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Abstract: During the construction of salt cavern hydrogen storage, the debrining process—where brine is displaced by gas injection—
directly determines the effective storage capacity and operational safety of the cavern. To mitigate the cost and safety risks of using hydrogen
(H,) as the displacement medium and to establish a stable cushion gas system during cavern development, methane (CHa), nitrogen (N>), and
carbon dioxide (CO:) were selected as alternative cushion gases. This study investigates their flow behavior during debrining and their
subsequent impact on hydrogen storage performance. A three—dimensional salt cavern model was developed using the CMG-GEM numerical
simulator, based on geological data from the Dunham salt site in the U.S. Key operational parameters—including debrining rate, gas injection
pressure, and cushion gas type—were systematically evaluated using indicators such as gas breakthrough time, cumulative gas injection,
effective hydrogen storage capacity, and cushion gas proportion. The simulation results indicate that the debrining rate is the dominant factor

controlling gas breakthrough and usable storage volume. Increasing the debrining rate from 40 m*h to 80 m*h advances gas breakthrough by
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approximately 34% and reduces effective hydrogen storage capacity by about 9%. Concurrently, the gas — water interface transitions from a

uniformly flat decline to a coning pattern along the wellbore axis. Raising the injection pressure from 22 MPa to 25 MPa increases cumulative

gas injection by roughly 13.6%, but has a limited effect on the timing of gas breakthrough. Among the cushion gases tested, CO, exhibits the

earliest gas breakthrough during debrining due to its higher solubility and lower interfacial tension, resulting in the highest cushion gas

proportion (~45%). CHy yields the largest effective hydrogen storage capacity, while N; offers the lowest cushion gas proportion (~37%) and

more favorable H, purity. Cavern geometry also significantly influences gas breakthrough behavior, cumulative injection, and effective

capacity; however, under the same debrining rate, the trends across different cavern shapes remain consistent, with relatively minor

variations in cushion gas proportion. These findings suggest that selecting an appropriate cushion gas and controlling the debrining rate

during cavern construction can effectively delay gas breakthrough, enhance usable H, storage capacity, and improve operational safety. This

study provides a scientific basis for the process design of salt cavern hydrogen storage facilities.

Keywords: Salt cavern hydrogen storage; Debrining; Cushion gas; Numerical simulation; Gas channeling

FERU” BAR T, v EE REVRAA 2R I in b m 3 335 I ake
AT I . AR A RHEA | e B 5 ]
PA RIS AP A LI IR BB IR, B 12 AR R RE TR 2R
B 11 SR (P AUl PR R R LA (2021—
2035 4F) YWIBf 48t , PR S RETE S | Toll i i 4540
S RASA I L #4210 55 1 4 At is 5 R FH I S 48l
. fERZ AR SR AR T b N f# % (Underground
Hydrogen Storage ) Al oAt K s 47 BUAIR I8 4 E T 5
SERE R N R I A RE AR e R FH I B R A 2
— o BRI B AR A R 0 1 T A P R R
SRR A T RS B AR A 8 B DGR,

R SR IRV B 2 AN B B, Hor i A CHE R A
RSB I T it S )t A SRR L T A S
KRARFA B B M RGBT L&, Ha, £ an
T HE R AR A TR R R R e , O K
IR T £ %R . BERNHARDT 2%} Nuttemoor
AR R AR THHE R s FAWTHROPE 2610
PR T IR AE R i P8 s KA AR R b
FUEHELE%E  JIN VM T b 45 Mg g8 R A 35 1 H S
KR I B A T D RE R T 25 DDA G 5 EAh , WANG
SN0\ W TR TR A e B R X AU ) HER R TR
RESSHA . BRI A Ao g rh Tk
T AR TR AT STt A BT

SR, 76 T AR 2 b HE b T 25 A7 32 B4 FH 735 i <0
(AMH)EN B AT, R H, BB SRR i K, (HH
T B R Ak T (e e e R I AR 1R L A KU
KA BRI AR S I 3 R b, 7 5 AP PR E HL
AR BEAR Y AR R HE i A BT, Horb CH, N, FCO, 55
IS SRR 52 I 1 /K B 5 1 TR B, A P S R 2 S fE R
T BRI SRR 25 2, 5 SR 1T B B H, 5 KK Y
SrPRERHEILRY , DT A Bl T R AT Ak B g XU I 1 5
VACTY Y V1L N

KT HZ A T it S BT, BUA BIFSY 32 %
SR TERIZ AN AT SUA RCHAE K )2 A

Ak SRR AT M HLET . SAEED 2ETIER [ HUZ
ZF N HRISCRUEAT T X HE, &2 B0 CH, AT 3845 5 5 [ 5%
SR o 1ZADL U ARV i BE X H, RIS 5 i
TR R I AARTE B IR A AR HL AR . JTAN
I Sh R i E o BT T A2 A R - A T R E
Mo Bt 28 847 B Bl e 32 U g o8
BRI TR F 3 7 S a8 v h 32 S EA
AL B, 0 R 3 2 A i e A B 5 | AT
BB, FHORHE s AT S R S5O A S B IR AT =
RG0S TR

S5 b oA U A T A R P R AR AR P
P& S S HE R AT R A R A A Y R R
LA 25 [E Dunham £ 7 X TR S 808 F Al 36 F CMG-
GEM U B & 4 # £h X = 4ERER | R G HF AN [
TR T HE v 3 R AR A G5 T I A A A
PURFTE , Ik — 25 5 BT 88 /OB Ik 22 5 5 HE p 0o A2 B 45
PR PR B S, 48 7R 3R SAE R HER A LS 5 R
B B bsf B R AIE AR A3 A S AT R 7 T A Y A
FAE, S b i S T A T2 A SR R R A
RUETESE

1 RS X i 5

Dunham 5 )2 207 F 3¢ [E Jb A BHib M Williston 73 b
Piper MY —ERP R LA E . AR B E S
—ZH TR, R =& 2 Spearfish 41 112, ¥4 1 4
iy 3 DXk 7 2 e 9 (1 B A L 4 o Dunham 7
2 EF AT A, Je G D B A 2R e,
IR TR 402 — IR T 5 T 1 R BRI AH TR
FREER2UNE 1R, Dunham £ 5 772 045 T4 AR}
by P PGB, 7 56 T R 24 129.5 T A B (4 320 T 9E T ) L {2
TE 2R 28 Jy i DX 3 W S ik o 5 AR KRR 2, R
JEE AR B, N0 3] 190 ft(0~57.9 m) , i K JE FE 4
FRAE 53 P AN P AL EB . Dunham £ 75 15 5 i (¢ 48 78 —



XXXX 4

BXXE XX TSR, A5 R SRR R R T A S R SRR BT 3

WA T 20 1 R -2 990~-5 057 ft(-911.3~
—1541.4 m) Z ], fof T3& & Hb R BEAE TR TT & TR 98
I%IW[ZO—ZZJO

K1 Dunham ;2535 155"

Fig. 1 Extent of Dunham salt formation in North Dakota®™"

2 BEBY K55 1%

2.1 REBEFMSH

poL X VS AR SN 11U RE | I BU N e S i S o
JEIRFHIb M Dunham 25 DXH ) S BERH24 SR %L
HBALER A CMG-GEM #4 = 4k S5 A, i e i 7Y
JERAER A NI IR AR T N R

Y [X S5 8 ] Ky o 7 1) 85.3 myy 5 [7) 85.3 m .z /T[]
57.9 m, RS AL ISR 3, T RAEE A )2 L R
BG)Z , IR UEE 1538 AR - K R AL B R g
B ZS (8], R P AT B 51 EROR  KOF Mg R)
BEHE 0 3.048 m x3.048 m, b 2 A1 B8 21 2 7 1] A 1)
b JEESE 4 B O 1.514 m 55 3.028 mo BEARAAI LRI 4y
“h 28%28x30 > [ A% FL T, Bt 23 5204 A& HLZE YR
B ALBREE S5 B R SRR 1

#1 Dunham#BLEKE FTHIEEYES
Table 1 Petrophysical properties of Dunham salt formation

and adjacent sealing formations?-*%
FHBIER PR

1 i BLYR RE H RE
)= AR /m  JEEE /m 107 pm? FE/%
Poe( L Ef2) 1 908.0 122 0.000 014 3.7
Dunham(ZF £ 2) 19202 33.5 0.000 016 1.7
Saude( FEZ) 1953.8 122 0.000 016 0.6

O T A RS RLASE R I AT 2R 5 R B T LA R, A58
HRORE R oI T A0 O T B R AR (1 2) , 12 LA T
J W8 b T 0 R 5 C S AR AE S 3 O AR R BE

65 242.02 m’, TS BRIV SRR . &
TG S5 8 M s 7 22.6 MPa R 104 °C, IFBE h
7N T8 A SRR AR AT K, AR I 25 U5 RS . 7
ACHE B T T A b g HE R A R i B S s IS
1.524 m, F TR AURIRE 504 kA% .

TEW S, BRI SRR AL R s A i, L
AR A s A N DL H 3 B0 S R TSI RRAE o A
ER X IRAL B EE 1R 99% , 18 1 KR 8 000 X107 wm’ .
VA I E XA ZE S RE A, 76 T E AR CH,
AJE1 2022 MPa HF RT3 A2 40 m¥/h (5608 T i —20
FERE T8 R BURME BT, B 6 4183 R T, Y5 Fl A
F 500107 wm?® ~ 12 000x107* pm?, 4825 R L 1 (1]
3), BB B BRI, S a5 R R AR R
T 235 15 I F 2 8 000 X107 wm? i, 7 15 48 b 728
B TRUE . 2MBiE RN 500 X107 wm? i}, G 852
B, et He G i 1 7 BH SR AIS TR 7S 6 K A7 5 T 7E 8 000
107 wm? 544, RSN D) a3 i 38 5) o Bedhoss
Ji 45 34 e AL IR BE B A R T B R Tk TR A G
WFFE R ] . MILEK 282976 ECLIPSE Holt £ 7C 4 3 i%
EOFLBUE IR 1.0 B35 %R 10 000%107 wm’ [ 51T 5
FANG %277E FLAC3D - TOUGH2 #li-&45 #1 b 5% F FL B
JEH 1.8 R N 1.0x107° m? 1 7 LB “air BG40 FEER
JES s BAGCT ZE M7 Tuz Golii 3 7l EWF 58 b f
FH CMG-IMEX DL 2 o1 7 = Ak 8 36 o g &8 . JF H
RUTQVIST %55t ZERUERL I, R e )22 5

BT EARX T FLE R 55 A, AR S U
JEAR T2 R G R AA

BT ST R L R e — 8 A — IR TE S B By
AR ST AL A B A R R AR R
EE AR AR Y SR BT ) AT R . AR A i
L M e o SR vl Vil = R NI R R S R DA e
EELEA 5T, A I8 VY S HEEA T8 L 5 i R M D 5l
IR BN T IR A R

2.2 EMSEHE

DREAUER 7 Ak A B T E A B, 55 T KHALEDI
SR BESARUCRAI T 3 A EE LRI B - R YA S
WIVCE R, i BRI RE Z AL U & 4 fir s o 7E T UHE
b B BE, S8 LAEE R R T R s R, R
SCE B, SRS SR LT ARE , # EL 10 dBEDZE nii
I B B I il G 4 2 0K I T e = /N TAR TR
T, IR 2 16, 58 iU PR 10 d USRI U3
P W1 T BELME G AR A H,, IR R T 2=
BRRTARIET ARl #h A& s 21



4 SR, A AR R R R T A S 2 SR BT

XXXX4F
FXXE XX

TE U

a. 1T — 4R

b. V-1 PR

. “HERIRIK

P2 R OB T i —AERL P - i 1 B = R Y A

Fig. 2 2D view on the 1] plane , planar view and 3D model view of Salt Cavern model
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