE T b ST SR, 2014, 42(6): 14-19.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

ZHANG Liang, YAO Leihua, WANG Yingdong. 3D geological
modeling method based on COMSOL Multiphysics[J]. Coal Geo-
logy & Exploration, 2014, 42(6): 14—19.

LI S, FAN C, HAN J, et al. A fully coupled thermal-hydraulic-
mechanical model with two-phase flow for coalbed methane extrac-
tion[J]. Journal of Natural Gas Science and Engineering, 2016, 33:
324-336.

FAN Z, FAN G, ZHANG D, et al. Optimal injection timing and gas
mixture proportion for enhancing coalbed methane recovery[J]. En-
ergy, 2021, 222: 119880.

MA T, RUTQVIST J, OLDENBURG CM, et al. Coupled thermal-
hydrological-mechanical modeling of CO,-enhanced coalbed meth-
ane recovery[J]. International Journal of Coal Geology, 2017, 179:
81-91.

FAN Y, DENG C, ZHANG X, et al. Numerical study of CO,-en-
hanced coalbed methane recovery[J]. International Journal of Green-
house Gas Control, 2018, 76: 12—23.

FANG H, SANG S, LIU S. The coupling mechanism of the thermal-
hydraulic-mechanical fields in CH,-bearing coal and its application
in the CO,-enhanced coalbed methane recovery[J]. Journal of Petro-
leum Science and Engineering, 2019, 181: 106177.

LIU X, SANG S, ZHOU X, et al. Coupled adsorption-hydro-thermo-
mechanical-chemical modeling for CO, sequestration and well pro-
duction during CO,-ECBM[J]. Energy, 2023, 262: 125306.

ZHOU F, HUSSAIN F, CINAR Y. Injecting pure N, and CO, to
coal for enhanced coalbed methane: Experimental observations and
numerical simulation[J]. International Journal of Coal Geology,
2013, 116-117: 53-62.

ZHANG C, WANG E, LI B, et al. Laboratory experiments of CO,-
enhanced coalbed methane recovery considering CO, sequestration
in a coal seam[J]. Energy, 2023, 262: 125473.

WHIER, B, E &, Bl H— A IrALRIR D] THRL T RS b
F,2023, 59(3): 13-22.

YANG Hanyu, ZHAO Xiaoyong, WANG Lei. Review of data nor-
malization methods[J]. Computer Engineering and Applications,
2023, 59(3): 13-22.

ZHANG T, ZHANG W, YANG R, et al. CO, injection deformation
monitoring based on UAV and InSAR technology: A case study of
Shizhuang Town, Shanxi Province, China[J]. Remote Sensing, 2022,
14:237.


https://doi.org/10.19597/j.issn.1000-3754.201910007
https://doi.org/10.19597/j.issn.1000-3754.201910007
https://doi.org/10.1080/15567036.2018.1496193
https://doi.org/10.1080/15567036.2018.1496193
https://doi.org/10.1080/15567036.2018.1496193
https://doi.org/10.1016/j.energy.2019.02.126
https://doi.org/10.1088/1742-2132/12/1/90
https://doi.org/10.1007/s13202-021-01300-4
https://doi.org/10.1007/s13202-021-01300-4
https://doi.org/10.1007/s13202-021-01300-4
https://doi.org/10.1016/j.marpetgeo.2021.105081
https://doi.org/10.1016/j.marpetgeo.2021.105081
https://doi.org/10.1016/j.marpetgeo.2021.105081
https://doi.org/10.3969/j.issn.1001-1986.2014.06.003
https://doi.org/10.3969/j.issn.1001-1986.2014.06.003
https://doi.org/10.3969/j.issn.1001-1986.2014.06.003
https://doi.org/10.3969/j.issn.1001-1986.2014.06.003
https://doi.org/10.1016/j.jngse.2016.05.032
https://doi.org/10.1016/j.energy.2021.119880
https://doi.org/10.1016/j.energy.2021.119880
https://doi.org/10.1016/j.coal.2017.05.013
https://doi.org/10.1016/j.petrol.2019.06.041
https://doi.org/10.1016/j.petrol.2019.06.041
https://doi.org/10.1016/j.petrol.2019.06.041
https://doi.org/10.1016/j.energy.2022.125306
https://doi.org/10.1016/j.coal.2013.06.004
https://doi.org/10.1016/j.energy.2022.125473
https://doi.org/10.3778/j.issn.1002-8331.2207-0179
https://doi.org/10.3778/j.issn.1002-8331.2207-0179
https://doi.org/10.3778/j.issn.1002-8331.2207-0179
https://doi.org/10.3390/rs14010237

	1 基于COMSOL Multiphysics的三维非均质地质模型
	1.1 地质建模平台及模型
	1.1.1 Petrel地质建模
	1.1.2 COMSOL Multiphysics地质建模

	1.2 拆分&#8722;重构建模方法
	1.2.1 模型拆分与数据处理
	1.2.2 数据导入与模型重构

	1.3 模型重构结果、检验与网格划分
	1.3.1 地质模型重构结果
	1.3.2 重构模型检验
	1.3.3 重构模型网格划分


	2 CO2-ECBM数值模拟
	2.1 数学模型
	2.2 关键参数与模拟方案
	2.2.1 关键参数
	2.2.2 数值模拟方案

	2.3 生产历史拟合结果与分析
	2.4 CO2-ECBM模拟结果与分析
	2.4.1 CH4生产与增产
	2.4.2 CO2注入与封存
	2.4.3 煤储层地球化学环境变化


	3 CO2注入优化
	3.1 注入优化方法
	3.1.1 目标函数构建
	3.1.2 样本采集
	3.1.3 关井方式

	3.2 同时关井CO2注入优化
	3.2.1 井组产出气CO2体积分数与CH4产气速度
	3.2.2 基本指标拟合
	3.2.3 CO2注气压力优化

	3.3 序贯关井CO2注入优化
	3.3.1 井组产出气CO2体积分数与CH4产气速度
	3.3.2 基本指标拟合
	3.3.3 CO2注气压力优化

	3.4 CO2注入优化分析

	4 结　　论
	参考文献

