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Evaluation of accuracy in relative permeability measurement for a CO,/water system using numerical simulation

Takashi Akai

Abstract :  Laboratory measurement of relative permeability has been extensively studied in the area of the oil and
gas industry and limitations mainly associated with the balance between viscous and capillary forces have been identified.

In CO, storage projects, the relative permeability of a CO,/water system plays a crucial role as it determines the
migration of CO, plume. Compared to the relative permeability of an oil/ water system, the measurement of the relative
permeability of a CO,/water system is more affected by the limitations mentioned above due to the lower viscosity of CO,
than that of oil.

This study investigates the accuracy of relative permeability measurement in a CO,/water system. First, the two
commonly used laboratory methods, the unsteady-state and the steady-state methods, are described. The assumptions
underlying these methods are also provided. Then, core flooding simulation is used to test the validity of the assumptions
under different experimental conditions, such as the presence and absence of capillary force and various flow rates.

Erroneous features in the determined relative permeability curves at low-rate measurements were demonstrated in
the simulations. These features were also observed in the experimental results reported in the literature.

For the system investigated in this study, the following conclusions were obtained for the experimental conditions of
the relative permeability measurement for a CO,/water system. The steady-state method gave better accuracy than the
unsteady-state method, especially for a low flow rate condition, because the Buckley—Leverett type displacement assumed
in the unsteady-state method was no longer valid for the low flow rate condition. When the steady-state method was used,
the flow rate corresponding to a capillary number of 10-7 or higher was required to obtain accurate relative permeability

while minimizing the influence of capillary force.
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FT—HID1DTH 5,

—RIZ, HAHZERIT, EEROHZRITHRENFARICL
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L, FrETU—TORPRELTHSLGN TN S,

ZOEIBENHABRICBIT HHEICOVWTIE, H<hns
R EINSI EIERMENE_mINTNWS, LML, KE
MR & WD K 0IE, LR COMERR, I7ab
B, BE N OEEEZIFIT < Wil O ZE (McPhee
etal,2015) ITHEE->TWBHEEZ LN,

CO, /K% D M E &2 B D D5 CO, i lir 885y 87 Cl3,
AT IIC BT 2 I / KR O ANRENCE 9 2 AR,
BERTHZHDOD, RO[MT, XOEMEHOREEZX
TRTWHRELRDES, F11T, CO, DM, FihoD
FRITHARTUELS, FUHREOSS, KWt &z oM
KN EBME T OFENEE D, 212, AWM T
13, JEHErEE AR o K FE D H R K 23R TE NV A L
JFil B L2 0, KEEOBICEAKDEMZ BT 2
W E W72, WhWD D, imbibition JEFE DA KHEE R A
FrduGg LD, ZHUTH LT, CO, HiFErR B ICH
WTIE, HKBIZEAZINZ CO, NHEKEEHT 5,
WhHp 5, drainage RO HEE /25, “FHEHRIC
BT, drainage EFE D J57T imbibition AR L D HENE
MEEHZHET D, TD=D, drainage EFE DA EH R
MEF, KOEMENOREZZTOTWRELRD,

T, AWETIE, BENHBRICBITS CO,/ KRDH
SRBRBPE EFERIT 7Ty R alb—2al%
TV, CO, / IKRITHBIT 2 AHHEE R E T 5 TIE R
IZDWTOERZEITY, HERINDMEHEITDW TR
L7z

2. F oy

2.1 BERERNERE

JEEERETIE, PREIcBWTaTNICKRHI N
WARICK L, —tHOBEHRAEZEAL, REGEREICHBIT S
ERRERE, EABIOHHIREZHE T 2, EHIRIET
13, FIHPREBICBWTa Y NICRE I NI LT,
—EDEIE T MHOFEZFERFICEAL, EABIOHEH
REN—EDOEFIREEL 2D ETHEHIE, L FHRELEX
DR IE R 2155,

CO, / KZ DHHZBELRBPE O LG, FEEFERIETIL
REIFIZE 100% & L 7= #HREE I, CO, = EMETIEAL
AEKEFIIREEE T CO, TKREZEIRT 5, ORI,
BN DK ZIETENF D CO, TEHLT 5 drainage 2 &
XN 2, KIZ, AEKGEFREDI7ITHL T, Kz
EMETEA LR Z kg E T/K T CO, 2@
%, ZOBEE, EFENHD CO, ZiENMDKTEHY
% imbibition #FE & IFFIEIN 2,

FIARIZ, ERmE T, 7KEFIE 100% & U 7= 9] 1R EE
12, CO, &7k ZE —EDHIGTERIRELIRD ETEAT 5,
JEARKDSE CO,0EDDEG (77 ar)l7y0d—)
LEETHE, L=0DDL=1ERDET, BIEHICHE
ARKIZB T 5 CO, DEIGZE LT TWE, drainage i {2
DM BBEBRER D, RIT, L=116f=0L15F
T, BEEMIZEARKIIBIT S CO, DEIGE T ITFTHE,

g 905 4 5 (2025)

imbibition 2 DAHHE B HE & 15 5,
2.1.1 EEBMREDERITAE

JEEFEFIEORB L, WY, L TFREE EABXIY
P EEWET 5, WET—F OMITICHz>TiE, —
BT BT 2 W I35 D < Buckley—Leverett #3 2
HAWT, HEBERERET S, £ O HIEIZIE, JBN
1% (Welge, 1952 ; Johnson et al., 1959) W65 Z &
MEZW,

JEE IR O M R E R R E I B W TUE, Buckley-
Leverett % { 7 OEMIMLE I ND 729D, RBEHFIZLLT
e B0 EMNH D (McPhee et al., 2015),

O RELEZMEET O SBERS NSRBI E

HE (EARE) NHEWI &,

ZAHRC @ < BAE ) OF B VREME T AT IER

TEOEETHD &,

HHOXBIRHTELRETHD Z &,

TEAR D JESE D B DL T & DRI T 71Tk

LCay o EFRAEINS WD &,

WENDS—RICHTH> T HHDAHATH D &,

RBRPTOREZ—E TH> T T NOWIED i A3

BHT—EELRETED I &,

2.1.2 EEREOERIFTAHE

EFHPIETIE, W%, L FREE EABICHEHRE
NHIEEIND, JTEABIOHEHIREOWE I S R
OaA7REINORMENE SN, B, BhoarN
ZXMMCTICK O L, wWRHOCTHEOE(EIDOY
BN O RIFTR ZRET 2 HE LW, ERIREICBIT S
JEATEE EFRELELD, DFOMRS IV —alicHk
D EMIHRIBRERET S,

@ “©e O

Q, Kk, AP
4= 5 = (D
A L
&
Qw kkrw APM/
q4,= 1 w L (2)

ZIT, ABXULIEATHAHOMEREES %, kI
NBBEERT. £ FHSEAFEBELTwdE4
CO, EkEEL, QKHfiE, ¢13% s —ikz
LUIHEER, APV EFHASES, b IHHBBREET.
72, CO, EADEMDIEHDEICIE, BIF OBIFAS 5.

P ) —P,(0) =P & 3

ZIT, WAMICxfiiz LD P () 3% RICHBIT S EM
EENERT,

KO BLUVQ BT DEEAL, BLTAPE, LT
RICBT 2 HBHOENE

AP, = PgUP - PgDOWN (4)
AP, = P UP — p POWN (5)

Ckokoonsd (22T, ENERAFUPBLY
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DOWN 3% 4 Eifi& FiECTOME#£T), LaL, @HOD
REBICBNTIE, ETROBHDOIEN Z 2 IZH]IET 2 Z
LRNETHD, LROWEESZ P, FROME TN
PPOWN 7 &4 % &, N LR CIRIERNH O £ (P
Z MR CIRIEAHO LS (PPOY) ZHEL TV, Lz
Mo T, MBPICHIESI NS EFRAELAP, 1

APM — PﬂE[JP _ PMDOWN — PgUP _ PwDOWN (6)

THY, INNBHOEFIZHELNWEARLTWDS, Tk
DE, UTZEKEL TW5,

AP, =AP =AP (7

EHTIEDOHMHZBRIEITBNTIL, MBEMEIZLLT
e 9 2 ENH 5 (McPhee et al., 2015)

O RQOBETQ TREND HMAY I > —HIHFEST
T 572012 3 7 i O R NT 181D [E ) BB AR
ThHVENDD, Thbs, dBrhoREld —E
Tho>TATNOYERHNIIE T —ETH DT
Nd 5,

@ RDMIRTESICEMOIENRE T A, WIE vl /e
R ETHREETEMTES-0I1ICE, X6 &R
@ BLUEG) DEEIC LD, PPOW=PPOW 7y
Plr=P" THHMENDHD, ZHL, PU<APy,
MO PPNKAP, TH O, BHIEE IR
XOACZa7HHD L NREELD HHH/hI 0N
WEINDH D,

2.1.3 FTEREBLVEERECEITIREEA
L—bk
BHE N EREOETHEFYET Y —$ (Ca) %
UFDESICEET S,

Y

a (8
o

ZZT ou, 13 CO, DHEMEZ, ¢l —HHBEHICBIT 25V
D%, 013 CO,/ KD RER S EEKRT, CO,H
HEFRER ENHRET 2T 1 — )V KRB TOD CO, £7KkD
THIREICB W T, —#%IZ, Ca= 10"~ 10"" (Blunt,
2017) Lan, BMENNERT 2RI TH D, —F
211 HiOIEEHRFICBT DML TNERBREML 2.1.2
Hi DE IR BT DR TN EMBREAE, EBITEA
HEZE UMMENZEBI®2 28RS S, LR
5C, T4 =)V REBETOZMHREZEEL, 1D, @i
FIENERT DIEEMET D KD BRERFEORE, T
BHOBEAL— b OBEIIREEILES

ZEZWE HE200mICBTRREENLMLGE
100°C, 20 MPa &{ET % &, CO, DEME (1) 133.7 X
10 2mPa*s TH D, CO, EAKDFRMEEN (o) 1Z 31 mN/
m (Pereira et al., 2017) TH 3, 71 —)V REKTD CO,
kOB IO NOY I —iRE (9 % 11t/D EAE
T25E,Ca=42X10"°E7R%, EREICBNT, EELS
A>FOATRBEHWTCINERBEFYESY — %

o 185

H52BEAL—MIK0.24 cc/min £72 %, ZDEAL—
211 HIBLIO 212 HITRIEEEMEL D DM EAR
MR TIIERT 2,

22 A775vRZab—aryETIL

AtgatCld, SIBHEHOMHAO LR RIFEES I o
L —% ®E300 ® CO2STORE # 73 3 > & H Wiz,
X CO, BLUH,0 Ol &« L, HAH B & WA
DRFIZHRTNFETE D, T78bb, CO, ZFEpks &
T % HZFHANKOERED L H,0 & Fpksr &5 2 WAHA
D CO, DEMBOMEEMEEZERL TWd, KETIVII,
Spycher and Pruess @ Fi£i2 &L 0 12°C~ 250°C, 60 MPa LA
TORWBEENGETE T —Y ER T2 &N
TR S TW% (Spycher and Pruess, 2010),

3. # ES

A7 7Ty Ry al—a X 0ENRKBRICBITS
FETE W IRIE & T8 IR C DA R 2 B 2 Adge L 7=
YIalb—yarEHEEL, ¥Ial—Talili0ES
N-ZECHHFEEN S 2.1 §i Tl X 72 BNk & [Fkk
DOFETHRBERERD 2, 2 E AN LR R
LY B 2 & TENRER T OMMNEBRREICHBIT 2R
Rl 21T 5 72,

3.1 ¥Tal—arEH

311 >Z2al— a3 ETINDAANTA—H

B 38 mm XEE 63 mm OEEK 1.5 1 > F DMK
TS5 RB R T I kG I al—YalET
IVEREL . MBI FICEIZERD, 302X 1 X170y
RNS78%, BT EMER T 7EIORN G ANCEZ
THWMHME STV RIEFRUETLHEITETY Y RS
4 X1, 2mm X 33.6mm X 33.6mm & L7z,

IREEE S ME, 100°C, 20 MPa & U7z, ZEBRER & okt
BERE, &7y R—HIZ, 23.8% B L U526 mD & L7z,

B L S R B X OHIHE ERIT, Krevor 512K %
N T7WEICBT 2HEEFE Krevor et al., 2012) % %
EITRE L, BMERE R P.(S,) 1, LATITRT
Brooks-Corey EF)LIZ & 0 5 2 7=,

P(S) =P(S) ©)
S % ( Sw B Swir)
S (10)

Z Z°T, P 13 entry capillary pressure %, S, \3/KEaFIHZ,
S MFIERMbE N kAR ZE, S SABIKEERE,

A 13 pore size distribution index & #%9, drainage i@Bf2ICH
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Table 1 Summary of parameters used for input
saturation functions of capillary pressure and
relative permeability curves

Parameter Value
Capillary pressure
Entry capillary pressure P, 1.83kPa
Pore size distribution index A 0.7
Relative permeability
Irreducible water saturation Suir 0.2
Critical gas saturation Seer 0.0
Max. water relative permeability B A 1.0
Max. gas relative permeability k,ﬁ,"AX 0.9
Water Corey exponent N* 6.0
Gas Corey exponent N? 2.5
Land coefficient C 1.0
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Fig. 1 Relative permeability (a) and capillary pressure (b) as a function of water saturation used in the core flooding
simulations. These are determined based the experimental results on Berea sandstone samples shown in diamonds
(Krevor et al., 2012). The parameters used to generate these curves are shown in Table 1.
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Table 2 Result of the equilibrium simulation at pressure and temperature conditions of 20 MPa and 100°C

Input After initialization
H,0 CO, Saturation H,0 CO, Saturation
[mole frac.] [mole frac.] [vol. %] [mole frac.] [mole frac.] [vol. %]
Liquid phase
H,O0 rich phase 0.5000 0.5000 50.0% 0.9800 0.0200 53.8%
Gas phase
CO, rich phase 0.5000 0.5000 50.0% 0.0186 0.9814 46.2%

187

Table 3 Summary of liquid and gas phase properties used in this study in comparison with those of pure components taken

from NIST web chemistry database

Simulation NIST Simulation NIST
Database ™ Database
Viscosity Viscosity Density Density
[Pa*s] [Pa*s] [kg/m’] [kg/m’]
Liquid phase
H,O rich phase 2.87 X 107" 287 X 107" 976 967
Gas phase
CO, rich phase 3.60 X 10°° 3.67 X 107° 482 481

* Property taken for pure components of H,0 and CO.,.

Table 4 Descriptions of the four cases used to investigate the impact of boundary conditions

Case
Boundary condition 1
Boundary condition 2
Boundary condition 3

Description

P.(x) =0 was assigned

P.(x) shown in Fig. 1(b) was assigned

P.(x) shown in Fig. 1(b) was assigned and capillary pressure boundary condition of
P.=0 at the inlet and outlet grid blocks were imposed

Boundary condition 4 P.(x) shown in Fig. 1(b) was assigned and capillary pressure boundary condition of
P.=0 at the inlet and P,= P, at the outlet grid blocks were imposed
(a) (b)
100 T T T T T T 1 00 T T T T T T

90 . 90 —

80 . 80 ~
& 70 4 & 70 .
[ c
S 60k 4 & 60 .
o o
3 50 /_f | g s L -
3 b
o 40 1 2 40 /—/ .
2 2
@ | _ @ [ -
= 0 BC1 — = 0 BC1 —

20 b B.C2 —— - 20 b B.C2 —— g

B.C3 —— B.C3 ——
10 1 BC4 —— | 7 10 1 BC4 —— | ]
O | | 1 1 1 1 0 1 1 | | 1 1
0.0 1.0 2.0 3.0 4.0 50 6.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
Distance from inlet [cm] Distance from inlet [cm]
Fig. 2 Simulated distribution of water saturation in the core sample as a function of distance from the inlet for the 4 different

boundary conditions detailed in Table 4. (a) after 5 PVs of drainage with CO,. (b) after 50 PVs of drainage with CO,.

J. Japanese Assoc. Petrol. Technol. Vol. 90, No. 4 (2025)



188

MY EEME Lz, BENEBTIE, TRMOPEmHEAR T
&, 37 EEINN S a7 FRAN T TEMEE 0
FROENSEOICRIMICKET T2, ZHhFFrETY —
I RHBELTHSNTVS, RIS, ERAIORAL
BT, av s A S a7 BN 2 T RS E
o s HROMEICEBICET 5,

FrETU—IYRYROFEEETIT B0
WEEZETIE, BWEARA T VU v RICP)-,=0, FifEE
R RIZP|,sp =P Z2ERAEHEELTHATVNS
(Krause and Benson, 2015 : Niu et al., 2015), ZZ T, P™
WAL a—ILREMEENTHO, ABFETIE, 311
HiCRY P 2HAT,

BRAKBGOFEZHERT D01, Tabled IZ/RT 4D
D — AR LT, FIHREIZH W T CO, fafiK Tz
Shza7iakhzr v b CO, 2 1 cc/min THEA LIRIK
9 % drainage FED T I a2 L — a3 > &EfwL /=, 5 pore
volume (PV) &850 PV EARFDEIZIH - 7237 WDKK

(@)
100 1 . . 1 l
9 I naiytical 02PV)  —— |
< 80 [ Analytical (0.3PV) N
& 70 | Simulation (0.2PV) o E
S 60 Simulation (0.3PV) o ]
© {
5 50§ .
3 40 -
@ 30 .
O 5 i
10 . R
O | L 1 S e R e
00 02 04 06 08 10 12
Dimensionless distance, Xp
(c)
100 T T T T T
9 I Rnalytical 02PV)  —— |
< 801 |Analytical (0.3PV) .
& 70 | Simulation (0.2PV) o -
S 60| Simulation (0.3PV) 0 ]
(0]
5 50 -
T 40 -
8 30 -
O 5 i
10 -
0 1 R ST ).
00 02 04 06 08 10 12
Dimensionless distance, Xp
Fig. 3

BB Z W7z CO, / KR DAARRIERRE T BT 2 iR

FFIHR D 4347 % Fig. 2 1ITRT,
A7HNOEMEIENEZHRELBRNPL, =007 —A (5
B DL, 5 PVEARD S 50 PV EARHZ AT CHR 4L
IR BN HEFT U /K BRI 2RI AR B K R 22 12 [ i WRR U e
iz, A7 RICBMEENZ2RET N EFHRERTY v
ROEBMEENRERSMEBE LRV —Z EREME2)
T, I 7NOEMESAHTHTHO, 5PVIEAREN
5 50 PV [EARFIZ T T—HRIT/KBIFIR DMK N Uil 7=,
BEIC, ERRERZ Y v RICEMETENERSLNZ2EE
Lizr—23&4 BEHREM3 LY TR, a7 PRl
‘o CKBEIMEN LR THF v ET U —T > RIEDTHE
WT&ER, £z, 5PVEARMNS 50 PV EARFIZNIT T
AR HICELIZ R S5NT, 5PYEARSTITHD
SR A IZE L TWD D050 5,

3.2 Buckley-Leverett f##7 i & D LE#:

HIERAEIZ T CO, fuF/K Tz Nz a7k = v
;CO,Z FE A L% T % drainage B D> I 2L —

(b)
100 l 1 . . I
90 Rnaiytical (02PV)  —— ]
< 80  Mnalytical (0.3PV) §
£ 70  Simulation (0.2PV) o s
S g0 | [Simulation (0.3PV) o i
@
55 —
T ]
(/2]
w —
©
o —
! ] 2
00 02 04 06 08 10 12
Dimensionless distance, Xp
(d)
100 T T T T T
90 Rnaiytical 02PV)  —— |
< 80 |Analytical (0.3PV) .
£ 70  [Simulation (0.2PV) o s
S 60| Simulation (0.3PV) 0 ]
@
5 50 .
T 40 .
g 30 .
© 20 .
10 .
0 ! L
00 02 04 06 08 10 12

Dimensionless distance, Xp

Comparison of gas saturation as a function of dimensionless distance from the inlet between the simulations and

analytical solution at 0.2 and 0.3 PVs of CO, injection. (a) case 1: @,=1 cc/min with P,=0 and (b) case 2: @,=1 cc/
min, (c) case 3: @,=10 cc/min, and (d) case 4: @,=100 cc/min with P, shown in Fig. 1(b).

g 905 4 5 (2025)



DI

T3 > %%, Buckley-Leverett DA & FLik L 7=,
F—2Z17TW, a7NOEMEENZEEELIEZVWP, =0
EL,CO,ZElee/min THEA LTz, 7 — A2 ~412BWNWTIE,
Table 4 IR EESREMH3 Z2@AL, Uz v b CO, DIEA
L — kg, =0 F4N, 1cc/min, 10 cc/min, 100 cc/min
ELlT=

Fig. 31202 PV B XLV 03 PVIEARFD x fiCi> 7237
WNOKEFMBD Iz RS, BHEENZEELRNT —
A1TI I alb—2a UiRIImmeE B< —8 L &,
EHEEHNZEZE L — R 2~4Tid, $IZ, 1cc/min
E10ce/min & LKIEAL—FDH—ZX2&E3T, 23
L—a il&o TRELNEH AL, BHEEOE
BEEZVY, MRETAR S EEL /2. R, 1cc/min DKL —
RCTEALZTY—XZ 2 TIE, N TIZ 0.3 PVIEALE
WHAT V=0 ZI)—MEENZDIZHLT, ¥Ial—
T a UHERTIX02PVIEARIZT TICAHAR T L —27 Z)—

Relative permeability [-]

o
- s
| | | | ] ]

0 10 20 30 40 50 60 70 80 90100

Water saturation [%]

—~~
(2]
o

Input kg
Input Ky,

Relative permeability [-]

<
@
! L ! !

0 10 20 30 40 50 60 70 80 90100

Water saturation [%]

J==3
<

(b) — T

Relative permeability [-]

(d) —

Relative permeability [-]

il 189

NSNS, ZIUIEMELE I 2EE LR WERRETIZa
7 _ERASE N ZBRERDDITH LT, BHEEN
EERLZIal—2a R TIE, a7 ETNRICEM
T HEENNS WD, HEMERET, K 2 fafn
REBY, 200, w72 A MRAINAELZZ &
&%, 7ap, ATYNOEBMEE T Z2ZEE Ly —R 2~
42BN TH, EAL—FEELSTIIZONT, HEHD
PIRME RO, HRICEME I OZENNE</2d, &
D7,100 cc/min & LZ@EEAL— DT —X (Fr—A4)
T3, Buckley-Leverett D fEATIRIC & 5 H A fafn sy &
P R < —F U7z,

3.3 IEERAICLAERERDTE

32 HITHEIL /=4 DD — A ® drainage ##fED T I 2
L—2 3 BT 5 ENREEB K OWRIKPEH &2 5 JBN
B K D HAHRIE R 2340 L /=,

Fig. 412222l — 3 Y IZBVWTAN L MxhigiE=R

~Ca=1.7x10°
: 1 cc/min

Input Kg
Input Ky
Sim kg

T

T

T

T

0 10 20 30 40 50 60 70 80 90100

Water saturation [%]

[ Ca=1.7x10°

N Input kg
| 100 cclmin

Input Ky

o O

0 10 20 30 40 50 60 70 80 90100

Water saturation [%]

Fig. 4 Comparison of relative permeability between input (lines) and simulated results (circles) for the unsteady-state
measurement. (a) case 1: ,=1 cc/min with P,=0 and (b) case 2: @,=1 cc/min, (c) case 3: @,=10 cc/min, and (d)
case 4: ,=100 cc/min with P, shown in Fig. 1(b), where @, is the CO, injection rate.
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Fig. 5 Comparison of relative permeability between input (lines) and simulated results (circles) for the steady-state
measurement. (a) case 1: @,=1 cc/min with P,=0 and (b) case 2: @,=1 cc/min, (c) case 3: @,= 10 cc/min, and (d)
case 4: ;=100 cc/min with P, shown in Fig. 1 (b), where @ is the total injection rate composed of CO, rate of €, and

water rate of @,,.
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Table 5 Descriptions of the four cases having different
fluid injection rates, resulting in a range of
capillary numbers

Case Boundary Injection Capillary
condition rate number
Case 1 B.C-1 1 cc/min N/A
Case 2 B.C-3 1 cc/min 1.7x10°°
Case 3 B.C-3 10cc/min - 1.7 X 1077
Case 4 B.C-3 100 cc/min 1.7 X 10°°
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6 Mitigation of capillary end effect at an injection rate of 1 cc/min. Lower absolute permeability cases measured with

the unsteady-state method (a) and the steady-state method (b). Longer plug sample length cases measured with the
unsteady-state method (¢) and the steady-state method (d).
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Fig. 7 Simulated profiles. (a) Gas and water phase pressure (P, and P,, respectively) at an injection rate of 1 cc/min. (b)
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Table 6 Comparison of measurable pressure difference
between upstream and downstream (AP,)
with differential pressure of each phase
(AP, and AP, obtained from the simulations
corresponding to case 2 to 4 shown in Fig. 5

(steady-state cases)
Case Avg. P, APy AP, AP,
[kPa] [kPa] [kPa] [kPa]
Case 2 2.6 3.9 1.1 2.0
Case 3 2.7 15.3 12.5 134
Case 4 2.7 129.6 126.8 127.7

T arviiko THLNAEEHOENE T AP, BXTAP,
EENIRBRIT B W TRIE AR 72 E T APy, D ik 2 7R
T, ZOXSIEKL — FTOEHEREABTIE KD D
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Fig. 8 Correction of differential pressure. (a) Result of an injection rate of 1 cc/min before correction. (b) After correction.

Table 7 Summary of experimentally measured relative permeabilities for a CO,/water system found in literature. All the
three measurements performed with stead-state method.

Sample Press. Temp. Viscosity Diameter Qt Ca Reference
[MPa] [’C] [mPa*s] [mm] [cc/min] -]
Berea 9 50 23x10° 50.8 15 9X10*  Krevoretal (2012)
Berea 10 40 48 X 107° 50 0.5 6x10° Kogureetal (2011)
Goyasu 10 40 48 x10° N/A 1 1x10°% JCCS (2021)
* Estimated capillary number assuming a core diameter of 50 mm.
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Fig. 9 Experimentally measured relative permeabilities for a CO,/water system found in literature. The experimental
conditions are provided in Table 7. The diamonds, squares, and triangles denote measured data points, while lines
denote fitted Brooks and Corey curves presented in the respective literature.
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Fig. 10 Three cases of input relative permeability. (a) Curves based on Krevor et al. (2012) which was used in section 3. (b)
Fitted curves based on Krevor ef al. (2012) with the assumption of S,,;, = 40% . (¢) Fitted curves with the results

Table 8 Summary of parameters used for the field scale

shown in Fig. 4 (b).

Table 9 Summary of relative permeability parameters

CO, plume migration simulation used for field scale CO, plume migration

Parameter

Value

Model dimension

101 X 101 X 50 grids

simulation

Parameter

Casel Case2 Case3

Model size 10.1 km X 10.1 km X 100 m Relative permeability
Depth 2000 m Irreduc_lble water S, 0.2 04 0.6
Pressure 20 MPa saturation
Temperature 100°C Critical gas saturation S, 0.0 0.0 0.0
Porosity 20% Max. wat.e‘r relative e 10 1.0 10
Permeability 500 mD permeability )
Perforation 50 m (Lower half) Max. gas relative EMAX g 0.5 0.9
bil b . . .
Injection rate 0.5 MTPA for 10 years permeability
Water Corey exponent N 6.0 3.3 4.0
Gas Corey exponent N* 2.5 5.0 1.5
Land coefficient C 1.0 1.0 1.0

ERl ST TR
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Fig. 11 Distribution of CO, plume after 100 years of cessation of CO, injection. Bard view of case 1 (a), case 2 (b), and case
3 (c). Cross-section view of case 1 (d), case 2 (e), and case 3 (f).
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Evaluation of Subsurface Imaging and Full Waveform Inversion with DAS-VSP Data Acquired
at the Minami-Aga Onshore Oil Field before CO, Injection Test

Yusuke Watanabe, Takuji Mouri and Shotaro Nakayama

Abstract :  To reduce monitoring cost and to improve the effectiveness of monitoring in CCUS projects, the
acquisition of vertical seismic profile (VSP) using distributed acoustic sensor (DAS) can be one of the solutions. There
are few examples that evaluate vertical resolution and imaging area of DAS-VSP in CCUS pilot projects. Furthermore, the
imaging quality of DAS-VSP can be improved by applying full waveform inversion with elastic wave equations (e-FWI) to
estimate the subsurface P- and S-wave velocities. In this study, we evaluate the imageable area and e-FWI results using
DAS-VSP data acquired as a pre-injection survey in an onshore CCUS demonstration field in Japan. First, to evaluate the
vertical resolution, we compared the DAS-VSP data with the synthetic and the surface seismic profile (SSP) data along
the wells. We then compared the results of the horizon interpretations and the surface model generated from the well-
tops data to evaluate the imageable area. The evaluation results showed that the DAS data had a higher vertical resolution
than that of the SSP data, and that the imageable area was hundreds of meters from the DAS installed wellhead. Lastly, to
evaluate the improvement in the accuracy with the application of e-FWI to the DAS-VSP data, we compared the estimated
velocity data along the wells with the log velocity data. In addition, we also compared the estimated velocity data with the
surface model generated from the well-tops data. As a result, the multi-well e-FWI result showed a better accuracy than

the single-well one and its estimation range also showed hundreds of meters from the DAS installed wellhead.

Keywords : CCS, CCUS, Monitoring, DAS, VSP
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Carbon Capture Utilization and Storage (CCUS) 3 & A?
E D 2050 4F 1 —HR > Za— b TIVERICB W TEE L&
HEHEIHKTH D, EALEZZBLREDOEZSY > F
13, BENDEEMNR CCUSFXD DI RinH:
MThod, EALLZZRILKFZOM T TOXHZzE=SY
U279 5FEELT, HIHNEEEREE (vertical
seismic profile ; VSP) M%IF 5%, VSPZEZH W5 Z & T,
MR TN ZIRan 2 BH T 2 P RE QR PR
KOBA AT 2 THIFHIIHE <1250, JUIFEHEOM T
WEE LD EOMREEICIEIETE S (WHEREYS, 2016),
VSP 57— & IEkITIE, TINDPH T+ > &2 NS FiEOM
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IZ, 7 7 A NN—%fRt > (distributed acoustic sensor;
DAS) ZH\ 7= VSP (DASVSP) Mg I TWw5b, DAS-
VSPIZ, A 7 + > #FIH L 7= VSP L O &ZlinD, 7 7
AN—BT =22 TN TRICERT D & TRV EBTE
MFETE 5 (Willis, 2022), Z#15 @ DAS-VSP A zh4:
ZiHET 27201213, TOHMTIEEDOA A—Y 2 THED
KA A= > ol OB BT L7125,

2023 T =R iR 3 O JE G BR S H I VR BT BF 1 O
Fal 45 g C R i & 1 (Koga et al., 2024), J£ ARBRAT D
2022 FER D 5 2023 FEHZ VT T DAS-VSP 57— & 23U
SNz, AFETIXZDODASVSP 5 —% ZHWT, HiF#
EDOA A=Y D TREEBIUA A—2 > JAREHIPH D E &
B - E ISR 2 1T o 2. BRI, ESBmoF o,
YRR WD DASVSP 7 —# 12 DWT, EAEWEMN S R
I U 7= R M R E T — Y B s IR BT — o 00 5
U BRI T —5 T 5 ETA A= 2 7D
HESOMRICDVWTIHEZETT > /2. 51T, 2RO
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R AR ARG & U 2B RN (elastic
full waveform inversion; e-FWI ; Tarantola, 1986) @ & Hi
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EEOHIBOSHITIER I Nz UMK - LA, 1992), M
o] 2 3 P 0320 #1355 1. Walker O SRR M€ 7)1 (Walker,
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mEgLnsdy—EY A MOBEDSFKILAAHZRH LT
BIEOREE I TR A NN CHRE L 72, R
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1978), FEILEIIZHBWT, Fig. 21TR9 &B 0 mk i - Hid
ZHSIIEMIS 5 &7 0 UM, 1990), F72ZRIE
BRI K > THEE - Ml BRSNS L 7. AHIvE L
IZHBNWT, bT7EERRRIZ BT %S 2 11 S e
g, FEREEOHEREARESHE RKEOXKBEENIMH
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Fig. 1 Paleo-current direction of the turbidite (magenta
arrow) around the Minami-Aga oil field (yellow
star) and the Kuwayama gas field (white star)
(Modified from Abe, 1978)
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Fig. 2 Map of paleo-stress direction around the Minami-
Aga oil field, Kuwayama gas field and Niitsu oil
field including the facies and fault distribution
(Modified from Komatsu, 1990)
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Table 1 List of formations and abbreviations used for the analysis and the horizon interpretation

Formation Horizon Abbreviation
. ) Top Minami-Aga Sand Gravel Top-SG
Minami-Aga Sand Gravel Bottom Minami-Aga Sand Gravel | Bottom-SG
Siiya Top Siiya Top-Sy
. Top Reservoir Top-Res
Reservoir (2230 m Fm.) Bottom Reservoir Bottom-Res

FREHENE RS NCBEES I L 2T —%, T Ofl
FARBTE A ICBE 9 530k (B, 1966) 5, AHiUE Tl
FPEANCEERN RS E DD Z &, HIER RO TE
T220 m BOAIRABWUBM Ty TE2BHRLTNWD I &
IHEE TE 2,

PLEMSARETIL, 322 TikR% DASVSP 57 —# 12 &
DA A=Y REHIHOBRF OO TEILE, HAE,
2230 m [EDBERER T AV URMOU SR ET B, BRI
1213, Table 112779 & B0 T 5, 2230 m & TRR (Bottom
Reservoir ; Bottom-Res), 2230 m f& L [E (Top Reservoir ;
Top-Res), HE4JE FR (Top Shiiya ; Top-Sy), g kil 2 f) fi
JE FBE (Bottom Minami-Aga Sand Gravel ; Bottom-SG), Fg
[o] %% W) % J= - BR  (Top Minami-Aga Sand Gravel ; Top-SG)
ERITA IRRONRELEE T S,

2.2 UNERFETT

AREITIE, DASVSP O F—% S EIZ DWW TIRNS,
Fig. 3 ”%“#&(E' FROLIE Z R 9, HIFR B RIS 7km TH O,
FEIRMIFRIZ 20 m Tdh 2, HIFRILIE L3 K 2 DI
W =<7, HAK 550 m FEE ORIRRMPSND S,

BRI N T —F ERE Y, HEREQ T HE] S &

TENE<KBHEZHIEL TLESBEND D RBINA T

: *\ ]
RAUESEEE IR i R e 7
— :Sweep Point Line - ST N ¥4 TR \ % |
® :Receiver (DAS) Point \']. ~ N ﬁ‘\.\\ XA .,‘/ <l

Fig. 3 Survey lines of sweeping points

Table 2 Sweeping parameters

Source Parameters
Sweep Point Span [m] 20
Sweep Freq. Band [Hz] | 6-80
Sweep Length [s] 43
Listening Time [s] 5

L—% 2R\ KM ORBENTE RN, HIFROTEHE]
TIEHEINA T —% %, HAUTIIRENA TL—¥%E
R L=, FIRICBEID 285 A—4 13 Table 2 1TR T,
Fig. 4 IZ%Z ke & U TIEH L 7= DAS O % iE B X % 7R
To JTEAMBOZDIZHIEL 72 2 DOYiII QIR HNIC

W CCUS-1 CCUS-2 E

River

Y% --Sweep Point
mmm ---DAS (Fiber Cable)

DA A I I IS K

Fiber-2

Fig. 4 Schematics of DAS installation to CCUS-1 and CCUS-2
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Table 3 DAS parameters

Denoise Related t
DAS Parameters o e
Receiver Interval [m] 6.38 D el ves
Gouge Length [m] 17.55
N Wavefield Separation to Remove
Samphng Rate [ms] 2 Down-going Wave

‘ Strain-Displacement Velocity Conversion ‘

— Velocity Modeling with
‘ aiessiachpep IV gfationl(EEDM) Joint Inversion under VTI Model Assumption
Fiber Directivity Correction

BEINTHDSHDE CCUSL HANCEEINTHDS D
D% CCUS2 EIEMRT D) O — 27N TOEHIT

‘ Combine Migrated Data from Each Fibers ‘

T 7 AN—r—T ) EiiE LTz, CCUS1ITIE 9-5/8 1 Fig. 6 Data processing workflow of the DAS-VSP stack
"

SFDr =T TDOEEIZ1 D (Fiberl), 71> section

FOr— 2T TOBEMmMIIH S 1D (Fiber-2) Dt 2 -

DDODAS Zi%&E L7z, £/ CCUS2IZIX 71 >F DT —
T UUNA TOBEMIZ 1 D DAS #3%iE Lz, T Dff DAS

DR ER S NICA > 707 —F —DFREICDNTIZ
Table 3 IZ/RT,

F /- Fig. 5- (@) IZ;R T & B D, DASVSP 57— O &
W7 U CHER R E T — % OFfE B> /2. 2720, e
ZOEAGWIEALE L DASVSP O N0 5 B A 12K 300 m
HNTHO, —HLAERW, TOkD, MEFHEHEEDE
GWECHRIRLUIZERT 1Y & DASVSP DA A—D2F es
FhE R D K FWI AT #E R O I I3 EHEAH I 2 2 &
T&ERW, £2 7T, Fig. 5@ 2”7 CCUSL, 2B KU
R 2 i FH 15 O BEAZ BT H D Well-tops 7 — & 7 BAER L 72
HEEOERMOET IV EEKRL Fig. 50), sz
322 TOA A= > THIFADOKF B L U332 TOHEE
N7 ROCHEERIAIR & O g & Uiz, AT, 331
IHTHR % eFWI ® CCUSL, 2 ZNZNDHIHRN W DH#E
EREROILI £ E LT, CCUSY, 2Z2NTNDEFWHMR
JECEHAIL 7= PG EE, S BOHEEZ HW e,

2.3 T—H40E - fF

2.3.1 BAUMEOIFR Black: Well trajectory Magenta: Top-SG Yellow: Bottom-SG

HA W 2155 7= DI E M L 72 EE L 2 Fig. 6 1278 Light'Green: Top-Sy Blue: Top-Res Green: Bottom-Res
. £9, THLIAX, BKHEE BE m/s—1km/
sIRE) 2HTHUY /A4 X (PSEME, SHERs),

Depth [m]

Fig. 7 P-wave velocity model obtained by joint inversion
used for PSDM and fiber directivity correction.

DASDHT 7 A N—=4 =TI DAy TV T DIREIC The warmer image color indicates higher
EoTHETBZUN—NL—2 a2/ X 5kETIHI velocity and each dashed line indicates the
formation boundary.

DAS-vsp

( DAS-vsp
Nterpretatio, Line

lnrerpretatron Line

W Other Legacy Wells

Fig. 5 (a) Locations of DAS-VSP interpretation line (red line), the surface seismic survey line, and the well-head locations
(green and blue points) ; (b) Example of the surface contour map
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Hafrok, KIZ, BEAWH&EERT I/ 1 X &
2 FHHEITIRZ -p EIIC B DIREIE BRI X o Tk
U7z, DASIZHEHKDEFZOTHLEL TINET 72
O, T-p EBICBT DIEBIB B E T 72 %O B%IR DL
Z1TD7=91213, DASVSP 57— 4% &2 A E I A
HEND B, TDIOEBET—5 DOT BG5S AL
HREEADOZLWEE (Daley et al., 2016) Zfr> 7=, /=
DASZH T 7 A IN—2r — T )V DB 1 & Fe K DR E 5
MELTRESDANMICI > TRENL(LT D (Mateeva
etal,2014), TDOEGIEET A L — a UM
(pre-stack depth migration; PSDM) & [ERFIZ T 7 1 )N—®D
EMIEAE 217> 7= Miller et al., 1987), 7238, Th
5OMIIZ AW PHGEEETIVIERES S (vertical
transverse isotropy ; VII) I ORGHEEORED
L DASVSPF—% O PIREERR & Wiz ER b ES T 7 1
DFEREHMEHRIEIEIRET -5 O P EIHEZ AW
ERFNET I 71 DRERERG LY aA > M 2 N—
Va0 RDIEEEETIEM S 2, KEZICEREOUL
HickofFonkFrF—2EHEAGL, EAEWHZE/.
Fig. 722Dy aA > b 2IN—2 3 T & > THREMIZ
K537z, PSDMAULEEE 7 7 A )N — DA IE LI H
WEHEETIVERT, 72720, &7 7 A N—M6ERS
NE-BEAEBIICH LU TEADTOL, BEE5T5IETIK
DEGWMmE Lz,
2.3.2 FWI &7

ZZTIEDASVSP 5 —% Wiz eFWI O )L dU X
L& LT, Podgornova et al. (2022) ©zX 6), (8, (9)
EHWE, ZO7INTYXLEANWSZET, wmilliL 2yt
FIT#ER U 7= DAS THHI I N /20§ A G Z2EEAAL,
eFWIIZ BT 5 AZBEBPB I ULARZEFIHTE 5, £7
eFWI OB O m# b B L CHEMIL D280, = RICZEM T
B = N 7= DASVSP O #lll 57— % %, CCUS1, 2 D YLk
EFEIR AL TE O R TT SAE L (gel et al., 1996) %M
WTURITHENC % & LIAATEHEZfT o 72, £72 e FWI
OPHEEETIV (Vo) BEXUSHEEETIL (V) D
LEWETEH O, FEMRMFROFEMH & /AN /53E LU CTEE
HafT-> 7z, Fig. 8 ICFEIRMIAR D VE 3 K OB D FE 4R 1
Z W2 56 O FTR O Rl FRE NS K 5 R ook
MO FAEZRT, £z, Multi-scale i (Bunks et al.,
1995) Z BB X O CCUS, 2 05O s RBIEAE
TOA 7y MURUTHEALZ, T7kabb, LRI
DNTIRHEWEEEDOT =05, 71y McDWTIE
HANSDOF Ty FO/NSWEREOT—F 05, JE
R, PEHEETIVHBIUS PR EE TV OEFITH N,
eFWILICHWAE PIEEET IV (V) BIUOSEEEET
(V) OHIIET I B XLV, BGEICETH/8T A—% ¢,
0 (Thomsen, 1986) I DWW T VIT B A B DIKED T,
DASVSP 7 —% Z W= ER £V T 7 1 ORERITE#E
b7z —RIcETIVEMR WS, 72720, €, 013 eFWI
D#EVRUFEICE > TEHT S Z &g,

AFETIET— BI ORI OH S L, FEIRBIFRTEH TH

g 905 4 5 (2025)

DAS-VSP
Interpretation Line

;.;.‘ e-FWI Estimation Area
h East Sweep Points)
e-FWI Estimation Area

(With West Sweep Points)

Fig. 8 Locations of e-FWI analysis line with west and
east side of sweep points (yellow lines), DAS-
VSP interpretation line (red line), the surface
seismic’s survey line, and the well-head (green
and blue points)

£ L T CCUS1 @ Fiber-2 & CCUS2 TZIREL /=7 —4 %
MWar—2 (Case 1), FEIRHFEMTHIRL T CCUSL
@ Fiber2 TREL 27— #HWS 7 — 2 (Case 2), %
PR M TRIEL C CCUS2 TZIRL =T —F 205
r—2Z (Case3) D37 —AIZDNWTLEEDHTZFTS.

3. FHMmFER

3.1 F—y REHh

Fig. 9 IC A DASVSP 5 — % @ —ffil & L T, ¥ JE 640
mMD TOHBZIRAFLERERT, 22IHTMNZEBD
R B 1R 3 L O DI 2 72 53800 T — & RIE
MECTNWS, D7/ CCUS, 2 05O s JLTiEflc
DNTIL, /hNSWA Tty hOTF—=FNRIEL TWD—H,
WA DOWTII/hS WA T2y b RERAT 7Y FO
T —HETCRERBREBLS T=INWFEINTND,

WEHMIIB T 57— BEICDNWT, Fig. 10-(2),
(), (o) IT CCUS1 HihMi%#f (640 mMD), Hf (1160
mMD), EEE (1700 mMD) T @45/ 2 4R fidék 2, Fig.
10-(d), (&), OICHUZOEEMEEZRLZEOF Ty
MEEkE RS, /272U, Fig 10-(d), (), O TiEr—%
WHIZ KO EHETHDOANERIN TN S, Fig. 10-(a),
®), @ WZDWTEH - HHENT LB/ R X >
ERERTE DM, HEEHITOWTIEHETIER W, £z,
Fig. 10-(d), (e), () T® TopSG DEE (1370 m) LA
HETIFTNX D ENGEE TORER & i U TR DB
MBI N5, ZIUTHEMARRMEEITIMA, DASEE O
AFaEGEESHED 1 DEEZ NS, FHEETOYIH
D=, FHFTIIHS ~ 6, HETIIN 24, T
TR0 EEEE (W d MBI L CEiER
20EET D), 2O, Yot 7ty MEEEICH L TR
iR HE S & K2 JE RS &5 2 D LR Tk ® DAS D%
ENE <, HERT DAS OREIT R BN,

FRoZ ENnB, 3.2 3.3THTIE Top-SG EUDEED T —
& &ZHRMCER L TRE 21T,

3.2 DASVSP T =4 [CLBA A=V URBE - 4 A —

7L =E
3.2.1 A A= TREERE
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Fig. 10 (a, b, ¢) Common receiver gathers at 640 mMD (shallow), 1160 mMD (mid), and 1700 mMD (deep); (d, e, f)
Zero-offset gather at sweep point No. 2001 with a line indicating the depth at 640 mMD (corresponding to (a)), 1160
mMD (corresponding to (b)), 1700 mMD (corresponding to (c)), and the well-tops Top-SG

TR DERER (PR, DASVSP & HikpH
PRI RE O EGFLERD S TIING WO T — & 2 hhitH U 7= foék
(FNZENEHPRXFE, HXF) Znr7T. CCUSL TIZ,
Top-SG &3 ® TVD % 900 ~ 1400 m T LAY & ik B
E DASVSP F— 4 —FH L TWw5, £/ CCUS2 TH[H
#1Z Top-SG &34 @ TVD #EFE 900 ~ 1400 m @ F 72 1
N2 MZDOWT, AR & DASVSP 57 —% Ofitfiid—
BLTWD, ZHCXDYZFEETIE, Ny TR
JAXDEENNSVWEFEDT—INELNTND T
EMNyInD, £72 DASVSP 7 —% LR mi ka7 —
EEREGDEEK GBE65D T, RIFEOKZIEHT
N> MIFEHEOER Z BETNWBEA, FOfl4 D1 N>k

12 DWW T DASVSP 57— 4 O J5 25l 7n W 1 78 /7T HU
%, T72bb, EMAIC DASVSP 5 — % O J5 i3 &gk
WHRET— X0 BGRENE N LN 5,

DASVSP & — % D RAEIC D W T ERMICIEET 5 72
W, DASVSP 7 —%, MEBMERE T — & O
X7 MVEEEL =, Fig 12-(@), b iIZZFhZFh CCUS
1, 2 YRR WD ST —F ORI A XY MV OFHERE R
#:9, CCUSL, 2 ZNZFN DASVSP 5 —% D ME—2
AN E L, £REEEEAXRT MVEET S, T4
HE, DASVSP 57— OGN RFE R RET -5 L0
HEDRETH D Z ENGN D, YLK O P
[Z % 2000 m/s, F£7z, HBEEEROEEELS EREDRE
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Fig. 11 Seismic traces along the well trajectory (black; synthetic trace, red; extracted trace from DAS-VSP stack section:
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Fig. 12 Amplitude spectrums of Fig. 11; (a) CCUS-1:
(b) CCUS-2
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Fig. 14 Comparison between e-FWI results and sonic data along the well trajectory: (a) CCUS-1, (b) CCUS-2

Table 4 Summary of correlation coefficients between
the e-FWI result and the sonic data at CCUS-1
for each case

Table 5 Summary of correlation coefficients between
the e-FWI result and the sonic data at CCUS-2
for each case

Case Casel | Case2 | Case3 Case Casel | Case2 | Case3
V,’s Correlation Coefficient 0.790 | 0.728 | 0.464 V,'s Correlation Coefficient | 0.786 | 0.734 | 0.743
V.'s Correlation Coefficient 0.891 0.895 0.718 V.'s Correlation Coefficient 0.883 0.762 0.801
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Fig. 15 2D P-wave velocity model for Case 1 with the surface models of the formation boundary (dashed lines): (a) Initial model
of P-wave velocity; (b) Final e-FWI result of P-wave velocity. The warmer image color indicates higher velocity.
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Fig. 16 2D S-wave velocity for Case 1 with the surface models of the formation boundary (dashed lines): (a) Initial model of
S-wave velocity; (b) Final e-FWI result of S-wave velocity; the warmer image color indicates higher velocity
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Case 2; (¢) Case 3. The warmer image color indicates higher velocity.
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Fig. 18 2D S-wave velocity for each case with the surface models of the formation boundary (dashed lines): (a) Casel; (b)
Case 2; (¢) Case 3. The warmer image color indicates higher velocity.
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Effects of capillary pressure on vertical sweep efficiencies in waterflooding and CO, geological storage

Takao Namba

Abstract :  This paper summarizes the effects of capillary pressure on dynamic performance; especially vertical
sweep efficiencies of water flooding and carbon dioxide (CO,) geological storage based on published works including

those by the author of this paper.

Capillary pressure can have a significant impact on a vertical sweep efficiency of waterflooding in a reservoir with a
large vertical permeability contrast. The difference in capillary pressure among layers accelerates the crossflow between
the layers in a water-wet reservoir resulting in good vertical sweep. On the other hand, it can prevent the crossflow in an
oil-wet reservoir resulting in an early water-breakthrough and poor vertical sweep.

Gravity override of the injected CO, in a saline aquifer is inevitable due to its low density and high mobility. However,
capillary threshold pressure of low permeability facies within a reservoir can mitigate vertical migration and gravity-
override of the injected CO,. Capillary pressure also has a large impact on CO, containment within a reservoir complex
including CO, invasion into the confining formations as a result of dry-out.

This paper lastly demonstrates the importance of modelling capillary pressure and its hysteresis appropriately in
dynamic reservoir modelling, without which key geological features that have been grasped and modeled by enormous
efforts will not be reflected appropriately in production forecasts.

Keywords : vertical sweep efficiency, wettability, capillary pressure hysteresis, capillary threshold pressure, carbon
dioxide geological storage, gravity override, storage efficiency, dry-out
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Current status and challenges of underground hydrogen storage

Kazuya Kobayashi

Abstract :

Underground hydrogen storage (UHS) enables large-scale energy storage. In Japan, with the goal of

achieving net-zero emissions by 2050, we must consider the development of an energy system that incorporates hydrogen
as an energy carrier. However, underground storage of hydrogen in porous geological formations such as depleted oil
and gas reservoirs or aquifers involves significant uncertainties. This paper points out that large uncertainties remain
regarding relative permeability, contact angle, and geochemical reactions by summarizing recent findings related to UHS.
In Japan, only one case study in Niigata Prefecture has been reported so far. This paper emphasizes the need for further
research to consider the potential utilizing carbon dioxide (CO,) geological sequestration sites to store hydrogen due
to geological limitations in Japan. It is expected that most suitable locations for gas storage will already be in use for CO,
sequestration in future. To integrate UHS into a future hydrogen-based energy system, we must also explore a range of
approaches—such as using CO, as cushion gas or as a carbon source for methanation. It is particularly important for
Japan to focus on understanding the interactions between hydrogen and CO.,.
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Table 1 Summary of review on underground hydrogen storage (UHS)
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Sadkhan and Al-Mudhafar (2024)

Focus

+ Overview of hydrogen economy

« Surface storage of hydrogen

+ Material-based hydrogen storage

- Overview of hydrogen economy

- Comparison between hydrogen and other gases
- Influencing parameters for UHS

+ Numerical simulations for UHS

+ Geochemical reactions in UHS

+ Challenges in UHS

+ Economics of UHS

- Properties of hydrogen

- Trapping mechanisms for UHS

+ Challenges in UHS

+ Fluid-fluid interaction

+ Rock-fluid interaction

+ Offshore geological storage

+ Challenges in UHS

+ Fluid-fluid/rock-fluid interactions

- Geochemical reactions in UHS

+ Challenges in UHS

+ Overview of hydrogen economy in UK

+ UHS applications in UK

+ Economics of USH

+ Comparison between underground carbon dioxide storage and UHS
+ Geomechanics in UHS

+ Wells and borehole integrity in UHS

+ Publication trends of UHS

+ Trapping mechanisms for UHS

- Geochemical reactions in UHS

+ Fluid-fluid/rock-fluid interactions

+ Selections of cushion gas

+ Comparison between hydrogen and other gases
+ Fluid-fluid/rock-fluid interactions

+ Challenges in UHS

- Comparison between hydrogen and other gases
+ Fluid-fluid/rock-fluid interactions

- Geochemical reactions in UHS

+ Geomechanics in UHS

+ Comparison between hydrogen and other gases
+ Trapping mechanisms for UHS

- Geochemical reactions in UHS

+ Economics of UHS

+ Challenges in UHS

« Properties of hydrogen

+ Influencing parameters for UHS

+ Fluid-fluid/rock-fluid interactions

- Numerical simulations for UHS

+ Challenges in UHS

+ Properties of hydrogen

+ Fluid-fluid/rock-fluid interactions

+ Geochemical reactions in UHS

+ Comparison between UHS and other underground gas storage
- Comparison between hydrogen and other gases
+ Geochemical reactions in UHS

+ Fluid-rock interactions

+ Challenges in UHS in saline aquifers

+ Trapping mechanisms for UHS

+ Influencing parameters for UHS

+ Influencing parameters for UHS

+ Challenges in UHS

- Geochemical reactions in UHS
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Table 1 (continued)

Saeed and Jadhawar (2024a) + Geochemical modeling in UHS 2024
+ Numerical simulations for UHS
Sekar et al. (2023) + Geochemical reactions in UHS 2023

+ Numerical simulations for UHS

- Publication trends of UHS

- Properties of hydrogen 2019
+ Economics of UHS

+ Overview of hydrogen economy 2022
+ Challenges in UHS

- Publication trends of UHS 2022
- Properties of hydrogen

+ Challenges in UHS

+ Economics of UHS

+ Petrophysics for UHS 2024
« Trapping mechanisms for UHS

+ Economics of UHS

- Properties of hydrogen 2021
- Comparison between UHS and other underground gas storage

+ Numerical simulations for UHS

+ Challenges in UHS

Tarkowski (2019)

Tarkowski and Uliasz-Misiak (2022)

Thiyagarajan et al. (2022)

Zeng et al. (2024)

Zivar et al. (2021)
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Electrolysis

H.

Demand
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Suply Salt Cavern
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—..

Depleted Oil/Gas Reservoir

Fig. 1 Schematic diagram of underground hydrogen storage
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Lo T, 70y y boRFEEE KOBLNRD
K3 A MEIZDr> T3 (Le Duigou et al., 2017), Lord
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JEA - BIEH LY A 7 TOERE N Ty 7O E % 1]
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Table 2 Summary of numerical simulations

References Objectives
Bahrami et al. (2023)
cushion gas

Ershadnia et al. (2023)

Quantifying hydrogen recovery factors under hysteresis and mixing with

Software
CMG-GEM

Understanding the influence of vertical anisotropy ratio, temperature, injection CMG-GEM

and production period, relative permeability hysteresis, well perforation
placement, and cushion gas type for UHS

Hashemi et al. (2025) Investigating hydrogen leakage from caprock during UHS Eclipse100
Heinemann et al. (2021) Investigating the influence of cushion gas CMG-GEM
Huang et al. (2024) Quantifying hydrogen recovery with different pre-existing gases TOUGH + V1.5
Jadhawar and Saeed (2024) Quantifying performance of UHS in North Sea aquifer CMG-GEM
Kanaani et al. (2022) Investigating the influence of the type of cushion gases for UHS in a depleted CMG-GEM
oil reservoir
Lysyy et al. (2021) Investigating performance of UHS in Norway Eclipse100
Mahdi et al. (2021) Investigating the effect of caprock availability on UHS TOUGH2
Mao et al. (2024) Generating training data for neural network model tNavigator
Pan et al. (2023) Quantifying performance of UHS under different relative permeability, IMEX
wettability, and production rate
Pfeiffer and Bauer (2015) Investigating the scenario of UHS in Germany Eclipse300
Pfeiffer et al. (2016) Investigating storage performance of UHS in Germany Eclipse300
Pfeiffer et al. (2017) Investigating storage performance of UHS with N, as cushion gas in Germany Eclipse300
Saeed and Jadhawar (2024b) Investigating UHS performance under different cushion gas type CMG-GEM
Safari et al. (2023) Investigating critical parameters for H, capacity for UHS in Niigata prefecture CMG-GEM
Wang et al. (2022a) Investigating the impact of CO, solubility in water in performance of UHS CMG-GEM
Wang et al. (2022b) Investigating behavior of UHS with CO, as a cushion gas with different flow CMG-GEM
regimes
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WCHEEBEGZIRVWDODKDEFEEZMGITZZL%ERL
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WAWIZEEZ 52 % &% Lk, Huang ef al. (2024)
13 TOUGH+VL5 & T, #HiKE I 9 % /K~ By ik
D¥Ialb—araEFEML, VvalARACK2KHE
R %z BfE® 572, Mahdi et al. (2021) & TOUGH2 %
AWT, EilkE» 5 DKFBRAVEREDGD, EAL—
FASET UL R WIE E, 51 E U RO KSR R AE <
725 Z &% L7, Maoetal (2024) 13 tNavigator %
ANWTTZ v al TADEBEIDVWTEZHDY I 2l —
arEEEL, WEREEHEITLIEEFETTINEE
# L /=, Zamehrian and Sedaee (2022a, b, 2024) 1 dual-
porosity ETIVIZE > T, HHET T F v Gk
LIKEMTIFKD T —AZAY T 1 2FEfwL, 7I77F %

I EE2ZER, RIAAAEBELIDBAX
a7 >t— MR U TKEM FirRE £ 545

WARFZLORIPNENENER, 7y a s HAEDRMEBE
2HELTNW5,
3.2 REEN - EnHE

KFFAY 0 ZgLR#FE EHNRT, RNEESESD
JEHUE 24D (Bagcehi et al., 2025 ; Fatah et al., 2024a ; Leng
et al., 2025 ; Malki et al., 2024 ; Perera, 2023), ZD7/=%, &
NSRRI B L T, KITHT DHMEEREZILLCO
ELRRDBOANRERL D ZENEZOSND, KHE - K
[ D S 3R SR EE - JEJTAYE T AU & W I ERRIE I
T BT ENPEINTNWS (Chow ef al., 2018 ; Chow et
al., 2020 ; Hosseini et al., 2022a ; Janjua et al., 2024) , Chow
et al. (2018; 2020) X WEJA WIRE - JEJ7 (298 ~ 448 K,
0.5~ 45 MPa) T/KZF - KD HE S Z2RE Lz, H
BEO R U TKRE - EAKM O mEIE ISR L
9% (Hosseini et al., 2022a ; Janjua et al., 2024), Janjua
etal. (2024) 1TX2E&, EOLOIRBEFEHRTHREED L
F & EBITkFE - BAKMOSTEINIFERIC LA T 5,
Dy arHAEORMMNFEENICEZDEZEITD
NWTHEBRIEENRE SN TV S (Isfehani et al., 2023 ;
Mirchi et al., 2022 ; Muhammed et al., 2023b ; Muhammed et
al., 2023c) ., Isfehani et al. (2023) 13 (b jx & DEMIC
KOKFE - KB DNEAT D E%R L, Mirchi et
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al. (2022) ITLBERAY > EDRMB SRS Z @R X
T2, AFEZMLRFTIE, ZREERF LR
FihvKFE - HEKE O SEEE T 2> 28 % (Isfehani et al.,
2023 ; Mirchi et al., 2022), Muhammed et al. (2023b) 34k
B AMEZEIC, PEO_FLRFEELEAY > (T
15mol%) 12&FE (10 ~ 70 mol%) E/KFEDREAHA &
HFKMOFIR I ZREL, EROMINTE > THREES
ML T D E2WEL TWD, KFE - HAKMO R R
INEBEE TR - BFE RO X KM D T &5 B
FEROTHNFEL I 2L —2ailiB5THBEAT
1% (Alshammari et al., 2024 ; Azadivash, 2025 ; Doan et al.,
2024 ; Medina et al., 2024 ; Omrani et al., 2023 ; Van Rooijen et
al., 2023), Doan et al. (2024) 13 2FEOEMMIKE - KHR
WIRS B R 5278\ &2 RME L Twb, Alshammari
et al. (2024) V37K - HKFHERNICB T2 v a>
HADIEFIDEEIZDNT, ELRFBDRMITIKE -
IKFHIENZRELS FIT2—HTAY > OREFMIKE -
KRMERNZRES FFRWZ L2 TR ¥ I 21—
TarTmUli,

IKFE - I O SR )R BE B RIT DWW TN IE
BHNTWD, Yekeen et al. (2022) &, /K% - kL8
M DS E R A Z AR TR EI3WA T, BHITHX
B & OMBRRMN S HPITES E L TWw5, Hosseini ef
al. (2023) 1Tk B &, KFE - VT MEOFEE T
WREE - JENO ERITEWEAD L, HEE ST 2281 kg
12, FIVHA b - AIEKENTH T D VR > ORAE
KFE - FLY A MR OREEN 2P S8 % (Hosseini e
al., 2023 ; Pan et al., 2021b) ., Wolff-Boenisch et al. (2023)
FEEYOFA MIKHT 2KEOWBERBRZETY, RE
NEFUEEWIE ERE R T2 2 LM, HREDHF
HEDHM, HIIEINOWFIZ L ZDKFEO T AN
ELTn5,

WAEICBE L QIS £ SR - A0 Lok - i
K SR O EMAREEREN DD, £ OKFE - HK -
R TCIBEMAT NS Y KIENETH D) &N
e X4 T Wb (Abdel-Azeim et al., 2023 ; Aghaei et al.,
2023 ; Al-Yaseri et al., 2021 ; Ali et al., 2022 ; Ali (M.) et al.,
2024 ; Aslannezhad et al., 2023 ; Higgs et al., 2022 ; Hosseini
et al., 2022b ; Hosseini et al., 2022c ; Iglauer et al., 2021 ;
Villablanca-Ahues et al., 2024) , Higgs et al. (2022) 13105
@ captive drop 1Z & 2 £ filt A 1 & &5 B & Micro-CT 12 &
B IRFEAED in-situ DIEMANEET DI Lenrli,
Aghaei et al. (2023) 12X % E/KHE, HK, REBEARKD
A OIEINT L BB/ W, [[ERIC, KB, K,
W E R DAl A I D W T B EIITHINA Tl B H I
KB MM/NS W ENHE TN TS (Hashemi et al.,
2021, INBIFKFEDOHRABENENTL D TRELE
bohnwZEMoHHINTND, ~HTERRM - X
AR - HARM - ARIREERMA - WA FERET
WFIET O BRI TEANRELRD, HRAEER
FTCIEFHANTER WL S h@EbH 5 (Aliet al., 2022
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Ali (M.) et al., 2024 ; Hosseini et al., 2022b ; Hosseini et al.,
2022c ; Villablanca-Ahues et al., 2024) , FAFEIC DWW T HIKE
LEDMDBEBEA A (Zffbik®, £FR AY>2) Or—
ATCIRiRE - ENkEFEzZ AHER W I EhRBRENTY
% (Muhammed et al., 2023c) . Zeng et al. (2022), Zeng et
al. (2023a) 1%, VYA b - AEOEMMAOEE, HHiR
FEARFENE 2 o3 BEFE ORI - IR AR FENE & ORI S 3
T2 EERAZ, VT A BT, WEOKT EHRE
O LRI EIE RS ST D 2 ENS, B sENL,
AETIEIEEEIZRESCENTEELRVWER SRS
(Zeng et al., 2022 ; Zeng et al., 2023a), L 7=223>C, /K,
HK, BOOEMMADIET], BE, HERBEEKEECIDONT
3, BHR R TRAZmIETHERENE SN TN, KE:
HKH O FHHR 7 & BRI AT X & DR, i o
I %28t EE 5 (sfehani et al., 2024 ; Muhammed et al.,
2023b ; Muhammed et al., 2023c) . Isfehani et al. (2024)
&2 ETILRFEMREMT 2 LT, WEITHL TR
B MNES O EFICHE> TAEL 2%, Muhammed ef
al. (2023b) Tk 2 &, BROEMIAEERmICH L TH
fitfg e KRESTH, AFITHEHL T, EBMICK> T
fii 2L L7 &0 S FEBRE R (Hashemi et al., 2022)
&, BMANELTEEVWI pTFEII¥EIal—2ar
FER (AL (A) efal, 2024) NREINTWS, HZXEM
DT DNTE, IR RFITKE T 2 JUTERED W
WTHh5D, FMAIRE I 2L —a 0127y X
FA—=KF LD, BREEMFITHT 2 IEEEOMIHNE EN
% (Safari et al., 2024) . > FEIFE T2l — 3 o
WEEN, BT 20 T AT )L TORSENSE
FTIZEBTFHMNIRETH VD, HADKEBITHT BiFENM
WOWTHERLEmERIETED Z &N FE NS (Abdel-
Azeim et al., 2023 ; Ali (A.) et al., 2024 ; Ghafari et al., 2024;
Kohzadvand ef al., 2023 ; Lee et al., 2025 ; Meng et al., 2024 ;
Nassabeh et al., 2025 ; Phan et al., 2025 ; Yao et al., 2025 ;
Zhang et al., 2025) ,

KFEOW IR ZERN SR E LGS, mEIz DWW TR
AEEN SR N OF Tk s pRAN DR g = AR AN R
JERFEHICHPITELETOEMEENNNLETH D7
O, KiEENEEL W, —AT, IFFETIEgIEH UK
KRB LTy TENHKEOEEGEDIRLST S0, @
KBNS £ L <72\ (Al-Yaseri et al., 2023a ; Al-Yaseri
et al., 2023b ; Al-Yaseri et al., 2024a ; Boon and Hajibeygi,
2022 ; Pan et al., 2023 ; Wang et al., 2023 ; Wang (Y.) et al.,
2024), ZORIL, EENT Y T EL W TBRLKRFED
W B TR R/ D (Zhong et al., 2024), /KFEFE A
IZ KB HKRHTIT A A ORENIEITE R T 2 /K2 ik
LTWaZENIRE XN TWS (Thaysen ef al., 2023),
ZOBOWKBETKRIIRENANT Y TEBRT 5
(Thaysen et al., 2023) ., Al-Yaseri et al. (2023b) k51854
BIFEEOKBENEZ AT R N Ty TEHEPOT &
AL TW5D, AlYaseri et al. (2023a) 1WA 7 20
T, 73 VEMLRERICRAET S ET, BUKMEAEN
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THRBELTEA N Ty TEDWDT 2 E2HER
2o TOMDAINKRBIZONWTHIEY - AOERBAD
B K DBUKENEINT 2 2 ENHEERINTNWS (Al
et al., 2021 ; Ali et al., 2022 ; Ali (M.) et al., 2024 ; Esfandyari
et al., 2022 ; Hosseini et al., 2022b ; Hosseini et al., 2022¢),
Esfandyari et al. (2022) 13X X8 - 50 1LY
15, RaxAa b, A% BOE HE OF bR
YRE) BATT Y CBTIAP UL, KE - KB
Y CGafR) MoOBEMAREZEIT> . T4 227138 -
BEORMZBUKESTICE LS, T4 2 271X 280K
PEHEANDOEIEMAITONTIE, ALY K, Ko
AN, HA, WHETHEE CTH-o /= (Esfandyari ef al.,
2022), Thaysen et al. (2024) 1% Clashach 7 %& TiENEM
ZALLU TOWIRWEETSH, LBRADEN OZITN U T’
A ZBRRNET DT E 2R, R A BRI
U Climin 720 Tl <HKICH T 2@ MeF v+ > J
HEETHD I EE2REL TS, “LRFEOH T
BERB0, 5lEHUDHIEE /5720, /KFED Snap-off
AN XL ORI EHIENIEE/RHEETHS (Al-Yaseri et
al., 2024a ; Wang et al., 2023 ; Wang (Y.) et al., 2024) .

3.3 #{tERS

TKFZ DU T IR CIEHEF SORIT K > TRIEDIHE S
NDEN, rEECERE O 22/t ® % (Dilshan
et al., 2024) . WA XD KIEB X OHAEMIT L 50
FOGDA I E N TV S, AEMIT KD KK TR -
8k - ZRAUIRFR IO E o TRENHESIND  (Aftab
et al., 2022 ; Dopffel et al., 2023 ; Haddad et al., 2022 ; Shojaee
et al., 2024) . FFICHRBE DREICIIKFE DR ZF[ESEIL,
lEHLUARADFE,EZMOD S (Shojaece et al., 2024), K&
JEABITEMEICO R D AEMOIEENZ L, KEDH
BOINHBHLIT S (Haddad et al., 2022), L L7ZaA
5, KEH IR EDQRISNEBET 2003, IFEED
ST E > TS, KEOEAZEIEIT KD MEN
HOBIKEDOHRICHHEEGZ DI ENRBINT
W% (Toleukhanov et al., 2015), Muller et al. (2024) 131
MR DBEITTICELOEM N HET DI 2R LT
W5, B OFEE LTI IV A b OEMRIIMAE
WS 57200 " RALRFR &2 0455 (Haddad ef
al., 2022) , WAEMIC KD KFZEDHEEITEANDORIIFDAL
FRRFEIZELBIT 2 2 EMHE I N TS (Khajooie ef al.,
2024a ; Khajooie et al., 2024b)

MAEMEN IR ANKIE TR EITAEADOILBRED AL
Z T HFZE AY & 31 T W %, Hassanpouryouzband et
al. (2022) FHEBOWEITH L T, HAKERETF TDOKE
EDRIBEBRZITV, KFEIZK DI O VR R T H 3
RCERNWZEER LU, KFE - B bmHE - B A
5 > DIREHADEGEIEDFLBED I MAHE I N
TWw? (Muhammed et al., 2024a), /K3 & —3F DL D
FOGMEIZDW TS D& S & 2 A Th 5. Bensing et
al. (2022) ZHIVYA - OEMITE D50 DLBRE DR
zE#HEL TnWb, —JT, AlYaseriet al. (2024b) 137K

FITK D R A R O R R D 2L 13
RTETHILYA MIBEM LI EWMEL T, Vialle
and Wolff-Boenisch (2024) 13Hi{L#E TIN5, KRR
FVI7KFHE & O BM7 Ak CIIRBED 72 < TA YR fl i A
WMETHDHEL TWD, Ebere and Jabbari (2024) 13 Red
River Formation 7> & O ji g Hi & i RHI /K 38 & H b O
BRSNS EREL TS, HAAEOSLEIZHE
NOGMDEEEZ T 2720, SIOERMEERIEICDONT
IESSRIMFAVBETH D, KEICKDEMNRE X
NTWBHEME LTI, #HEH: (Aldhuoori et al., 2025 ;
Dodangoda and Ranjith, 2024 ; Gholami, 2023 ; Hassannayebi
et al., 2019 ; Truche et al., 2010 ; Truche et al., 2013) < 75
LY & (Bensing et al., 2022 ; Bo et al., 2021 ; Dodangoda
and Ranjith, 2024), 5% (Flesch et al., 2018), RO~
k (Shojaee et al., 2024) NEHEFHNTHO, JEikEIZIZZ
NS OIEMEEZERNWIENEELNWEIND, Al-Yaseri
etal. (2023c) 12X B &ERIVYA NITEME & FERFICIZE L,
RKEAY > TV TRIABEORTZIEEIL TS,
ML OIS KFZEZEE S Y, MbKkEEZREEIES
(Aftab et al., 2022) . 7KF& &I DRI D W T AL
ETINCKD, MEIRVHEHECS pH, RE - [ETORE
HHFZE ST (Aldhuhoori et al., 2025 ; Amid et al.,
2016 ; Bo et al., 2021 ; Gholami, 2023 ; Hassannayebi et al.,
2019 ; Saeed and Jadhawar, 2024a ; Vialle and Wolff-Boenisch,
2024 ; Zeng et al., 2023b) , Aldhuhoori et al. (2025) 375
SRR WS T/AKFBICH U TLRERIEYI TH O, HEHERIL
MEBARLETHD I EEREL TWD, HERILOWEMR
IR K D B pH ITKENH D, K\ pH TEMRNHED
(Aldhuhoori et al., 2025), Zeng et al. (2023b) 13 calcite-
rich ¥ = —)b, quartzrich > = —)l, illiterich > = —)L %
R E UKk - Kk - AERIOH{EEETY > F %2 %ElE
U, S OERT 30 FITHRART 1 vol%fEETH D, &
AU EGPIEREE U THET 2 2 & 2RI,

LA NEKRBLZOWTHHHHOEEMZ T T,
HiAb 22 IS DIFSE E T W% (Fatah et al., 2024a ; Fatah
et al., 2024b ; Fernandez ef al., 2024 ; Rooney et al., 2024 ;
Ugarte and Salehi, 2022 ; Uliasz-Bochenczyk and Wisniowski,
2025) . M8 i A A H 2 K B R ISR T 2 8581213,
BEFOGH ERFZOMAEMII D ERE LS (Madrisha
and Ikotun, 2024), Aftab et al. (2023) 1T X% &E/KEN T
A2 MTH A DB IV, Aftab et al. (2023) 1%, R—
T2 REAY MY TV ErEESG TKER, HkEH
fillx 7=, 30 H& DY > 7V THEA AL E HNiZd
Z Eld7s/n o 72 (Aftab et al., 2023), Fatah et al. (2024Db) 13,
R—=F AT —MEIZED A FBIOKZICHT S E
I ERIE 21TV, A S MBI OWEIKEZ I RTZ &
M5, A MIKFRITHT S —)ERENENE L TY
%, KEDEHEMITE A > MCEEE G ZRWEEICD,
e DR ITIZ X D IAL/KFEOFEITRE L7102 T &0 EH
INTW3 (Fatah et al., 2024a ; Ugarte and Salehi, 2022) ,
Hubao et al. (2024) (&t A > b DKFEDILEIZDWNWT
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NTENESI L —Ta EERL, A RANDT
LN TOKEZEDO BCILEREE Rffb 57z, KEDH
CHABRENE 5 ~ 20 nm 285 & L CiA 9% (Hubao et
al, 2024), A b JHLBRNDOKED H CHLHREK
DFFEAERIE50m @ )L B LR (300 K, 20 MPa) T
0.5 X 10 °m®/s (Hubao et al., 2024) T & U, Liu et al.
(2022) O FIal—Taricksd, EEUDOSA
ROV MALER (5 nm) D/KFEDHCHEERE (333K, 20
MPa) DFHEFER (~7 X 10 °m’/s) ITHNRTEILET
HHETFHINTNS,

3.4 HDFAENDBFRE - BN

KFEZGOHBEH KBTI HESZE A2 DA THE
BRERZRTH D, KEWZRIILKZESLKIZEMRT DI ET,
OZZDMb, £/, DEDEFEHFETIRANALED
BMBHEIEHUKFZEOMEICEET S (Bo et al., 2025),
K- BALKFIZDWTIE, w7 IV A > 2RI ER - &
EEBROKENEET DD, n-NFHTFH>L0nTE
DRENWTIVA > OEBFEFIZIBB SN TS (Florusse et
al., 2003 ; Lin et al., 1980) . n- 7 )V 71 > OfEE BIEKRIT DN
T n-7H > End 0y > OMERERIZDONVWTERO
AMIME I N TS (Cook et al., 1957 ; Dean and Tooke,
1946 ; Prausnitz and Benson, 1959), 7k Z I3 /K AL,
PR AR 2L NS E 5 2 &0 EZ2 MWz X CT
EBRMNSRINTWS (Jangda et al., 2023), 7KFEDHIK
NOERIEA A BTV B EERIC K D5 T A DL
BRI K HKFZOOAMSHELEZASNDN, @ESRME
TOHKITHT DIEMEORET —FNAEL TS, £
D7z, REHERICL S TFHNHAA SN TS (Chabab
et al., 2020) , MREAERIIEILHIC K 2 5%E H A OFIE %

KFHMTFIFBDY v a v HRICER
EAIRILF—ZFA

Electrolysis o #  —
H2 AN ;

BIERIT T ENAENTHO, AKBIXRELE /NS
AU EHITHE L, BEARSKESTIUITHICIRET %
ZEMRINTWD (Herring et al., 2024), 7 v a > H
A ELUTKEUNDH X ZHNWBLEITIE, D HZAHT
DKFDIEELE LN EE 722 (Doan et al., 2025 :
Kobeissi et al., 2024 : Wang et al., 2025 : Zhou et al., 2024) ,
Wang et al. (2025) 13 bix - KBRS T AT OKFE
DOILHREZFHEI L, JILHGARE T Fick O ik I TREb
T&5Z & %mRL7%, Doanetal (2025) 130> I al—
TarEMAWT, 7via ARk TOKREILER
BMAETHIL7=, Wang (Z) etal. (2024) 1ZiREARICEL S
THU 5 BB bR BIEFH A DK O EA R % K5I
WCHIE U Tze REARIIBIEH UKD Y 22—V LAY %)
RICE - THHEOIZFAEL, RIEABICEK BKEDRE
BELUTIEmATS % ptiRE & HES 51 TWw5 (Wang
(Z.) etal.,2024), Muhammed et al. (2024b) 12X B &7 v
3 YA A ORISR RFIRICHRET 2 2 EARKRS
nTtns,

4. EDEICEITLRE

FBNENIE L, MEFANREMEN S KET
Br o L - g RS ia D nEE 2 5N 5, Safari et
al. (2023) IIHIRETOKFEM FIFHAT > > v IL D4
Mrzafrvy, BEEIE L @i Thd s E LTS, KEM
PRSI EMIC IS 72k 2 E T2 &, AT OE
HDIFEA ST BbREM TIEICHHINTWS Z &
MTPRIND 720, FHETITRIT MR EH L v, T
MENE, —E b P Y N2 KREH PRS- -
ELTHIHAT B Z E2RICEARTNIE RS RWEA S,

KZFEAIZCKBARZR—S Y
AR VERRIEDRZEIRE L THA

Electrolysis — —
Hz AN ~

CO, + 4H, —» CH, + 2H,0

Fig. 2 Schematic diagram of utilization of carbon dioxide underground storage sites to UHS

g 905 4 5 (2025)
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TR L FEM TS BOFTEMA & U TCTE 2 DO Sk
nEZ6N5 (Fig. 2), 1 DHWEZ@bixFEEI v g >
HAELUTHHT 2 HMETH 2 (Fig. 2 /£), KFEHF
RICBWTIEATAD 0% EER 7 v a s HA Lk
DBIZHLAUTH DD, “BigEET v a > HA
ELUTHHETENL, ZEBemBET I > T 5
N TR F—2KFEGFIEH UITHERFIATE %,
Deng et al. (2025) 12k 5 &, iy H A HZ /KM FErE
WHRF T 2581 HART, Mo A 2 R R iR &2 7K & H
TR T 2\AE 0L, BN R SRAE < RERN
WCHRTHD ZEMRBEIN TS, #EE L Tid3kE
T EIC BT 2 K BIRA WO HICFEOSITINA T, A
MEE LTI BENTO B b i EKFEOMEEMICD
WTHIE 2D D5 5, Ghafari et al. (2024) 1357
TrIalb—Tarhs, KEFZBIRSEEORMIC
Ko THX K - HEM OB DOIRE - £ 5k
BRI KENSENT B E2RLTHD, RBIICK
HHEE DR BMANOE(LIZEHA TE RN, FEEDOARY
BECREARNREMICEEZ 522 ZEMmEInTn
5, MREABOFE FTIE, LR EISIRE DR IR
WL ENMEINTNVWS, AT ET v a X
WG EEEIEHUARERAY v 3 D HANRAT
% (Huang et al., 2024), F D79, BISHLEEOREAEHN
AN NRAN TR E EKFE L DT 2N B MLET
»% (Abid et al., 2022) .

55 1 DOOFMPEIZIEA U KFRICK DR Tf#g bR
REBILLAY D ELUTHET DAY = 3 > DHM
£ T dH % (Molikova et al., 2022 ; Panfilov, 2010 ; Smigan et
al.,, 1990) (Fig. 2 /). Z DT DN T H Eff7a N —
RIVEE NS O O LHE IR A > 7 722D EEH
HTE5Z&Ms, MANED SN TS, JuezLarré et
al. (2023) 12k B &, FUIFHBEIE T L 2B
KFEX D HRBHZADH NI IV FE TR 4 EFER
EL L ERAFEINTNDS, KEBIZHEMAELZ0 DT X
NF—BNDIBENWZ EICERT 2, 20720, AYx— 3
JRIFINF-IrEEEN L UES. S5H%OMEICE o T,
KOBRNZ T O ZEFEL THS T EREEL W, L
oz Ens, BAEICBWTIIRICKEE BLRZED
HEEROMRIFANEE CTH 5,

5. #A Ei

KREOH FIHRIIRERED TRV F—lrE 2 Al aelc 3
5, BZAOEIIZBNTH 2050 EEXTOFRy hYOEEZS
FHICT RN F—F v U T EL TOKRZZMARALIZZ IV
F— AT LADOREEEZE Z T UIR S, FEEHT A
FH oK &V o 72 S FUE 7 B RS 8 ~ D 7K 35 D 3b R Bk
DWW, MEER, B, b RONCRE RN
EFEMNDND D, ik & DR EZIUTPED KFEDIRD 5
WOZ LB LS S i WAREEETH B, 2020
FERED ZDOX D BAMREZMET 2 -0 M - K
XOHENBHL TWD, BAETIE, HHEEDOS—Z X

T4 DHRDBHREINTED, SBBAEZNSEL
=AY T4 DMENEEND,

ARETIE, SHBOMEKOHAMEE LT, ZEbxEM T
WY1 FEKFE TS FE U THIAT 2 2 & 2&
SHICHIZE 2T O BN D D Efaf LTz, B E s Hl# 08
RKEWEPEIZBWTIE, HAREOBEHDIZEA LT
AR EM FIFFICHAINTVWS Z ENTHEINS, 1§
KD TR F— AT AIT/KEH T IR 2 AR T 7=
W, ZELRFEDOT v a AL L TORM,
LRFERRFERE LAY = a > EWo ST
P2 BRI Z R UEin 5720, 5% H RS Sk FEH
TEPR AR E LR NEAICIRS 2N TEEN
%, BOEIZBWTIRITKEE _BILRFEOHEIEHAD
fRHZ E N E T D5 EMEE LN,
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Report on SPE/JAPT workshop on CCUS and Low Carbon Fuels

Takashi Akai, Kazuaki Miyata, Yusuke Watanabe, Misato Miura
Shigeru Muraki, Tatsuo Shimamoto and Makoto Ichikawa

Abstract :  The SPE/JAPT Workshop: CCUS and Low Carbon Fuels, co-hosted by the Society of Petroleum
Engineers (SPE) and the Japanese Association for Petroleum Technology (JAPT), was held for two days at The Westin
Tokyo on March 11 and 12, 2025. This workshop dealt with CCUS (Carbon Capture, Utilization, and Storage) and low-
carbon fuels, which play a crucial role in the energy transition toward a sustainable society.

During the two-day workshop, we had more than 90 attendees from 40 organizations in 11 countries. The attendees’
organizations covered a wide range of sectors, including power sectors, engineering companies, trading companies, law
firms, and E&P companies, which made it possible to discuss an entire part of new clean energy value-chains.

Day 1 of the workshop started with the keynote speeches by distinguished speakers representing key business and
governmental organizations relevant to CCUS and Low Carbon Fuels. Following the keynote speeches, the attendees
discussed three technical sessions: CO, storage, CO, utilisation and CO,-EOR, and CO, transport. Day 2 covered four
technical sessions: lowering emissions from hydrocarbon operations, clean hydrogen/ammonia supply, hydrogen carrier,
and clean synthetic fuels. Then, the two-day workshop was completed with the closing remarks by Makoto Ichikawa
of JOGMEC, a co-chair of the workshop. Furthermore, optional site visit tours to research facilities in Japan were also
conducted.

The workshop attempted to cover an entire part of new energy value-chains. A total of 24 technical presentations
comprising key elements of new energy value-chains encouraged intensive discussion between the participants with
diverse expertise, which led to the successful completion of the workshop.

Keywords : SPE workshop; carbon capture, utilization, and storage (CCUS) ; low carbon fuels
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Metals and Energy Security
e EEAN 2 ) — S REEY > Z 7 %  Clean Fuel Ammonia
Association

A 4 The Japan Association for Petroleum Technology
" Corresponding author : E-Mail : akai-takashi@jogmec.go.jp

Copyright © 2025, JAPT

SPEIL, ZMEFBOREBIVERRBLOL L T,
Conferences, Forums, Workshops 72 E D & £ ¥ £/ 1
N> hZBM#L TWwb, Conferences IZ, #2EHX D1
NN THD, BEENINETIREZRREZSINE &
EBHITEmT D, EFE-2HDELTIE, SPEFEXRES
(ATCE : Annual Technical Conference and Exhibition) 73&
FoN, TIUIBRREEBFENSMEFIIEEAL EER
B SN 5, —F, Workshops i3, EO/=T—<IC
KLU T, 100 AREOSME T, am « B ZEIT D,
SPE 7R 9 A1 RS54 2k D &, Workshops DR HAY)
12, [BIE, ERICBI D5 —AZY T 1 0FEH 2
e UTam s, B O B Ot 2B 9 5 JE A 7z g +#H
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T2 E] EINTHBO, WAROEGENTHP
TWERET, MRT—<ICHELWSMERTHERELET
5 EICEHRDENNTNDDODNEMTH 5,

INETITH, Table 11T/RT K D 1IT, SPE, JAPT,
Japan Organization for Metals and Energy Security
(JOGMEC) 13, D1 X2 hZ2HARICBWTHEL T
B0, KT—r 2 ay TEETEHHRENT OB S
2% (M%1E7)», 2020).

AT—2r7 33y TOBEMIZHZ> TiE, CCUS and Low
Carbon Fuels 237 —< & U C#EIEN 7z, HIERERELRIC
BUILEERLRFEHTH S 2030 E0B 0 DOH S H, ik
el iR LR AN DO T3V F—sfls, BREL & than
MEEICH D D SRR E R DD 5 2O AR
FHEBIZITHROAEN TS, 25 OFEHIKITBNT,
[CCUS] % [Low Carbon Fuels| 13 H /2 TR & WA S,
AT—ray T, ZNSIZBITBEHOEMBRS
FEOHEEICHED S E AL 2@ USINE DA Z R D %
ZEZEHMEL THfESI N,

2. RO—023vT7OHE

21 & #&

Table 1 IZ/RT L DT, TNETIZH 2 ~5FEDMET,
HARIZBWTSPE V=27 > ay THREBEINTVWS, i
BD 2019 FREN S KIS FENRML 22 EHH D, 2023
T SPE 125 JAPT HIBREZEZB U T, 1 N> MBI
DI #ZEZ Tz, INEREAT, 202344 A JAPT #
HARITTSPE/JAPT T — 2 > a vy TOZT ANEIRTE
L7z,

2.2 EEHKH

SPE/JAPT # D ZJ ANEREL, V= av
ERZTO LY % EE (cochair), T—27 2 3 v 7O

% & M it 9 B #E = & B (Program Committee), SPE 5+
R EEELVEEEZROIEZIT D H{T7E A (Planning
Committee) DFLEKATTHIZ,

KT —27 2 ay THHRET % CCUS and Low Carbon
Fuels Zf8fE 9 X<, HEEIZ, ) Zx)F— - &ELED
ZREH JOGMEC) omi)IlEfmBE, alhiifihs
(JAPTD) OEBARKRISE, —8FEEEANZ U — 2 BE
7 BT e (CFAA) ONAREERED 3 #MBIEL .

SHDEEDOD L, HEEBBIPETEAEDRE NN
ATZ, MENE, BHARERND SEE RS OREA T,
BAKENZIZ I ORI 5 OB INb S TEB R B SRHERS
NJz, Table2 ITJEE, WMEER, FTEEZRT, /&5,
T—r T ay TORELHIZ, BEREKZEOEE 3 AN
BTA D N— GRS ZRIH) & L TRORE B Lk,

Fe, KU—=U T av TORMICHZ> TIE, ENEOS
Xplora #R &4k, #RUE 4 INPEX, £l ZE RS
. (JAPEX) @ 3 #1727 Principal Sponsor & L THH T % &
EHIT, L= T7OAMBIONT AEEEMS HE M
T& % PETRONAS 71 Strategic Partner & L C&# L /=,

23 70U A

R EEEZEEPLELTAT =V > 3y TTROHK
ST =Xty a OMRICET 2RFNHEAL,
\Z, SPE AR A% FAR LT % E&P HKifi#& O HIfk
ThHs57=0H, MOSPET—2r 2 3y 7 TiE, HTFHANE
HONEY IV ZANKRYEEEDDZENEN, LL, KT —
7723w 7T, [CCUS and Low Carbon Fuels] #Ji< #
N—FT25HXRL, E&GPCCS E Vo FEY 7 ZD KL S
T, KEDCIV LDy hEWOET—REEDEY a3 %
MR L, TREE, T 027U etk HlEREERE,
E&P EF LS S DIRIEWSINZEBIEd £ v > a >k
El7,

Table 1 SPE events that were held in Japan in the past

Type Date Location Co-host Theme
ATW*! April 1998 Chiba JAPT Field Development — Planning Multidisciplinary Team
Approach
Conference April 2000 Yokohama JAPT Integrated Modelling for Asset Management
JNOC*?
ATW February 2002 Chiba JAPT Application of Probabilistic Methods to Reserves and
JNOC Project Evaluations
ATW October 2007 Kyoto JAPT Second Stage Field Development
JOGMEC™*?
ATW July 2011 Sapporo JAPT Challenges in Conventional & Unconventional Gas
JOGMEC | Development
ATW March 2014 Kyoto JAPT Nanotechnology and Nano-Geoscience in Oil and Gas
JOGMEC | Industry
ATW June 2019 Tokyo JAPT Innovations in Natural Gas — Development, Storage,
Transportation and Utilisation
Workshops March 2025 Tokyo JAPT CCUS and Low Carbon Fuels

*1: ATW stands for Applied Technology Workshop, which corresponds to “Workshops” of the current SPE’s definition.

*2: INOC stands for Japan National Oil Co.

*3: JOGMEC stands for Japan Organization for Metals and Energy Security, formely Japan, Oil, Gas and Metals National Corporation.
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Table 2 Member list of the co-chairs, Program Committee, and Planning Committee

Co-chair

Name Organization

Makoto Ichikawa  |Japan Organization for Metals and Energy Security

Tatsuo Shimamoto |Japanese Association for Petroleum Technology

Shigeru Muraki Clean Fuel Ammonia Association

Program Committee

Name Organization Name Organization

Satoru Otatsume  |ENEOS Corporation James Sinclair AWT International

Hiroshi Tanaka Idemitsu Feng Gui Baker Hughes

Yosuke Sano INPEX CORPORATION Sean Imai Computer Modelling Group Ltd.

Takashi Akai Japan Organization for Metals and Energy Security |Linda Stalker CSIRO

Kazuaki Miyata Japan Organization for Metals and Energy Security |Sarah Hardman Global CCS Institute

Sho Hirose Japan Petroleum Exploration Co., Ltd. Mojtaba Seyyedi Global CCS Institute

Fumitoshi Sato ENEOS Xplora Inc. Mohamad Zaini Md Noor PETRONAS Research Sdn Bhd

Nobuaki Ebisaka  |Kansai Electric Power Debby Halinda Utaminingdiah |PT Pertamina (Persero)

Fumito Hashimoto |Marubeni Corporation Ruhut Batara Hutabarat PT PertaminaHulu Energi

Kikuko Shinchi Mitsubishi Research Institute, Inc. Teddy Eka Putra PT PertaminaHulu Energi

Tomohiro Kakiuchi |MITSUI & CO. Grace Stephani Titaley PT PertaminaHulu Energi
Stephen Stokes Wood Consulting

Planning Committee

Name Organization Name Organization

Misato Miura Japan Organization for Metals and Energy Security |Kotaro Anno ENEOS Xplora Inc.

Yusuke Watanabe |Japan Organization for Metals and Energy Security |Kei Kukuu Japan Petroleum Exploration Co., Ltd.

2HMIOT =2 > ay TOMBINIZBWT, HHHE
EU—r2ayTdOoxEEHOEY >3 UM, A
TO0tyarhEREINGE, £2 bty aloi
IZ e-Poster 2 v > a VMNFHE TN, 51T, 2HMED
TJ—ray 7P 7TLEED GH13H) Ik, 7
Ta BN YA AENGIE S N, By
T arBEUHA FRFEIZDWTIE, 3. IcERT 5,

24 &

SPE H#%/mDHEFHI X 5 & 2 B OBIEMRICB W T,
11, 40 M 5 G592 BB 7=, ZINFEOHE
Hisgkid, A—2A 507, 12K, A2 Rx27, HA
BE, vL—27, Y2HR=N, I z—, 4F
A, TAUA, YODPT7ISET EEHTHo, £z, &
INFEOFEMSESHEMMEE RS &, fiiRDo B0, FEEK,
I>o=7 et HEHEERE, E&P ¥R
DERRIR D & OB MRS N (Fig. 1),

3. By arolEN

202563 A 11 H, 2HD2HMICHZDHEZ N~
T—7 3 ay TOFEERMLY 2 k% Table 31277, £z,
SHIIHICHESN/ZY A HRFOBEIT DN T Table 4
IZRT,

3.1 A E (Welcome Remarks and Keynote Address)

HIEREICLEDZHEDH NI DITHNT, 4 ADOBEH#
I K 2 EFHRRE ST N,

DIz, M4 JERA O KM AKX D “Realizing

Hydrogen/Ammonia Use Case in the Power Sector and

SPE/JAPT WORKSHOP
11 - 12 MARCH 2025 | TOKYO, JAPAN

Solutions.
People.
A Energy.”

Fig. 1 Group photo of the attendees from 40 organiza-
tions in 11 countries

% ccus

Building the LCF value chain” &REL T, JERA DJiifx Kk
g & & BICHEFEDHED 5 JERA 2 K S FEEFTIC BT 28
Bl Y > = 7RISR OB T b Nz, FERM 513,
HADKFE AR DTG, HERYICETHREL
TW5EDZETHo T2,

K 12, Petronas @ Emry Hisham Yusoff & X ©
“ESTABLISHING CCS HUB IN ASIA PACIFIC REGION-
What does it take to be successful?” &# L T, Petronas 73
L= 7 TH#ED S 3 D0 CCS Hub I DWW TN
frofniz, FEKNM5I1E, YL —27I12B1F % CCS Hub #%
HZEHED 25 A T, D EMGL 2) BUFXHE, 3) mEMmE,
4) AR A TIEIR W COL 1T A S 72 T A D R FLE,
5 T /ur—% AlHENOERE, 6) BiE 7) /N—
cr—w 7, 8) HESBFEDOSONELELEETHS
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AL L YARY: SRl sl

TR F— TR E Y — B 2 & 2469 % Wood #1 1zzi
Messina [ 7 5 1%, “A Contractor’s Perspective on Energy
Security, Project Development, and Geopolitical Energy
Security” & T HEEEND > 7z, FHEKMS5I1E, CCSHHE
EHRLDELZHLWERICHL T, I I 75—HAT
DFHENTO N,

RBIC, RIFEXE BRI F—TOETEH] KX
0, “Japan’s CCUS Policy” &REL CT#EMNThN 7z, HA
DHBIF % 2050 “EIH—AR > =2 — b FIVERD HEEIZH
FC, CCUS I HENZDWTOMADfTbNsEED
12, BUE, CCSITxd 2 XMl OMEt OB D #A 12D
W M Th N T2,

3.2 v 321:CO,#HErE (CO, Storage)

CO, HiHEPREIC 1R 5 5 R OFEEIR I M TN =, WD
2R, IR OREICET S — AR5 T 1 RS
SNz, 3MEEIE, CO, EAROIrEEETY > 7B
LHFHEKXTHD, CO, DMENTMA T, EARORELRLE
BANBIENB RSN ET N ERAWERKETH >
7zo WEWT, 4fFEIE, CO, &7 7oA > /NTIRITL TK
EFEFIEAT D FREICONVWTETY DT AT T WHEES
N7z, 5MHIL, %179 % Northern Lights CCS O ¥ =
7 hvS @ lessons and learnt IZB T 55K ThH > 7=,

33 v 3 >»2:CO, A& &KV CO,EOR (CO,

Utilisation and CO,-EOR)

Kt g T3 FOFEER N TTON =, 1HFEIE,
Eilid - MIETOFYETY —F 22— TN TOHIM /CO, 5t
ORI E Y] AR SEBREL M IC B T 2 R ThH > 7. 2 1
HiL, ZEAT —)LVTOHIEK / il /CO, D =HiRk Eh%
BIal—2a BT HEETHZ. 3HHIET %k
T3 5% E D CCS < CCUS (CO,EOR) DHEFMIT B &
U lessons and learnt IZBI 92X TH - 7=,

34 v 3>3:CO,HE—FHMBIVRFDER R
5 (CO, Transport — Technical and Regulatory
Considerations)

Kty iarTE4AOEERENTONZ, 1HER
L CO Milir 70y = 7 MITH W THE sk & Bl i
VI LOMMN S EEYIIFICED CO,EAZITD 2 &
FTRE 7SR D BRI RE A IR T 2 KX TH > /=
2 fEEIL, Mtk DAL CO, ikfRic & 5 CO, Dfif
A ICBEd 2 FENMMTON . 3HEIL ZMNITBIT 2
CO, Hh i O FIREREZ AN E LY 7> a >y
A b OMEHZIET S RENTON, 4 FEIL ZERMZE
F<HEECCSIZBL T, Or RVEEHSEEICBY
DIEHIEME N S OFRMTHONTZ,

35 v a4 RIEKZKRARICE (TS BHE
i (Lowering Emissions from Hydrocarbon
Operations)

Kt a > TlRAFOEEREN TONZ. 1B,

A 2 RRIT7OAMBEARICR I YOy LY ERLELE
R BHFEIC BT D greenhouse gas (GHG) #F Hi I8, @ B
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DA SNz, 2B, NN FAFELMEBFREIC
Bl 5 GHG HEHHE OB O #l A2 F N = 17z, 3HHIT,
iR FTL ING HFED DD ALY P HEFICET 2 %K
Brbi/z. 4 f£HIZ, hard-to-abate BE ¥ D BREEHE T 2 )
5 D CO, [ OBHFEICBET 2 FE R THON =,

3.6 Tyiar5:0U—2ikEkR/ T UOEZTEEOM

# (Clean Hydrogen / Ammonia Supply)

Kty arTRHEDOIY—2KE/ T EZTHR
BIONY 2 —F = — BT @Rt N frhniz, 14
Hix, KFE2 M2 EMESED I & TR RIZL
ZUHEICT B AFIL > 7 aAFH > (MCH) Hick?
IKEBIRICEAT 2HETH o7z, 2HHIL, KFZEHEK
FELTHRET KRB MRBICETEIRHETH /-, 3HH
EAHRE, KEFYUTELTT >R EIEHT AN
Ja—F - ICHT5EERETHD, MFLT 7FE
e EicBIT 2, BEKERELICBT27 7 EFESE
AT 5, 5B, MBI A M2 E QT g 2 v
To K BRI B 9 B AR EHC BT 2 R TH > /2.

3.7 v 3> 6:kF¥FF++U7T (Hydrogen Carrier)

Aty a TR 3 FOKFEETIE D W THRIT
bz, 1HEKEZERRIL, EREEEGRZ%T 5 HM
FEIEORO A E LT, ZND S EBRICHANTE Lk L
RIS STz, 2B Y B Y /KBS R &
U CHIHT 5B filADEH SNz, BEIRILF—%2H
WTCY B 2G5 HEBRY, Z0#E, ZTA
NMTKBZIMOHTZDDOT VEZT 7 5w F 2 7 ik
Wi ENz, SHHEBY >E=7 28 E L TRIHT 2
i LT, HEMWHBOHAY —E > % 100% DT >
BB CHEEE TES XD ICTHUEDOI D AR T >
TV REHR D RBE TSN TV D Z EBMT SNz

38 v g 7: vU—2EREAE (Clean Synthetic

Fuels (SAF, e-Fuels, e-Methane, and Beyond) )

Aty alTiR4thor ) — 2 GrEHIEET 2 58k
NrbNnr=, 1#HIZ ENEOS #kHXE&t &k v HAERNIC
B 2 A LS AR BR D BRI D W THRNTTHON
Joo 2HEEIE, HYEHEIEMR K 2K O E-methanol 1299
LHFERMTONIZ. 3HEIT, HRXSHEEM =& 0 i
2O RMNS 7D — B BIBREINY 2 —F = — 2RI
AT 7= B $lADFEN S Nz 4 FEE, N3 Y HEERE
AL D ZEB ARSI E S ESEREVERE DS S
I S REENTON,

3.9 e-Poster v 3>

AtvraFa—e—TJLA 7 OITNIDE=SY —
ERHANT, B#ETIMOMAZEFHEERLZDBDOT, 24D
DHLANEN Nz, 13~ L —2 7 Offg B A HERE
BRGITHIT2, IWAWHG ORE CHISEOD 7L 7 ) >
JEWo 72 GHG 2H/MET A DMATH >, I 1
1%, CO, EOR I @ #ifk DHLIEIC & - T CO, #37 2
Ty ITrOERERETHHEEHNGHIELGE1H
0, ZTOXEZEEHETDETILOMMNHE SNz,
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Table 4 Summary of the site visit held on 13th March 2025
Company Tokyo Gas Chiyoda Corporation ENEOS Corporation
Site Yokohama Techno Station Koyasu Office & Research Park Central Technical Research
Laboratory
Facility - e-methane Demonstration Site: Tour of | - LOHC-MCH Technology: - Synthetic Fuels
green gas production Hydrogen storage and Demonstration Plant
+ Water Electrolysis Cells Lab: Hydrogen transportation including DAC, Synthetic

production via water electrolysis
- Wind Power Initiatives: Exploring wind
power plant business feasibility

- Ammonia Synthesis: Low-carbon
ammonia production

- p-Xylene Synthesis: CO, utilisation
and carbon cycle technologies

fuels, bench/pilot plant,
Direct MCH

310 7—4o > 3y 7Dk LD (Workshop Summary

and Closing Remarks)

At 7oty v a s ERRAY—FERKELYyarhs
B2 AMIchbEEZT—ray T, AV—r av s
DEED 1 NTHALHIEE FEmakfE L, Ha0fts
IRTHT L7z,

3.11 A4 rRZE

2HMOT =22 ay INETLEEHD3IABHIZ
1%, Table 4 IZ/RITBHETINGD 4 Y1 h 23T 2551 b
RNz, U1 MIOZIFANAEZZZEL TS
FE, VIN—=TAETIN—TBD2HIT I NTHRY%E
o7,

TN—TAF 12405720, FRNCHEEH A4t
O WRT7 ) AT—ar] OAYF—3 3> T ik
Wz, PRICTREE TERRARtD [F247 1« A
U —FN—=27] I[TOKFRHEFEARD 1 DTHBAF IV
ryanFy > (MCH) Ot fij Ak REE1T-o 7z,
TN—TBIl3 184N 5720, HiIZ ENEOS Rkl &t o
[HOEE AR ZERT ) 12 THRRBRE T E sk R (Fig. 2) %,
TRICER AR [FiET7 / AT7—3a>] @
fas% Bt 2115 7,

4. B Y IC

BT —ray A, FEeIRERER B b~ D
TR F -2 ERT % 5 A TEEREE ZH5 CCUS
and Low Carbon Fuels 27 —2 > a v 75— E L TED
o INHEMAGOEERREIRESRT LT RILF—N
Ja—Frz—HECIH-> TS, BETESEO R
MDA ST, N a—Fz—22KOMEbEE L/
%, AT =23y SITBWVWTIL, E&P ERDOUEFEHED
HIRET, BEE, ToVZ7 U Ia HIEHRGHER
EIRHEHM TN S OB MENR SN, HETERZED
LEALZMNTERL I LBHEEITHEREERETHD, £U—7
Tay TERINEIIKRAD ZEMNTER,

J—7 gy TOBBEETIE, B, EE, #EEE,
F1 %E,WEiﬁﬁwx/ﬂ—%¢uabf GIETPAN

AR R 90 % 45 (2025)

Fig. 2 Example of the site tour. The photo shows the
group photo taken at ENEOS Corporation’s
Central Technical Research Laboratory

M TWRNSHEREZED TEZ, JRORESAEZ
7~795y7%%®ﬁ1¢#m@%&¢9ﬁ;é#®
F2, TIno, A1 EREOREASGEREL, &y
Ta ORI EDHEMmET> TE. TRITENWRZBR
BACHEHDOEEET S,

7=, A E, AR, T—2r 2 ay
T D LRENW BRI EDOEEDOER, 1 M
FEZFTANTL EI S AESAITOUD THEHOEZE
x99 %,

REENT/E DA, 2019 4F 6 HICH 50 CHIME X N /= Rim T —
7 ay T MRk AR L T ES o A EFIE
HMIRICHFEH OB ZRT 2, YRFOREIEL, AT -2 2 a vy
TEBETDICHD, KREAGRBEREL TIEHIET
TEW =,

50 B X M

W EPRR ST « FHEA - B o BT - HREENS - SERIE,
2020 : SPE/JAPT 7 —7 3 3 v 7B & ~ Innovations
in Natural Gas — Development, Storage, Transportation and
Utilisation ~. fif%5&, 85(3), 176-182.
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Industrial trend of the major oil companies: especially for the tendency of their proved reserves

and reserve replacement ratio mainly in 2024

Atsushi Nabetani

Abstract :

ExxonMobil, Shell, BP, Chevron, Total, and ConocoPhillips, are usually referred to as major oil

companies. Based on the annual reports of these companies downloaded through the Internet, the author summarized
the reserves, production volumes, reserve replacement ratio, efc. of each company mainly in 2024. Based on the results, I

summarized the recent trends of the majors.

As a result, in 2024, ExxonMobil reached approximately 20 billion boe in proved reserves mainly due to the
acquisition of Pioneer and the steady expansion of Extensions/discoveries in offshore Guyana, recording RRR of 187%.
Other than ExxonMobil, ConocoPhillips which acquired Marathon Oil has recorded RRR of over 100% in 2024. Marathon
Oil had upstream assets mainly in US Lower 48 and Equatorial Guinea. ConocoPhillips also performed well in Extensions/

discoveries, with RRR of 144%.

The RRR of Shell, BP, Chevron, and Total in 2024 was less than 100%, and the shrinking reserves did not stop.

Keywords : proved reserves, R/P ratio, reserve addition, reserve replacement ratio (RRR), average daily production,

major oil companies

1. FC&®IC

EE Attt a2k < amattop TEEE (LUFICER
JHUR RIS MR R R BIKR T 5) SAEFERR
EHBIREBRED S B, KR ExxonMobil, 5 (5
A) % Shell, 3% BP, k3% Chevron, 1A% Total, K%
ConocoPhillips @ 6 tHidif %, A2 v — (EEAMELR)
EEEIN D, EFIVEE, 12—y hEBUTIT >
O— R L7&ZN5&fOFH (annual reports) 1ZFDNT,
2019 70 5 2023 £ X TO RO EE, ALMERD IO
HWEMEER RRR REIXODNTEED, ZTOMBICHD
NWTAY v —&to G RiREMo#mElEids &
A, ZORRZEME (2024) L TRELL,

G S ST DA FAFERITHE DN T 2024 4 O
&, AEERBIUOHREMERICET 2Ty 2B
AV vy =& LM o#mEY v S5 L%
AT, 7aB, HECTRTHREIL, &fhd bKEGESHI

" Corresponding author : E-Mail : maryline.honshupref-75610k@s8.dion.ne.jp

Copyright © 2025, JAPT

5lZE % (SEC : Securities and Exchange Commission) 7%
2009 fE iz HilE Uz 5E:%E (US SEC, 2009) T/REIN/ZHOD
Th >,

2. ATV ¥ —BHEOHERK

BT 6 £ D A Y v — Kk Ol i & AR PEREB & OV
BHEROWERIL, THNTNKL 2, 3OEBOT, Kic
2020 £ @ ExxonMobil O 8 j& & o i > & 2022 4£ D BP @
1R & 00 9> B KO8 2024 4E D ExxonMobil @ # i & & 4E
PERDENN, % L T ConocoPhillips @ 4 Fg & o BEHIME A3
HirD, ZOHEKIZDWTIE, FNENLLFOZE T L
7z, ZLT, IS /AOBIRE AARBRAROHER &4
FEEEAT S INPEX OBk & DIl 2475 HUT, 2023
FER B KO 2024 4R EF f D B & & 2023 4E B K O 2024
O EFEREB X OTERELR, FilkEaE), ol
FIE, BB BRI OVWTERIBIUE2DEBD
FEOZ, INPEXOBIRIZDOWTIE, 1> —%v %
WL TH U O— RUEFRLEOAMEAREZICHEDONT
W5,
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4

(upstream sector) EA§HE - JLFE D 2475 [N
(downstream sector) T 43 IJ 5 #1 %, ConocoPhillips {3
2012 1T FHERM 2 B4k Phillips66 & U Tz L CorBt
MNLZR20T, FMR R 2R > Thial,

Z T, MR S AR, ElHES YO 27 h oS-
N =TT REBEZRNVZNDWO LD 5 (R M)
ThoikE (FORX) TlE, INPEX OB 5] = #%F1E

‘@

A 247

W5,

AL TRUZAERFR R/PH) 1T [H5FDFERK A
TOHRKE - YZFOERERER] TEXRIND, 22
TWoO R (proved reserves) &IIFEFRTEFE n]HRHE &
T®H D, boe ld barrel oil equivalent DIg, T 72 b KKH
A GO FRMRE S TH D, KRBT AIL@EY, Tx
JVF—=R—=ZT600057 71—k ODREAZAZE1INL

EHBEFEITDNTIE, USSL0 =¥140 DL — N CTHEL T

VP OEMEHEL TEEINSA, A 1T Shell 12 5800

£1 APy —X & INPEX OFEREZRICEHT 2BNRLE: (2023 45)

2023 HEARKER | 2023 FEDOEYY | ATERAEER (R/P) | RS BERE Ty | BiB| S I EPE (REI=L
FERfEA | ORI E | AR
Million boe 1000 boe/d Years (1000 b/d) USS Million | USS Million 1000
ExxonMobil 16928 3738 12 4463 36010 376317 62
Shell 9787 2792 9 1349 19359 406270 103
BP 6759 2313 8 1557 15880 280294 88
Chevron 11069 3120 10 1560 21369 261632 40
Total 10564 2483 12 1792 23176 283654 103
ConocoPhillips 6758 1826 10 0 10957 96000 10
INPEX 3572 656 15 0 2376 48139 3.5
BALOFERIZE D 5 e (2024) OFE 1 Z2HEE (AN HASmES B2 2025 12 THEE#RS)
INPEX OBIBI EHBA EREHEIZDNTIE, USSLO=¥140 DL — ~ THE
£2 ATy —X & INPEX O EERE EJFICET 2 BRI (2024 4F)
2024 FERIFET | 2024 FE DY | RIHRAEC(R/P) | iR EAE Sy | Bl gl S EAI4E KR E (E3=F4
FEAHEAH D e IR AFER
Million boe 1000 boe/d Years (1000 b/d) USS Million | USS Million 1000
ExxonMobil 19949 4333 12 4342 33680 453475 61
Shell 9620 2836 9 1344 16094 387609 96
BP 6248 2358 7 1557 1229 282228 101
Chevron 9804 3338 8 1779 17661 256938 45
Total 11073 2434 12 1792 15758 285487 103
ConocoPhillips 7812 1987 11 0 9245 122780 12
INPEX 3343 655 14 0 3102 52720 3.7
HLDOFRITE B, INPEX OFLG I EEAE SHREEITDONTIE, USSLO=¥140 O L — ~ THHE
£3 ATy —XOMEREEIMNES J CHEEMHERIZN (2024 £4F)
ExxonMobil Shell BP Chevron Total ConocoPhillips
Proved Reserves (MMboe) 19949 9620 6248 9804 11073 7812
Reserves Addition (MMboe) 3021 —167 —514 —1266 509 1054
Extensions/Discoveries (MMboe) 1915 420 236 551 512 316
IOR (MMboe) 0 49 3 11 430 0
Revisions (MMboe) 567 402 200 —12 584
Production (MMboe/y) 1619 1084 881 1221 891 732
Purchases (MMboe) 2281 16 57 143 116 891
Sales (MMboe) 123 129 737 58 5
R/P (years) 12.3 8.9 7.1 8.0 12.4 10.7
RRR 187% —15% —58% —104% 57% 144%
BAEDFERIZE S,
1) ft = 0.3048 m

2) 1barrel = 0.1589874 m3
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M7 14— OREHZAZINVIIVOFEBEL TWhD
£OIT, EREIIATICE > THT RIS,

H B EOHEEIBINE (reserves addition) 13, 44
OMEEZBME /IS EL2ERICEI> TUTOKXT
RHHEND !

Reserves Addition =
Extensions/discoveries +IOR+ Revisions-Production
+ Purchases-Sales 1)

Z ZC, Extensions/discoveries 13 ¥E7F 7 + — )L R DL
RBEOHH 7 « —)V ROFERIC K DR DB &
Bk L, improved oil recovery (IOR) 13— RENXE/ZIZ=K
EIC & 2R & OB N5 % E % %, Revisions |3 H kA9 -
RRREMEIEIC K 2 MRS O Cdh D, Production 13
FAEDEFER, Purchases (Acquisitions) 1383 BT X
SR OB NSy, Sales I3 EMEFRANC K 5 M & O A
FaEERL TWS, RELL TN TR & LIRERE OH)W
IZDNWTIE, MHREOHEMIC IR S EE 52 B
KDOBHIZDNTEHHL T D,

£, HL2FOMEREMER RRR) I, [H2F0OH
EEBIE S YR OEREE R TEXIND, DX,
FERAEERD FOMEEBEMENER I NZHG, RRR
13 100% LA F &75 0 fRA MR &S . RS 7R o 72
A3 10096 A & /e 0 RA BRI T 5, 7B, B
T O T, MM I35 OE, BCFIZ B ~7 « — b,
TCFI3IKNL /A7 1+ — N DB ZEERL T 5,

FEmPIiE 2024 FO XD IR LB ERIC X /0
MigE, HMEEMERLEICDONTIE, R30EBDFEE
HHN5,

3. ExxonMobil M E(C 2024 FED &R

2024 FS HIZTF Y AMEZ a—AF T aMIiTEZN
% Permian 721 D > = — )V &R D Bl 7 % £ © % Pioneer
Natural Resources (L ~, Pioneer #: &L 729 ) D E UL F
EETE T, HIVRHEITUSSHS & (AEHEEZD 2 &
USS645 (%) T, 2023 4 @ Pioneers tE D EHIT X % &,
2023 4 R K 5 o [A] £ 0 ek = 13 2471 MMboe, 2023 4F
OAEFERBIIHMETIS Thoe TH-/-, EELT, D
Purchase 12 & - T ExxonMobil 1% 2024 £, # )& & 4
EERNE <O L, 2024 £4£12 Extensions/discoveries &
L TEEEk L 7z 1915 MMboe @ 5 & %] 1400 MMboe 13 K [#
EHATFITBNTERLEZDHDTH o7z, £/, 2024
41T Revisions & U TiLgk L 7z 567 MMboe 13 & 12 UAE,
KE, hFE, AAT7FIIBTF26DTH-> =,

HA 7 F i ® Stabroek #;X 13 ExxonMobil 12 & > TEE
BEMREERSTHBO, 2015 FIZKEMHZERRL LD %
FIRDIT 2019 FFITAFEZBAA. 2019 4ELATR, FLERAYKR &
73 Extensions/discoveries & Riék L T %,

L L7sns, 3D0EBD, Hilr 6 4FE[HT100% LA k=
® RRR Z3E Rk U 7z D1 2021 4 & 2024 F D AT, D4
1Z100% A TH D, MEEEMIBPBORERL T,

g 905 4 5 (2025)

72720, 2024 F£ DA PE RS Pioneer 4LD EIUIZ X - T
KE<#EmMLEZ (K2,

4. Shell DFEI(Z 2024 FDOEF]

2024 FI1T R U 72 420 MMboe @ Extensions/discoveries
DREIE 1983 TCF DRARHADZEFHEHTH Y, Ziu
FIZEKkO N ZF—K - b)Y (1.664 TCF) 567z
L53INEbDTHo T,

Revisions {3 Extensions/discoveries IZKWT, Z DFEIZ
R U EENMOERE L TRRODBDTH 2, KA
HZNZDWTIEHF 4 Tld 1.329 TCF @ 1 A DEiNdH - 7=
OO, A—0y/)NET T Y TaH0.770 TCF DN H > 7z,
T DftiD Revisions 127 27, KE, FKIZBT 2 WAl
{LARFZDHEMP TH %,

B3DEBD, HIT6 R T 100% LA LD RRR 2 2 Ak
U7Fid7e <, HEEBMIMEERL TWd, 723, Shel
1% Purchase & Sales 2K ApH 3 TALRL TW5,

5. BP OFI(Z 2024 FDEA

20224, BPIZO> 7 DU T I HRBITK T 2318
25827 O Rosneft #1129 % 19.75% Dbk z 72 Al L
722 & EREREL T 9548 MMboe H O & & Sales
ELTH%,o 7=, 2020 4E1Z, Prudhoe Bay JiiH OMELS 2 & 0
7 5 A5 DEPEZ USS5H6 {8 Tk Hilcorp #LICFHRHIT 572 &
L T 2023 MMboe Ol s % Sales & L THh> T b,

IS OERLSMT B IR E O E R T H 5B DD,
WINHEIAFT—TH D, Lidd Sales 7% BP Dl E D
RIERDBRANERTDH > 7z, K 2022 13 —1073% D
RRR ZFik L T2,

2024 FEITVT H S o 72 MR R O I B 780 o 7208,
A DHEKII Extensions/discoveries (236 MMboe) Td 0,
FDOMIE 0 OE S (147 MMboe) 13 KENC BT 2 R AH R
{b/kFE EFKREZNITBIT 2 KA A 363 BCF) Tho
72o RWTKE 7298 IN1Z Revisions (200 MMboe) T
HO, TOREGPKEET T TH oz,

B3DEBD, HIT6 R T 100% LA LD RRR 2 25k
U7 E137e <, MEGEE I IR TIRER L Tn b,

6. Chevron ME(C 2024 FDFM]

2024 F£1Z5EEk L 7= 551 MMboe @ Extensions/discoveries
13, F & LU TKE® Midland & & Delaware 723135 & Of
DJ @iz H1F 5 316 MMboe &7 LY > F BT 5 58
MMboe £V k5, ZNS DRI z—IV - ¥1 &
FETH 5,

F 7z, 2024 ££17 Sales & L T 737 MMboe % fifk L T
5, FOKRKES (593 MMboe) W EHF 5 DT HINAH
BT DA AT > RICHNRT 5 EA (synthetic oil)
DBEHEFRANCELDBDTH > 7,

B3DEBD, HIiT6ERT100% LA LD RRR % 32 Ak
U7Mid7s<, MEREBMIEERL Tha, 2L, 2024
EOVHEFERIIHIEL T1Wd (K2),



7. Total DE(C 2024 FDE)A

2024 £ 1T Total 13 Extensions/discoveries 12 & o T &t &
L 7z 512 MMboe O &= D S5 % 100 MMboe 134t 7 7
VAR T 7Y RICED2HDTHD, 352 MMboe 13K
M EEIET AU R kDD THo/, 1272, =T
NoOERNREAPHIBAIZ DWW TIHERTHSNITLT
N7,

B3DEBD, HIL6HFRT100% LA LD RRR 2 2k
U7zEi37e <, HUEEBEINIERL T, /23, Total
TR EOMBERNE L TIORDEHZR T THE ST,
Revisions IZ& FH THE L T 5,

8. ConocoPhillips D =E (C 2024 FEDEH[H

ConocoPhillips (COP) 1 2024 4 11 H 12 USS 225 {& 4
M Dk 5 KT & - T 1320 MMboe O M & (2023
ERK ) %D Marathon Oil® OEIN %5 T, COP @
FEIRIZE D &, 2024 12 COP 73 Purchases 12 & > T
L 7= e & 13 891 MMboe Td 0, 1320 MMboe & 0 A7z
WZ &5 COP A% Marathon Oil 2384 L Tz G & %
THEELEZ® D EHEIND, TNSHITKRES, KED
Lower 48 (7 A ENT A < K48 MEFEKT 5)
EREFZTITHMATEHHDTH >, Lower 48 D& JE
% Bakken, Eagle Ford, Permian ® &I AT 5> = —
- H 1 NEHETHD,

COP 13 2024 4, 584 MMboe ® Revisions % it #& L T
W53, 055 367 MMboe 13 Lower 48, 127 MMboe (3
NFFECBFTHEDTH>/, £, TOFEICHEL K
316 MMboe @ Extensions/discoveries @ 5 & K43 (220
MMboe) 137 7 KEVEB L I HIZHB I 2 545k A
£t (equity affiliates) IZLZHDTH o /=,

B3 @DEBD, M6 HEH T 100% LA D RRR % kL
U7Z4EI3 2021 SR & 24 £ ThH 0, M EIB N LAy E R
ThdEWAD, £z, FHEERT 2020 FLAKE, Hhn
fEHThH2 (X2,

9. £ & ®

ExxonMobil, Shell, BP, Chevron, Total, COP @ 6 t
W, APv—EEENS, NS SHOERITHED
WT, FEELUT2024 FOFAOHEHEE EEES I OHE
BREMERIINMIOVTE LD, TOMBEITEDINTA
Py —DEEOEMEELL 7=,

Z O ff B, 2024 ££ 17 ExxonMobil 13 Pioneer @ & Y &
Extensions/discoveries & L TH A 7 F # T D JEF 295K
72 EIz K-> THEEIEB A 3021 MMboe 2L, 187% %
@ RRR Zfoék L7z,

Z @ 4, ExxonMobil LA 4+ T 100 % # ® RRR % it §*

92011 412 Marathon Oil 7 % 4337 L 7= Marathon Petroleum &
13944k, Marathon Petroleum {3 F RS8P E L L 7z 24 C
5,
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L7=?D13, Lower48 LREF 7 IZ LIREMEEZHFT S
Marathon % E I{ L 7= COP T & %, COP |% Extensions/
discoveries THEGHT, TN 5 DOFER, 144% O RRR %7l
gL 7=,

2024 4E® Shell, BP, Chevron, Total @ RRR 1% 100% #
MThO, HEREDH/NIIEE SN,

E il

£F O INPEX FEFE I (1981 ~2021 4F) b, &HlEiwm4
fix LEMETDICH 2o THHREEZ MW /ZTB 50 AHEE
LI OZEZET D,
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